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Abstract

Objectives. Determination of the parameters of the binary energy interaction of the (UNIversal
QUAsiChemical) UNIQUAC model on the basis of mathematical processing of experimental
literature data on the phase equilibrium of hydrogen isotopic mixtures D,~T,, D,-DT, DT-T, to
calculate the activity coefficients of the components D,, DT, and T,.

Methods. The method of successive approximations was used in junction with the “from stage to
stage” method, which consists in calculating a single evaporation process on a theoretical plate.

Results. Equations were written for calculating the activity coefficients of hydrogen isotopes on
the basis of the Sherwood theory as applied to binary D,~T,, D,~-DT, DT-T, and ternary D,~-DT-T,
hydrogen isotope mixtures. The graphical dependences of the activity coefficients and separation
coefficients of mixtures D,~T,, D,-DT, and DT-T, are compared in the range of the concentration
of a highly volatile component from O to 100 mol % at atmospheric pressure for three options:
ideal mixtures; non-ideal mixtures using the Sherwood theory; non-ideal mixtures on the basis of
the UNIQUAC model. The dependences of the separation coefficients a. were found to be similar
for all binary isotopic mixtures. However, when considering mixtures as ideal, o increases.

According to Sherwood’s theory, o remains a practically constant value, which is independent
of the composition of the mixture. The UNIQUAC model predicts a decrease in o. with an increase
in the concentration of a less volatile component in the mixture. The profile of the distribution
of hydrogen isotopes D,, DT, and T, of a three-component mixture D,~DT-T, along the

© T.G. Korotkova, 2022
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height of a distillation column operating in a closed mode was calculated for three variants.
It was accepted that: pressure along the height of the column is constant and equal to
atmospheric 760 mm Hg. Art.; number of theoretical plates 21; concentration of components
in the liquid phase on the first plate (stage), in mol %: Xp = 65; X, = 10; Xy = 25; the accuracy
of calculating the composition of the vapor phase is 1071,

Conclusions. The parameters of the binary energy interaction of the UNIQUAC model of
hydrogen isotopic mixtures D,~T,, D,-DT, and DT-T, are determined. The UNIQUAC model is
adequate in relation to experimental data on the coefficient of separation. Due to systematic
deviations in the theoretical Sherwood and ideal models, they are not suitable for further
calculations of phase equilibrium of isotopic mixtures of hydrogen D,-T,, D,-DT, DT-T,, and
D,-DT-T,.

Keywords: UNIQUAC model, hydrogen isotopic mixtures D,~T,, D,-DT, DT-T,, D,-DT-T,,
vapor-liquid phase equilibrium
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HAYYHAS CTATHA

IMapamerpsl mogean UNIQUAC aiis onucanus
(pa30B0r0 paBHOBeCUS AP — KUAKOCTD
U30TOMHBIX CMeceil Boaopoaa DZ—TZ, DZ—DT, DT—T2

T.I'. KopoTkoBa™

KybaHckuil 2ocydapcmeeHHbLil mexHoo2uueckull ynusepcumem, Kpacrooap, 350072 Poccus
“lAemop ons nepenucku, e-mail: korotkova l964@mail.ru

AnHOmauus

Ienu. OnpedeneHue napamempos OUHAPHO20 3HEpeemuUeckozo e3aumoodelicmaust Mooenu
UNIversal QUAsiChemical (UNIQUAC) Ha ocHoge mamemamuueckoll o6pabomKu JumepamypHbLX
9KCNepuUMeHmartbHblX OAHHBIX NO (PA3080MY PABHOBECUID U30MONHbLLIX cmecell sodopooa
D,-T,, D,-DT, DT-T, o5 pacuema koagppuyuermos axmugHocmu komnonernmos D,, DT u T,.
Memoowt. [IpumereHbl Memood Nnocaedo8amenbHblx NPUbUIKeHU U Memod «m cmyneHu K
cmyneHw, 3aK0UaOUULcs 8 pacueme npoyecca 00HOKPAmMHO20 UCNApeHUs. Ha Meopemuueckoli
mapeanke.

Pesynomameul. 3anucaHsl YpasHeHUst O/l pacuema Kod(h@ uUUUeHMo8 aKmueHocmu u3omo-
noe eodopoda Ha ocHoge meopuu Illepsyda npumerumensHo Kk 6uraprowm DT, D,-DT, DT-T,
u mpotunoit D,~DT-T, usomonHoim cmecsm eodopoda. IlpusedeHo cpasHeHue zpaguueckux
3asucumocmeil Ko3IpPuyueHmos aKkmueHocmu u KoappuyueHmos pasodeneHuss cmecell
D,-T, D,-DT, DT-T, e duanasoHe USMEHEeHUS KOHUEHMPAUUU Jie2Koiemyuez0 KOMNoOHeHma
om 0 0o 100 mon. % npu ammocgpepHoM OasaieHUU Ol mpex 8apuaHmos: udedlbHblx cmecell;
HeudealbHbIX € ucnosb3ogaHuem meopuu Illepeyda u HeudeanbHbLX HA OCHO8E MOOenU
UNIQUAC. BeuiseneHo, umo xapakmep nogedeHust 3asucumocmetl KoagdgpuyueHmos
pasdeneHust o aHano2uueH OAast ecex OUHApHbLX usomonHelx cmeceli. Ilpu paccmompeHuu
cmeceli 8 kKauecmge udeanbHblx o 8ospacmaem. Ilo meopuu Illepgyda o ocmaemest
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npaKkmuuecKu NOCMOSIHHOU 8esuuuHoll, He 3asucsiwel. om cocmasa cmecu. Mooeno UNIQUAC
NpozHOSUpYem CHUKEHUE 0o C POCMOM KOHUEHMPAUUU J1e2KOemyue20 KOMNOHEHMA 6 CMeCU.
[lnsa mpex 6apuanmos ebluucieH npoduib pacnpedeseHus usomonog egodopoda D, DT
u T, mpexxomnonenmnoil cmecu D,-DT-T, no ebicome peKmupuKkayUOHHOU KOJIOHHbL,
pabomarouieli 8 3amMKHYmMoMm pexxume. [IpuHamo: oasieHue no 8blcome KOJOHHbL NOCMOSIHHO U
pasHo ammocgepHomy 760 mm pm. cm.; HUCO meopemuueckux mapenok 21; KoHyeHmpayuu

KOMNOHEHMO8 8 JKUOKOU paze Ha nepsoli mapenke (cmyneHu), 8 moa. %: Xp, = 65; Xpr=10;

Xr, = 25; mourocmoe pacuema cocmasa napogoil hasel 1071°,

Bbleodst. Onpedesnerbl napamempsl OUHAPHO20 SHEp2emuuecKozo e3aumoodeticmaeust
modenu UNIQUAC usomonmoix cmeceti eodopooa D,~T, D,-DT, DT-T, Modeno UNIQUAC
adeKkeamHa NO OMHOWEHU K SKCNEPUMEHMANbHbIM OAHHbIM NO KoagguyueHmam
pasdenerust. Teopemuueckas modens Illepgyda u udeanbHasi Mooesb 0arm cucmemamuiecKkue
OMKJIOHEHUSL U He NPU200HbL 0151 OaibHelWUXx pacuemos pa3o8020 pasHO8eCcUs. U30MONHbBLX
cmecetl godopooa D ~T,, D,~DT, DT-T, u D ,~DT-T,.

Knroueevte cnoea: mooenv UNIQUAC, usomonHvle cmecu godopoda D,-T, D,-DT, DT-T,
D,-DT-T,, pasogoe pasHogecue nap — KuoKocmo

Jlna yumuposanusn: Koporkosa T.I. Tlapamerpsr monenmn UNIQUAC st omvicanust (a3oBOro paBHOBECHS Map — KUAKOCTh
u3oTonHbIx cmeced Bomopoma D-T,, D-DT, DT-T,. Touxue xumuueckue mexnonoeuu. 2022;17(6):459-472. https://doi.

0rg/10.32362/2410-6593-2022-17-6-459-472

INTRODUCTION

When calculating the low-temperature distillation
of liquid mixtures of hydrogen isotopes, the separation
factor o° is determined as the ratio of the vapor
pressures of the pure components of the highly volatile
B° to the hardly volatile P, calculated at a certain
temperature [1], while the phase equilibrium constant
of the ith component K is given as the ratio of the
vapor pressure of the pure component to the total
pressure P [2]. This approach involves classifying
isotopic mixtures of hydrogen as ideal, obeying
Raoult’s law.

o —go =t (1)

k=1 ©)
P

It is known from experimental studies that
mixtures D,-T,, D-DT, and DT-T, deviate from
ideal ones [3, 4]. Note that isotopic mixtures of
hydrogen are not azeotropic. In such binary mixtures,
the low-boiling component is highly volatile, while
the high-boiling component is hardly volatile. The
non-ideality of the mixture in the liquid phase is
taken into account by the activity coefficient of
the component, the calculation of which presents a

certain difficulty, since the identification of empirical
or thermodynamically justified equations should
be based on experimental data on vapor-liquid
equilibrium.

The theory of multicomponent liquid hydrogen
solutions presented in Sherwood and Souers in
1984 takes into account non-ideal vapor—liquid
equilibrium [5]. Activity coefficient of the ith component
Y; is related to the molar excess Gibbs free energy
of mixing Aéf according to the following expression:

AG*
=ex — | ’
. p[ G ] 3)
AG =Y x,4,-G" ¥
7
1
GEZEZ xix/‘Ai,j(Ai,j :0, izj)’ (5)

J

where 7 is temperature, K; R is the universal gas
constant, R = 8.314 J/(mol K); x is the mole fraction
of the component in the liquid; 4, is the parameter
of the binary interaction of hydrogen isotopes, J/mol;
indices i and j are component numbers.

Based on the virial equation of state, an equation
was obtained for calculating the total pressure P (Pa)
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as the sum of the partial pressures of the components
in which the second virial coefficient of the gas
mixture B, (m’/mol) takes into account the imperfection
of the gas phase, while the binary interaction parameter
4, (J/mol) represents the imperfection of the liquid
phase. In the case of a binary mixture, the equation is
represented as:

o _ 2

P b exp| BE ZBP T34
RT
) , (6)

+x, B exp B,P —B,P+x 4, i

RT
where

-b
B=B, (lj ; ™)
20

16 14.74
A, :12.1()»12 —xg) epr'Tj } (®)
Here, P° and P are vapor pressure values of

pure components, Pa; x and x,are mole fractions
of components in the liquid, mole fractions; index 1
denotes the highly volatile component, while index 2 is
the hardly volatile component.

Coefficients for calculating partial pressures of
hydrogen isotopes D,, DT, and T, are presented in
Table 1 [5].

For a ternary mixture, Eq. (5) is given as:

E
G =xx,4,, + x 3,45 + X,%, 4,5 . )

For the first component of the ternary mixture

A(_?IE = (l—xl)sz12 +(1—xl)x3A13 — X, 4,; . (10)

In the present article, the parameters of the
binary energy interaction of the UNIQUAC model for
calculating the activity coefficients y of components
D,, DT, and T, for isotopic mixtures of hydrogen
are obtained by analyzing the known experimental
data [3, 4]. We compared the calculated data
obtained for ideal mixtures and non-ideal mixtures
for binary D,-T,, D,-DT, DT-T, and ternary mixtures
D,-DT-T, according to the UNIQUAC method and
informed by the theory of multicomponent liquid
hydrogen solutions [5] presented above and referred
to as the Sherwood theory in further presentation.

Based on the calculation of the vapor—liquid phase
equilibrium, the separation coefficients o are calculated
for mixtures D -T,, D,-DT, DT-T, at different boiling
temperatures depending on pressure and composition.
The calculations were performed in the Pascal
programming language. To calculate the separation
factor a, the Raoult-Dalton law is applied for non-
ideal mixtures

a=th (11)
B,

METHODS

To determine the energy binary interaction
parameters Au , and Au, of the UNIQUAC model,
the method of successive approximations was used
until the minimum deviation of the calculated values
of the separation coefficients from the experimental
ones was reached.

For the calculation of closed rectification, the
“stage to stage” method was used, which consists
in calculating the process of single evaporation on a
theoretical plate. When calculating from bottom to top
for a steady process on each overlying tray, the
composition of the liquid is equal to the composition of
the vapor rising from the underlying tray.

Table 1. Coefficients for calculating partial pressures of hydrogen isotopes

Isotope B, (10° m*/mol) b A
D, —-184 1.64 1.224
DT -190 1.70 1.111
T, -197 1.77 1.000
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RESULTS AND DISCUSSION
Vapor pressure of pure components D, DT, T,

The value of the separation factor o depends to
a great extent on the vapor pressure of pure components,
whose calculation is carried out according to empirical
equations.

Vapor pressure D, The results of measurements
on the vapor pressure sz of normal deuterium D,
are given in [6—10]. Equations have been proposed by
a number of authors [7, 10-13]. In this work, the
following equation was used [7]:

IgPy —8.58549 - 24

2

—0.029345T +
(12)
+0.00047507-7°,

where PD°2 is the vapor pressure of deuterium, Pa; 7 is
the temperature, K.

Vapor pressure DT. Equations [14, 15] were
proposed to calculate the deuterotritium vapor
pressure DT FJ;. The Sherwood equation is adopted [15]:

InPS, =11.3802— 167989

(13)
+4.5193107-T +7.6369107°-T°,

where FJ; is the vapor pressure of deuterotritium, kPa;
T is the temperature, K.

Vapor pressure T, The vapor pressure PT(;
of normal tritium T, was measured by Grilly. The
measurement results and the calculation equation
Py are given in [10]. There is also data of 7 in the
work [9]. Other equations [14, 16] were proposed to
calculate PT° . In this work, the Grilly equation is adopted.

78.925

1gP =6.0334— +2107 (T -25)", (14)

where PT: is the vapor pressure, mm Hg; 7 is the
temperature, K.

Equations (12)—(14) used in this work are selected
based on a comparison of calculated and experimental
data. It is of note that, on the whole, the analyzed
equations adequately describe the experimental data.

There is no experimental data on the vapor pressure
of DT in the literature. Preference is given to the

Sherwood equation [15] rather than the Frost-Kalkwarf
equation [14] due to the fact that Sherwood performed
an analysis of the available P-T—x—y data in dilute
solutions, where the heteronuclear isotope is present
as stable trace particles. Here, the vapor pressure of
trace components was calculated on the basis of a
phase equilibrium model using the Chueh—Prausnitz
modification of the Redlich-Kwong equation. This
model better describes the parameter 4, to take
into account the imperfection of hydrogen isotopic
mixtures.

A small deviation between the calculated
vapor pressure curves, which are constructed
according to the Sherwood and Frost-Kalkwarf
equations, increases with increasing temperature.
In the Frost-Kalkwarf equation, the deuterotritium
vapor pressure Py is defined as the geometric mean,
i.e., as the square root of the product of the vapor
pressures _of the pure components D, and T,
Py =3RS P
Equations for calculating the activity coefficients

of hydrogen isotopes based on the theory

of multicomponent liquid hydrogen solutions
for isotopic mixtures D ~T,, D.-DT, DT-T,
and D,-DT-T,

Based on the Sherwood theory [5], the activity
coefficients of the components in binary mixtures
Yp, and Y1 ; Vp, and Ypr; Ypr and Yy, canbe determined
from Eq. (6), writing it in the form of

P —x,P°y, exp (WJ B

e, p(%jzo (15)
where

! zexp(x‘%ﬂ’ (16)
" exp[%) | (17)

Here, index 1 is the highly volatile component,
while index 2 is the hardly volatile component.

The temperature 7 of the vapor—liquid phase
equilibrium for a given mixture composition and
external pressure P is the root of the function of
Eq. (15), which can be obtained with some accuracy
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using one of the well-known numerical methods, for
example, the method of successive approximations.
Here, the values of B, B,, v, v,, and 4, are recalculated
during the iterative search for temperature.

Let us apply Sherwood’s theory to a three-component
mixture D -DT-T,. We introduce the notation: D, — 1;
DT - 2; T, - 3, where the numbers indicate the number
of the component in accordance with their volatility.
The highly volatile component is D,, the hardly volatile
component is T,, and DT is an intermediate component,
which behaves as a hardly volatile component with
respect to D,, and as a highly volatile component with
respect to T, over the entire range of concentrations.
Then Eq. (15) takes the form of

BPR -BP)

RT

BB -BP)
RT

B,P-BP) 0
RT ’

P—x,Ry, eXP(
-y, exp( (18)

—x, By, exp (

where by expanding Egs. (3)—(5), we have

=ex AG]E —
vi=exp| L

_ exp[(l - X, )sz12 + (1 —X, )x3A13 —X,%; 4, }’

RT
(G
i) p RT

_ exp[(l_xz)xlAlz + (l—xz)x3A23 —x,%;,4, J’
RT

(19)

(20)

(G
Y3 p RT

21)
1- A 1- A,y —x,x,4
=exp(( x3)x1 13+( x3)x2 iy — XX, 12}

RT

The above equations are subsequently used in
the calculation of the phase equilibrium of the single
evaporation process in the vapor—liquid system.

Separation factor of D -T,

The results of an experimental study of the
separation factor a of the DT, isotope mixture were
obtained by Sherman et al. [3] for three temperatures
ata D:T, molar ratio of 0.991:0.009. The experimental
value of the separation factor was calculated from
the expression, where the index 1 is the highly volatile
component, index 2 is the hardly volatile component

o= (22)
YaX

The averaged experimental values of the separation
coefficient of the DT, isotope mixture are given
in Table 2.

Analyzing the obtained o values for the
D,-T, binary mixture and those obtained for other
molar ratios of the D,-DT-T, ternary mixture [3],
Sherman noted that the wvalues of the separation
factor ay, ; are approximately 5-6% lower than the
ideal a° values.

In this work, the mathematical processing
of experimental data [3] is carried out as follows.
Molar ratio 0.991:0.009 converted to mole fractions:
Xp,=0.994; x; =0.006. Molar mass D,=4.028204 g/mol;
T, = 6.032100 g/mol [17]. For the obtained molar
composition of the liquid isotope mixture D,-T,,
the phase equilibrium p—x was calculated in the
temperature range from 20 to 30 K. The activity
coefficients v, and vy were calculated using the
UNIQUAC equation [18]. The volume parameters
r and area ¢ are taken to be the same as for the
hydrogen isotope H,, which are given in the Hysys
modeling software (4spen Technology, USA):
r = 0.4092; g = 0.47549 and are taken here and
below to be the same for all hydrogen isotopes. This
assumption is acceptable, since the approximately

Table 2. Experimental values of the separation factor of the D,~T, isotopic mixture

Temperature, K

Separation factor o

23 1.455+0.048
25 1.382 £ 0.056
27 1.318 £ 0.077
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similar  radius of hydrogen isotopes is:
rn, = 0741410"m, 7, = 0.7417-10"° m,

rT: =0.7414-10"" m, 1y =0.7417-107"° m [17].

The identification of the parameters of the
binary energy interaction Au,, and Au,, between
the molecules of the D, and T, components of the
UNIQUAC group composition model was carried
out according to the experimental data (Table 2) in
the following sequence. Arbitrarily set parameters
Au,,, Au, , whose values are in the range from —oo
to +oo. For a given molar composition of the mixture
(Xp,= 0.994 mol fract.; x; = 0.006 mol fract.) the
activity coefficients were calculated according to the
UNIQUAC equation, and the pressure was iteratively
determined by the method of successive approximations
for each given boiling point of the mixture in the
range from 20 to 30 K until the sum of the molar
concentrations of the components in the vapor phase
was equal to unity.

PO
Zyi = Z?xiYi =1. (23)

The calculation accuracy was 1071°. The separation
factor was calculated according to Eq. (11). Based on
the obtained values (o, 7), a graph was built and
the deviation of the calculated values of a from the
experimental values for three temperatures was
determined (Table 2). Restriction: the yp—x phase
equilibrium curve with the found parameters Au,,
and Au,, should not have an azeotrope point. The
discovered parameters Au,, and Au,, are presented
in Table 3.

A similar calculation was carried out with the
activity coefficients calculated according to Egs. (16)
and (17) based on the Sherwood theory, where the
separation coefficient was calculated according to Eq. (22).

Separation factor o

Figure 1 shows the experimental values of the
separation factor [3] along with the calculated curves
constructed when considering the mixture as ideal
(0°(1)), based on the theory of multicomponent
liquid hydrogen solutions (a(2)), as well as when
calculating the activity coefficients according to the
UNIQUAC equation (o(3)), where the relative the
deviation between the experimental and calculated
data according to the UNIQUAC equation does not
exceed 0.5%.

o D,-T,
1.8 =g
N N4
1.7 = S )
I RS S ) a2)
~ ~I5-.
L5 \ ~ \‘“é~~
i T ~<-A.
4 \ — {~~.,~\~-
T =3meal

13 a(3) E— =

| ——

20 21 22 23 24 25 26 27 28 29 30
Temperature, K
Ou[3] ====0°(1) = —o0o(2) Sherwood

o (3) UNIQUAC

Fig. 1. D-T, separation factor dependence from
temperature with liquid phase composition
Xp, =0.994 mol fract.; x; = 0.006 mol fract.

The discovered parameters Au,, and Au, are
used to calculate the phase equilibrium y—x at
a pressure of 760 mm Hg and concentration change
xp, from 0 to 100 mol %. The boiling point was
calculated according to the algorithm described and
presented in the form of a block diagram in [19].

Figure 2 shows the calculated curves of the
dependence of activity coefficients v, and vy, on
concentration Xy, in the liquid phase, both as obtained
according to the Sherwood theory and using the
UNIQUAC model.

Table 3. UNIQUAC model parameters Au,, u Au,, for mixtures D,.-T,, D,-DT, DT-T,

Mixture

Auy, , cal/mol

Au,, , cal/mol

D,(1)-T, ()

11.23 -2.21

D, (1)~ DT (2)

31.2

—21.43

DT (1)-T,(2)

-1.93

Note: The energy binary interaction parameters A, u Au,, are given at the universal gas constant R = 1.98721 cal/(mol-K);

r=0.4092; g = 0.47549.
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Fig. 2. Calculated curves of activity coefficients Y, and Yr,
of D,~T, mixture components versus D, concentration
in the liquid phase at atmospheric pressure.

Figure 3 shows the calculated dependences of
the separation coefficient a of the D,~T, mixture on
the concentration x;, in the liquid phase at a pressure
of 760 mm Hg. An analysis of the curves shows that,
with increasing concentration X, , the separation factor
a’(1) calculated from Eq. (1) increases; meanwhile,
a(2) calculated according to the Sherwood theory
changes insignificantly, and a(3) calculated according
to the UNIQUAC equation decreases. Moreover, for
smaller values of x;, , the value of o(3) is greater than
a”(1) and a(2), while for larger values of x;, the value
of a(3) is smaller. This means that the UNIQUAC
calculation predicts that the separation between D,
and T, will deteriorate as the concentration x;, in the
mixture increases.

Note that the separation factor o(2) calculated
using the Sherwood theory is practically independent
of the concentrations of the components in the mixture.
As will be shown below for D -DT and DT-T, mixtures,
this is a feature of the theory of multicomponent
liquid hydrogen solutions.

Vapor-liquid phase equilibrium
and separation factor D,-DT

Experimental studies of the separation factor o
of the D-DT isotope mixture at various temperatures
were carried out by Bigeleisen and Kerr in [4]. The

DZ_TZ
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I~ P =760 mm Hg

n
2

A S e S i
2
a(2) a‘(}) \

1.42 |
0 10 20 30 40 50 60 70 80 90 100

D, concentration in the liquid phase, mol %

o~
=

Separation factor o
n
N~

--==a°(l) — —a(2) Sherwood o (3) UNIQUAC

Fig. 3. Dependence of the separation factor o
of the D,~T, mixture on the concentration of D,
in the liquid phase at atmospheric pressure.

concentration x, was 1-10® mole fractions. Here
the separation factor is defined as the ratio of the
concentration of DT in the liquid phase x  to the
concentration of DT in the vapor phase y. .

X
Op, pr = . (24)
Ypr

Such a calculation of the separation factor is
legitimate, since, at a concentration of x,, = 1-10°%
mole fractions the concentrations D, both in the liquid
and vapor phases tend to 1, and, being in the numerator
and denominator of Eq. (24), are reduced. From Eq. (24),
one can determine the value of the concentration DT
in the vapor phase y; .

Binary energy interaction parameters Au, and
Au,,  between the molecules of the D, and DT
components of the UNIQUAC group composition
model were identified as with the D,~T, mixture. The
results are shown in Table 3 and in Fig. 4.

The maximum relative deviation of the
experimental value of the separation factor from the
calculated one according to UNIQUAC is 1.6%.
Figure 4 demonstrated plotted in the form of
squares the separation factors o pp, obtained by
Sherman in [3] in the study of the phase equilibrium
of a three-component mixture D,-DT-T, at molar ratios
D, : DT : T, in the liquid phase of 0.931 : 0.062 : 0.0011
and 0.879 : 0.117 : 0.0041.

At the next stage, taking 7Yp,equal to 1 from
Eq. (11), the experimental values of the activity
coefficient Y, were calculated. Vapor pressures were
calculated from experimental temperatures using
Egs. (12) and (13). The calculation results are given
in Table 4.

Toukue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2022;17(6):459-472

466



Tatyana G. Korotkova

D,-DT
145
L
140 o
8 135 TR a’(1)
5 <
S 130 AN S —
& '
g 125 S RSRS - «2)
= a(3) NI [Tk
S 120 NN o
5 s [ A i
. o~ —
» P s T
1.10 P —on—r——+
| 5 1o

1.05
18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

Temperature, K

o a[4] o 3]
— —a(2) Sherwood

-=== o)

a(3) UNIQUAC

Fig. 4. Temperature dependence of the D,-DT separation
factor at concentration Xpp = 107* mol fract.

Table 4. Experimental and calculated data D,-DT

The values of the activity coefficient Y, given
in Table 4 are in the range from 1.017 to 1.057
demonstrating their slight deviation from unity.
Nevertheless, the application of the Sherwood theory
is widely practiced in the calculation of columns
for the separation of nonideal mixtures of hydrogen
isotopes [1].

Figure 5 compares the behavior of the deuterotritium
activity coefficient DT with temperature. The data
of Table 4 are plotted as experimental points. The
calculated curves were obtained from the Sherwood
and UNIQUAC models. The position of the
experimental points shows an increase in the activity
coefficient y,, with increasing temperature; thus,
according to the Sherwood model vy, it decreases.
The application of the discovered parameters of the

Experimental data [4] Calculated data
Xpp » mol fract. K Op, _pr Ypr» mol fract. PE‘,’z , kPa >, kPa Yor
1-10°8 18.669 1.357 7.369-107° 16.746 12.096 1.02018
1-10°% 18.882 1.350 7.407-107° 18.465 13.410 1.01998
1-10°8 19.428 1.335 7.491-107 23.487 17.289 1.01760
1-10°8 19.997 1.314 7.610-107 29.757 22.207 1.01979
1-10°% 20.015 1.309 7.639-107° 29.974 22.378 1.02325
1-10°8 20.093 1.306 7.657-107 30.928 23.133 1.02371
1-10°8 20.402 1.303 7.675-107° 34.932 26.318 1.01867
1-10°8 21.015 1.272 7.862-107° 44.006 33.620 1.02902
1-10°8 21.601 1.258 7.949-107 54.210 41.953 1.02716
1-10°8 21.828 1.234 8.104-10°° 58.596 45.568 1.04206
1-10°8 22.181 1.216 8.224-107° 65.925 51.649 1.04969
1-10°8 23.272 1.185 8.439-107° 92.812 74.309 1.05401
1-10°8 24.163 1.163 8.598-10°° 120.018 97.677 1.05651
1-10°8 24.952 1.147 8.718-107° 148.497 122.490 1.05695
1-10°8 26.137 1.135 8.811-107° 199.841 167.879 1.04880
1-10°8 27.069 1.120 8.929-10°° 248.171 211.143 1.04944
1-10°8 27.872 1.118 8.945-107° 295.945 254.253 1.04113
1-10°* 28.871 1.108 9.025-107 363.957 315.995 1.03951
1-10°8 30.177 1.086 9.208-107 468.507 411.305 1.04887
1-10°8 30.807 1.093 9.149-107 525.802 463.570 1.03774
1-10°* 31.378 1.070 9.346-107 581.854 514.646 1.05663
1-10°8 32.479 1.067 9.372-107 701.712 623.475 1.05481
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binary energy interaction of the UNIQUAC model
(Table 3) of the D-DT mixture to calculate the
activity coefficient  y,, demonstrated qualitative
agreement. The scatter of the experimental points
indicates the complexity of carrying out experimental
studies on the phase equilibrium of hydrogen
isotope mixtures.
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Fig. 5. Temperature dependence of activity coefficient DT.

Figure 6 shows the calculated curves of
dependence of activity coefficients Y, and Y, on
concentration x, in the liquid phase; these were
obtained according to the Sherwood theory and using
the UNIQUAC method. The behavior of the curve
Yp, is non-standard. If we take into account a small
deviation of values from unity, we can conclude
that this will not greatly affect the separation of
isotopes in a distillation column or cascades of columns.

Figure 7 shows the calculated dependences of
the separation factor ap pr oon the D, concentration
in the liquid phase at atmospheric pressure. The
character of the curves is similar to that of the
D,-T, mixture. The difference here is that the curve
constructed according to Sherwood’s theory decreases
slightly with growth x;, , and does not increase.

Vapor-liquid phase equilibrium
and separation factor DT-T,

While Sherman [3] does not provide experimental
data on the separation factor o, ; in his experimental
study of the separation factor on;_; , he reports
that oprp is below a°y ;, as obtained for ideal
mixtures by approximately 1%. Taking into account
the experience of the experimenter, a temperature
dependence curve OLODT,T2 was constructed and the
parameters of the binary energy interaction Au,
and Au, of the UNIQUAC model for the DT-T,
mixture were selected (Table 3), which made it
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Fig. 6. Calculated curves of the activity coefficients Vp,
and Y of the components of the D,~DT mixture versus
the concentration D, in the liquid phase at atmospheric

pressure.
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Fig. 7. Dependence of the separation coefficient a
of'a D ~DT mixture on the D, concentration in the liquid

phase at atmospheric pressure.

possible to reduce ty;_5 by about 1%. Restriction: the
y—x phase equilibrium curve with the found
parameters Au,, and Au, should not have an
azeotrope point. A comparison of the curves of the
dependence of the separation factor Qp _p, Op pr,
Opror,, and @y on the temperature is shown
in Fig. 8. As consistent with the data of other
researchers, the curve of dependence of the separation
factor of the DT-T, mixture is located between the
curves Op _p and Opr_y, .
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Figure 9 shows the dependence of the activity
coefficients vy, m y, of the DT-T, mixture
components on the concentration of DT in the liquid
phase at atmospheric pressure. The curves calculated
by the UNIQUAC equation are located above the
curves obtained by the Sherwood theory. This is
typical for all three considered binary mixtures D,-T,,
D,-DT, DT-T,.
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Fig. 9. Curves of the activity coefficients Yy and Yy, ofthe
components of the DT-T, mixture versus the concentration
of DT in the liquid phase at atmospheric pressure.

Figure 10 shows the dependence of the
separation factor a of a DT-T, mixture on the
concentration of DT in the liquid phase at atmospheric
pressure. The behavior of the curves is similar to those

Separation factor a

DT-T,
1.26 1 T T
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125 l—t—F—F——F——— === e
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Fig. 10. Dependence of the separation factor a. of a DT-T,
mixture on the concentration of DT in the liquid phase
at atmospheric pressure.

shown in Figs. 3 and 7 for mixtures D,-T, and D-DT:
a’(1) increases, a(2) remains practically constant, while
a(3) decreases with increasing concentration of the
volatile component in the mixture.

Analyzing graphic dependences in Figs. 3, 7, and 10,
it can be concluded that, based on Sherwood’s
theory, the separation factor is not affected by the
composition of the liquid phase.

Distribution profile of components D,, DT,
and T, along the height of the distillation column
of a three-component mixture D,-DT-T,
with closed rectification

Under actual production conditions, the pressure,
boiling point, and composition of the liquid on the
plate changes along the height of the distillation
column. Consequently, the vapor pressures of pure
components and the separation factor change. Due
to the small deviation from ideality of hydrogen
isotope mixtures, obtaining a reliable description
of the boiling points of pure components at various
pressures, which correspond to the vapor pressures
of pure components, is of great importance. Table 5
shows the values of the boiling points D,, DT, T,
at various pressures calculated from Egs. (12), (13)
and (14) alongside literature data at atmospheric
pressure [7, 20].

Let us consider the distribution profile of
hydrogen isotopes of a three-component mixture
D,-DT-T, along the height of a distillation column
operating in a closed mode for three options: for
an ideal mixture at y, = 1, both when calculating
the activity coefficients according to the Sherwood
theory using Egs. (19)—(21) and according to the
UNIQUAC equation using the parameters of the
binary energy interaction (Table 3). Let us use the
“stage to stage” method. Let us assume that the
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Tabl 5. Boiling point of hydrogen isotope at various pressures

Isotope boiling point, K
Isotope Pressure, mm Hg
600 700 760 800 900 1000 1100
D, 22.785 23.290 23.569 23.56 [7] 23.746 24.162 24.546 24.904
DT 23.506 24.010 24.288 24.38 [20] 24.464 24.878 25.260 25.616
T, 24.245 24.754 25.035 25.04 [20] 25.213 25.631 26.017 26.375

pressure along the height of the column is constant
and equal to atmospheric 760 mm Hg Art.; number of
theoretical plates 21; concentration of components in
the liquid phase on the first plate (stage), in mol %:
Xp,= 65; Xpr= 10; x; = 25; the accuracy of vapor
phase composition calculation is 107'°.

Figure 11 shows the distribution profile of the
concentrations of the components D,, DT, and T, in
the liquid phase on the plates of the column from
the 11th to the 2lst. Along the abscissa, the
concentration of the component varies from 0
to 2 mol % for DT and T, isotopes (Fig. 1la) and
from 97 to 100 mol % for D, (Fig. 11b) in order to
better represent the profile of the curves. The calculation
according to the UNIQUAC model showed that

the separation of the three-component mixture
21
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D,-DT-T, proceeds somewhat worse than according
to the Sherwood theory and when the mixture is
considered as ideal.

In future studies, it will be of interest to calculate
the cascades of continuous distillation columns
when feeding is introduced into the middle part of
the column using modern simulation environments.
Such calculations for the separation of the
H,~HD-HT-D_,-DT-T, isotope mixture, which includes
six hydrogen isotopes, are currently being carried
out in the Aspen Hysys medium [21, 22]. In [21],
researchers use the Peng—Robinson equation of state.
However, the authors note that, in order to improve
the description of the vapor—liquid equilibrium using
the Peng—Robinson equation of state, it is necessary
to tune the parameters of the binary interaction.

21 /l':,

20

Theoretical stages

A 7
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12 o
’I’ D2
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in the liquid phase, mol %
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Fig. 11. The distribution profile of the concentrations of the components D,, DT, and T, along the height of the column

with closed distillation for a pressure of 760 mm Hg: (a) DT and T,; (b) D,
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CONCLUSIONS

The parameters of the binary energy interaction
of the UNIQUAC model are determined on the basis
of mathematical processing of literary experimental
data on the phase equilibrium of hydrogen isotopic
mixtures D-T,, D,-DT, DT-T,.

Equations are given for calculating the activity
coefficients of hydrogen isotopes based on the
Sherwood theory as applied to binary D,-T,, D,-DT,
DT-T,, as well as ternary D,-DT-T, hydrogen
isotope mixtures.

A comparison is made of the graphical
dependences of the activity coefficients and
mixture separation coefficients of DT, D,-DT,
DT-T, in the range of the concentration of
a highly volatile component from 0 to 100 mol %
at atmospheric pressure for three options: ideal
mixtures; non-ideal using the Sherwood theory and
non-ideal based on the UNIQUAC model. It was
found that the behavior of the curves of separation
coefficients o 1is similar for all binary isotopic
mixtures. However, when considering mixtures
as ideal, o increases. Sherwood’s theory showed that
at P = const o remains practically constant,
independent of the composition of the mixture.
The UNIQUAC model predicts a decrease in o with
an increase in the concentration of a highly volatile
component in the mixture.
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Abstract

Objectives. The reduction of the anthropogenic burden on the environment is generally
associated with the transition to alternative energy sources. However, some of these have only
regional significance, while the effectiveness of others remains doubtful. On this point, innovative
processes aimed at increasing the depth of oil refining may be equally important for reducing
the carbon footprint. Wave-based technologies such as cavitation may also be included in these
processes. Among the various methods for inducing such cavitation phenomena in oil refining,
hydrodynamic approaches are especially promising. It has been shown that the treatment
effectiveness increases with greater pressure or when augmenting the number of cavitation
processing cycles. The aim of this work is to identify the factor (i.e., pressure gradient or number
of treatment cycles) having the greatest influence on the change of the characteristics of the oil
product.

Methods. Cavitation phenomena were created by pumping dark oil products through a diffuser.
The pressure gradient ranged from 20 to 50 MPa, while the number of cavitation processing
cycles varied from 1 to 10. The influence of cavitation conditions on the change of fractional
composition of petroleum products was analyzed. Target fractions are those having a boiling
point up to 400°C.
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Results. It is shown that increased pressure generated in the diffuser leads to a linear increase
in the yield of desired cuts. The dependence of the yield of these fractions on the number of
processing cycles is described by the growth model with saturation. A proposed equation
describes the influence of pressure and number of cycles on the yield of the fractions from initial
boiling point temperature (T,,,) to 400°C following cavitation processing of dark oil products. Some
of the coefficients of this equation have been associated with the physicochemical characteristics
of the feedstock.

Conclusions. An equation for predicting the maximum possible yield of the T,,,~400°C fraction as
a result of cavitation processing under different conditions of the process is proposed according
to the physicochemical characteristics of the feedstock. The prediction error did not exceed 12%.
The equation analysis and comparison of energy consumption between different process regimes
shows that a higher yield of the target product is achieved by increasing pressure gradient rather

than the number of processing cycles.

Keywords: cavitation, petroleum products, oil refining, depth of oil refining, energy efficiency
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BbhIKunawumux 10 400 °C
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AHHOMAyus

Ienu. CHU’>KeHue aHMpPONo2eHHOU HAZPY3KU Ueslogeuecmad HA OKPYIKAWYo cpedy c8s3blea-
IOM C UCNONIb308AHUEM AIbMEPHAMUBHbIX UCMOUHUKO08 dHepauu. OOHAKO uacmb U3 HUX umeem
MONLKO pe2uoHANbHOE 3HaueHue, a ahpexmusHocms Opyaux OUCKYCCUOHHA. /It cokpauieHust
Y2nepooHo20 creda He MeHbWUll uHmepec npedcmagasitom UHHO8AUUOHHbLE NPOUECCHL, HANpPae-
JleHHble Ha YyeenuueHue anybuHvl nepepabomrku Hepmu. K uucny makux npoueccog8 MOIHO
omHecmu U B0JIHO8ble MEXHOJI02UU, UACMHbIM CAYUAeM KOMOPbLX SeAsemcst KAsUmMauusl.
KasumayuoHHble si8neHUst 0asi Hegpmenepepabomrku co30a0m pa3AUUHbIMU MemoOaMU,
Hauboslee NepcneKmu8HbIM U3 KOMOPbLX CUUMAOmMest 2u0poouHamMuUUecKue. YCmaHoenieHo, Umo
agppekmusHocmb go3zdelicmeust gospacmaem KAK NpuU NO8blULEeHUU O0A8AeHUsl NPU nporKauke
Hegpmenpodykma, mak U npu YyeeiuueHuu Koauuecmea axkmog eoszoeticmeus. Llenv OaHHOU
pabomsl. — Kakoli u3z 08yx caxkmopoe — zpadueHm O0aeNeHUll UAU KOAUUeCmeo UYUKI08
go30elicmaust — okasvleaem bostbulee 8AUsIHUE HA USMEHEHUEe XapaKmepucmuK HegpmenpooyrKma.
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Memoobl. Slsnenue Kasumayuu co30A8anU, NPOKAUUSAS MeMHble Hedmenpodykmol uepes
ougpgpysop. asnerue sapvuposanoce om 20 do 50 MIla, a Konauuecmeo aKkmos go3zodeticmaus —
om 1 0o 10. AHAAU3UPOBANOCL BAUSIHUE YCA08UL KABUMAUUU HA U3MEHEeHUe (PpaKylloHHO20
cocmasa HegpmenpodyrKmos. B Kauecmee yesiegblx paccmampusaiucs (paKyuu, selkunarouie
0o 400 °C.

Pesynomamet. IlokasaHo, umo 8blx00 yesesblx paKyuil AuHelHO yseauuusaemcss npu
nosslueHuU 0asieHusl, 803HUKau,e2o 8 ouggysope. 3asucumocms 8blxo00a IMux pparKyuil om
Koauuecmaa yuksioe obpabomrku onucbleaemest Mooesbto pocma ¢ HacblujeHuem. IIpednoxeHo
YypasHeHue, onucelearoujee eausHue 0asieHUsl U KOAUUeCm8a YUKL08 HA 8blx00 hpaKyuu om
memnepamypst Hauana kunenus (T,,) 0o 400 °C nocne KagumayuoHHoil obpabomru memHoblLx
Hegpmenpodykmos. YcmaHo8/leHa C8s3b HeKOmopblX U3 KOIPUYUUEHMO8 3M0o20 YpasHeHUsl C
PUBUKO-XUMUUECKUMU XAPAKMEPUCTNIUKAMU UCXOOHO20 CblPbSL.

Bouieoodst. [IpedioxeHo YpasHeHUe, No3gossiiouiee Nno (PusuKo-XuUMUUECKUM XApaKmepucmu-
Kam ucxo0HO020 Cblpbsi NPeoCcKasamo MAKCUMATLHO 803MOXKHbLU 8bix00 ¢paryuu T,,~400 °C e
pe3ysibmame KABUMAUUOHHOU 06pabomrKu Nnpu pPa3iuUUHbLX YCI08USIX 8e0eHUsl Nnpoueccd.
Owubra npoeHosuposarHus He npesviuuaem 12%. AHanu3 noayueHHoz20 ypasHeHUusl U conocmas-
JleHUe 9Hep203ampam Npu PasiuUtHbLX PeKUMAxX 8e0eHUsl Npouecca nokasblearom, umo 6016uuii
8blX00 Uuesiegoz0 npodyKkma docmuzaemcst 8 pe3ysbmame YysesuueHust 0asieHusl, a He Uucaa
yurio8 obpabomiu.

Knroueevle cnoea: rasumayus, HegpmenpooyKmed,
nepepabomrku, sHepzemuueckasi 3¢ppeKmueHoCmsb

nepepabomika Hegpmu, aaybuHa

Jlna yumuposanus: 1lemnes b.B., bypnsesa E.B., Tepenrsesa B.b., Hukummun J[.B., Hukonaes A.U., Aunponos K.C. Onenka
BIIMSTHUS THIPOIMHAMHYECKON KABUTAIMOHHOW 00pa00TKH TEMHBIX He(TEIIPOIYKTOB Ha BBIXOJ (pakiiuii, Beikumnaronwx ;1o 400 °C.
Tonxue xumuuecxkue mexronoeuu. 2022;17(6):473-482. https://doi.org/10.32362/2410-6593-2022-17-6-473-482

INTRODUCTION

Recently, there has been a pronounced tendency
in the global energy sector to minimize emissions of
carbon oxides (hydrocarbon combustion products)
into the atmosphere. To achieve this, various
alternatives are offered: wind power, hydrogen-based
energy forms, solar energy, storage, etc. Each of the
methods under consideration has advantages (which
are typically considered in detail) and disadvantages
(which advocates generally keep silent about). For
example, wind and geothermal energy are only of
regional importance. The use of solar energy is
also complicated by the seasonal factor. Renewable
sources of raw energy materials (biofuels) involve
the use of significant areas of agricultural land. When
using hydrogen as an energy vector, net zero carbon
is achieved only when the gas is obtained by
electrolyzing water using renewable energy sources.
In other cases, the carbon footprint may be even
greater than that of traditional energy carriers.

In this regard, in order to reduce the anthropogenic
load of mankind on the environment, it may be more

effective to develop technologies aimed at increasing
the depth of oil refining.

Oil refining depth is understood as the ratio
of the volume of products obtained from oil (minus
the cost of refining it) to that of the feedstock oil [1, 2].
As a rule, only refined products are taken into account.
The overall oil refining depth in Russia is estimated
at 84.4%, varying from 74.5% (enterprises of Rosneft)
t0 94.6% (Omskii NPZ, Gazprom Neft). For comparison,
the oil refining depth at the enterprises of the
European Union is estimated at 85%, while in the
United States of America, the comparable figure
reaches 96%.!

An increase in oil refining depth is usually
associated with the use of visbreaking, hydrocracking,
and coking processes. In recent years, new plasma-
and wave-based technologies for increasing the yield
of light fractions in oil refining processes have been

' The territory of discoveries. PJSC Rosneft. Annual
report. 2020. URL: https://www.rosneft.ru/upload/site1/
document _file/a_report 2020.pdf (accessed September 21,
2021).
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proposed [3—5]. The latter should be recognized as
more promising, since they do not imply complete
destruction of raw materials, but can be successfully
combined with traditional processes [6, 7]. Such
wave-based technologies include those relying on the
phenomenon of cavitation.

Cavitation consists in the nucleation at the
interface of phases (liquid-liquid, liquid—solid) of
a gas bubble nucleus, including its growth and
subsequent collapse. It is noted that at the stage
of compression of a gas bubble, temperatures can
reach 5000 K, while, following collapse, they can
increase to 10000 K [8-10]. If this phenomenon
occurs in a hydrocarbon environment, it can lead
to cracking reactions. The validity of this assumption
is confirmed by reports of a decrease in the boiling
point of petroleum products, the distillation
temperatures of 50% of fractions, as well as a
decrease in viscosity [11-13]. A number of researchers
recorded the appearance of unsaturated hydrocarbons
and hydrocarbons of lower molecular weight
following exposure to cavitation [14, 15].

Although a large number of publications have
been devoted to the study of the effect of cavitation
on the physicochemical characteristics of petroleum
products, the overwhelming majority of them are
descriptive. The authors mainly record the changes
that are taking place, and there have been practically
no attempts to generalize them, to propose a
mathematical model that would allow predicting
changes based on the characteristics of the raw
materials. One more important point was left aside.
The researchers noted that when processing raw
materials in a hydrodynamic flow, the changes

Table 1. Characteristic of research subjects

depend not only on the pressure arising in the diffuser,
but also on the number of exposure cycles, but
which of these factors affects the result more
significantly was not considered.

The present work is dedicated to identifying
the factors that have the greatest impact on the
change in the characteristics of petroleum products.

EXPERIMENTAL

Dark oil products of primary and secondary
oil refining were selected as objects of research: fuel
oil, catalytic gas oil (CGO), vacuum gas oil (VGO)
and fuel oil provided by Gazpromneft — MNPZ
(FOM), Russia, as well as fuel oil (FOK) provided by
Kirishinefteorgsintez, Russia. The characteristics of the
research objects are given in Table 1.

The studies were conducted in accordance with
the methodology described in [6, 16]. Petroleum
products were pumped through a diffuser, on which
pressure was applied to actuate the phenomenon of
cavitation. The pressure varied from 20 to 50 MPa,
while the number of exposure cycles ranged from
1 to 10. The total yield of fractions boiling off
in the temperature range from the initial boiling

point (7,,) to 400°C was taken as the target indicator.

RESULTS AND DISCUSSION

The effect of the processing conditions of the
FOM sample on the yield of the fraction 7,,,~400°C
is shown in Fig. 1.

Sample
Indicator

CGO VGO FOM FOK
Density, g/cm? 1.1002 0.8998 0.9684 0.9478
Yield of 7,,,-350°C fraction, wt % 5.2 8.4 5.0 13.2
Yield of 350-400°C fraction, wt % 25.8 34.5 9.0 15.8
Yield of 400-480°C fraction, wt % 40.9 28.0 47.0

69.0
Yield of 480+°C fraction, wt % 16.2 58.0 24.0

Note: CGO — catalytic gas oil; VGO — vacuum gas oil; FOM — fuel oil provided by Gazpromneft — MNPZ; FOK — fuel oil

provided by Kirishinefteorgsintez.
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35 ¢

Yield of 7j5p—400°C fraction, wt %

10 1 1 1 1 J
0 2 4 6 8 10

Number of processing cycles

Fig. 1. Influence of the processing conditions on the yield
of fractions 7', —400°C of a fuel oil (Gazpromneft — NMPZ)

IBP
sample: / — treatment pressure 20 MPa; 2 — treatment
pressure 30 MPa; 3 — treatment pressure 40 MPa;

4 — treatment pressure 50 MPa.

The presented results are consistent with
those obtained earlier: an increase in pressure and
the number of exposure cycles led to an increase
in the yield of the fraction boiling up to 400°C.
At the same time, the greatest increase in the yield
of target fractions occurred during the first
processing cycles. After 5 cycles of exposure, no
significant increase in the yield of fractions was
recorded, with the curve of their yield dependence
on the number of treatment cycles reaching the
saturation line. Similar results were obtained for
other samples.

Such dependencies are well described by
growth models with saturation. These models based
on exponential dependence are often called linear
growth functions, since the growth rate of the studied
quantity is a decreasing linear function [17]. One
such model proposed by L. Bertalanffy has been
widely used to solve problems in chemistry and
biology [18].

According to this model, the dependence of
the yield of fractions R on the number of cycles ¢ can
be described by equation (1):

R(t)= A(1-Be™), (1)

where A4 is the limit value of R (saturation value);
B is the coefficient characterizing the difference
between the initial and limit values of R (R(0) = A(1—B));
k is the growth rate coefficient. The greater the &,
the faster saturation is achieved.

For all samples, the dependence of the yield
of the target fractions on pressure, regardless of
the number of processing cycles, is linear (Fig. 2),
while the wvalues of the correlation coefficient
between the yield of the fraction 7, ,-400°C and
pressure exceed 0.98.

45
= 40 f
.2
g
£
£ 35t
=3
T
£ 2
< 30 f 1
=
i
=
25 1 1 1 1 J
10 20 30 40 50 60

Processing pressure, MPa

Fig. 2. Influence of the processing conditions on the yield
of fractions 7,,,~400°C of a fuel oil (FOK)
(Kirishinefteorgsintez) sample: I — 1 processing cycle;
2 — 3 processing cycles; 3 — 5 processing cycles;

4 — 10 processing cycles.

As a result, the relationship between the yield
of the fraction T,,,~400°C, pressure and the number
of sample processing cycles can be described by

the following mathematical model (2):
R=(4,+4 - -p)1—(B,+B,- p)ei(k(ﬁkl .p)t) (2)

For each sample, all coefficients of the model
were calculated using the least squares method.
The error of the calculated values of the fraction
yield for each sample did not exceed 3% (Table 2).
Thus, the proposed model describes the experimental
data well.

Further analysis showed that there is a
linear relationship between the yield of the
fraction 7,,~400°C of the initial sample (before its
processing, R ) and the values of the coefficients 4
and B, which is described by equations (3) and (4):

4,=0.72 - R,+ 123 (3)

B,=-0.012 R, +0.53 4)
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Table 2. Growth model coefficients and calculation error values

Coefficients
Sample Error, % Error at average values of k, %
AO Al BO Bl kO kl
CGO 334 | 045 0.16 | 0.005 | 0.38 | 0.005 1.7 2.0
VGO 42.8 | 0.21 | 0.025 | 0.003 04 | 0.002 2.7 4.0
FOM 21.8 | 0.14 | 037 | 0.003 | 0.01 | 0.015 1.3 29
FOK 344 | 0.13 0.16 | 0.002 | 0.15 | 0.011 2.7 2.9

The value of the correlation coefficient between
A, and R, is 0.98, while the corresponding value
between B and R is 0.99.

Since the use of average values of growth
coefficients k, = 0.26 and k, = 0.009 for all samples
leads to only an insignificant increase in error, no
greater than 4%, these coefficients can be taken as
constants. The error values for the selected values
k, and k are also given in Table 2.

The coefficients 4, and B, characterize the
relationship between the output of the target
fraction, the pressure, and the number of cycles.
However, it was not possible to establish the
relationship between the values of these coefficients
and the characteristics of the initial sample on the
basis of the available data. It is possible that the
values of these coefficients are influenced by the
group composition of the raw material or its gas
content. The paper [19] presents the results indicating
the influence of gas content on the yield and
characteristics of fractions of petroleum products
during their cavitation treatment. These results also
suggest the influence of group composition.

The analysis of the obtained results allowed
us to assume that the value of the yield of the
fraction 7,,,~400°C after 7 processing cycles (after
the curve reaches saturation) at different pressure
values can be predicted using only data on the initial
sample (before processing). The coefficients of linear
dependence (5) were determined using the least
squares method:

R=025-p+085 R +74 (5)

The constructed model is adequate according to
the Fisher criterion. The value of the determination

coefficient R? for this model is 0.85, while the error
is 12%.

Thus, before cavitation takes place, it is possible
to estimate to what maximum value the yield of
the target fraction will increase as a result of
treatment at different pressures.

The presented results indicate that it is possible
to predict the effectiveness of the impact (pressure
created in the diffuser and the number of exposure
cycles) on the yield of fractions boiling up to 400°C.

Analysis of equation (2) suggests that pressure
has a greater effect on increasing the yield of the
target fraction. For confirmation, the energy
consumption levels for the creation of cavitation
phenomena at different pressures and processing
cycles, as well as target product output, were compared.
To do this, equation (6), given in [20], was used
to calculate the useful power of the pump:

N = pVet, ©)

where N s the pump power output; p is the
density of the pumped liquid; V' is the volumetric
flow rate (capacity) of the pump; g is the acceleration
of gravity; H is the head.

During the calculations, an assumption was
made about the constancy of the mass of the
sample during processing; for this purpose, it was
necessary to take into account the change in the
density of the sample after each exposure cycle.
In all cases, the volumetric flow rate of the initial
sample was assumed to be 0.1 m?/s.

It follows from equation (6) that an increase in
pressure (by 2, 3, etc. times) or an increase in the number
of processing cycles (by the same number of times) leads
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to the same increase in energy consumption. The
relationship between the energy costs of creating
cavitation under different conditions of the process
is shown in Fig. 3 along with the yield of the
fraction 7', —400°C.

IBP

60 r

Yield of 7,3,—400°C fraction, wt %

40

0 10000 20000 30000 40000 50000

Energy consumption, kW

Fig. 3. Influence of energy consumptions and pressure on
the yield of fractions 7;,,—400°C of a vacuum gasoil
sample in cavitation processing: / —treatment pressure 20 MPa;
2 —treatment pressure 30 MPa; 3 — treatment pressure 40 MPa;

4 — treatment pressure 50 MPa.

Similar results were obtained for other samples.
It can be seen that energy consumption increases
comparably both with an increase in pressure and
with an increase in the number of processing cycles.
However, a greater effect (an increase in the yield
of fractions of 7_.-400°C) is achieved with an

IBP
increase in pressure.
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Abstract

Objectives. To find an effective way for obtaining triamyl citrate, an environmentally friendly,
biodegradable citric acid ester used as a plasticizer for PVC-based polymer compositions.
Methods. The possibilities of heterogeneous catalysis were analyzed using the case study of
three commercial samples of macroporous sulfocationites (Amberlyst™ 15, Amberlyst™ 70,
and TULSION® 66). Homogeneous catalysis was studied using the example of orthophosphoric
acid (H,PO,), while self-catalysis was investigated during esterification of citric acid with amyl
alcohol (ROH). The syntheses were carried out under identical conditions: T = 110°C, the ratio of
CA:ROH = 1:5 (mol) amount of catalyst 1 wt % on the reaction mass in a thermostatically
controlled reactor of ideal mixing with continuous distillation of the resulting water.

Results. It was found that in all variants (even under self-catalysis conditions), the conversion
of citric acid in 180 min reached 94-99%. Triamyl citrate was formed after 9 h with a yield
of 90% only when using a homogeneous catalyst (H,PO,) and in the presence of a heterogeneous
catalyst sample (Amberlyst™ 15).

Conclusions. The revealed differences in the reactivity of the studied sulfocationites
(Amberlyst™ 15, Amberlyst™ 70, and TULSION® 66) confirm the well-known theoretical positions,
according to which the kinetic pseudo-homogeneous model of the esterification process of
hydroxy acids in excess of aliphatic alcohols is based on the law of acting masses and
depends on the specific surface area of the catalyst, which for Amberlyst™ 15 is of the greatest
importance as compared to Amberlyst™ 70 and TULSION® 66 (m?/g): 53:36:35, respectively.
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Oco0eHHOCTH CHHTE3a TPHAMIWJINUTPATA
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AHHOMAyust

Ilenu. ITouck agpghekmugHo20 memooa NOAYUeHUS MPUAMULLUMPAMA — IKOSL02UUECKU UUCMO20,
6UOpPa31A2aeM020 CILOIKHO20 IPUPA TUMOHHOT KUC/IOMbL, UCNO/Ib3YEeM020 8 Kauecmeae niacmugu-
Kamopa noAUMepHbIX KOMNO3UYULL HA OCHO8E NOJUBUHUNXIOPUOA.

MemooOul. Bblsig/ieHbl 803MOIHOCMU 28Mepo2EHH020 KAMAAU3A HA Npumepe mpex Kommepue-
CKUX 06pasy08 makponopucmelx cyavgorxamuorHumos (Ambepaucm™ 15, Ambepaucm™ 70 u
Tyncuor® 66); 20mo2eHHO20 Kamaausa Ha hpumepe opmogpocgoprotl kucromol (H,PO,) u camo-
Kamaausa npu smepugurayuu AUMoHHoU Kucromel (AK) amunogoim cnupmom (ROH). Cunme3sost
npogoounu 8 oouHakosslx ycaosusix: T = 110 °C omHoweHue AK:ROH = 1:5 (MonbH.) Konuue-
cmeo kamaauzamopa 1 mac. %. HO PeaKyUOHHYH MACCY 8 MEPMOCMAMUPOSAHHOM peaKmope
UOeanbHO20 CMEUEHUSL C HENpepbl8HbIM 0M2oHOM obpa3syrouieticst 800bL.

Pe3synomamel. YcmaHO8/EHO, UMO 60 6CeX 8ApPUAHMAX KOH8EpPCUsl JIUMOHHOU KUuciomwl 3a
180 mur docmuzaem 94-99%. Tpuamunyumpam c 8blxooom 90% obpasyemces uepes 9 u MosabKo
npu UCNONL308AHUU 20M02eHH020 kKamaausamopa (H,PO,) u e npucymcmeuu obpasya 2emepo-
2eHH020 kKamanuzamopa — Ambepaucm™ 15,

Bbleoobl. Bblsie/ieHHble pasiudus 8 PeaKyUOHHOU CROCOOHOCMU UCCAEe008AHHbIX CYNbgO-
KamuoHumose Ambepaucm™ 15, Ambeparucm™ 70 u TyncuoH® 66 noomeeprkoarom uszgecm-
Hble meopemuuecKue NOJIOJKeHUs, 8 coomeemcmeuu C KOmMOpblMU KUHemuueckas ncegoo-
20MO2eHHast MoOeslb hpouecca smepugpuKkayuu 2u0poKcuKuciom 8 usbbimke anugamuyuecrKux
cnupmoe 0CHO8bl8aemcest Ha 3aKoHe 0elicmayrouiux MACC U 3a8UCUM O0m YOeslbHOll nogepxHoCmuU
Kamaausamopa, komopasi ot Ambepaucm™ 15 umeem Haubosbulee 3HAUEHUE NO CPASHEHUIO C
Ambepaucm™ 70 u Tyacuor® 66 (mM?/2): 53:36:35 coomeemcmeeHHo.

Knroueesvle cnoea: NUMOHHASL KUCIOMA, amunosslil cnupm, 3mepucj)urcau,uﬂ, eemepoceHHoble
ramasausamopul, camorxamasaus

Jna yumuposanusn: upsesa A.Jl., Mouceesa C.B., Jleanosa C.B., I'mazko 1.JI. Oco6eHHOCTH CHHTE3a TPUAMUIIUTPATa.
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INTRODUCTION annual production volume of 1.8 min t/year, the annual

increase in demand is projected at the level of 4.0-4.5%.

Citric acid (CA) is widely used in various sectors The structure of citric acid consumption in Russia

of the world economy as a common acidity regulator, differs from the world by a much smaller share of its
antioxidant, and complexing agent. With a current global use in industries that form the basis of environmentally
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friendly synthetic detergents, solvents, plasticizing
compositions: 80% of citric acid is used in the
food industry, with 10-15% being allocated to the
production of detergents, and up to 10% in cosmetics
and pharmaceuticals [1].

The dominant portion of citric acid derivatives
is comprised of its esters based on higher aliphatic
alcohols. These belong to the Hazard Class 4
considered as non-toxic. Products having a flash
point of at least 168°C (according to GOST 8728-88")
have plasticizing properties and provide foaming of
polyvinyl chloride (PVC) back foam pastes [2, 3].

To date, the production of higher alkyl citrates
in Russia has been limited due to the lack of a raw
material base. However, within the framework of
the general development of gas chemistry and the
increase in the capacity of oxosynthesis processes,
it is expected to create a sufficient potential of
alcohols C,~C; and higher over the next 20-25 years
[4]. The product of esterification of citric acid with
amyl alcohol is of the greatest interest.

The technological processes of synthesis of esters
are divided into two groups [5-7]:

1) liquid-phase group, i.e., thermal in self-catalysis
mode or homogeneous-catalytic, in which the chemical
reaction is combined with the process of distilling
volatile products;

2) heterogeneous-catalytic group, carried out
in liquid or gas phases in flow apparatuses without
combining with separation processes.

The processes of the first group are traditional
and the most common in the technology of
esterification. However, they work satisfactorily only
at a high rate of chemical reaction, otherwise the
completeness of the transformation and the reactor
performance are too low.

It is known that the longer the length of the
hydrocarbon radical of the aliphatic alcohol, the
higher the molecular weight of the target product and
the flash point. This reduces the emission of the
plasticizer, improves its operational properties
[8]. However, it was found that an increase in the
hydrocarbon radical on the CH,-group in the initial

OH

0 0
\\C_CHZ_J:_CHZ_L// + 3C,H,OH
HO” “oH

o o

Citric acid

Amyl alcohol

alcohol reduces the reactivity of the alcohol by an
average of 1.3 times and increases the reaction time [9].

Although the use of homogeneous catalysts in
industry (p-toluene sulfonic acid, orthophosphoric
acid, methanesulfonic acid) in esterification reactions
offers a good catalytic effect, it is associated with
high production costs and negative ecological effects
[5]. Therefore, there is a current trend involving the
use of heterogeneous catalysts. This eliminates many
disadvantages associated with the use of homogeneous
catalysts, since their heterogeneous counterparts are
easily separated from the reaction mass by decantation
or filtration, offer an effective means of reducing or
eliminating corrosion problems, as well as suggesting
the possibility of switching from a semi-periodic to a
continuous process.

The disadvantages of using heterogeneous
catalysts—high temperature, high catalyst consumption,
and increased side reactions, lead to tarring of the
reaction mass and a decrease in the quality of the target
products [10-11].

While the growing interest of domestic
producers of citric acid esters is justified by the need
to achieve independence from imports, a thorough
assessment of the effectiveness of technological
solutions and the quality of the target products is
required. This position becomes especially significant
when expanding the raw material base towards the use
of hydroxy acids and high-molecular alcohols of linear
and isostructure.

Therefore, as part of this study we conducted
comprehensive studies and compared the possibilities
of self-catalysis, homogeneous and heterogeneous
catalysis during esterification of citric acid with
amyl alcohol in order to obtain triamyl citrates with
a yield of 85-90%.

EXPERIMENTAL
As initial raw materials, the following substances,

which differ in geometric dimensions, were chosen:
Citric acid (food grade, monohydrate with a base

OH
ot O J: (0}
_— Ne— cH,—¢—cH,—c7
“3H0  cH,07 NocH,,

cH,07 Yo

Triamyl citrate

Scheme. Esterification of citric acid with amyl alcohol.

' GOST 8728-88. Interstate Standard. Plasticizers. Specifications. Moscow: IPK Izd. Standartov; 1988.
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substance content of 92.5%) (Reagent, Russia);
pure grade amyl alcohol with a purity of more
than  99%  (Reachim, Russia); pure grade
orthophosphoric acid (homogeneous catalyst) with a
purity of 85% (Reagent, Russia); three commercial

following parameters: capillary column with grafted nonpolar
phase OV—101 100 m x 02 mm % 02 pum; column
temperature mode: 120°C (10 min)—15°C/min—260°C;
evaporator temperature 300°C; detector temperature
300°C; carrier gas is helium, flow division 1/80. In the

industrial samples of microporous sulfocationites: analysis, a derivatization method was used to convert
Amberlyst™ 15 (Sigma-Aldrich, Germany), polar organic compounds containing carboxyl groups
Amberlyst™ 70  (Sigma-Aldrich, Germany) and into less volatile ones. Diazomethane was used as a

TULSION® 66 (Thermax, India).

The characteristics of the catalysts are given in
Table 1.

Esterification of citric acid with amyl alcohol
was carried out in a thermostated mixing reactor.
After dissolving citric acid in amyl alcohol in the
reactor, a catalyst was introduced and samples were
taken at specified intervals, with the change in the
concentration of carboxyl groups in the reaction
mass determined by titrimetry. The composition
of the reaction mass was determined using
gas—liquid chromatography on the Crystal 2000M
chromatographic complex (Chromatec, Russia) with the

Table 1. Characteristics of the catalysts used in the study

derivatizing agent. The internal standard method was
used for the quantitative determination of citric acid
esters in the reaction mass. Dicyclohexyl adipate was
used as a standard [12].

Based on previous works [2-3, 9, 12], in which
data on the effect of temperature, molar ratio of
reagents, type, and quantity of homogeneous catalysts
were obtained, the following research conditions were
selected: temperature 110°C; citric acid:alcohol ratio is
1:5 (mol); amount of catalyst is 1% per reaction mass.

All experiments were carried out in the mode
of distillation of the released reaction water with
strict observance of the isothermal regime.

Acid Formula of the substance Dissociation constant K, PK,
1. Self-catalysis
K =741-10" 3.13
Citric acid HOOCCH,C(OH)(COOH)CH,COOH K, =1.74-107 4.76
K,=9.80-10"° 5.40
2. Homogeneous catalysis
K =1759-10" 2.12
Orthophosphoric acid H,PO, (85%) K,=6.17-107* 7.21
K,=420-10" 12.38
3. Heterogeneous catalysis
No. Indicators Amberlyst™ 15 Amberlyst™ 70 TULSION® 66
1 Minimum capacity, eq/kg 4.7 2.55 5
2 Shipping weight, g/L 610 770 500
3 Specific surface area, m?/g 53 36 35
4 Pore diameter, A 300 220 450-500
5 Recommended max. op. temperature, °C <120 190 130
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RESULTS AND DISCUSSION 120
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Figures 1-5 demonstrate graphs of the evolution 100
of products obtained as a result of research for 180 min. 2
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Table 2 summarizes the results of all experimental =
studies performed in this work in the range of 2 oe
180-540 min. 5
. . . . . =]
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by the first carboxyl group with the formation 020
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. . . . . Fig. 3. Esterification of citric acid in the presence
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limiting; the yield of triamyl citrate in 84-90% is achieved 4 ’
in 9 h (540 min) only with homogeneous catalysis
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Fig. 2. Esterification of citric acid in the presence Fig. 5. Esterification of citric acid in the presence
of orthophosphoric acid. of TULSION® 66.
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Table 2. Composition of the reaction mass of the esterification reaction of citric acid with amyl alcohol at 110°C,
reaction time: 180, 240, and 540 min with the distillation of reaction water

Experiment
Self-catalysis Amberlyst™ 15 Amberlyst™ 70 | TULSION® 66 H,PO,
Yield, %
180 min
Citric acid (CA) 5.13 1.10 3.31 2.57 0.21
Monoamy] citrate 30.23 20.99 29.85 39.39 7.85
Diamy] citrate 54.17 55.16 52.17 48.82 56.48
Triamyl citrate 10.47 22.75 14.67 9.25 35.44
Conversion by CA, % 94.40 98.80 96.50 97.10 99.78
240 min
CA 1.52 0.31 0.99 0.85 0
Monoamy] citrate 19.09 8.38 14.53 21.99 2.53
Diamy] citrate 58.32 51.55 55.07 56.18 48.20
Triamyl citrate 21.07 39.76 29.46 20.98 49.26
Conversion by CA, % 98.42 99.66 98.97 99.14 100
540 min
CA 0 0 0 0 0
Monoamy] citrate 0.80 0 0.68 1.07 0
Diamy]l citrate 32.54 10.32 30.63 25.35 15.74
Triamyl citrate 66.66 89.68 68.69 73.58 84.26
Conversion by CA, % 100 100 100 100 100
In Russia, about 300000 t/year of citric acid acid esters comprised of trialkyl citrates, of which
are obtained from the waste of molasses sugar the esters of citric acid and amyl alcohol have the
production [15]. From this amount of citric acid, greatest  practical  significance as a  PVC

it is possible to obtain about 150000 t/year of citric plasticizer [16].
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CONCLUSIONS

The revealed differences in the reactivity of the
studied sulfocationites (Amberlyst™ 15, Amberlyst™ 70,
TULSION® 66) confirm the well-known theoretical
positions, according to which the kinetic pseudo-
homogeneous model of the process of esterification
of hydroxides by aliphatic alcohols (in excess) is based
on the law of acting masses. In this regard, the reaction
rate will depend on the specific surface area of the
catalyst, which for Amberlyst™ 15 is of the
greatest importance compared to Amberlyst™ 70
and TULSION® 66 (m?/g): 53:36:55, respectively.
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Abstract

Objectives. The study aimed to investigate the biological activity of the C, / poly-N-vinylpyrrolidone
(C,,/PVP) complex representing a water-soluble fullerene derivative. In vitro and in vivo
techniques were used to analyze the effect of the C, /PVP complex on the activity of lactate
dehydrogenase (LDH) and evaluate changes in the biochemical parameters of blood serum when
per os administered to mice.

Methods. In order to determine the activity of a commercial LDH preparation and study the
kinetics of this process, the standard Warburg photometric method was used. To assess the
effect of polyvinylpyrrolidone (PVP) and the C, /PVP complex on some biochemical parameters
in vivo, a study was conducted on two-month-old male white mongrel mice weighing 20 + 3 g.
Determination of biochemical parameters of blood serum was carried out using a semi-automatic
biochemical analyzer according to standard methods.

Results. The effect of the C,,/PVP complex on LDH activity was studied along with changes
in the biochemical parameters of mouse blood serum characterizing carbohydrate metabolism.
As well as increasing the glucose and pyruvic acid content, the C, /PVP complex was found to
reduce lactate content and LDH activity in blood serum along with in vitro LDH activity according
to the type of mixed inhibition.
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Conclusions. The C,/PVP complex and PVP were shown to exhibit biological activity in vitro and
in vivo. The C, /PVP complex, representing a mixed-type LDH, was shown to inhibit LDH activity,
as well as contributing to a decrease in lactate concentration and an increase in the concentration
of pyruvic acid and glucose in blood serum when administered per os to mice. The inhibitory
effect of PVP on LDH activity was revealed in both in vivo and in vitro investigations. In vivo, PVP
contributes to a decrease in the concentration of lactate in the blood. The less pronounced effect
of the C,,/ PVP complex as compared to PVP alone may be due to the fact that C,, molecules are
“hidden” in cavities formed in PVP molecules.

Keywords: fullerene, C,, C, /poly-N-vinylpyrrolidone, C, / PVP complex, LDH activity, biochemical

parameters, biological activity
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AHHOMAuyust

Ifenu. Hccnedosame 6uos02uueckyto aKmueHoCms 8000paCMEOPUMO20 NPOU3BOOH020 pyie-
pena — komnaerxca C, /noau-N-eurunnupponudora (C,,/IIBII) — 6 ycaogusx in vitro u in vivo;
usyuumse enusirue komnaerxca C, /IBII Ha axkmugHocmb siakmamaoeaudpozerasst (AIT) e ycno-
8USLX In VItro U in Vivo; OUeHUMb U3MeHeHUs buoxumuueckux nokazameseti cbleopomrKu Kposu
npu egedernuu moiuam C, /ITIBII.

Memoobst. /Ins onpedeseHus aKkmueHoCmu Kommepueckozo npenapama A u uccaedosa-
HUsL KUHemuku 0aHH020 npoyecca Obll ucnoas3oear gpomomempuueckuii memoo Bapbypea c
npumeHeHUuem CMaHOapmMHOU MmemoouKu. [ns OUeHKU BAUSIHUSL NOAUSUHUINUPPOIUOO-
Ha (I1BI1) u komnnexca C,,/IIBIl Ha HeKomopble buoxumuueckue nokasameau in vivo 610
npogedeHo UCCnedo8aHue HAO 08YXMECIUHbLX camyax benblx 6ecnopooHblx mbuuieili eecom 20 + 3 2.
Onpedenerue buoxumuueckux noxkaszamesell CbleOPOMKU KpOo8U NPO8OOUNIOCHL C NOMOULLIO
NoOYaA8MoOMAMUUECK020 HUOXUMUUECKO20 AHAAUZAMOPA N0 CMAHOAPMHbIM MEeMOOUKAM.
Pesynemamelt. Hccnedosaro enusrue komnnexca C, /IIBII na akmueHocme AAIT u npose-
JeHa oueHKa UsMeHeHUull buoxumuueckux nokasameseil CbleOpomrKu Kposu mbvlulell, xapar-
mepusyrouux YyaneeooHnlit obmern. Ycmanoenerno, umo romnaexc C, /IIBIl yeenuuusaem
codeprKaHue 2/loKo3bl U NUPOBUHOZPAOHOU KUC/OMBbL, CHUXCaem codeprkaHue Jjakmama u
axmueHocmb A/l 8 cbleopomKe Kpos8u NO CPABHEHUID C KOHMPOJeM, 4 MakKxe CHUuXaem
axmueHocmsb AT 8 ycnogusix in vitro no muny cMeulaHHo20 UH2UOUPOBAHUSL.
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Buieodol. Komnnexcot C, /IIBII u IIBII nposeasiom 6U0N02U4ecKyto0 aKMUEHOCMb 8 YCA08UILX
in vitro u in vivo. Ycmarnoeneno, umo komnaexc C, /IIBIl sensemcsi unazubumopom AT
CMEeWaHH020 muna 8 Yycniosusx in vitro, yeHemaem axmueHocme A/l @ ycnosusix in vivo,
a makoke cnocobecmeayem CHUXKEeHUK KOHUEHMPAUUU LaKMama U YeeauueHUr KOHUEeHmMpayuu
nUpPOBUHO2PAOHOTL KUCIOMbL U 2/1F0K03bL 8 CblgopomKe kposu npu egederuu moiuam C, /IIBIT
per os. IIpu amom marrke 8vlsi8reHo UHeubupyrowee deticmeue u I[IBIT na axmugHocmb AAD
in vitro u in vitro, npuuem & ycaosusix in vivo I1BII cnocobcmeyem CHUXKEHUI KOHUEHMpayuu
saaxmama 6 Kposu. Meree eviparenroe oeticmeue komnaerxca C, /IIBII no cpagreruto ¢ IIBIT
Mmookem bbimb cessaHo ¢ mem, umo monexkysavt C,, «CKpblMblr 8 NOJOCMSX, 00PA308AHHBLX &

monexkynax I1BIT.

Knroueevte cnoea: oynrneper, C,,

C60/ noau-N-8UHUNNUPPOSNUOOH, KOMNIEKC Céo/HBH,

axmusHocmus AT, buoxumuueckue nokasamenu, buonozuueckas aKmueHocmsb

Jna yumupoganua: Jlorunosa H.IO., Yecosckux 10.C., Boponynun B.b. MccnenoBanue GMOIOIMYecKOil aKTUBHOCTU

BOAOPACTBOPHUMOI'O  KOMILICKCA C60/1'[OJ'II/I-N-BI/IHI/IJ'IHI/IppOJ'II/IHOH.

https://doi.org/10.32362/2410-6593-2022-17-6-492-503

INTRODUCTION

The influence of C, fullerene derivatives on
biological objects is being actively studied due
to their potential for various preparations in
medicine and pharmacology. Due to their widespread
application in various industries, as well as currently
active research for areas of their future application
in the medical and pharmaceutical fields in the
diagnosis and treatment of diseases, human interaction
with such materials has become an integral part
of contemporary life. Since the effects of such
materials, which are foreign to the organism, can occur
directly or following interaction with biomolecules
to include significant metabolic changes, an
additionally important task involved in contemporary
research is the constant assessment of potential
risks when interacting with nanomaterials, including
identifying and evaluating their potentially toxic
properties.

Recent studies on the properties of a number
of C,, fullerene derivatives have demonstrated
their ability to inhibit HIV-1 protease [1, 2] as a
result of their antimicrobial [3] and antioxidant [4]
activities. There are also works devoted to the use
of fullerenes in the treatment of inflammatory
processes [5]. Derivatives of metallofullerenes, in
which a metal atom is trapped inside a fullerene
cage, are considered especially promising for

Tonxue xumuvecxue mexnonocuu. 2022;17(6):492-503.

radiomedicine applications due their greater
stability as compared with currently used chelate
complexes.

An analysis of the experimental data given
in the literature shows that the biological activity
of fullerene 1is generally determined by its
lipophilicity (describing its adhesiveness to proteins
and lipids along with various membranotropic
properties), electron-withdrawing activity (promoting
interaction with free radicals and reactive oxygen
species), as well as photoexcitation characteristics
(ability to transfer energy from an excited state
to a molecule of ordinary oxygen and transform
it into singlet oxygen). The ability of fullerene
to prevent apoptosis of neurons was revealed in
a number of works carried out both in vivo and
in vitro [6, 7]. There are data in the literature on
beneficial effects obtained using fullerenes and their
derivatives in the treatment of neurodegenerative
diseases [8].

Fullerene derivatives have been shown to
inhibit the chain reaction of lipid peroxidation
[6, 7]. The antioxidant properties of fullerenes are
largely due to the system of conjugated double bonds
capable of accepting additional electrons, for example,
from free radicals. One fullerene molecule can accept up
to 34 methyl radicals, capture and inactivate superoxide
anion radicals and hydroxyl radicals ir vivo and in vitro
[7]. In addition, the use of fullerenes as antioxidants

Toukue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2022;17(6):492-503
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is due to their ability to localize inside mitochondria
and other compartments where free radicals are
produced. According to the authors of a number of
works, fullerenes are effective neuroprotectors in some
forms of sclerosis. Due to evidence of improved cognitive
processes under normal and pathological conditions,
they are of great interest for the development of therapies
for Alzheimer’s disease [9, 10].

An analysis of the data available in the literature
on the study of the biological activity of C. and
of its derivatives in in vitro and in vivo experiments
reveals no serious toxic effects from C,, fullerene.
The first studies on fullerene toxicity showed
[11-13] no side effects in mice when observed
over long periods following administration of
fullerene at doses of 2.5 g/kg. Data on the effects
of aqueous dispersion of C, stabilized by starch
[14] also show the absence of chronic toxicity when
administered intragastrically to rats, as well as
causing no significant differences in hematological
and biochemical parameters as compared to the control.

Tests of hydroxylated C (OH) fullerene showed
that when it was administered intraperitoneally
to mice and rats at a median lethal dose LD, of
0.5-2.4 g/kg [15]. At the same time, the authors
of the work noted a decrease in the activity of
microsomal enzymes—in particular, P, -dependent
monooxygenase—in the presence of the hydroxylated
form of C fullerene (in vivo).

Fullerene radically differs from all other
biogenic molecules due to its spherical structure.
Due to inevitable interactions with molecules having
hydrophobic regions (as for example in the case of
proteins and lipids) in a physiological hydrophilic
environment, the carbon surface of such molecules
will be practically inaccessible for recognition by the
immune system [16—18].

In other studies, while C,  fullerene itself was
shown not have acute toxicity, toxic effects have
been associated with the organic solvents used to
prepare fullerene solutions [19]. A more detailed
study on the mechanisms of action and the mechanisms
of the response of the organism as a whole to the use
of both fullerenes itself and its derivatives is
hampered by low solubility in the aquatic environment.

—CH;—CH—
N + m C6O

m>p

One of the solvents used in medical practice for
hydrophobic drugs is polyvinylpyrrolidone (PVP).
PVP is non-toxic and included in such medicines
as hemodez and enterodez. Medical-grade PVP is
obtained by N-vinylpyrrolidone-2 polymerization.
It is used to prolong the action of some drugs, as well
as acting as a binder and stabilizer in the manufacture
of tableted forms of drugs, etc.

Previously, biological studies of this complex
have already been mentioned in the literature.
Fullerenes have been used to protect cells against
ultraviolet radiation [20]. Ultraviolet irradiation
(320400 nm) provokes the formation of reactive
oxygen species, leading to damage and death of
skin cells in humans. A water-soluble C,/poly-N-
vinylpyrrolidone (C,/PVP) complex was tested
as protection against such oxidative stress. In
this case, it is the ability of fullerene to penetrate
into the deep layers of the human skin epidermis,
as well as its resistance to oxidative degradation
prevent skin aging without photosensitization and
cytotoxicity, that makes it a promising substitute for
ascorbic acid.

The potential antiviral effect of C. has been
studied in a number of studies. The C,/PVP complex
was shown to inhibit the reproduction of influenza A
and B RNA-viruses, as well as various DNA-based
viruses, in particular, herpes simplex virus (HSV-1)
[21, 22]. Here, it was found that morphological changes
occur as a result of treating influenza type A virus
with the C,/PVP complex. Here, a large number
of defective virions and virions with a damaged
“brush” were identified along with the presence of
lipid membrane disorders. The data suggest that the
complex interferes with the assembly process in
the viral replication cycle to block the self-tuning of
mature viral particles.

Thus, the purpose of this work was to study the
biological activity, both under in vitro and in vivo
conditions, of a water-soluble fullerene derivative
comprising the C /PVP complex.

To obtain a water-soluble C /PVP fullerene
derivative, the previously described method of
C,, fullerene complexation with PVP [23] (Fig. 1) was
used.

PhCl

—>
60°C :N: ¢O . PC60

Fig. 1. Scheme of the complexation reaction of fullerene C,,with PVP.
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This complex is soluble in water and absorbs
at 255 and 330 nm. IR spectrum, v, cm™': 578, 844,
894, 933, 1077, 1227, 1266, 1375, 1490, 1630-1687,
1703, 2127, 2395, 2575, 2922, 3329, 3493,
3800, 3943.

PVP has good solubility in water and contains
cavities in its structure that are close in size to
C,, molecules. The cavities are easily filled with
fullerene molecules, thus forming a water-soluble
complex. The studies were carried out for the C,/PVP
complex (the C , content in the complex is ~1.6%).
The effect of the C /PVP complex on the activity of
lactate dehydrogenase (LDH) in vitro was studied,
as well as changes in the biochemical parameters
of blood serum when C,/PVP was administered
per os to mice.

MATERIALS AND METHODS

Determination of LDH activity
in model in vitro experiments

To determine the activity of a commercial LDH
preparation and study the kinetics of this process,
the Warburg photometric method was used using
a standard technique. We wused solutions of
phosphate  buffer, sodium pyruvate, coenzyme-
bound hydrogen nicotinamide adenine dinucleotide
(NAD-H + H'), LDH (Sigma-Aldrich, USA). The
change in LDH activity was determined in the
presence of a solution of PVP and an aqueous
solution of the C,/PVP complex, which were
experimental samples and were compared with
a control sample that did not contain PVP and
C,/PVP. The spectra were recorded on a
Specord UV VIS spectrophotometer (Analytik Jena,
Germany) in the wavelength range from 220 nm
to 400 nm. The maximum absorption of LDH
was determined spectrophotometrically: it corresponded
to a wavelength of 340 nm. Then, sodium pyruvate
(not absorbing at A = 340 nm), PVP or C,/PVP
solution, and LDH were sequentially added to
the determination cuvette. Optical absorption
was measured at certain time intervals during the
course of the reaction. The activity of LDH was
determined by the decrease in the content of
NAD'H + H* (maximum absorption at a wavelength
of 340 nm) in the reaction mixture as a result of
the enzymatic reduction of pyruvate to lactate.

The enzyme activity was expressed in
nanomoles of the substrate converted into the
reaction product in 1 min per 1 mg of the enzyme at
25°C and optimal pH. It was calculated by formula (1):

a= (MY, d V)10 (1)

340

where AA is the change in the optical absorption
of NAD-H + H" for 1 min, rel. un.; V' is the final
volume in the cell after the addition of the last
component, mL; ¢, is the coefficient of molar
absorption of NAD-H + H" equal to 6220 M '-cm™;
d is the thickness of the investigated liquid layer,
cm; Vg is the volume of the enzyme solution taken for
the study, mL.

The enzymatic reaction rate was determined by

formula (2):

v=(C,—-C )/(t—1) 2)

where v is the rate of the enzymatic reaction,
mol-L™"-s™'; C, is the concentration of NAD-H + H*
before the start of the reaction, mol/L; C,, is half of
the total concentration of NAD-H + H*, mol/L; t is
the time during which the enzymatic oxidation of
1/2 of NAD-H + H" concentration occurred (s); 1, is the
reaction start time, s.

The influence of PVP and C,/PVP was also
evaluated by analyzing the change in the
Michaelis-Menten constant (K,,). To determine K|, the
reaction rate was calculated at various concentrations
of the sodium pyruvate substrate.

Determination of biochemical parameters
of blood serum

To evaluate the in vivo effect of PVP and the
C,/PVP complex on some biochemical parameters,
whose concentration depends on LDH activity, a study
was conducted on mongrel mice. The experimental part
of the work was carried out in accordance with the
protocols of the Geneva Convention and the principles
of good laboratory practice (National Standard of the
Russian Federation, GOST R 53434-2009')* [24].

The control and experimental groups were formed
from two-month-old males weighing 20 + 3 g. The
mice were kept under standard conditions with natural
changes in lighting occurring in conformity with the
normal vivarium regime. All animals had free access to
food and water. The mice of the control group were not
exposed to PVP and C,/PVP. The first experimental
group received a PVP solution, while the second group
received the C /PVP complex. Each study group of
the mice consisted of 15 individuals. The daily dose of

"' GOST R 53434-2009. National Standard of the Russian
Federation. Principles of good laboratory practice. Moscow:
Standartinform; 2010. 12 p.

2 Prakticheskoe  rukovodstvo  po  biologicheskoi
bezopasnosti v laboratornykh usloviyakh (Practical Guide to
Biological Safety in the Laboratory). Geneva: VOZ; 2007.
188 p. (in Russ.).
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administered substances was 0.5 mg/kg. The compounds
were administered to the mice as a solution (100 pL) for
5 days using a probe. Following their decapitation at
the end of the experiment, the biochemical blood
serum parameters of the animals were analyzed.

Determination of the biochemical parameters of
blood serum was carried out using a semi-automatic
biochemical analyzer Screenmaster (Hospitex Diagnostics,
Switzerland) equipped with a thermostat, photometer
and microprocessor.

The methods are unified [25].

In the work, the following biochemical parameters
were determined: the concentration of glucose, lactate
and pyruvic acid (PVA), the activity of LDH.

Determination of glucose concentration was
carried out by the glucose oxidase method. The
concentration ~was measured photometrically  at
a wavelength of 500 nm (480520 nm).

The determination of the concentration of lactate
in the blood serum was based on the conversion of
lactate into PVA and hydrogen peroxide by
lactate oxidase; the measurement was carried out
photometrically at 546 nm (500—550 nm).

The determination of PVA concentration in
blood serum was based on the Umbright method.
The concentration was determined photometrically
at a wavelength of 430 nm.

The determination of LDH activity in blood
serum was carried out according to the Warburg
method. The activity was measured photometrically
at a wavelength of 340 nm.

To determine all the parameters under study,
reagent kits from Diakon DS, Russia were used.

Statistical processing of results

Statistical data processing was carried out using
the Statistica v7.0.61.0 software package (StatSoft,
USA). The reliability of difference in the considered
indicators of the control and experimental groups was
judged by the value of Student’s criterion ¢ and the
significance level p. At p < 0.05, the difference was
considered statistically significant.

RESULTS AND DISCUSSION

The effect of the C /PVP complex on the
course of carbohydrate metabolism in mice was
assessed on the basis of data obtained in the course
of biochemical analysis of blood serum.

The main indicator of carbohydrate metabolism
is glucose, which is present in most organs and
tissues. The concentration of glucose in the blood
is the result of glycogenolysis, gluconeogenesis and

glycolysis processes. Since it is the main—and for
some tissues, the only—source of energy in the cell,
maintaining a constant concentration of glucose
in the blood is a necessary condition for the normal
functioning of the body. Glucose in the body
undergoes oxidation with the PVA formation. The
latter, depending on the conditions, is oxidized to
acetyl-CoA, which enters into the reactions of the
Krebs cycle (aerobic conditions), or is reduced to
lactate (anaerobic conditions). In turn, as a product of
anaerobic glucose metabolism, lactate enters the blood
from skeletal muscles, brain and erythrocytes.

The interconversion of PVA to lactate occurs with
the participation of the LDH enzyme. LDH is found
in all animal and human tissues, especially cardiac
and skeletal muscles, erythrocytes, liver and kidneys.
Under physiological conditions, the equilibrium of
the reaction catalyzed by LDH is shifted towards
the formation of lactate. The activity of this enzyme
in the blood serum and the relative content of its
isoenzymes can be an important biochemical
diagnostic test for a number of diseases. LDH activity in
the blood serum is a sensitive indicator of hepatocellular
damage. A change in activity is usually observed in
hepatitis, drug intoxication, cirrhosis, tumors and
traumas.

In the course of the studies, the C,/PVP
complex was found to double the content of
glucose in the blood compared to the control (Table
1). By comparison, PVP does not have a significant
effect on changes in blood glucose levels. A reliable
decrease in the content of lactate in the blood
serum compared to the control group was 55%
in the case of the C, /PVP complex and 30% in the case
of PVP.

The concentration of PVA in the blood of mice
under the influence of PVP is within the normal
range, while the introduction of the C,/PVP complex
increases it by 27%.

The decrease in lactate content is associated
with a decrease in LDH activity under the action
of the C,/PVP complex by 7% and PVP by 27%
in comparison with the control.

A possible reason for the increase in the level
of glucose in the blood under the action of the
C,/PVP complex may be a disfunction of glucose
entry into the cell. This leads to the activation of
compensatory mechanisms, in particular, to the
activation of gluconeogenesis, in which lactate can
serve as a source for the synthesis of glucose in the
cell (as a result, its concentration decreases in the
blood). In the process, lactate is converted into
PVA (the main a source for the synthesis of glucose)
under the action of the LDH enzyme. The content
of glucose increased in the blood of experimental
animals.
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Table 1. Effect of PVP and C_/PVP on the biochemical parameters of blood serum

Control PVP C,/PVP
Biochemical indicator
M*m M*m D M=Em D D'
Glucose, mmol/L 7.04 £1.08 6.82 £0.51 >0.05 14.00 £ 0.94 <0.01 <0.001
Lactate, mmol/L 25.30+0.39 17.64 £ 0.46 <0.001 11.32 +£0.85 <0.001 <0.001
PVA, mmol/L 0.11 £0.01 0.11+0.01 >0.05 0.15+0.01 <0.01 <0.01
LDH, IU 2025.25+23.28 | 1470.00 +£20.94 | <0.001 | 1892.00 + 15.60 <0.05 <0.001

Note: p is the level of probability of differences in comparison with control; p' is level of probability of differences in comparison
with PVP. M is the average value of molar concentration; m is the confidence interval of molar concentration.

The high level of significance of the differences
between C /PVP and PVP (p < 0.01) suggests
that the effect exerted on metabolic processes in mice
in the presence of C,/PVP is due to C, fullerene.

The effect of PVP on carbohydrate metabolism
in mice results in a decrease in lactate levels and
LDH activity. The decrease in lactate levels is
probably due to a decrease in LDH activity. This is
consistent with the data obtained in studies on the
effect of PVP and the C /PVP complex on LDH
activity in an in vitro experiment.

It was found that the studied compounds are
inhibitors of LDH activity. The reaction rate in
their presence decreases, and the Michaelis—Menten
constant, on the contrary, increases (Table 2 and Fig. 2).

The conducted studies on the effect of the
C,/PVP complex on LDH activity in model
experiments carried out in vitro led to the conclusion
that the C,/PVP complex has an inhibitory effect

on LDH activity. In the presence of the C,/PVP
complex, there is a decrease in LDH activity by 57.3%
compared to the control, which leads to a decrease
in the catalyzed reaction. In the presence of PVP
in the system under study, LDH activity was reduced
by 70.9% as compared to the control.

Lineweaver—Burk (Fig. 4) and Eadie—Hofstee
(Fig. 5) plots were constructed to identify the
type of inhibition in the presence of the studied
compounds.

A decrease in the maximum rate of the
reaction catalyzed by LDH in the presence of PVP
and C /PVP combined with an increase in the
Michaelis—Menten constant may indicate a reversible
non-competitive inhibition of LDH.

Based on the Lineweaver—Burk and FEadie-HofStee
plots, the type of inhibition in the presence of
PVP and the C /PVP complex was determined
as a mixed type of inhibition, in which a decrease

Table 2. Influence of the studied compounds on the LDH activity

Compound C“"ce“g;‘/tlil‘l’f AU KMA;I;;’_Z’ v x 107, mol/L-s Actilvli(fly/l:i:lo_u’ Activity, %
Control - 0.15+0.01 1.34+0.11 0.96 % 0.10 100
PVP 2 0.32+0.05 0.90 + 0.04 0.28 +0.04 29.1
C,/PVP 2 0.25 = 0.04 1.14+0.10 0.41+0.01 2.7

Note: K, is the Michaelis—Menten constant; v__is the maximum reaction rate; M[S] is the substrate molar mass.
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Fig. 2. Graph of the reaction rate (v) versus the substrate concentration (C) in the presence of the compounds under study.
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Fig. 3. Lineweaver—Burk graph. S is substrate.

in v is combined with a simultaneous increase
in K, values. This means that the enzyme-inhibitor
complex retains partial activity, i.e., the ability to
form an intermediate triple enzyme—inhibitor—
substrate complex, in which the substrate undergoes
a delayed catalytic transformation.

CONCLUSIONS

The C,/PVP complex and PVP exhibit
biological activity under in vitro and in vivo
conditions. It has been established that the
C,/PVP complex acts as a mixed-type LDH

8 \10 12

2 0510 2 N4 6

-0.6 -

Fig. 4. Eadie—Hofstee graph.

inhibitor under in  vitro  conditions;  when
C,/PVP is  administered to mice per os
under in vivo conditions, it inhibits LDH activity,
as well as contributing to a decrease in lactate
concentration along with an increase in the
concentration of PVA and glucose in the blood
serum. An inhibitory effect of PVP on LDH
activity inm vitro was also revealed; moreover,
under in vivo conditions, PVP was shown to help to
reducethe lactate concentration in the blood.
The less pronounced effect of the C,/PVP
complex compared to PVP may be due to the fact
that the C, molecules are “hidden” in the cavities
formed in the PVP molecules.
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Abstract

Objectives. To study the structure and properties of solutions of thermoplastic poly(ether urethane)s
(PEUs) to inform their potential use in the production of fibrous-porous polymer composite
materials with a given structure and set of performance properties depending on the field of
practical application.

Methods. The composition of PEUs was studied by attenuated total reflection infrared (ATR-IR)
spectroscopy using a program for correcting the spectra on an IR Fourier spectrophotometer, as
well by differential scanning calorimetry (DSC) using a heat flow calorimeter. The viscosity of
PEU solutions was determined on a rotational viscometer.

Results. The chemical composition of PEUs and the nature of the formation of hydrogen bonds
were studied. An analysis of the spectra demonstrates the almost complete identity of the PEUs
synthesized from the same 4,4"-diphenylmethane diisocyanate. In the studied PEUs of the Vitur
and Desmopan® brands, as well as Sanpren, pronounced absorption bands characteristic of
urethane groups involved in the formation of hydrogen bonds are visible in the region from 1702
to 1730 cm™t. The temperature transitions and thermal stability of the investigated PEUs were
determined by DSC. The influence of the ratio of rigid and flexible blocks, as well as the nature
of hydrogen bonds on the melting temperatures of polymers, was shown. Analysis of the DSC
curves demonstrated all the studied PEUs to have high melting points ranging from 159 to 215°C.
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From the studied temperature dependences of the structural viscosity of thermoplastic PEUs
solutions, all solutions were established to have a minimum viscosity anomaly; the value of the
logarithm of viscosity depends on the chemical composition and structure of the initial PEUs. It is
shown that the viscosity anomaly of PEU solutions can be reduced with increasing temperature.
Conclusions. A comparison of the chemical composition, structure, thermal and rheological
characteristics of thermoplastic PEUs with PEU solutions widely used for the production of
fibrous-porous materials and coatings of Sanpren LQ-E-6 and Vitur R 0112 grades demonstrates
their practicability as production materials and coatings having a predetermined structure and
a set of properties depending on the requirements and operating conditions of finished products.

Keywords: poly(ether urethane), polymer solutions, nonwoven substrates, electroforming, phase
separation, polymer films

For citation: Kovalenko G.M., Bokova E.S., Evsyukova N.V. Physicochemical fundamentals of processing solutions of
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HAYYHAS CTATbHA

DuU3NKO-XUMHUYECKHE OCHOBBI NePepadoTKU PacTBOPOB
TEPMOILUIACTUYHBIX MOJUI(PUPYPETAHOB /ISl IPOTHO3UPOBAHUS
BO3MOKHOCTHU MX PUMEHEHNS B POU3BOACTBE
BOJIOKHHCTO-TIOPUCTHIX KOMIIO3UIIMOHHBIX MATEPHAJIOB

I'.M. KoBaaenko'’, E.C. Boxosa, H.B. EBclokoBa

Poccuiickuii 2ocyoapcmsertblii yHugepcumem um. A. H. Kocoizura (TexHonoeuu. usaiiH. Mckyccmaso),
Mockea, 119071 Poccus
“Aemop ons nepenucku, e-mail: gregoryi84@mail.ru

AnHomauyus

Ienu. H3yuums cmpykmypy u ceolcmea pacmeopos mepMOnAacmuUHblX NOAUIPUD-
ypemaroeg (I12Y) ons npozHO3UpPOBAHUSL 803MOIKHOCMU UX NPUMEHEHUsl 8 npou3goocmee
BOJIOKHUCMO-NOPUCTMBLX NOJUMEPHBLX KOMNOSUUUOHHBIX MAMEPUAIOo8 U Nnokpulmuil ¢ 3a0aHHoU
cmpykmypoti. U KOMNIEKCOM ISKCNAYAMAYUOHHBLX C80licms, 3a8UCAUWUMU om obracmu
npaxmuuecKoz2o NpuMeHeHUsl.

Memoodust. Cocmasg I15Y usyuasu memoodom urgparxpacroil (MK) cnekmpockonuu ¢ npeobpasosamuem
Pypve 8 couemaruu ¢ MemoooM MHO20KPAMHO20 HAPYULEHHO20 NOJIHO20 8HYMPEHHE20 OMparkKeHust
u memooom OougpgepeHyuanvHo-ckarupyrowei wranopumempuu ([CK) c ucnonvzosarHuem
Kanopumempa mensiogozo nomorxa. Bsaskocms pacmeopos I1DY onpedensinu Ha pomayuuoHHOM
sucKosumempe.

Pesynemameut. Hsyuen xumuueckuii cocmas I19Y u xapaxmep obpa3osaHusi 8000pOOHbBLX
ceazell. AHanusz HK cnexkmpog OdemoHcmpupyem npaKkmuuecKu NOAHYIO UOeHmuuHOCMmb
I1BY, cuHmesupo8aHHbIX HA OCHOB8E 00H020 U Mmo20 e 4.4'-0ougeHunmemaHOUUIOUUAHA-
ma. B uccnedyemoix I123Y mapox Bumyp u Desmopan®, a makxe CaHnpeH, MOIKHO Y&U-
demb, umo 8 obnnacmu om 1702 0o 1730 cm™! npucymcemeyrom s18HO 8blparskeHHble NO0CHL
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no2ioweHusl, xapaKmepHsle O YpemaHo8blx 2pYnnuposor, 3adelicmeo8aHHbLX 8 06paso-
8aHUU 8000p0o0HbLX cesizeli. Memodom [ICK onpedeneHbl memnepamypHvle nepexoovbl U
mepmocmotikocms uccnedyemvix I13Y. IlokazaHo BAUSHUE COOMHOUWLeHUST JKeCmwKux u
2ubkux 6s0K08, a makyke xapaxKmep 8000POOHLLX c8s3ell Ha memnepamypvl NAABAEHUS
noaumepos. IIpu axnanusze kpuesblx CK, nokasaHo, umo ece uccnedyemvie I19Y obnadarom
8bLCOKUMU memnepamypami NAA8AeHUsl, Haxoosuwumucst 8 ouanasoHe om 159 do 215 °C.
Tarxrke uccnedo8aHbL memnepamypHbvle 308UCUMOCMU CMPYKMYPHOU 8s3KOCMU pacmeo-
pos mepmonanacmuuHslx [19Y. YcmaHoeneHo, umo ece pacmaeopsbl. umernm MUHUMATbHYO
GHOMONUIO 8513KOCMU, NPU IMOM BENUUUHA 102APUPMA 8513KOCMU 3A8UCUM OM XUMUUECKO20
cocmasa u cmpykmypusl ucxooHvlx I10Y. YemaroeneHo, umo aHOMANUS 8513KOCMU pACMEopo8s
IIBY moxkem 6bimb CHUIKEHA NpU NO8bLULEHUU memnepamypbl.

Bbreoost. HccnedogaHue XUMUUECK020 coOCmasa, CmpyKkmypbl, mepMudecKux U peooauue-
CKUX xapakmepucmuk mepmonaacmuuHslx [19Y ¢ nosuyuu ux cpasHeHusl U conocmasJe-
HUSL ¢ WUPOKO NPUMEHSeMbIMU ONsL NPOU3B00CMBA 80/0KHUCMO-NOPUCMbLX MAMepuUalos U
nokpeimuil pacmeopos I19Y mapox Cannper LQ-E-6 u Bumyp P 0112 no3gossiem npo2Ho3u-
posamb 803MOIKHOCMb UX UCNONBL308AHUSL O/l NPOU3BOOCMEA MAMEPUANLO8 U NOKPbLMUL ¢
3apaHee 3a00HHOT cmpyKkmypoll U KOMNIeKCoM ceolicme 8 3agucumocmu om mpebosaHuil u
yenosull sakcnayamayuu 20moesblx U30enul.

Knroueevle cnoea: mepmoniacmuuHble NOAUIPUPYPemaHsbl, pPaAcCmeopbl NOAUMEPOS,
noauMmepHbvle NIeHKU, peosioeuuecKue ceoticmeaa

Jna wyumuposanusn: Kopanenko I'M., bokxoBa E.C., EbcroxoBa H.B. ®Dusuko-XuMHYeCKUE OCHOBBI I1€pepabOTKU
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INTRODUCTION

According to classical concepts, poly(ether urethane)
(PEU) products, including flexible polymeric
materials and coatings based on them, can be obtained
from solutions either by fixing the shape by
removing the solvent during the drying process or
by phase separation in a non-solvent medium.
At the same time, the structure of the material and
its properties are largely determined by the chemical
composition of the initial PEUs, as well as the nature
of the structure formation of the solution, depending
on the type of solvent used, its thermodynamic

compatibility with the polymer, etc. This constitutes
the theoretical basis for obtaining fibrous-porous
polymer composite materials having a predictable
structure and a set of operational properties.
Approaches have been developed for the
targeted modification of PEU solutions in order to
create synthetic leather with improved performance
properties'> [1]. Results of a study into the
production of nanofibrous medical materials by
electrospinning from PEU solutions were presented
in [2, 3]. Fibrous-porous composites based on
polyurethanes have been obtained for the creation
of cell scaffold-type matrices [4]. The structure, as

! Bokova E.S. Physicochemical bases and technology of modification of polymer solutions in the production of fibrous-porous
materials. Dr. Sci. Thesis (Eng.). Moscow: MGUDT. 2007. 467 p. https://new-disser.ru/_avtoreferats/01003409553.pdf

2 Grondkovski M. Modifikatsiya poliuretanovykh sistem gidrolizatami kollagena dlya sozdaniya iskusstvennykh kozh s
uluchshennymi gigienicheskimi svoistvami (Modification of polyurethane systems with collagen hydrolysates to create artificial
leathers with improved hygienic properties). Cand. Sci. Thesis (Eng.). Moscow: MTILP; 1990. 244 p. (in Russ.).
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well as physicomechanical, optical and a number
of other indicators of the performance properties of
thermoplastic PEUs have been studied in order to
create innovative materials by extrusion and
3D printing [3, 5-7]. The creation of protective
coatings based on PEUs with a controlled hydrophilic-
hydrophobic balance is thesubject of research in [8—10].
In this research, known approaches to the processing
of PEU solutions and their directed modification
are used in relation to thermoplastic PEUs of Russian
and foreign production.

EXPERIMENTAL

The following PEU brands were used as objects of
study in the work:

— ViturTM-1413-85(NPF Vitur,Vladimir,Russia)—
product of the interaction of 4,4’-diphenylmethane
diisocyanate and polyethylene butylene glycol adipate at
a ratio of NCO:OH equal to 1:1 obtained by one-stage
synthesis; weight average molecular weight (WAMW)
is 40000;

— Vitur TM-0533-90 (NPF Vitur)—product of
the interaction of 4,4'-diphenylmethane diisocyanate
and polyoxytetramethylene glycol, at a ratio of
NCO:OH groups equal to 1:1, obtained by a one-stage
synthesis; WAMW is 40000;

— TPU-2 (NPF Vitur)—product obtained in a one-
stage method based on polyethylene glycol adipate,
diphenylmethane diisocyanate and 1,4-butanediol at
aratio of NCO:OH equal to 1:1; WAMW is 4800;

— Vitur TM-0333-95 (NPF Vitur)—product of
the interaction of 4,4'-diphenylmethane diisocyanate
and polyoxytetramethylene glycol, at a ratio of
NCO:OH groups equal to 1:1, obtained by a one-stage
synthesis; WAMW is 4400;

— Desmopan® 385 S (Covestro AG, Leverkusen,
Germany)—product of  the interaction of
4,4'-diphenylmethane diisocyanate and polyethylene
butylene glycol adipate, obtained by a one-stage
synthesis at a ratio of NCO:OH equal to 1:1; WAMW
is 5700;

— Desmopan® 9873 (Covestro AG, Leverkusen,
Germany)—product obtained by a one-stage synthesis
based on 4,4'-diphenylmethane diisocyanate and
polyoxytetramethylene glycol, at a ratio of NCO:OH
groups equal to 1:1; WAMW is 4500.

For the purposes of comparison, we used
Sanpren LQ-E-6 PEU (Sanyo Chemical, Japan),
synthesized in the form of a 30% solution in
dimethylformamide and traditionally used to obtain
highly porous materials and coatings. PEU was
obtained by a two-stage synthesis based on polyethylene
glycol adipate and diphenylmethane diisocyanate
at a ratio of NCO:OH equal to 4:1; WAMW is 25000.

Based on the recipe features of the synthesis
of polyurethanes, the composition and properties of
finished products primarily depend on the nature and
type of polyesters, diisocyanates and chain extenders
used. According to the data given in [11], in the synthesis
of polyurethanes, possible variations for obtaining
products with different ratios of flexible and rigid
blocks (index NCO/OH) include regulating the length
of the rigid segment, as well as changing the
flexibility of the linear part macromolecules through
the use of highly flexible polyethers or polyesters
with medium or low flexibility.

In the present work, the PEU composition
was studied using the Fourier-transform infrared
spectroscopy (FTIR) method in combination with
the multiple frustrated total internal reflection on an
IFS-113V  IR-Fourier spectrophotometer (Bruker,
Germany), as well as by differential scanning
calorimetry (DSC) using a TA 3000 heat flux
calorimeter (Metler, Switzerland). The viscosity of
PEU solutions was determined on a rotational
viscometer RN4.1 SE (Rheotest, Germany).

RESULTS AND DISCUSSION

The spectral analysis (Fig. 1), which demonstrates
the almost complete identity of the PEUs synthesized
from the same 4,4'-diphenylmethane diisocyanate,
can be wused to identify the main absorption
bands characteristic of the functional groups that
make up the PEUs. Thus, the interval 3328-3331 cm
corresponds to  stretching vibrations of NH
groups, while the absorption band in the range
1800-1728 cm™' is characteristic of stretching
vibrations of the C=0O group. The absorption
interval characteristic of the stretching vibrations
of the ether group lies in the range from 1300 to
1500 cm™. The presence of an absorption band
in the region of 2800-3200 cm™ is characteristic of
stretching vibrations of C-H bonds, while a narrow
absorption range of 1450-1460 cm™ is responsible
for the phenyl radical in 4,4'-diphenylmethane
diisocyanate.

According to [12], the absorption band in
the region of 1740 cm™ is characteristic of the
urethane group, which is free from the formation
of hydrogen bonds (both in the NH and CO groups),
while the absorption bands in the range from
1702 to 1730 cm™ correlate with the vibrations
of urethane groups included in hydrogen bonds
differing in energy. In the studied PEUs of the Vitur
and Desmopan® brands, as well as Sanpren, clearly
pronounced absorption bands characteristic of
urethane groups involved in the formation of
hydrogen bonds are clearly visible in the region
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Fig. 1. Infrared spectra of films based on solutions of polyesterurethane brands:
(1) Vitur TM-0333-95; (2) Vitur TM-1413-85; (3) Desmopan® 385 S; (4) Desmopan® 9873; (5) TPU-2;
(6) Vitur TM-0533-90; (7) Sanpren LQ-E-6.

from 1702 to 1730 cm™ as consistent with the data
of [11], in which the object of study was a PEU based
on 4,4'-diphenylmethane diisocyanate.

The presence of hydrogen bonds in PEUs
predetermines the energy density of cohesion, i.e.,
the strength of intermolecular interaction, which
in turn affects the melting point of PEUs. Thus, it
was demonstrated in [11] that the intramolecular
approach of the NH group, which is a proton
donor, and the CO group, which is an acceptor,
occurs more easily if the number of carbon atoms in
two neighboring diisocyanate residues is even. On
this basis, if n and m are odd, the convergence of
the NH and CO groups is insufficient, the PEU has
an irregular structure, the intermolecular interaction
will be weaker, and, consequently, the melting point
will be lower.

In the studied PEUSs, the diisocyanate has an even
number of carbon atoms, which creates more favorable
conditions for the formation of hydrogen bonds and
should lead to an increase in the melting point.

Figure 2 shows the temperature transitions of
the studied PEUs, determined by the DSC method.

From the analysis of DSC curves, all PEUs
under study can be seen to have high melting points
ranging from 159 to 215°C. At the same time, as

obtained on the basis of simple oligoesters, there is
a single endo peak characterizing the melting of
the crystalline part polymer on the thermograms of
PEU brands Desmopan® 9873, Vitur TM-0333-95,
Vitur TM-0533-90 (Fig. 3, curves 1, 4, 6).

In PEUs obtained on the basis of polyesters of
the Desmopan® 385 S, TPU-2, Vitur TM-1413-85,
and Sanpren LQ-E-6 brands, crystallization is
poorer due to the greater rigidity of macromolecules
and greater intermolecular interaction; here, since
crystallites with different degrees of defectiveness
are formed, whose melting occurs in a different
temperature range, two endo peaks are present
on the DSC curves melting (Fig. 2, curves 2, 3, 5, 7).

Such PEU behavior corresponds to the data [13],
where, by studying the temperature transitions in
PEUs of the Perlon U brand, the authors demonstrated
that less perfect (more defective) crystalline
formations melt at a lower temperature than less
defective ones. Additionally, the presence of two
melting ranges in PEUs based on polyesters can
be explained by more favorable conditions for the
formation of hydrogen bonds, which results in the
initial destruction of the associates stabilized by
H-bonds followed by the melting of the crystalline
part of the polymer.
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Fig. 2. Differential scanning calorimetry curves of films made of polyesterurethane: (1) Desmopan® 9873;
(2) Desmopan® 385 S; (3) TPU-2; (4) Vitur TM-0333-95; (5) Vitur TM-1413-85; (6) Vitur TM-0533-90; (7) Sanpren LQ-E-6.

Based on the classical concepts of the chemical
composition of PEUs, as well as numerous experimental
studies of the reactions occurring during its
synthesis®, linear and spatially cross-linked PEUs
include urethane, urea, ether, and ester groups
[11], which affect the processes of its processing
(dissolution, melting), as well as the structure of
the properties of finished products.

PEUs synthesized in the form of concentrated
polymer solutions in dimethylformamide (DMF)
are traditionally used for the production of fibrous-
porous polymer composite materials and coatings.
Thermoplastic PEUs used in the present work to
solve similar problems related to the possibility of
fiber and film formation were converted into a fluid
state by dissolving in DMF.

One of the indicators that depends on the
chemical composition of the polymer, characterizes
its  thermodynamic affinity for the solvent,

3 Grondkovski M. Modifikatsiya poliuretanovykh sistem
gidrolizatami kollagena dlya sozdaniya iskusstvennykh kozh
s uluchshennymi gigienicheskimi svoistvami (Modification
of polyurethane systems with collagen hydrolysates to create
artificial leathers with improved hygienic properties). Cand.
Sci. Thesis (Eng.). Moscow: MTILP; 1990. 244 p. (in Russ.).

predetermines the processes of structure formation
in solutions and the technological features of
their processing into finished products, is structural
viscosity.

In this work, the structural viscosity of PEU
solutions was determined on a rotational viscometer.
The concentration of the studied solutions (C, %)
was 15%; the temperatures (7, °C) of the experiment
were 20 £ 2°C and 50 £ 2°C (Figs. 3 and 4).

From the analysis of the viscosity curves in
the range of shear rates under study, most solutions
exhibit the behavior of Newtonian fluids without
the effect of the viscosity anomaly characteristic
of structured polymer systems. At the same time,
for PEU grades TPU-2 and Desmopan® 9873
(Fig. 3, curves 4, 5), more hydrogen bonds break at higher
shear in the shear rate range from 2 to 3 s

The viscosity values of PEU grades Vitur TM-0533-90,
TPU-2, and Sanpren LQ-E-6 (Fig. 3, curves 1, 3, 4) lie
in the region of higher values than those of other
grades of PEUs. According to the literature data [13],
the flexibility of the chain of PEU macromolecules is
determined by the properties of the oligoester block.
Based on the data on internal rotation in organic molecules
[13], it can be argued that internal rotation around
the C-O bond is facilitated compared to the C—C bond.
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Thus, it can be assumed that PEUs having heterobonds
in the form of an ether group in macromolecules will
have greater chain flexibility. Therefore, in PEU solutions
based on oligoesters (Desmopan® 9873, Vitur TM-0333-95,
Vitur TM-0533-90), the hydrodynamic radius of
macromolecular coils will be smaller, and, consequently,
the structural viscosity will be lower, as confirmed by
the data in Figs. 3 and 4.

However, PEU brand Vitur TM-0533-90, synthesized
on the basis of a simple oligoester, has viscosity values
almost an order of magnitude higher than those of other
brands of PEUs, which also contain blocks based on

lgn,Pa-s

polyethers  (Vitur TM-0333-95, Desmopan® 9873).
1.6 1
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Fig. 3. Viscosity of shear rate dependence
for polyesterurethane solutions of the brand:
(1) Vitur TM-0533-90; (2) Vitur TM-1413-85;
(3) Sanpren LQ-E-6; (4) TPU-2; (5) Desmopan® 9873;
(6) Desmopan® 385 S; (7) Vitur TM-0333-95.
C =15%; T'=20+2°C.

solution

0.5 1.0 1.5 2.0 2.5 3.0
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Fig. 4. Viscosity of shear rate dependence
for polyesterurethane solutions of the brand:
(1) Vitur TM-0533-90; (2) Vitur TM-1413-85;
(3) Sanpren LQ-E-6; (4) TPU-2; (5) Desmopan® 9873;
(6) Desmopan® 385 S; (7) Vitur TM-0333-95.
C =15%; T'=50+2°C.

solution

Apparently, this is due to the WAMW of Vitur TM-0533-90
(40000), while the WAMW of Vitur TM-0333-95
and Desmopan® 9873 is equal to 4400 and 4500,
respectively. Despite the fact that NCO/OH index is 1:1
for all studied grades of PEUs, the higher molecular
weight of Vitur TM-0333-90 leads to an increase in
viscosity due to the presence of closely spaced polar
groups in the polymer chain as compared to low
molecular weight grades of PEU Vitur TM-0333-95
and Desmopan® 9873.

Viscosity values for PEU grades Vitur TM-1413-85
and Desmopan® 385 S, synthesized on the basis of
oligoesters, are almost an order of magnitude lower than
those for PEU grades TPU-2 and Sanpren LQ-E-6, which
are also obtained on the basis of adipic acid polyesters.
According to [11], polyurethanes with more methyl groups
in the oligoester block comprise a more flexible chain,
since strongly interacting polar groups will be separated
by methyl units, whose rotation is not hindered. Therefore,
PEU grades Vitur TM-1413-85 and Desmopan® 385 S,
which are synthesized from polyethylene butylene
glycol adipate oligoester, have a greater chain flexibility
than PEU grades TPU-2 and Sanpren LQ-E-6, which
have a more rigid-chain polyethylene glycol adipate. As
a result, PEU solutions of the Vitur TM-1413-85 and
Desmopan® 385 S brands have a lower viscosity, even
though the molecular weight, for example, of TPU-2 PEU
is significantly lower than that of Vitur TM-1413-85.

The structural viscosity values can be expected to
be inversely related to the temperature of the PEU
solution: an increase in temperature leads to a twofold
decrease in viscosity, as well as eliminating the effect
of its anomaly.

CONCLUSIONS

In this research, Russian and foreign various
brands of thermoplastic PEUs in the form of solutions
in DMF are studied to investigate the possibility
of their use in the production of fibrous-porous
composite materials and coatings.

The chemical composition of PEUs and the nature
of the formation of hydrogen bonds were studied
using FTIR with multiple frustrated total internal
reflection. The temperature transitions and thermal
stability of the PEUs under study were determined by
DSC. The influence of the ratio of rigid and
flexible blocks on the melting temperatures of
polymers, as well that due to the nature of hydrogen
bonds, is demonstrated.

The rheological characteristics of thermoplastic
PEU solutions have been studied. It has been
established that all solutions have a minimum
anomaly in viscosity, while the value of the logarithm
of viscosity depends on the chemical composition
and structure of the initial PEUs.
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The possibility of using thermoplastic PEUs
in the production of materials and coatings with
a predetermined structure and a set of properties
depending on the requirements and operating
conditions of finished products has been confirmed
by comparing their chemical composition, structure,
thermal and rheological characteristics with PEU
solutions of Sanpren LQ-E-6 and Vitur R 0112 grades
widely used in the production of fibrous-porous
materials and coatings.
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Abstract

Objectives. To discuss the main problems and prospects of creating modern osteoplastic
materials based on polymer compositions used for bone surgery.

Methods. This review summarizes the research works devoted to the creation of materials
used for bone implants and issues involved in their practical testing, as well as analyzes
and synthesizes data of scientific articles on the following topics: rationale for the use of
biodegradable materials in bone surgery; biodegradation and bioreparation bone graft
processes; requirements for degradable polymer composite materials (PCMs) for biomedical
applications; overview of polymeric materials suitable for use in implant practice; impact of
modifications of the PCM on the structure and biological activity of the material in biological
media; effect of exhaust and heat treatment on the molecular structure of polyalkanoates.
Results. The most promising biodegradable resorbable materials for reparative bone surgery
to date are compared. The requirements for these types of materials are formulated and a
rationale for their use is provided that takes into account the advantages over traditional
metal and ceramic implants. The features of the kinetics and mechanism of biodegradation
of implants in their interaction with the bone biological environment of the body from the
moment of implant insertion to complete wound healing are considered. As a result of
the analysis, factors that may affect the activity of implant decomposition and methods
of adjusting the decomposition rate and mechanical characteristics of the material, such
as chemical functionalization, the creation of block copolymers, the inclusion of fibers
and mineral fillers in the composite, as well as heat treatment and extraction of the
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composite at the manufacturing stage, were identified. Among the main factors, the influence
of the structure of the composite material on its biological activity during interaction with
biological media was evaluated. Of polymer materials, the main attention is paid to the
most common biodegradable polymers widely used in medicine: polyhydroxybutyrate (PHB)
of microbiological origin, polylactide (PLA) and other polymers based on polylactic acid,
polycaprolactone (PCL). The effect of their modification by such additives as hydroxyapatite
(HAP), chitin and chitosan, and beta-tricalcium phosphate (B-TCF) is considered. Materials
based on PHB are concluded as the most promising due to their complete biodegradability
to non-toxic products (carbon dioxide and water) and good biocompatibility. Nevertheless,
existing compositions based on PHB are not without disadvantages, which include fragility,
low elasticity, unstable behavior under high-temperature exposure during processing,
implant molding, sterilization, etc., which requires improvement both in terms of polymer
modification and in terms of composition of compositions.

Conclusions. The review considers approaches to achieving the properties of materials
required for perfect implants. The main requirements for implants are optimization of the time
of resorption of the osteoplastic matrix, facilitating the resorption of the osteoplastic matrix
synchronized in time with the process of bone regeneration. To achieve these requirements, it
is necessary to apply technologies that include modification of polymer composite materials
by affecting the chemical composition and structure; introduction of fillers; use of chemical
functionalization, orientation extraction, heat treatment. The success of using bone materials
based on biodegradable polymers is based on an accurate understanding of the mechanism
of action of various components of the implant composition and strict compliance with the
tightening regulatory requirements of implantation technology.

Keywords: osteoplastic materials, regenerative medicine, tissue engineering, osteogenesis, bone
implant material, biodegradable matrices, polyalkanoates, hydroxyapatite, bioactivity of bone
implants, molecular structure of implant material
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CoBpemMeHHbIE TTOJIUMEPHbIE KOMITO3MIIMOHHBIE MATEPHAJIbI
JJISE KOCTHOM XMPYPIrUm: MPo0JieMbl M MePCIeKTUBbI

I1.A. IToBepHoOB!, A.C. Illu6paenal?", A.P. ArocoBa?, A.A. IIonnos'*

!HHemumym 6uoxumuveckoil. ¢pusuxu um. H. M. Omaryans, Pocculickas axademust Hayk, Mockesa,
119334 Poccusi

2MHPSA — Poccutickuii mexHoioeuueckull yHugepcumem (HHemumym moHKUX XUMUUECKUX MeXHOI02UllL
um. M.B. Aomorocosa), Mockea, 119571 Poccust

3Poccutickuii skoHomuueckuil ynusepcumem um. I.B. InexaHosea, Mocksa, 117997 Poccust

“Aemop dns nepenucku, e-mail: lyudmila.shibryaeva@yandex.ru

AHHOMAyus

Ienu. Obcyrk0eHue OCHOB8HbLX Npobriem U nepcnekmue co30aHUsL CO8PEMEHHbBLX OCmeo-
naacmuueckux Mamepuaniog HA OCHO8E NOAUMEPHBbLX KOMNO3UUUL, UCNOAb3YeMmblx Os
KOCMHOU Xupypauu.
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Memoodut. O630p cymmupyem HAYUHO-UCCAedo8amMeENbCKUe pabombl, NOCESULEHHbLE CO3-
0QHUI MAMepuaiog, NPUMEHSIEMbLX O KOCMHbLX UMNAAHMAMO8, U UX UCNbLMAHUK HA
npaxmuke, aHanusupyem u obobwaem OaHHble HAYUHbLX cmamell no caedyruwum pasoe-
niam: 060CHOBAHUE UCNONB308AHUSL OUOPA3NAAEMbIX MAMEPUANIO8 8 KOCMHOU Xupypeuu;
3aKoHoMepHOocmu buodezpadayuu u buopenapayuil KOCmHoz20 umnaiaHmama; mpebosaHusl,
npeowvsigasemole K pasnazaembim NOAUMEPHBIM KOMNOZUYUOHHbIM mamepuanam ([IKM) ons
6buomeduyuHCKUX npumeHeHUll; 0630p NONUMEPHBLLX MAMEPUANLO8, NPU20OHbLX 051 UCNOJb-
308QHUSL 8 UMNAAHMAYUOHHOU npakmuke; eausHue moougpurkayuu INKM Ha cmpykmypy u
buosiozuUecKy0 AaKMUBHOCMb Mamepuaaia 8 buocpedax; 8AULHUE BbLMIKKU U MepMUUEeCKoll
obpabomrKu HO MONEKYAAPHYIO CMPYKMYPY NOAUAKAHOAMOS.

Pesynemamet. PaccmompeHrsl Haubosiee nepcheKkmugHble HA Ce200HAWHUL O0eHb 6uopas-
Jlazaemble pes3opbupyemvle mamepuans. 0as penapamugHoli kocmHol xupypeuu. Cchop-
MyaupoeaHvl. mpebogaHus, npeobsagasiemvle K OGHHbLM MmMunam mamepuanosg, U O0aHO
060CHO8AHUE UX UCNOAB30BAHUSL C YUEMOM NpeuMyulecma no CPA8HEeHUD C MPAOUYUOHHbL-
MU MEMANAUUECKUMU U KepamuuecKumu umnaiaHmamamu. Paccmompersvl ocobeHHocmu
KUHemurKku u MmexaHusma o6uodezpadayuu uUMNIaAHMAmMo8 npu ux e3aumoodelicmsuu ¢
KOCMHbIMU buocpedamu OpeaHUIMA OM MOMeHMA 88edeHUsl umnaaHmama 00 NoJHO020
3aKueneHust paHel. B pesynemame npogedeHHoz0 aHanu3a 6blLau  YCcmaHo8/eHbl
aKxkmopbl, Komopble MoO2Yym NOBAULMb HA AKMUBHOCMb PA3N0IKEHUSL UMNIAHMA-
ma u Mmemoobl. KOPPEKmMupo8KuU CKOPOCMU pPA3N0NKKEeHUS U MEeXaHUUEeCKUX XapakK-
mepucmuKk mamepuana, maKue KaKk Xumuueckas QYHKYUUOHANUZAYUS, CO30aHUE
610Kc-cONnoAUMEPO8, BKIIOUEHUE 8 COCMmA8 KOMNO3UMA 60JI0KOH U MUHEPAIbHbLX HANOJ-
Humenel, a makixe mepmoobpabomKa U 8blMAIXKKA KOMNO3UMA Ha cmaduu uszomoesie-
Hust. Cpedu OCHOBHbLX paKmopog ObLI0 OUeHEeHO 8AUSHUE CMPYKMYpsbl KOMNOZUYUOHHO20
MmamepuanaHa e2obuoiozuueckyo akmugHocms npugsaumoodeticmauucobuocpedamu. Hanoau-
MEPHBIX MAMEPUANO8 OCHO8HOE BHUMAHUE YoeneHo Haubosee pacnpocmpaHeHHbim 6uo-
dezpadupyemobim, WUPOKO UCNONb3YEMbIM 8 MeOUYUHe NOAUMEepam: noauudpoxcudbymupamy
(III'G) MmuKpobuosiozuuecKozo0 NPOUCXOIKOEHUSl, NOAUNAKMUOY U OpYauMm NOAUMEPAM HA
OCHO8€e NOAUMONOUHOU KUCIOMBbL, NOAUKANPOAAKMOHY. Paccmompervl ux moougurayuu
¢ makumu dobaskamu, Kak 2udpoKcuanamum, XumuH U XumosaH u bema-mpurKanbyuii-
¢ocham. ITo umozam pabomol Haubosee nNepcneKmueHbIMU OKA3AIUCL MAMEPUATbL HA OCHO8E
III'B 6nazo0apsi e20 noaAHOU buopasnazaemocmu HO HemoKCUUHble OJisl OP2aHU3MA NPOOYKmMbl
(yenexucnwlii 2a3 u eoda) u xopoweti buocoemecmumocmu. Tem He MmeHee, cywecmeyrouiue
Komnosuyuu Ha ocHoge III'B umerom Hedocmamirku, K KOMOPbLM OMHOCAMCSL XPYNKOCMb,
HU3Kasl 91acmuuHoCmsb, HecmabuibHoe nogedeHue npu eblcokomemnepamypHom eozoeli-
cmeuu npu nepepabomre, poOpMOBAHUU UMNAAHMAMO8, cmepuausayuu u op. Omo mpebyem
dopabomru KOMNO3ULUL KaAK 8 NiaHe MOOUPUKAUUU NoaUMepa, maK u no cocmagy.
BuLeoodst. B 0630pe paccmompervl no0xo0dbl K OOCMUIKEHUIO C80LicmeE Mamepuaios, mpebyemoix
onst cogepuleHHblx umnaaHmamos. OCHO8HbIMU MPebo8AHUSMU, NPEOBABNIEMbIMU K UMNIIAH-
mamam, SeNMest ONMUMUIAUUSL 8PEMEHU pPe30pOuuUUL O0CMeoniacmuuecKoz0 MampuKca,
obiezueHue paccacbleaHUsl OCMEeoNIACMUUECcK020 MAMPUKCA, CUHXPOHUSUPOBAHHO20 NO 8pEMEHU
C npoueccom pezeHepayuu Kocmu. [ns oocmuxceHust amux mpebogaHulli HeobxXooumo
NPUMEeHsMb MexHON02UU, Komopble eKkouaom moougurayuro I[IKM nymem eosdelicmaust
HO Xumuueckull cocmae U cmpykmypy; esedeHue HanoiHumesell, UCNOAb308AHUEe XUMUUe-
CcKOl (PYHKYUOHANU3AYUU, OPUEHMAYUUOHHOU 6blMSKKU, mepmuueckoll. obpabomku. Ycnex
UCNOIb308AHUSL KOCMHBIX MAMEPUAIO8 HA OCHO8e 6uodezpadupyemblx NOAUMEPO8 OCHOBAH
HO MOUHOM NOHUMAHUU MEXAHU3SMA O0elicma8usl Pa3UuUUHbLX KOMNOHEHMO8 KOMNO3UYUU OJis
umnaaHmama u Cmpozom COoOmeemcmeul C YsKeCmouarwWuMucs HopmamueHbimu mpebosa-
HUSIMU MeXHOI02UU UMNAAHMAYUL.

Knroueette cnosea: ocmeonJlacmuyecKkue mamepuaJiel, peeeHepamuseHasi MeduuuHa,
mraHeesast UH>KeHepust, ocmeozeHes, mamepuail 0151 KOCMHBLX umnsiaHmamaos, 6uodezpa0u—
pyemole mampurcel, nosuasiKaHoamol, zudpoxcuannamum, buoaxkmueHocms KOCMHBLX
UMniaHmamaos, MOJNeKyasapHasi cmpyKmypa mamepuaia OISl UMNIAHMAMO8

Jna yumuposanus: Iosepuos I1.A., IlIuGpsesa JI.C., JIrocosa JI.P., ITonoB A.A. CoBpeMeHHbIE TOJIMMEPHBIE KOMITO3UIIH-
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INTRODUCTION

Much research attention is currently being
paid to areas of medicine involving the development
and production of various osteoplastic (bone-
substituting) materials [1-7]. These materials are in
demand in dentistry, maxillofacial surgery, as well as
various areas of bone surgery.

The requirements for the nature and quality of
materials intended for the manufacture of implants,
as well as technologies for their manufacture, are
determined by the application and conditions of
functioning of implants and endoprostheses in
contact with living tissues.

A common requirement related to the properties
of materials for implants is the presence of osteoplastic
and osteoconductive properties that support the
formation of conductors for the germination of blood
vessels with subsequent resorption and replacement
with bone tissue. Osteoconductive materials serve
as a matrix for the formation of new bone during
reparative osteogenesis and have the ability to direct
the growth of bone tissue. Implants require hydrophilic
properties. Surgical interventions in bone surgery
are often associated with pre-infected pathological
foci where surgical treatment often is performed due
to the development of inflammatory complications.
An important problem is the choice of resistant
(proof against infections) materials, as well as materials
that do not cause thrombosis.

Despite impressive advances achieved in the
development of a new generation of osteoplastic
materials for bone implant purposes in recent
decades, involving work carried out by world-leading
research  centers conducting experimental and
clinical studies of osteoplastic matrices, as well as
the devotion of significant material and financial
resources to the field of regenerative medicine,
a number of unresolved issues remain. These include
optimizing the time of resorption of the osteoplastic
matrix and the best choice of an effective technology
to facilitate the resorption of the osteoplastic matrix
synchronized in time with the process of bone
regeneration. As a result, the review by D.D. Lykoshin
and co-authors [8] shows that autografts still remain
the gold standard in clinical practice.

Scientists are searching for materials and
compositions having osteoplastic properties, which
are at the same time resistant to bacterial influences.
Recently, the range of materials with the above
properties has been greatly expanded due to the use
of synthetic materials, including biopolymers and
various other biodegradable compositions. Biopolymer
materials are often completely non-immunogenic,
can be sterilized by modern medical methods, and
are relatively inexpensive to produce. However,

the most valuable advantage consists in their wide
range of physicomechanical and biochemical
properties due to the possibility to regulate of the
supramolecular and molecular structure of polymers.

The broadest requirements for materials for
implants are realized when using biodegradable
compositions. Biodegradable polymer composite
materials (PCMs), which are designed to create
bioresorbable (gradually dissolving in the body)
implants, comprise complex engineering tools
from which biologically compatible systems can be
constructed. The creation of such a system should
be accompanied by the establishment of factors
affecting bioresorbability. Thus, there are problems
of studying the effect of the initial morphology
and structure of PCM used for bioresorbable implants
on their properties and qualities. Another important
issue is the influence of the technological parameters
of the manufacture of PCM on the properties of the
implants obtained from them. In order to predict the
quality of the implants obtained, it is important to
identify the role of the structure of the material in its
biological activity relative to the biological environment
and body tissues with which the implants made
of this material are intended to interact.

When selecting a biodegradable material for
bioresorbable implants, as well as in the manufacture
of the prosthesis itself, numerous technological
problems arise. For example, the use of biodegradable
polymer materials is greatly limited by a lack of
deformability (elasticity), which is necessary due to
most of the bones of the human body being subjected
to cyclic loads, gradually leading to an increase in
the concentration of stresses in the microstructure of
the product and eventually destroying it. It is also
important to note that the body’s immune response to
biopolymer materials in contact with it occurs at various
levels, from single molecular interactions to complex
perception of volumetric biophysical properties that
coordinate reactions at tissue- and system levels.

When creating a PCM implant, the material’s
osteoinductivity, i.e., the ability to stimulate
osteogenesis when it is introduced into the body,
leading to the activation of progenitor cells, as well
as their proliferation and differentiation into
osteogenic cells, becomes an important factor [9].
In this regard, when developing materials for
implants, the problem arises of forming a structural
organization of the PCM that contributes to the
overgrowth of the implant with body cells. This can
be achieved by creating a porous morphology
(Fig. 1) [9]. At the same time, the formation of a
certain porosity is required, i.e., the volume in the
material occupied by pores along with the necessary
structural  characteristics  (isolated or combined
pores), as well as individual shape and size.
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Fig. 1. Overgrowth of bone implants with cells of a living
organism — osteogenesis [9].

Another method for achieving osseogenesis
involves the use of mineral or organic fillers, drugs
with the ability to initiate cell growth and development
[10-14]; in any case, the presence of pores enhances
this ability due to the sorption of drugs on the
inner surface of the pores.

OBJECTIVES OF THE USE
OF BIODEGRADABLE MATERIALS
IN BONE SURGERY

Biopolymer composites are widely used in
dental implantation surgery and dentistry. At the
same time, the implantation of biodegradable
polymer compositions for the treatment of bone
injuries, defects, and fractures is still significantly
limited due to the difficulty of achieving the
required level of bioresorbability and osteoinductivity
of implants made from these materials, as well as
due to insufficient research base on the behavior of
implants placed in a living organism and arriving
there for a long time (Fig. 2) [15].

Fig. 2. Radiography of the distal femoral region of cats,
where 70% of polyhydroxybutirate (PHB) and 30% of
hydroxyapatite (HA) composite were implanted. The arrow
indicates the decrease in the radiotransparent line around
the implant over time. (A) Evaluation time in 30 days;
(B) evaluation time in 60 days; (C) evaluation time
in 90 days [15].

The mechanism of interaction between the
implant and the body is based on the processes
occurring at the bone—implant interface. The nature
of the interaction between living bone cells and
macromolecules of the polymer implant material at
this boundary is determined by properties such as
biocompatibility, corrosion resistance and cytotoxicity
(Fig. 3) [15].

As established in [16, 17], such interaction
depends on the surface topography, volume
composition and morphology of the implant. The
implant surface should be able to induce direct
contact and functional connection between the
implant and the bone tissue on which the load
(osseointegration) is applied regardless of the area
of location and the bone density, as well as its

Fig. 3. Orthopedic implant made of a composite
containing PHB and HA. Microphotography of the
interface of a subcutaneous implant 45 days after
an experimental operation to implant a composite
of 70% PHB + 30% HA into the subcutaneous tissue
of cats. (A) Skin (yellow dotted line), subcutaneous tissue
and fibrous capsule or implant (blue dotted line).

(B) Fibrous capsule in greater detail, showing the biomaterial
(birefringent appearance) towards the giant cell (blue
arrow), the green arrow points to the vessel. (C) Fibrous
capsule with intensive neovascularization (green arrows)
and (D) multinucleated giant cells (red arrow) [15].
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quantity [18]. After the implant is installed, the
contact area immediately provides the necessary
stability due to friction and mechanical blocking
forces between the bone trabeculae and the surface
of the implant thread, leading to the development of
new bone structure that replaces that surrounding the
implant [2].

It is important to note that, while contemporary
metal composites provide implants with the necessary
strength and wear resistance, they have a big
disadvantage due to the difference in the gradients
of elastic modulus at the border with the bone,
leading to tissue injury during the transfer of the
occlusal load by the implant [3]. For ceramic products
based on ZrO, and TiO,, studies of such problems
caused by the high modulus of elasticity of zirconium
dioxide, showed how this can lead to the destruction
of bone tissue [4]. As well as overcoming this
disadvantage, polymer materials offer a number
of additional advantages associated with the
bioresorbability and osseointegration of the material.

In the process of osseointegration of a bone
replacement product, the interaction between the
implant material and bone tissue should support the
formation of fibrous tissue around the surface of
the PCM leading to its improved structural stability [5].
Achieving such a state in full is often impossible
due to the presence of a large number of variable
factors affecting this process, among which are included
the surface characteristics of the implant, the state
of damaged bone tissue, the presence of bacterial
infection, and the nature of mechanical loads exerted
on the bone—implant system [2].

For a more complete understanding of the
requirements for biopolymer materials and the
necessary characteristics of these materials, it is
necessary to establish the patterns according to
which the biodegradation and integration of the
material in the body takes place, as well as to
understand the features of the osteogenesis process
under the conditions of a foreign body introduced
into the injured area of the body and its gradual
destruction under the action of a biological media

(Fig. 3) [8].

PATTERNS OF BIODEGRADATION
AND BIOREPARATION OF A BONE IMPLANT

Bone is one of the few tissues whose fracture
can heal without the formation of a fibrous scar.
A fracture occurs due to exceeding the limits of
tensile strength and deformation. The new formation
of bone material in the process of fracture healing
depends on the size of the gap at the fracture
site [19]. The use of polymer materials for implants

depends on the individual characteristics of the
body, the type of injury and the mechanism of
implantation. At the same time, it is necessary to
distinguish between two types of osteogenesis: contact
and distant. During contact osteogenesis, bone tissue
is formed directly on the surface of the implanted
product [13]. With distant osteogenesis, bone tissue
regeneration occurs around the implant, i.e., new
bone tissue spreads from the surface of the
unaffected bone area to the implant [13]. Also
involved in these processes are multipotent
mesenchymal stromal cells (MMSCs), which are
able to differentiate into bone (osteoblasts) or
cartilage (chondrocytes) tissue.

Thus, the role of a polymer scaffold is to act
a carrier of various growth factors (morphogenetic
proteins that stimulate bone mineralization, fibroblast
growth factors that enhance osteoblast proliferation,
growth peptides that stimulate vascularization of the
internal volume of the implant, etc.) at the same time
as not triggering rejection by the body [20]. The
fundamental characteristic of the implant is the
dynamics of its biodegradation and the mechanism
of the process. From the time of implantation
to the completion of the bone remodeling phase,
the strength interaction of the implant and bone at
all stages of healing should correspond to one basic
principle—the total strength of the bone—implant
system at any time should not be lower than the
final target bone strength after healing [21].
However, regarding the stability of the bone—implant
system, according to studies in dental implantology
[13, 18, 22, 23], the total stability changes have
a V-shaped profile and may fall to 55-65% of the
target in the middle of the healing cycle due to a
more intensive decrease in primary stability due to
bone resorption in those places where the implant
coils exert pressure on the bone trabeculae causing
the death of osteocytes. Although secondary stability
(the formation of new bone tissue on the surface
of the implant) increases over time, its increase fails
to compensate for decline in the primary stability
in the interval from 15 to 40 days after implantation,
resulting in a fall in overall stability.

Although the implant is expected not to completely
collapse after three phases until the fracture is
completely healed, at the same time, the implant must
completely dissolve within 3—-6 months after healing
in order to exclude a negative reaction of the body
to a foreign body. In the case of bone implants, it is
important to refer to individual structures of a certain
shape, size and strength, on which the features of
the biodegradation process of the composition and
the possibility of regulating the decomposition rate
at the stage of obtaining a polymer material depend,
for example, during subsequent 3D printing [21, 24].
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Biodegradation of an implant in contact with
living cells of the body is a complex multi-stage
process involving a number of physical stages and
chemical reactions:

— polymer dissolution;

— ionization of ionogenic groups present in
polymer macromolecules;

— ionization of ionogenic groups formed
during the reactions of destruction and hydrolysis of
polymer macromolecules;

— destruction of polymer—polymer complexes;

— hydrolysis of polymer macromolecules;

— dissolution of the products of decomposition
reactions in a polymer matrix [25].

The process of biodegradation of PCM in
the body can be divided into two mechanisms:
degradation of the material in the external diffusion-
kinetic region (destruction of the polymer surface);
propagation of degradation from the surface into
the volume of the polymer matrix. It is important to
note that several factors influence the surface and
bulk degradation of the polymer. When the external
area of the implant is destroyed, the chemical
structure of the material, its morphology, the shape
and size of the particles of the dispersed phase (filler),
the nature of the pores and the degree of porosity
of the material, as well as the presence of perforation
of the implant play a key role [25, 26].

The penetrating ability of biodegradation is
affected by the degree of swelling of the polymer
in the biological media with which contact occurs
(blood, lymph, synovial fluid). In addition, the relative
rate of penetration of the biological medium into
the material due to its swelling in comparison with
the rate of decay of the surface layer plays a role.
In this case, the diffusion parameters of the transfer
of the biological medium play a role, due to the
structure of the material and its chemical resistance.
So, if the swelling rating is high, then the outer
layer of the polymer does not have time to degrade,
and the penetration of the biological medium into the
volume leads to a gradual degradation of the inner
layers. In this case, cracking may occur due to the rupture
of strained bonds in macromolecules on the polymer
surface and the subsequent mechanical destruction of
the composite layers, which violates the integrity of
the implant and reduces its mechanical characteristics
[25, 27], as well as leading to an acceleration of
the volumetric destruction of the implant as a whole.

In addition to rectifying unstable strength
properties due to high swelling, control of the degree
of swelling of the polymer composite plays an
important role in the manufacture of bone implantation
materials due to the problem of “clogging” the area
to be repaired with mechanically destroyed, but not
chemically decomposed fragments of the implant

material. Thus, the higher the degree of crystallinity
of crystallized polymers in volume, the lower their
degree of swelling in water, and hence the lower
the degree of penetration of enzymes that promote
degradation into the polymer matrix [28].

In most cases, the destruction of the material
in the surface layer occurs due to hydrolysis and
enzymatic reactions [29]. This stage is non-
cellular biodegradation, leading to the formation of
microcracks in the material, deformation of the product
and the formation of macro-cracks of various shapes
and sizes.

The degree of destruction of PCM, which is
determined by the composition, chemical nature and
structure of the components, is most noticeable in
areas with hydrophilic sites of macromolecules due
to their more active hydrolysis. Over time, the
outer layer becomes looser due to the formation of
volumetric microchannels. For example, in [30], the
creation of a polyhydroxybutyrate (PHB) composite
with polyvinyl alcohol (PVA) having hydrophilic
properties made it possible to regulate the moisture
permeability of the material by changing the
concentration of PVA. At the same time, although
such a structure contributes to a more active
penetration of the biological medium into the volume
of the product, a favorable environment is already
created for the splitting of water-soluble fragments
of macromolecules outside the implant. Through a
network of microchannels, the separated fragments
can enter the biological environment, in which their
further chemical cleavage into harmless molecules will
occur under the action of mainly enzymatic hydrolysis.

It is worth noting that the hydrophilization
of polymers, comprising one of the methods of
their modification, can be carried out by plasma
chemical treatment in an atmosphere of air or pure
oxygen [31], in which the oxidation of the surface
layer of the polymer material occurs due to the
formation of polar groups containing oxygen (hydroxyl,
carbonyl, carboxyl, etc.). This effect leads to an
increase in the adhesive properties of materials.

In addition, hydrophilization can be carried
out by treatment with other chemical processes:
sulfonation, chlorosulfation, etching in organic solvents.
When treated with a solvent, the surface layer of the
polymer is loosened by its swelling, which leads to
a weakening of the intermolecular bonds between
the polymer chains in the near-surface layer [30].

After sufficient loosening of the outer layer of
the implant, the process of cellular destruction begins
under the action of monocytic phagocytes. After
maturing into macrophages, these cells can concentrate
on such a partially degraded surface, transform
into epithelioid cell granulomas and coagulate into
Langhans giant cells [10].
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Langhans giant cells are giant multinucleated
cells formed from epithelioid cells during their
fusion or during the proliferation of macrophages. These
cells can tighten sufficiently large macromolecules
into their internal volume, envelop them with a
cell membrane and process them at the expense of
lysosomes and mitochondria. The beginning of the
cellular destruction process and its dynamics are
characterized by the size of the detached fragments
of macromolecules, the degree of heterogeneity of
the implant surface and the size of the protruding
loosened fragments. Thus, it is believed that the
sufficient size of such fragments for the active
inclusion of phagocytic enzymatic hydrolysis is a
fragment length of 20-30 pum. The photodestruction
of biodegradable polymers (for example, during
pretreatment of an implant) can increase the degree
of crystallinity of the surface, which will lead to a
decrease in the initial rate of enzymatic destruction
and a decrease in the length of fragments necessary
for its initiation [32]. In another study [33], it was
shown that the rate of decomposition of PHB by
enzymes is significantly affected by the molecular
weight of the polymer and the temperature of
destruction. For the human body temperature (37°C)
at a molecular weight of 150 kDa in 3 months, the
weight loss was 12%, and for high-molecular
PHB (300-1000 kDa) only 2%. Consequently, varying
the molecular weight of the polymer matrix can also
significantly affect the rate of biodegradation.

The products of intracellular decomposition,
depending on their composition, can be absorbed by
these cells, or excreted into the circulatory system.
Since the immune response weakens after some time
(5-15 days) with sufficient polymer biocompatibility,
the influx of macrophages at the site of the
implant localization also decreases, allowing fibroblasts
begin to form a tissue capsule. Loose connective
tissue is embedded in the microcracks of the
implant, followed by the stage of vascularization
of the matrix and the germination of nerve-endings.

The germination of connective tissue depends
on the morphology of the polymer, its chemical
structure, and porosity, as well as the degree of
destruction of the surface layer. The cellular stage
usually begins quite a long time after the implant is
inserted (closer to the reparative phase of fracture
healing or the remodeling stage), which can vary
greatly depending on the type of polymer [7, 10].

Thus, the sequence of stages of cellular destruction
of the implant is reduced to the following:

— localization of macrophages on the implant;

— fusion of macrophages and their transformation
into Langhans giant cells;

— activation of the mitochondria of Langhans
giant cells in contact with the polymer matrix;

— enveloping of the separated polymer
macromolecules and its further processing under
the action of hydrolysis and fermentation;

— weakening of the immune response and the
beginning of the germination of connective tissue.

Another problem manifesting itself at later
stages of bone tissue healing is associated with the
manifestation of various secondary processes, among
which the most dangerous is excessive calcification
of the surface layer of the implant. Since it will
certainly come into contact with the bloodstream,
the deposition of calcium salts (medium and basic
calcium phosphates with different ion ratios) is an
integral part of the implant integration process.
Increased adsorption of calcium salts causes the
formation of microcracks leading to the formation
of a loose structure in the outer layer of the implant.
The process of dystrophic calcification typically
occurs as a response to soft tissue damage, which leads
to the formation of significantly mineralized areas
that cause blockage of blood vessels and can cause
strokes and heart attacks. In this regard, reducing
the degree of calcification represents an important
problem. Studies demonstrating the effect of
dexamethasone on transforming growth factor B1
responsible for cell proliferation and differentiation,
as well as the ability of dexamethasone to act as an
inhibitor of calcification, should be noted [34, 35].
Dystrophic calcification can also be reduced by
modifying the polymer surface. This also contributes
to the improvement of osseointegration and
vascularization of the implant [10—12].

Since the formation of phosphates is an integral
stage of degradation of the composite in the body,
workarounds are needed to reduce the degree of
their adsorption. This can be done by modifying
the implant surface, for example, by introducing
hydrophilic fillers into the PCM, forming layers
on the polymer surface, or by changing the surface
charge due to various drugs (heparin, protamine
sulfate, etc.).

The authors of [36] developed and investigated
experimental porous 3D carriers made of poly-3-
hydroxybutyrate, designed for the restoration of
bone tissue defects. The ability of the developed
3D carriers to support adhesion, proliferation and
directed differentiation of cells in the osteoblastic
direction was studied using the example of MMSC
culture isolated from bone marrow and adipose
tissue. Based on the results, the differentiation of
MMSCs into osteoblasts was confirmed and measured.
An increase in the expression of genes for osteocalcin,
which is the most informative marker of bone
formation, was revealed. Its release and entry into
the blood occurs during osteosynthesis from
osteoblasts.
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REQUIREMENTS FOR DEGRADABLE PCMs
FOR BIOMEDICAL APPLICATIONS

To create bone implants, it is necessary to
develop a biodegradable material with the necessary
deformation properties, strength, capable of with
standing high-temperature exposure during 3D modeling
of the implant [37], as well as ensuring its sterilization.
At the same time, the achievement of an optimal
biological reaction between the implant and the cells
developing on its surface is realized if the implant
has a micro- and macroporous structure [38].

A pore surface from 40 um to 1 mm is the main
factor ensuring cell germination [39, 40]. Under
conditions of porosity, especially internal continuous
porous areas in the polymer material, the cells of
the body can easily attach to the inner surface of
the pores and germinate through the entire implant,
with the formation of blood vessels [41, 42].

In addition, the material should minimize the
possible negative reaction of body tissues to foreign
inclusion, not support or prevent the growth of
bacteria on its surface, and avoid triggering an
allergic or immune response of the host body. In
terms of its mechanical characteristics, with the
exception of wvarious individual features of the
damaged area of bone tissue and the localization
of injury, the material should have high shear and
tensile strength.

To provide parameters for the biodegradation
process of an individually tunable bone repair
material depending on the patient’s age, presence
or absence of infectious infection, tissue conditions
near the affected area, and type and size of the lesion,
fine-tuning of the decomposition conditions is
necessary to vary the dynamics of material strength,
mass, volume and size, taking into account the
kinetics of bone tissue healing.

Thus, the role of the PCM structure for
biomedical use in bone surgery should be considered
from the perspective of three aspects:

— morphological aspect (structure of amorphous
and crystalline regions): the size and shape of the
polymer matrix crystallites, the amount of free
volume in the composite for cell proliferation and
differentiation into osteoblasts;

— pore formation (the ability of a material to
form pores of a certain structure): porosity parameters
include pore size and shape, the presence of isolated or
combined pores and connections between them;

— reactivity (parameters of biodegradation of
the material): chemical destruction, mechanical
destruction of the composite due to overstressed
bonds in macromolecules and the formation of
microcracks, the formation of macrocracks due to the
rupture of layers of the material by germinating cells.

By setting the optimal ratios between these
aspects, it is possible to create a biodegradable
polymer composite suitable for bone implantation.
The condition for this adjustment is such a ratio
between their contributions that the rate of implant
biodegradation and the associated loss of strength
does not exceed the rate of increase in the strength of
newly formed bone material.

OVERVIEW OF POLYMER MATERIALS
SUITABLE FOR USE IN IMPLANTATION

To date, various synthetic and natural polymer
materials, as well as mineral-based materials, have
been created and used for bone and dental implants.
Among the mineral materials that have been widely
used, it should be noted hydroxyapatite (HA),
beta-tricalcium phosphate (B-TCP) and ceramics,
including organic (collagen) and natural biopolymers
(polysaccharides) variants.

Among the mineral components, HA is the most
promising due to its excellent biocompatibility, as
well as ability stimulate osteogenesis and form a
matrix for the formation of new bone tissue.
Nanocrystalline HA is able to more actively adsorb
proteins necessary for the wvital activity of cells
[43], while according to [44] its ability to stimulate
reparative osteogenesis is even higher than that of
polycrystalline HA.

In [45], a method for the synthesis of
nanoscale HA was developed along with a proposed
method for its purification and methods for the
formation of porous calcium-phosphate composites
based on HA and collagen. The methods described
in the article make it possible to produce tissue-
engineered  structures  offering an  adjustable
architecture for solving various biomedical tasks.

Materials based on B-TCP are also thought to
be quite promising [46] due to their high degree
of degradation, excellent biocompatibility and the
ability of this substance to create a matrix for the
germination of osteoblasts in the process of reparative
osteogenesis. However, due to the excessively rapid
degradation of the material leading to a significant
drop in its compressive strength, it cannot provide a
basis for the formation of new bone tissue [47].

Calcium-phosphate ~ ceramic  materials  are
characterized by heterogeneity of the particle sizes
of the material and pores [48], in connection with
which work is underway to find more promising
bone implantation materials.

Collagen is a filamentous protein that is the
main component of connective tissue. Approximately
30-35% of all proteins in the human body and most
mammals are made up of collagen, including most
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of the joints, tendons, skin, walls of blood vessels,
as well as forming part of nail-, tooth- and bone

tissue. Collagen obtained from cattle tissues is
generally appropriate and cost-effective.

Among  polysaccharides, chitin-, chitosan-,
alginate-, and starch-based materials have been

widely used.

In modern medical science, technologies for the
development of materials based on various polyolefins
are considered, the possibilities for their use in
replacement implantation surgery are studied.
Despite the creation of polypropylene-based synthetic
materials characterized by a high degree of
biocompatibility [49], their use is associated with
a number of disadvantages, such as the occurrence
of postoperative complications due to rejection
of the material by the body. For example, in [50],
the inflammatory reaction of the body to the
implantation of a polypropylene product was studied,
during which it was found that 6 months after
implantation, a tightly formed connective tissue
formed around the material, while the leukocyte-
lymphocyte inflammatory reaction to a foreign
body remained throughout the entire period. At
the same time, significantly fewer cells involved in
phagocytosis were formed around the material than
during the decomposition of biopolymer materials.

Compared with polyolefins, materials based
on biopolymers obtained by chemical synthesis in
living organisms—plants or microbial systems [6]—
have a number of advantages. Such polymers have a
more complex and well-defined structure compared
to synthetic polymers and are characterized by high
biodegradability and renewability.

One of the most promising biopolymers is a
polymer based on lactic acid—polylactide (PLA).
PLA is obtained from natural raw materials: rice,
potatoes, corn, etc. Due to the bioabsorbability of
PLA, it can be used as stents for implantation
into the body without the need for repeated surgical
intervention due to their complete biodegradation
in a relatively short time [7, 8]. At the same time,
the hemocompatibility of this polymer is comparable
with the indicators of other materials used as stents
such as stainless steel.

Composite frameworks based on PLA can be
carriers for morphogenetic proteins that stimulate the
formation of bone tissue [51].

In the study [52], PLA was compared with
other biopolymers (polycaprolactone, chitosan, PHB).
Histological data showed that, in addition to offering
good supporting functions for connective and bone
tissue, PLA does not cause pronounced inflammatory
infiltration by  lymphocytes, neutrophils and
Langhans giant cells. The metabolites of the
breakdown of PLA have no negative effect on the

body or on the dynamics of osteogenesis as a whole.
Based on the results of the work, the materials
from the PLA are recognized as promising for use in
veterinary bone surgery.

In addition to pure PLA, copolymers of PLA
and polyglycolic acid (PLA-PGA) are more often
used. Such copolymers are used as surgical
decomposable screws, fingers, pins, and whole
plates for the restoration and remodeling of bone
defects, as well as the formation of cartilage tissue.
Such copolymers are not cytotoxic, and the rate
of their decomposition can be regulated by changing
the ratio of components.

Another naturally degradable polymer of
microbiological origin is  poly-3-hydroxybutyrate
(PHB, P-3-HB). Despite the presence of significant
disadvantages of this material limiting its use in its
pure form, which include thermal instability and
high brittleness, a large number of studies are being
conducted on the use of PHB in composite materials
together with the introduction of a range of various
fillers of both natural origin (including mineral)
and synthetic [53-55] (including modifiers and
plasticizers).

Studies on the regeneration of bone defects
of various rat bones using PHB have shown that
implantation of an element made of pure PHB or
filled with mineral components of PHB does not
worsen the conditions of bone tissue regeneration
and does not cause an inflammatory reaction. In
addition, the material usually has a high resorption
capacity and promotes the propagation of the
regeneration front towards the damaged area from
the periphery to the center of the regenerate.

THE EFFECT OF PCM MODIFICATION
ON THE STRUCTURE AND BIOLOGICAL
ACTIVITY OF THE MATERIAL
IN BIOLOGICAL MEDIA

The biodegradable capacity of polymers to be
absorbed by microorganisms depends on a number
of parameters and structural characteristics. The most
important are the chemical nature of the polymer,
the branching of the macromolecule (the presence
and nature of side groups), as well as the molecular
weight, supramolecular structure, structure of the
crystalline regions, and the conformation of the
chain in the amorphous region [7, 10]. Natural and
synthetic polymers containing bonds that are easily
hydrolyzed have a high biodegradability. The
presence of substituents in a polymer chain often
contributes to increased biodegradation. The latter also
depends on the degree of chain substitution, the length
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of its sections between functional groups, and the
flexibility of macromolecules.

Thus, biodegradable polymers should:

1) be heterochain and contain bonds available
for biodegradation: R=CH,; R=CH-R; R-CH,-OH;
R-CH(OH)-R; R-CO-H; R-CO-R , etc.;

2) contain fragments that include no more than
5 groups of CH, in a row;

3) have  volumetric  substituents in  the
composition: the larger the volume of the substituent,
the faster the polymer is destroyed;

4) include natural products in the macromolecular
chain—starch, cellulose, lactose, urea, which can be
used as fillers, and then microorganisms absorb them.

Polymers having an amorphous supramolecular
structure are invariably less resistant to biodegradation
than crystalline ones. This is due to the fact that
the compact arrangement of structural fragments of
semi-crystalline and crystalline polymers limits their
swelling in water and prevents the penetration of
enzymes into the polymer matrix, making it difficult
for enzymes to act not only on the main carbon chain
of the polymer, but also on the biodegradable parts
of the chain.

An important factor determining the resistance of
a polymer to biodegradation is the size of its molecules.
While monomers or oligomers can be affected by
microorganisms and serve as carbon sources for them,
polymers with a large molecular weight are more
resistant to the action of microorganisms.

Biodegradation of most technical polymers is
usually initiated by non-biological processes (thermal,
photo-oxidative, = mechanical  degradation, etc.).
The mentioned degradation processes lead to a
decrease in the molecular weight of the polymer. In
this case, low-molecular bioassimilable fragments
arise, having hydroxyl, carbonyl, or carboxyl groups at
the ends of the chain. The resistance of polymer materials
to the action of microorganisms also depends on
the plasticizers, fillers, stabilizers, and other
technological additives included in their composition,
as well as on the extent to which these substances can
be a source of carbon and nitrogen for microorganisms.
It is known that inorganic components (silicates,
sulfates, phosphates, carbonates) do not support the
growth of fungi.

When creating biodegradable materials, the
process of modifying synthetic polymers and
composites using natural polymers has become
widespread. An important place in the research is
occupied by the problem of giving the properties
of biodegradation to well-mastered multi-tonnage
industrial polymers: polyethylene, polypropylene,
polyvinyl  chloride,  polystyrene,  polyethylene
terephthalate, polyurethane. For this purpose, three
modification directions are being actively developed [56]:

— admission of synthetic polymers of molecules
containing functional groups, such as complex ether,
amide, anhydride, urethane, etc. into the structure,
with the presence of such groups promoting
accelerated photodegradation of the polymer to
provide the ability to sorption of water, hydrolysis,
which results in the formation of water-soluble
products;

— preparation of compositions of multi-tonnage
polymers with biodegradable natural additives
capable of initiating the decomposition of the main
polymer to a certain extent;

— directed synthesis of biodegradable plastics
based on industrially mastered synthetic products,
in which it is possible to change the properties
of the material by regulating the hydrophilic and
hydrophobic properties of its surface.

The idea of creating a composition of various
synthetic polymers with starch appeared in the 1970s.
Thus, in the article [57] G.J. Griffin described the
process of developing composites with starch based
on low-density polyethylene to create biodegradable
film materials for packaging. The addition of starch
allowed the material to decompose without exposure
to ultraviolet radiation and water. Soil microorganisms
contribute to the swelling and hydrolysis of starch,
the formation of dextrin and glucose molecules, an
increase in the surface area of the composite material
and further peroxide destruction of the polymer.
The formed low molecular weight fragments are
subsequently assimilated by soil microorganisms.

An important scientific direction in the creation
of a new class of biodegradable materials is the
creation of modifiers composed of hyperbranched
polyether polyol-based surfactants. The works of
V.I. Gomzyak et al. are devoted to the synthesis of
such surfactants [58]. Surfactants based on super-
branched biodegradable polyether polyols are widely
used as modifiers of polymer materials. Their
activity depends on the degree of branching [59].
Polyether polyols are also used as a basis for the
production of biodegradable block copolyesters [60].
To date, such compounds are used in medicine for
the manufacture of containers for the targeted delivery
of medicinal substances, which opens up wide
possibilities for regulating the issuance of medicinal
contents in a living body.

The study of the role of modifying additives
introduced into materials based on PHB, PLA, and
other polymers had demonstrated their significant
effect on the biological activity of PCM in biological
media [61-65]. These additives also have a great impact
on the biocompatibility, strength and proliferation
of cells for the scaffold material: a temporary
mechanical structure that mimics the extracellular
matrix of bone tissue, serving to create an optimal
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environment for the repair of damaged bone. In order
for healing to occur at a high rate and without
complications, the scaffold should not be rejected
by mesenchymal stem cells. For successful completion
of all stages of healing, a high level of adhesion
between the implant and organic tissues is required;
in some situations, this can be achieved by introducing
stem cells at the site of the scaffold [61].

An effective scaffold should provide adequate
physical support similar to real bone in order to
stimulate bone regeneration while ensuring a
continuous supply of nutrients and metabolites
of tissues formed on the skeleton. The paper [63]
demonstrates the effect of well-delaminated organo-
modified montmorillonite clay on the PHB matrix.
This increased modulus of elasticity of the system
as a result of this modification can be traced by the
results of transmission electron microscopy and X-ray
diffraction analysis. To understand the influence of
temperature on the mechanical properties of the frame,
the modulus of elasticity was studied both at room
temperature, at which the implant itself is installed
in the body, and at 37°C, which corresponds to the
physiological temperature of a human body. It was
found that at room temperature, the modulus of
elasticity increases by an amount from 40 to 90% at
filler concentrations from 3 to 5%. At the temperature
of the human body, the same characteristic was
25-50% higher than the initial indicators. This filler
was also shown to significantly affects the surface
roughness. The rougher topography of the implant
promotes attachment and proliferation of osteoblast
cells to the surface. Studies have shown that a
significant degree of proliferation over a large surface
area was observed already on the fourth day after
cell culture. Osteoblasts were attached by branching
microfilaments and the formation of lamellipodia
and microarrays at the interface of the bone—implant
phases. When studying the rate of proliferation of
body tissue by cell division (proliferation) on human
osteoblast cells when they were stained with a
fluorescent dye, positive results were obtained after
7 days of incubation. The thermal stability of
nanohybrid materials was improved by using a
nanocomposite with a clay content of 5%. The
structure of the PCM with a low clay content (up to
1-2%) was heterophase; here, while the stratified
state prevailed, an increase in clay concentration to
3-5% was noted along with the increased prevalence
of intercalated state with small individual fragments
by which means stratification was detected. Thus,
the inclusion of nanoclay and similar fillers based
on montmorillonite can be used to increase the rigidity
of the composite material and its thermal stability
without affecting the biocompatibility of the material
in comparison with that of pure PHB (Fig. 4).

Concerning the decomposability of PHB-based
materials in the body and the body’s response
to the introduced foreign object, studies into
suture materials and threads are relevant [64, 65].
Materials from PHB and from the copolymer of
PHB with hydroxyvaleriate (PHB-co-3HV) following
intramuscular implantation to experimental animals
did not cause any acute diseases, vascular reaction
at the implantation site or any side effects, such as
purulent inflammation, necrosis, calcification of the
fibrous capsule or the formation of a malignant tumor
for a long period (up to 1 year) [64]. The tested
monofilament sutures made of PHB and PHB-co-3HV
demonstrated the necessary strength for the healing
of muscle-fascial wounds [64].

In the article [65], the degradation of a monofilament
filament made of PHB-co-3HV was investigated
both in a lipase solution and during implantation
into the tergal muscles of a rat. The results showed that
the monofilament thread gradually lost its tensile
strength, which was accompanied by a decrease in
molecular weight. Implantation to a rat did not show
noticeable body responses during degradation in vivo.
Reactions to the foreign body were much weaker
than those of chrome catgut, which is one of the most
commonly used medical suture products.

It was found that the introduction of chitin/
chitosan as a rigid filler into the PHB matrix improves
mechanical properties [66]. However, the high cost
and complexity of manufacturing such a composition
is a limiting factor in their use. Since chitosan is
susceptible to carbonation at high temperature in a
mixture of melts, it is necessary to use a solution or
other technology [66]. Compared with pure chitosan
films, the mixture of PHB (30%)—chitosan (70%)
showed higher tensile strength and elongation at break
by 40% and 60%, respectively. In addition, these
properties, combined with the porous structure of
PHB-chitosan films, increase the likelihood of
using these composites in tissue engineering.

When studying a mixture of PHB-chitin
prepared by casting from a solution, the authors [67]
established the formation of an intermolecular
hydrogen bond between the carbonyl groups of
PHB and the amino groups of chitin. At the
same time, the crystallization process was accelerated
due to heterogeneous nucleation on chitin particles,
which contributed to the rapid growth of PHB
crystals. ~ However, decreased crystallinity at
higher chitin concentrations can be explained by a
concomitant decrease in the mobility of PHB chains
due to intermolecular hydrogen bonds between PHB
and chitin.

In the study [25], the structure and properties
of Dbiodegradable compositions based on PLA,
chitosan and ethyl cellulose obtained in a Brabender
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Fig. 4. SEM (300x) visualization of human osteoblast cells after 7 days of cultivation:
(a) on pure PHB; (b) on PHB/5, wt % clay.
Staining of 4',6-diamidino-2-phenylindole cells of human osteoblasts after 7 days of cultivation:
(c) on pure PHB, (d) on PHB/5 wt % clay [63].

type mixer were studied. It was shown that the
addition of low molecular weight polyethylene
glycol leads to an increase in the elongation of rigid
PLA—cthyl—cellulose compositions. At the same time,
the compositions have a sufficient level of
biodegradability as estimated by weight loss under
conditions of exposure in the soil.

In [68], a polymer PHB-chitosan composition
for prolonged transport of biologically active
substances was developed and studied. It was shown
that the ratio of components allows varying the
sorption capacity of the drug carrier (rifampicin), as
well as the profile of its release. During the
decomposition of the biopolymer matrix, voluminal
microcracks are formed, contributing to the
gradual release of the drug enclosed inside into the
biological environment. Such gradual release of the
substance can be used in other ways, for example,
by including growth factors in the composition that
promote proliferation (vascular endothelial growth
factor) and bone formation (morphogenetic proteins).

In [69], the thermal properties of a porous
PLA were studied. Porophores based on ammonium
carbonate in a solution of acetone and supercritical
CO, were used to prepare the porous composition.
It has been shown that pore formation leads to the
destruction of the crystalline regions of the PLA,
reducing the melting heat of the crystallites. Changes
in the crystal structure of the matrix also occur
under the action of polymer plasticization caused
by exposure to high temperature with the influence
of pore-forming gaseous reagents. The internal
pressure of gases significantly disrupts the pore
structure; by varying the kinetics of the formation
of crystal structures when the polymer is cooled [69], it
is possible to change the strength and elastic properties.

In the three-block copolymer PHB-PLA-poly-
caprolactone, a decrease in the probability of
formation of large crystallites was identified as
due to a decrease in the length of oligomeric segments
and a restriction of the mobility of the chain of
PHB blocks [709]. These factors, which lead to an
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increase in the flexibility of the material, have a
positive effect on its biocompatibility.

EFFECT OF EXTRACTION AND HEAT
TREATMENT ON THE MOLECULAR
STRUCTURE OF POLYALKANOATES

Crystallization and the size of crystallites
have a great influence on the mechanical and
thermal properties of polymers. The exceptional
stereochemical regularity and low density of
nucleation in polyalkanoates, for example, in
PHB, contributes to interspherolitic cracking. In
addition, secondary crystallization of PHB during
heat treatment occurs in such a way that amorphous
intercrystalline regions are enriched with pass-
through chains in an extremely straightened
conformation, which reduces segmental mobility,
leads to a change in the thickness of lamellae
in the crystallite structure, causing embrittlement
of the polymer, and, consequently, deteriorates the
mechanical characteristics of PHB [71].

The improvement of the deformation properties
of the material typically occurs along with a
decrease in its strength [72—-74]. However, since
both of these parameters are important in the case
of manufacturing bone replacement products, it
is important to implement methods that increase
flexibility without significantly reducing strength.
In this regard, the combination of extraction, which
changes the orientation of molecular chains along
the direction of extraction, thermal annealing at
elevated temperatures and re-aging at room
temperature can eliminate secondary crystallization,
improving the overall impact strength [23].

Mixing of PHB with chitosan changes the
structure of the crystalline regions of PHB during
heat treatment. High-temperature annealing of
composites consists in alternating melting and
crystallization cycles in a non-isothermal mode. It
was shown in [68] that the interaction of the
components leads to a more ordered structure of
chitosan and a higher stability of PHB crystallites,
since chitosan prevents the recrystallization of
PHB during annealing. In addition, intermolecular
hydrogen bonds formed in the composition were
found to represent a factor affecting the structure of
PHB crystallites; the scope of this effect, however,
depends on the localization of bonds in the
amorphous regions of the composite.

There are results of experimental studies on
the production of films from ultrahigh molecular
weight PHB (UMW PHB) by uniaxial broaching
with annealing at 160°C, according to which the
strength characteristics of such materials were

significantly improved. Thus, in [75], this method
allowed to increase the elongation at break by
10-60% and the tensile strength by 30% to 100 MPa.
The results of other studies show that the addition of
UMW PHB in small concentrations also gives a
significant ~ improvement in  the  mechanical
characteristics of the resulting mixture due to the
effect of nucleation. At the same time, the extraction
and simultaneous annealing of the fiber makes it
possible to combine two immiscible components, such
as PHB-UMW PHB [76], or PHB—ethylene-methyl-
acrylate-glycidyl-methacrylate copolymer [76].

The work of J.C.C. Yeo [53] reports key areas
of research associated with increasing the strength

of biodegradable polymers on the example of
PHB (Fig. 5).
Thermal and
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Fig. 5. Possible ways for hardening of PHB [53].
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CONCLUSIONS

The development of a biodegradable composite
material with excellent mechanical properties opens
up new possibilities for the use of polymer materials
in bone implantation surgery.

The present review has considered approaches
to achieving this goal and identified requirements
for a finished medical device, including optimization
of the time of resorption of the osteoplastic
matrix, facilitating its resorption, synchronization
of the resorption time with the process of regeneration
of bone material. Achieving these requirements is
possible by introducing fillers, mixing with
materials from natural sources, including synthetic
biodegradable and non-biodegradable polymers,
as well as the introduction of natural fibers or rigid
fillers to form reinforced composites, modification
by chemical functionalization, orientation extraction
and heat treatment.
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To date, due to their characteristics of biological
compatibility and complete biodegradability into
fragments that are non-toxic to the body, a number
of polyalkanoates represent the most promising
materials for further study. In future, the collective
efforts of research groups working on materials of
the polyalkanoate class are likely to significantly
increase their popularity and distribution in the
industry. It is to be anticipated that the success of
using new bone materials based on biodegradable
polymers will be due to a more accurate understanding
of the mechanism of action of various components
and strict compliance with regulatory requirements.
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