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Abstract

Objectives. The aim of this study is to investigate different distillation modes of a binary
ideal mixture and determine how various factors affect heat consumption in the column
boilers. In addition, it intends to assess the difficulty of separating mixtures. Our research is
based on analyzing the characteristics of vapor-liquid equilibrium.

Methods. To conduct our study, we used a graphic-analytical tool to calculate the distillation
process of a binary mixture and mathematical models based on the Aspen Plus software package
along with DSTWU, RadFrac, and the Sensitivity module. We also used the Peng-Robinson
equation (PENG-ROB) to determine the liquid-vapor equilibrium.

Results. We employed the graphical method and mathematical models to obtain the operation
parameters of two column variants for the distillation of binary ideal benzene-toluene mixtures. In
each variant the initial mixture contained the same amount of the low- or high-boiling component.
The number of plates in the column sections, reflux ratio, energy consumption, and indicators of
internal energy saving were determined.

Conclusions. Study results show that using the coefficient of the component distribution
between the vapor and liquid phases is a promising method for preliminary assessments of
the separation difficulty and measurements of the expected heat consumption in the boilers of
columns. Comparison studies showed that the heat consumption in the boiler decreases as the
internal energy saving in the columns increases.

Keywords: distillation, binary mixtures, relative volatility, reflux ratio, distribution coefficient,
internal energy saving in distillation
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AHHOMayust

IMenu. Paboma nocesiuyeHa UsyueHuro pasiutHblX pexxumos pexmugurayuu GuHapHoii udeabHotll
cMecu U YCMAHOBAEHUIO 8AUSIHUSL PA3TUUHBLX (hAKMOpPOo8 HA 3ampambl meniomol 8 KUNSmusio-
HUKOX KOJIOHH, O MaKoke oyeHKe mpyoHocmu pas3oeseHust cmecell Ha OCHO8e aHaIu3a xapaxkme-
pucmuKr naporKuoKoCcmHoz0 pagHoO8ecuUsl.

Memoodsl. B rauecmee memodo8 UCC/Ie008AHUSL 8blOPAH 2PAPOAHATUMUUECKUTL pacuem npouec-
ca pexmugpurayu GUHAPHOT CMecu U mamemamuueckoe Mo0esUuposaHue ¢ UCNOb308aHUEM
npozpammHozo komnaexca Aspen Plus c nocnedosamenvHobim npumeHeHuem memooog DSTWU,
RadFrac u modyns «Sensitivity». PagHogecue sxudkocmob-nap 6bL10 onpedeneHo no YpasHeHUIo
ITerza-Poburcoxa (PENG-ROB).

Pesynomamet. C ucnonwszogaHuem spauueckozo memooa U mMemooa mMamemamuueckozo mooe-
JIUPOBAHUSL NONYUEHbL napamempsl pabomul KOJNOHH 08YX 8apuaHmos pexmugpurkayuu buHap-
HblX udeanbHblX cmecell. HeH30/1-MONYON, 8 KANHKOOM U3 KOMOPLLX UCXOOHASL CMEChb CcoOepixum
00UHAK080€ KOAUUECMB0 HU3KO(8blLCOKO)Kunsu,ezo komnoHeHma. OnpedesneHsl Uucia mapesox 8
CeKYUSIX KOJIOHHbL, (hleeMo8ble UUCAA, FHep203ampamel U NoKaAsameal eHympeHHez0 sHep20-
cbeperkeHusl.

Bbleoobl. AHAU3 NONYUEHHBLX Pe3ybmamog NnoKasbleaem nepeneKmueHocms UCNOAb308a-
Husl KoagpgpuyueHma pacnpeoeseHusi KOMNOHEHMO8 MeHOY Nnapoeoll U HKUOKOU pazamu Ons
npeosapumenbHoOl OyeHKU MpPYOHOCMU Pa30efeHUs. U 0KUdaeMblx 3ampam meniomsl 8 Kuns-
munsHUKax KoaoHH. CpasHeHUe paccmMompeHHbIX 8apUAHMO8 NOKA3AL0, UMO NPU YeesuueHuUU
8HYMpeEeHHe20 sHepzaocheperkeHUs. 8 KOJIOHHAX 3ampamblL meniomol 8 KUNSMUIbHUKE YMeHbULA-
romesi.

Knroueesble cnoea: pexmugurayus,, OUHapHble cMmecu, OmHOCUMEebHASL lemyuecmy, h.ie2mosoe
uuecno, KoagpgpuyueHm pacnpeoeneHusl, BHympeHHee sHepzocbeperkeHue npu pexmuguKayuu

s yumuposanusn: 3axapoB M.K., EropoB A.B., [lommerennsrit A.A. Paznenenne »UIKUX cMecel U 3aTpaThl TETUIOTHI TP
pexruduranyu. Tonkue xumuueckue mexvonoauu. 2021;16(1):7—15. https://doi.org/10.32362/2410-6593-2021-16-1-7-15

INTRODUCTION

Heat consumption in the process of separating
liquid mixtures by distillation results from the need of
evaporating the liquid to form a vapor flow in the column.
It is determined by the difficulty of separating a particular
initial mixture. It is known that the still residue rather
than the original mixture is evaporated in a complete
distillation column. Therefore, the correct assessment
of heat consumption in the boiler of a distillation
column is a subject of considerable interest. This paper
analyzes the main factors affecting heat consumption in
the distillation process with an ideal benzene—toluene
mixture as an example.

THEORY

The conventional method [1, 2] of assessing the
difficulty of separating a mixture is to use the relative
volatility coefficient of the starting components. For
ideal systems, the coefficient is determined by the ratio
of saturated vapor pressures of the pure components
(P, and P,) at a certain temperature ¢: o = P, /P,.

Note that even in the case of ideal binary mixtures,
the value of @ is not constant but rather depends on
the low-boiling component (LBC) concentration in
the mixture. When changing the mixture composition,
its boiling temperature changes, and as a result, the
value of P,/P, alters. This is conditional upon by the
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non-linearity of saturated vapor pressure dependence
on temperature. Thus, for the benzene—toluene
mixture at low LBC concentrations in the mixture
(less than 5%), the coefficient of relative volatility
is equal to 2.30, and at high LBC concentrations
(more than 80%), the coefficient is equal to 2.55.
The concentration difference is about 10%. For
comparison, in the benzene-m-xylene system, the
concentration difference exceeds 20%.

Assuming that the coefficient of relative volatility
is constant [1, 2], the equilibrium compositions of
liquid x and vapor y for ideal binary mixtures are
determined by the following relationship:

ax

yE— ()

Cax+l-x
When « is close to 1, one can take
= a )

The LBC concentration in the vapor phase as
compared to its concentration in the liquid is equal to

y—x=ax—x=(a—-1x. 3)

The value (o — 1) is called the enrichment factor
[3]. It is clear from (3) that the enrichment factor is the
relative increase in LBC concentration in the vapor phase
compared to its concentration in the liquid phase. A wide
range of changes in the values of o (from 1 to o) makes it
impossible to express analytically the dependence of heat
consumption and determine the influence of o and (a—1)
values on heat consumption in the distillation process.

To facilitate assessment of the mixture separation
ability by distillation is to determine the value of P. We
called it the mixture “separability,” and is determined as
follows [4]:

a—1
p=2— 4
a+1 “)

The value of P varies from 0 (at o =1) to 1 (at o = ).
From (4) it follows:

a=——:. %)

Substituting the expression of a into (1) we obtain
the equilibrium dependence of the vapor composition
v on the liquid composition x for mixtures obeying the
Raoult’s law:

(1+P)x
YT Peapx ©)

A value comparison of the above estimates is
presented in Table 1.

For any LBC concentration values in the liquid, the
coefficient of relative volatility is represented as the ratio
of the phase equilibrium coefficients of the components
of the mixture being separated:

a=2A 7

where K, = P,/P

total

pressure in the column.

and K, = P,/P

total”

P is the total

Table 1. Comparison of various estimates of the ability of liquid mixtures

to be separated by distillation

a P a—-1 a P a—1
1 0 0 3 0.5 2
1.01 0.0050 0.01 4 0.6 3
1.05 0.0244 0.05 5.6 0.7 4.6
1.1 0.0476 0.1 9 0.8 8
1.2 0.0909 0.2 19 0.9 18
1.3 0.1304 0.3 50 0.961 49
1.4 0.1667 0.4 100 0.98 99
1.5 0.2 0.5 1000 0.998 999
1.857 0.3 0.857 0 1 0
2.3 0.4 1.3 - - -

Toukue xuMmudeckue TexHoaoruu = Fine Chemical Technologies. 2021;16(1):7-15



Liquid mixtures separation and heat consumption in the process of distillation

The values of the phase equilibrium constant of the
components K, and K at P depend on the component
concentration, as the vapor pressure of the pure
components is a function of their boiling point ¢, and the
latter depends on the mixture composition. At low LBC
concentrations, the constant K, is close to 1. In this case,
we assume that a = K,. For medium concentrations, the
coefficient of relative volatility a is determined by the
K, /K, ratio (7). This means that the coefficient o takes
into account both the LBC concentration increase in the
vapor phase compared to the liquid phase (K, = y/x ) and
the high-boiling component (HBC) increase in the liquid

phase compared to the vapor phase ( %(B =1= % _y)ie,
it takes into account the same effect twice.

When the LBC concentration tends to 1, the
coefficient of relative volatility becomes a = 1/K_. In
this case, the LBC concentration in the vapor phase ()
slightly exceeds its concentration in the liquid (x). Let
us take for example x = 0.9 and y = 0.95. Then

I-x _1-09 0.1 _

1
e L (8)
K, 1-y 1-095 0.05

o=

characterizes only the increase in the HBC
concentration in the liquid phase compared to the
vapor phase. In this case, the value of a equal to 2
indicates a fairly the good ability of this liquid binary
mixture to be separated by distillation. However, a
small relative increase in the LBC concentration

y—x _0.95-0.90
x 0.90

=0.0556

testifies otherwise.

In literature [1, 2], the ratio of phase equilibrium
concentrations of any component is called the
distribution coefficient

m:(ﬂ. ©)

This coefficient is the tangent of the inclination
angle of the secant drawn from the coordinate origin
to the point with equilibrium concentrations y, x. The
subscript eqg in formula (9) indicates the equilibrium
LBC concentrations in the vapor and liquid phases.

It should be emphasized that m is the tangent
of the inclination angle of the secant, since m is
often interpreted in a number of publications [2] as
the tangent of the inclination angle of the tangent
to the equilibrium line at points with equilibrium

concentrations y, x. Only at low LBC concentrations
(up to 1-3%) in the mixture, the tangent of the tangent
inclination angle differs slightly from the tangent
of the secant inclination angle. In other cases, this
difference becomes larger (Fig. 1), even for binary
mixtures close to ideal. Moreover, this difference is
larger in the case of real mixtures.

! r

X X X

Fig. 1. Graphical determination of the components’
distribution coefficient.

Figure 1 shows that the value of the distribution
coefficient m at low LBC concentrations is much
higher (x',y" point) than at high LBC concentrations
(x",y" point): tga,, > tga,. When x — 1, the coefficient
m tends to 1, indicating a decrease in the vapor phase
enrichment with the LBC compared to the liquid
one. Thus, in our opinion, using the distribution
coefficient, which is a measure of the absolute
component volatility, is more correct when analyzing
mixture separation by distillation. Yet, the relative
volatility coefficient is still widely used [5—13] for
assessing the ability to separate mixtures. This is
partly due to the fact that, when developing energy-
efficient distillation schemes for mixtures with a
constant relative volatility coefficient, one of the most
common methods, the Underwood method, is used to
calculate the minimum reflux ratio [14]. However,
the latter does not provide acceptable accuracy
values. Therefore, the work [15] suggests a method
for calculating the minimum reflux ratio based on the
phase equilibrium constants of mixture components
(distribution coefficients).

RESULTS AND DISCUSSION

We conducted a computational experiment to
reveal how the distribution coefficient m affects heat
consumption during distillation. We used a benzene—
toluene mixture with phase behavior close to ideal.
We considered two options of separating the initial

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(1):7-15

10



Mikhail K. Zakharov, Alexandr V. Egorov, Alexandr A. Podmetenny

mixtures containing 0.74 mole fractions of one of the
components (benzene—option 1, toluene—option 2, see
Table 2). The task was to obtain a product (distillate
for option 1 or still residue for option 2) containing
0.98 mole fractions of the target component and obtain
the second product of separation with the equimolar
composition. The column productivity L, with respect
to the initial mixture was taken as 0.01 [kmol/s] in both
cases. The excess reflux ratio o was also assumed to
be the same and equal to 1.1.

The calculation of the number of theoretical
plates in the column performed graphically in the
y—x diagram is qualitatively schematized in Fig. 2 for
both separation options.

The values of the number of plates in the
columns and the heat consumption in the boilers
are listed in Table 2. In parallel, we carried out a
design analysis using the Aspen Plus software along
with DSTWU, RadFrac methods and the Sensitivity
module. We determined the liquid—vapor equilibrium
by using the Peng-Robinson equation (PENG-ROB),
as this equation is the most appropriate for modeling
the phase equilibrium of a mixture consisting of
hydrocarbons [16—18]. The calculation results are
listed in Table 2.

The DSTWU model allows for an approximate
column design (minimum reflux ratio, minimum
number of plates). The operating reflux ratio was

s x dx
Fig. 2. Graphical determination of the number
of plates in the y—x diagram.

calculated taking into account the excess reflux ratio,
which is equal to 1.1. Then the RadFrac model was
used for refined calculations. After selecting the total
number of plates in the column closest to the previously
calculated reflux ratio values the Sensitivity module
was used, which allowed determine the feed plate
providing the minimum heat consumption in the boiler.

When estimating the possibility of separating
mixtures via a relative volatility of components we
assumed that if this value is constant, it is equally

Table 2. Comparison of calculation results for two options of benzene—toluene mixture separation

Calculation in the y—x Computer calculation in
diagram Aspen Plus software
Option 1 Option 2 Option 1 Option 2
P t
Aarameters v kmol LBC
Composition,| ———
kmol mxtr
xO xl x2 x0 xl x2 x0 xl x2 x0 xl x2
= < o N o = < < R N \o =
v S I S - S = S T v S v IO S S I O = Q o
<= = = =] = > < =} =3 = < =
Theoretical number of plates in the rectifying column, 7, 12.9 4.1 9 3
Theoretical number of plates in the stripping column, 7_ 3.2 15.2 3 16
Reflux ratio, R 0.857 0.208 0.848 0.218
Heat duty in the boiler O,, [kW] 283 210 284 200
Internal energy saving, ES 0.569 0.824 0.591 0.801
Distribution coefficient, m 1.18 1.8 1.18 1.8
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difficult to separate the mixtures. Furthermore, we
expected equal heat consumptions in the boilers in the
discussed distillation embodiments. However, the results
in Table 2 indicate a higher heat consumption (by 26%)
in the first separation option. This fully conforms to
the proportionality of heat consumption to the product
D(R+1), where D is the distillate flow. Since the
sampling ratios of the upper product in both options are
equal to 0.5, the large heat consumption is due to the
high reflux ratio in the first option. The question which
arises is why the mixture in option 1 is more difficult to
separate. The answer lies in the value of the distribution
coefficient m between the vapor and liquid phases (in
the range of working concentrations). In option 1, it is
much lower (1.18) than in option 2 (1.80) (see Table 2).
Therefore, we carried out a preliminary estimation of the
possibilities of separating mixtures and of the expected
heat consumption based on coefficient analyses of the
component distributions between the phases in the initial
mixture.

The obtained results illustrate the contribution of
the internal energy saving to the heat consumption
in the column boiler [19]. The internal energy saving
is determined not only by the reflux ratio in the
rectifying section, but also by the ratio of the number
of theoretical plates in the rectifying and stripping
sections of the column. When the initial mixture is
fed into the column at the boiling point, the internal
energy saving in the distillation column is calculated

by the following formula [19]:

R n n
ES = X—t—t— 1
R+1 n +n, n +n (10)

An example of calculation by formula (10) for
option 1 is presented below. Let us calculate the value of
internal energy saving at operating reflux ratio 0.857; the
number of theoretical plates in the rectifying section of
the column 12.9; the number of theoretical plates in the
stripping section of the column 3.2:

0.857 12.9 32

= x + =0.370+0.1988 =0.569.
0.857+1 129432 12.9+3.2

When carrying out computer calculations, the
values of liquid and vapor flows along the column
height become known. Then we can use a more
accurate formula for calculating energy saving. The
formula takes into account the counterflows of the
liquid L and vapor V on each plate of the rectifying
part of the column [20]:

ps-Eha " an

To perform the calculation according to formula (11)

Table 3. Flows of liquid and vapor in a distillation column during separation of a benzene—toluene mixture (option 1)

Plate number Temperature, °C Liquid flow, kmol/h Vapor flow, kmol/h i:
1 80.1 33.27 0 -
2 80.8 15.18 33.27 0.4602
3 81.5 15.08 33.18 0.4588
4 82.2 14.99 33.08 0.4572
5 83.0 14.90 32.99 0.4556
6 83.7 14.82 32.90 0.4540
7 84.3 14.75 32.82 0.4525
8 84.8 14.69 32.75 0.4512
9 85.3 14.65 32.69 0.4500
10 85.6 50.62 32.65 0.4491
11 85.9 50.54 32.62 -
12 86.6 50.33 32.54 -
13 88.3 49.87 32.33 -
14 922 18.00 31.87 -

12
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we will use the data from Table 3. It should also be
considered that the first plate is a condenser, in which
vapor is condensed to obtain a liquid of the same
composition. Therefore, the calculation starts at the
second plate and ends at the feed plate. Then:

~ 4.0886+3
3+9

ES =0.591.

The number 4.0886 in the calculation formula is the
sum of the ratios of the liquid and vapor flows on the
plates of the column rectifying section.

Minor discrepancies in the energy saving values
calculated in the y—x diagram and in the Aspen Plus
program stem from the refined computer calculation of
the liquid and vapor flows through the column, and when
calculating in the y—x diagram—due to the possibility of
counting the fractional part of the theoretical plate.

CONCLUSIONS

The analysis of the distillation of ideal binary
benzene—toluene mixtures of different composition
showed that the coefficient of the distribution of
components between the vapor and liquid phases is
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Abstract

Objectives. Polymeric carbonate siloxanes containing a siloxane-N-phthalimidine group in the
chain frame are new synthetic comb-like macromolecule systems. This work aims to study the
possibility of applying them in the form of film materials for heat-resistant, high-performance gas-
permeable membranes.

Methods. Comb-like polycarbonate siloxanes of the siloxane-containing polyether class were
obtained using various polycondensation methods, i.e., by the polymer-analogous transformation
of polycarbonate-allyl-N-phthalimidines, using their reaction in an alkyl hydride siloxane
solution; polycondensation of N-(3-(pentamethyldisiloxane)-propyl)-3,3-bis-(4-hydroxyphenyl)-
phthalimidine with diphenylolpropane bis-chloroformate in a solution using triethylamine
as an acceptor of hydrochloric acid; interphase polycondensation of the above reagents in a
dichloromethane aqueous alkali system. The structures of the obtained initial and polymeric
compounds were confirmed by proton nuclear magnetic resonance spectroscopy and elemental
analysis. All of the synthesized comb-like copolymers had good solubility in several available
solvents and film formations.

Results. The new comb-like polycarbonate siloxanes had high thermal stability. According to
thermogravimetric analysis, the introduction of up to 20 wt % siloxane units makes it possible
to increase the heat resistance of polycarbonate siloxanes by 25°C. Concurrently, their glass-
transition temperature reaches 160°C. Copolymers of polycarbonate siloxanes in the form of
films have a high tensile strength above 50 MPa and an elastic modulus of up to 2000 MPa.
The permeability coefficients of gases through a copolymer of polycarbonate siloxanes in the
form of a film for several gases surpass the permeability of industrial polycarbonate from
diphenylolpropane and fluorine-containing siloxane polycarbonate.
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Conclusions. The results achieved indicate the possibility of creating new polymeric comb-
shaped siloxane systems with a variable structure that can contribute to obtaining the properties
desired from them. Combined with high selectivity gas separation, this makes it possible to
use such comb-shaped polycarbonate siloxanes as film membrane materials with an increased
operating temperature range.

Keywords: polycarbonate siloxanes, comb-like polymers, polycondensation, mechanical and
thermal properties, gas permeability
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AnHOmauyus

Ienu. ITonumepHsle KapbOHAMCUNOKCAHbL, codeprkauiue 8 obpamneHuu yenu cunokcan-N-gpma-
UMUOUHOBYTI0 2PYNNUPOBKY, SIEASIIOMCSL HOBbIMU CUHMemMuueckuUMu 2pebHeobpasHbiMU cucmema-
MU maKpomonexyn. Llenv pabomel — usyuumes 803MONIHOCMb UX NPUMEHEHUSL 8 8UOEe NIIeHOUHBLX
Mmamepuanosg 0Jisk MepMOoCmMoOUKUX 8bLCOK0IPPEKMUBHBILX 2A30NPOHUUAEMbBLX MEMOPAH.
Memoobsl. [pebHeobpasHble NOAUKAPOOHAMCUNOKCAHbL KACCA CUNTOKCAH-COOEPIAULUX  NOJU-
aghupos 6bLiU NOAYUEHbL PARUUHBIMU NOAUKOHOSHCAUUOHHBIMU Memooamu: NOAUMEPAHAO-
2UUHBIM NpespaujeHuem noauKapbdoHam-arnun-N-gpmanumuduHo8 ux pearxyueltl 8 pacmeope ¢
ANKUNRUOPUOCUNIOKCAHAMU,;  noauKoHOeHcayuell  N-(3-(nenmamemunducunoxcu)-nponun)-3,3-
6uc-(4'-oxcu-cpeHun)pmanumuduHa ¢ buc-xnopgopmuamom OUGEeHUNOANPONAHA 8 pacmeope,
UCNONB3YS MPUIMUNAMUH 8 Kauecmee aKyenmopa COSTHOU KUCIOMbL UNU MeXKPpa3HOT Noau-
KOHOeHcayuell YKa3aHHbLX peazeHmos 8 Cucmeme MemuleHXa0pud—-eooHas wenous. Cmpykmy-
bl NOAYUEHHBIX UCXOOHBIX U NOJSUMEPHBLX COeOUHEeHUl Obiiu nodmeeprKoeHbl cheKkmpocKonueti
s10epH020 MazHUMHOo20 pe3oHarca 'H u sanemeHmHoim aHanuzom. Ceolicmeom ecex cCuHmMesupo-
B8AHHBLX 2pebHEe0OPA3HBLX CONONUMEPO8 SIBNSLeMCSL UX XOPOULAsL PACMBOPUMOCMb 8 psioe docmyn-
HblX pacmeopumensix u nieHKoobpasosaHue.

Pesynomameut. [lokaszaHo, umo Hosble 2pebHeobpasHble noaukapboHamcuniokcaHbl obnadarom
8blCOKOUl mepmuueckoll ycmoutuugocmoro. I10 OAHHBIM MEePMOZPASUMEMPUUECKO20 AHANAUIA
geederue 8 conoaumep 0o 20 macc. % CUNOKCAHOBLIX 38EHbLEB NO380JSlem NogblCUMb MepPMo-
cmotikocme noaukapboramcunorxcaros Ha 25°C. IIpu smom, memnepamypa CMeKai08aHUSL UX
docmuzaem 160°C. Conoaumepsbl NOAUKAPOOHAMCUNIOKCAHO8 8 8Ude NIeHOK 001a0arom eblCoOKol
npourHocmuto Ha paspwls ssiue 50 MIla u modynem ynpyzocmu 0o 2000 MIla. KospgpuyuerHmot
NPOHULAGMOCMU 20308 Uepe3 CONOAUMED NOAUKAPOOHAMCUNOKCAHO8 8 8ude NAeHKU no psidy
2a308 NPesocxo0sim NPOHUUAEMOCMb 051 NPOMbLULIEHHO020 noaukapboHama u3 OugeHuUNoNNpo-
naHa u pmopcooeprkauiezo CUN0KCAH08020 NoaUKapboHama.

Bwieoodbst. /JocmuzHymble pe3yibmambl C8UOEMeNbCMEYIOM 0 803MONHOCMU CO30aHUSL HOBbLX
NOSUMEPHBLX 2pebHe0bpasHbLX CUNOKCAHOBLIX CUCMEM C 8apbUpYeMmoli cmpykmypoli, Komopasi
cnocobcmeyem Ol HUX NONYUeHUo 3a0aHHbLX ceoticmes. B couemaHuu ¢ 8blCOKOU celeKmueHo-
Ccmbio pazodeseHust 24308 9Mo NO380Jislem UCNOIb308aMb HO8ble 2pebHeobpastble noaukapboHam-
CUNI0KCaHbL 8 Kauecmee NAeHOUHBbIX MEeMOPAHHBIX MAMEPUASIO8 C NOBbLULEHHbIM UHMEepP8aloM
pabouux memnepamyp.
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INTRODUCTION

Polycarbonate siloxanes (PCS) have been broadly
studied. Among these studies, in organosilicon
copolymers, linear polycondensation polymers are
important for practical purposes [1-4]. These are
distinguished by high thermal stability, good mechanical
properties, and high gas permeability.! Concurrently,
the possibility of improving the service properties of
PCS for their use as membrane materials may arise
when changing not only their composition but also
their molecular structure, i.e., when passing from linear
copolymers of the -(A-B) - type to comb-like structures
of the -[A(B)] ~type.

Such a structural approach to the creation of
highly efficient gas-permeable membranes was
implemented using the example of comb-shaped
polystyrene siloxanes [5, 6]. The authors found
that the presence of siloxane groups in polystyrene
suspensions broadly changed the permeability
selectivity of such polymers in terms of the O/N,
gas pair in a range from 2.7 to 4.0. Hence, it was
concluded that the structural and chemical factors of
lateral siloxane branches affecting the packing and
mobility of polymer chains play a decisive role in
diffusion processes.

To date, there is a lack of publications related
to polyether—polysiloxanes with comb-like
structures. In our opinion, silicon phenols based on

OH

O Q (le3 |CH3

+ H,N—(CH,)5-Si—O—Si—CHj

(0]

Q (0]

CH; CH,

a phenolphthalein derivative with a grafted siloxane
group are suitable as starting monomers for the
production of comb-shaped polyesters and PCS using
the polycondensation method [7, 8].

When synthesizing such bis-phenols, it was
found [7] that the interaction of phenolphthalein with
y-aminopropylorganosiloxane proceeds according to
the classic reaction, i.e., the preparation of siloxane-
containing imidine bisphenols (Scheme 1).

However, according to gas—liquid and preparative
high-performance liquid chromatography data, this
reaction results in an entire range of different products
(Scheme 2).

Synthesis excluding the Si—O—Si bond rearrangement,
and creating only bis-phenols with a grafted
siloxanephthalimidine group, was carried out according
to Scheme 3 from N-allyl-3,3-bis-(4'-hydroxyphenyl)
phthalimidine and monohydridesiloxanes [9].

MATERIALS AND METHODS

We used N-allyl-3,3-bis-(4'-hydroxyphenyl)-
phthalimidine obtained by the method developed by
S.N. Salazkin.> The chemical purity of N-allylphthal-
imidine after recrystallization (mp = 264-265°C) estimated
by proton nuclear magnetic resonance ('"H NMR) was
higher than 98 wt %. Monohydridesilanes: penta-
methyldisiloxane hydride and heptamethyltrisiloxane

hydride (98%, Penta, Russia); dichloromethane,
OH
" Q
O CH;  CH;
“H,0 N—(CH,);-Si—0—Si—CH,
CH, CH;
O

Scheme 1. Reaction of phenolphthalein with y-aminopropylorganosiloxane.

' Raigorodskii I.M., Kirilin A.D. Poliorgano-polisiloksanovye sopolimery (Polyorgano-Polysiloxanes Copolymers). Moscow:

MIREA RTU; 2018. 192 p.

2 Salazkin S.N. Research in the field of phenolphthalein polyarylates and its derivatives. Cand. Sci. Thesis, Moscow, 1965. 146 p.
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Scheme 2. Products of phenolphthalein interaction with y-aminopropylorganosiloxane.

HO oH HO OH
3 i

O N O N—(CHy)y R
0 O

Si(CH3)3

\
Si(CH3)3

CH;  CHj o
R= —§i—0—Si—CH;: —s‘i—(:m ;
CH; CHs 0
\%
VI

Scheme 3. Reaction excluding the rearrangement of the Si—~O-Si bond and creating only bis-phenols
with a grafted siloxane phthalimidine group.

dioxane, isopropyl alcohol, hexane, triethylamine (TEA),
NaOH (CHIMMED, Russia). The 'H NMR spectra of the
products were recorded on a Bruker AT 360 MHz NMR
spectrometer (Bruker, Germany). Deuterated chloro-
form, deuterated dimethyl sulfoxide (DMSO), and
deuterated acetone (Astrachem, Russia) were used as
solvents. Bis(chloroformate) diphenylolpropane (BCD)
was prepared by adding dropwise liquid phosgene
(Korund, Russia) in dichloromethane to a solution of
diphenylolpropane (VitaHim, Russia) in dichloromethane
with TEA. After recrystallization of BCD from hexane,
bp = 92-94°C. Determination of the content of

chloroformate groups in BCD (solution in dioxane) after
the destruction of these groups with a 5% NaOH solution
was carried out by potentiometric titration.

The preparation of compounds V and VI
(Scheme 3), which were selected for further syntheses
of PCS copolymers, is described below.

Synthesis of phenolphthalein  N-[3-(1,1,3,3,3-
pentamethyldisiloxane)propyl]phthalimidine of struc-
tural formula V. A reaction flask was loaded with 7.148 g
(0.02 mol) phenolphthalein N-allylphthalimidine, 3.264
(0.022 mol) 1,1,3,3,3-pentamethyldisiloxane, 20 mL
dioxane, and 1.3 mg of Karsted’s catalyst (Bayer, Germany).
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The reaction mass was stirred at 70°C for 4 h. The course
of the reaction was monitored using the Chugaev—
Tserevitinov method [10]. The solvent and excessive
hydridesiloxane were distilled off in a rotary evaporator
at a temperature of 90°C and a pressure of 2 mm Hg
to yield 9.6 g of phenolorganosiloxane V (yield,
95 wt %). The reaction product was a white powdery
substance soluble in acetone, DMSO, dioxane, and ethyl
alcohol. The structure and composition of compound V
were confirmed and characterized by NMR spectroscopy
in deuterated acetone and elemental analysis. The
proton signals in the NMR spectrum of compound V
in deuterated acetone were as follows: H1: 7.03-7.06;
H2:6.79-6.82; H3: 7.70-7.72; H4: 7.48-7.52; H5: 7.40—
7.44; H6: 7.36-7.38; H7: 3.33-3.38; H8: 0.92; H9: 0.26;
H10: —0.12; H11: —0.01; H12: 8.45. The composition of
compound V in wt % calculated/found was as follows:
C 66.49/66.30; H 6.98/6.90; N 2.77/2.90; Si 11.11/11.30.

Synthesis of phenolphthalein N-[3-(1,1,1,3,5,5,5-
heptamethyltrisiloxane)propyl]phthalimidine
of structural formula VI. From 7.148 g (0.02 mol)
phenolphthalein N-allylphthalimidine, 4.851 (0.022 mol)
1,1,1,3,5,5,5-heptamethyltrisiloxane and 12.45 g bis-
phenolsiloxane VI were obtained at a yield of 94 wt %. The
reaction product was a white powdery substance soluble
in acetone, DMSO, dioxane, ethanol, dichloromethane,
and chloroform. The structure and composition of
compound VI were confirmed and characterized by
NMR spectroscopy in deuterated DMSO and using
elemental analysis. The proton signals in the NMR
spectrum of compound VI in deuterated DMSO were as
follows: H1: 6.94-6.96; H2: 6.72-6.74; H3: 7.68-7.70; H4:
7.48-7.53; HS: 7.40-7.44; H6: 7.34-7.37; H7: 3.26-3.29;
HS: 0.88; H9: 0.15; H10: —0.01; H11: —0.18; H12: 9.53.

O O + d —@—O
>
— g

The composition of compound VI in wt % calculated/
found was as follows: C 62.13/62.20; H 7.13/7.24; N
2.42/2.35; Si 14.53/14.45.

Synthesis of polycarbonate (PC-F) based on
N-allyl-3,3-bis-(4'-hydroxyphenyl)phthalimidine ~ and
BCD was carried out by phase-transfer polycondensation
(Scheme 4), where 7.14 g (0.02 mol) of N-allyl-3,3-bis-
(4'-hydroxyphenyl)phthalimidine and 0.88 g (0.022 mol)
NaOH were dissolved in 100 mL of water and 7.41 g
(0.021 mol) BCD was dissolved in 100 mL
dichloromethane. These solutions and 0.1 mL of
triethylamine (as a catalyst) were loaded into a four-
necked flask equipped with a reflux condenser,
thermometer, and stirrer. The reaction was carried out
at 5-10°C. The course of the reaction was monitored by
the disappearance of chloroformate groups (analytical
test for phosgene). Then, the reaction mixture was
acidified to render it mildly acidic, washed with water,
and the product was precipitated in 300 mL isopropyl
alcohol. The polymer was dried at 120°C for 5 h. As a
result, 12.3 g PC-F was obtained.

Synthesis of siloxanepolycarbonate (PC-SC-I)
according to Scheme 5 was carried out by the polymer-
analogous transformation of the PC-F polymer
(Scheme 4). A four-necked flask equipped with a reflux
condenser, a thermometer, and a stirrer was loaded with
7.6 g PC-F dissolved in 60 g dioxane and 0.3 mg of
Karsted’s platinum catalyst; 2.65 g 1,1,1,3,5,5,5-hepta-
methyltrisiloxane dissolved in 10 g dioxane was added
in a dropwise manner. The reaction was carried out at
90°C. The course of the reaction was monitored by the
Chugaev-Tserevitinov method. After completion of
the reaction, the solvent and unreacted hydride were
distilled off on a rotary evaporator. The polymer was

Scheme 4. Synthesis of polycarbonate (PC-F).
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Scheme 5. Synthesis of siloxane polycarbonate (PC-SC-I).

dried at 120°C for 5 h. As a result, 9.9 g of PC-SC-I
copolymer was obtained.

According to the 'H NMR data, the ratio of the
integral intensities ofthe proton signal of the phthalimidine
ring in the region of 7.89 ppm to —Si(CH,), protons was
1 : 13.5, and the ratio to the protons of the 4.05-5.20
allyl fragment was 1 : 0.68. Thus, the hydrosilylation
conversion was ~75%.

Synthesis of siloxane polycarbonate (PC-SC-II)
according to Scheme 6 (option 2) was carried out from
N-(3-(pentamethyldisiloxane)propyl)-3,3-bis-(4'-
hydroxyphenyl)phthalimidine and BCD in a solu-
tion using triethylamine as an acceptor of hydrochloric
acid. A four-necked flask was charged with 5.8 g
(0.01 mol) N-(3-(pentamethyldisiloxane)propyl)-3,3-
bis-(4'-hydroxyphenyl)phthalimidine, 50 mL dichloro-
methane, and 2.12 g (0.021 mol) trimethylamine.
Additionally, 3.53 g (0.01 mol) BCD, dissolved in 50 mL of
dichloromethane, was added dropwise to the mixture.
The reaction was carried out at 10°C until the analytical
reaction indicated the disappearance of the chloroformate
groups. The reaction mixture was washed with a diluted
solution of hydrochloric acid and then with water
until neutral. The product was precipitated in 300 mL
isopropyl alcohol and dried at 120°C for 5 h. As a result,
9.3 g of the copolymer was obtained.

Synthesis of siloxane polycarbonate
(PC-SC-II1I) according to Scheme 6 (option 3) from
N-(3-(pentamethyldisiloxane)propyl)-3,3-bis-(4'-
hydroxyphenyl)phthalimidine and BCD was carried out

by phase-transfer polycondensation. Here 5.8 g (0.01
mol) of N-(3-(pentamethyldisiloxane)propyl)-3,3-bis-
(4'-hydroxyphenyl)phthalimidine was dissolved in a
1 g (0.025 mol) alkaline solution of NaOH per 100 mL
of water. BCD (3.7 g, 0.0105 mol) was dissolved in

100 mL dichloromethane; 0.1 g triethylamine was used
as a catalyst. The analytical reaction was carried out
at 10°C until the disappearance of the chloroformate
groups was indicated. The reaction mixture was
washed with a diluted solution of hydrochloric acid
and then with water until neutral. The product was
precipitated in 300 mL isopropyl alcohol and dried at
120°C for 5 h. Subsequently, 9.5 g of the copolymer
was obtained.

Figure 1 shows the NMR spectra of the PC-F and
PC-SC-II polymers. Peaks at 1.67 ppm correspond to the
CH, groups in propane; peaks at 4.1, 4.73, and 5.18 are
attributed to the allyl chain; signals at 7.48 and 7.89 are
attributed to protons of the phthalimidine ring; signals
at 7.14-7.3 are attributed to —CH= of the phenolic
fragments. The —0.16 peak is attributed to =Si-CH, and
the 0.01 peak to —Si(CH,),.

RESULTS AND DISCUSSION

The synthesized PCS copolymers were white
powdery substances readily soluble in dichloromethane,
chloroform, dioxane, tetrahydrofuran, and DMSO. The
properties of PCS with lateral siloxane fragments are
presented in Table 1.
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Scheme 6. Synthesis of siloxane polycarbonate (PC-SC-II) (option 2)
and siloxane polycarbonate (PC-SC-III) (option 3).
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Fig. 1. '"H NMR spectra of copolymers PC-F and PC-SC-II.

It follows from Table 1 that it is possible to
obtain copolymers with maximum viscosity (molar
mass) by interfacial polycondensation of product V
with BCD (Scheme 6, option 3). Copolymers PCS I-II1
containing 20-23 wt % of dimethylsiloxane units
had a glass-transition temperature (7' aase) 13°C lower
compared with the PC-F copolymer without them.
Concurrently, PCS copolymers in the form of films
obtained from 1% solutions in dichloromethane, and
dried in the air at 20—60°C for 6 h, have a high tensile
strength above 50 MPa and an elastic modulus of up

to 2000 Mpa. In addition, the presence of dimethyl-
siloxane suspensions in PCS copolymers increased
the elasticity of the films 1.5-fold.

One possible field of application for newly
synthesized PCS  copolymers is membrane
technology. While conducting this study, it was
necessary to evaluate the diffusion properties of PCS,
taking into account the fact that PCS copolymers
have a high glass-transition temperature, thermal
stability, and good mechanical properties. The data on
the coefficients of gas permeability through PC-SC-I
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SiO groups’
Polymer cipher a tnzf(e)'; C content, T,.
wt %
PC-F 0.9 - 175
PC-SC-I 0.6 20 162
PC-SC-II 0.4 23 160
PC-SC-III 1.3 23 163

Note: n_, — relative viscosity; T, — glass-transition temperature; £ — elastic modulus; ¢ — tensile strength; &
rel glass el Tel

at room temperature, 20-25°C.

°C

Table 1. Physicochemical properties of PC-F and PCS

Mechanical properties of 40-pm films

T, °C
E , MPa o, MPa £ %0
335 2450 62.8 5.5
360 1920 58.6 9.0
355 - — -
358 2000 50 8.0
, — elongation

Table 2. Permeability and selectivity of PC-SC-I compared with PC and PCS-Ft-11

Permeability coefficient, barrier Selectivity of gas separation
Sample cipher
co/ | coy H,/
N, 0, co, He H, CH, | O/N, o N CH,
PC 029 | 148 6.0 - - - 5.1 41 20.7 -
PCS-Ft-11 055 | 266 | 1553 | 183 166 | 087 | 4.9 5.8 28.2 18.4
PC-SC-1 092 | 392 | 235 | 247 | 271 14 4.3 6.0 25.5 19.4

Note: PCS-Ft-11 — fluorine-containing siloxane polycarbonate.

copolymers in the form of a film for N, O,, CO,,
He, H,, and CH, are presented in Table 2 to serve as
a comparison with the permeability coefficients for
industrial polycarbonates made of diphenylolpropane
(PC) and fluorine-containing siloxane polycarbonate
(PCS-Ft) [1]. The table shows that the presence of
20 wt % siloxane fragments in the PC-SC-I copolymer
makes it possible to obtain a three-to-four-fold
increase in permeability for most of the gases under
study, without a significant drop in the selectivity
of their separation. Additionally, it is possible to
increase the permeability up to one-and-a-half times
compared with a linear copolymer containing 30 wt %
fluorosiloxane blocks.

CONCLUSIONS

New comb-shaped polycarbonate siloxanes were
synthesized based on monomeric N-phthalimidine
containing siloxy units using three polycondensation
methods. It was shown that these products had high
levels of thermal stability, strength properties, gas

permeability, and selectivity, categories in which it
outperformed linear copolymers of this class. Thus, the
obtained results for the synthesis of new comb-like PCS,
combined with high selectivity of gas separation, make
it possible to use them as film membrane materials with
an increased operating temperature range.
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Abstract

Objectives. This study describes a new approach to obtain para-tert-butylcumene by alkylation
of cumene with isobutylene in the presence of catalysts, such as Amberlyst 36 Dry, KU-2-8,
aluminum chloride, and tert-butyl alcohol and concentrated sulfuric acid.

Methods. To determine the qualitative and quantitative composition of the compounds and
reaction masses, the following analysis methods were used: gas-liquid chromatography (on the
Kristall 2000M hardware-software complex), chromatomass spectrometry on an Agilent 6850
instrument equipped with an Agilent 19091S-433E capillary column (30 m x 250 um x 0.25 um),
and nuclear magnetic resonance spectroscopy (on a Bruker DRX 400 instrument with an operating
frequency of 400 MHz).

Results. A significant quantity of meta-tert-butylcumene was obtained by the alkylation of
cumene with isobutylene using several catalysts, along with para-tert-butylcumene. This study
also showed that the use of the catalysts Amberlyst 36 Dry and KU-2-8 during alkylation in a
closed system (autoclave) led to the formation of isobutylene oligomers, often in quantity greater
than the target reaction product. Simultaneously, the alkylation of cumene with tert-butyl alcohol
in the presence of concentrated sulfuric acid enabled the obtainment of only one isomer, para-tert-
butylcumene, which is essential for the further production of high-purity para-tert-butyl phenol.
Conclusions. Sulfuric acid alkylation of cumene with tert-butyl alcohol enabled the obtainment
of an individual para-isomer of tert-butylcumene with a yield of 87-89% for the loaded tert-butyl-
alcohol with a cumene conversion of ~30%.

Keywords: para-tert-butylcumene, isobutylene, tert-butyl alcohol, alkylation
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HAYYHAS CTATbHA

Cunre3 napa-mpem-0yTHIKYMO0J1a

E.M. Siprunal, E.A. KypranoBa'“, A.C. ®poaor!, I''H. Komrean!, T.H. HecTepoBa?,
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AnHOomauus

Ienu. B cmamee paccmampusaemcst 803MO2KHOCMb NOAYUEHUSL NApa-mpem-0ymMuiKyMOona AKUNU-
posaHuem KYmoaa usobymuneHom 8 Npucymcemauu makux Kamaiusamopos, kax Amberlyst 36 Dry,
KY-2-8, xnopucmulii antomMuHull, U mpem-6ymusiogbim CRUPMOM 8 NPUCYMCMBUU KOHUESHMPUPO-
B8AHHOU cepHOll KUC/IOMbL.

Memoowst. /s onpedeneHuss KAUECMEEHHO20 U KOAUUECMBEHHO020 COCmasa eeujecms u
PEeaKyUOHHBbIX MACC UCNONBL308AHLL cedyoujue Mmemoodbl. aHAAU3A: 20302KUOKOCMHAS
xpomamozpagus (Ha annapamHo-npoepammHom Komnaerce «Kpucmann 2000M»), xpomamo-
Mmacc-cnekmpomempus (Ha npubope Agilent 6850, ocHAWEHHOM KANUAAAPHOU KOAOHKOU
Agilent 19091S-433E (30 m x 250 mrxm x 0.25 MKM) U cneKmpocKkonust 10epHo20 MA2HUMHO20
pesoHaHca (Ha npubope «Bruker DRX 400» ¢ pabouumu uacmomamu 400 MI'y).

Pe3synomamul. YcmaHo8eHO, UMO 8 npouecce ANKUAUPOBAHUSL KYMOIA U300YMuneHOM C
UCNONBL308AHUEM NEPEeUUCTeHHbIX KaMaausamopos Hapsidy ¢ napa-mpem-0ymunkymosnom ob-
pasyemest 3HauumeabHoe Koauuecmaso mema-mpem-oymunxymona. Taxrke uccaedo8aHust noka-
3anu, umo npumerHeHue kamanuzamopos Amberlyst 36 Dry u KY-2-8 npu ankunuposaHuu 8
3amMKHYmMoU cucmeme (aemoraas) npusooum K o6pa3zo8aHUI0 OSU20MEPO8 U30OymuieHa, Koau-
Yecmeo Komopblx MHO20KpamHo npeobnadaem HAO uesnesbim Npooykmom peakyuu. B mo sxe
8pemsi YCMaHOBNEHO, UMO ANKUAUPOBAHUE KYMOLA mpem-0ymusiogbim CNUpmom 8 npucym-
cmeuu KOHUeHmMpupos8aHHOU CEepHOU KUCIOMblL NO380/5lem NoAYUams moabKO 00OUH U30Mep —
napa-mpem-6ymunikymos, umo umeem 8arKHoe npakmuueckoe 3HaueHue 0Nl OaslbHelulezo
nosyueHust napa-mpem-6ymunigeHona ¢ 8blCOKOU cmeneHblo “ucmomal.

Bobi800bl. CepHOKUCIOMHOE ANKUAUPOBAHUE KYMONA MPem-0ymuaiogbim CNUPMOM NO380sL-
em noayuums UHOUBUOYANbHBLIL napa-uzomep mpem-bymunkymona c eblxooom 87-89% Ha
3a2pyrKeHHbLI mpem-6ymusogulii cnupm npu KoHeepcuu kKymoaa okosro 30%.

Knroueseste cnoea: napa-mpem-6ymunkymos, usobymusien, mpem-6ymunosslii cnupm, aniKu-
AuposaHue

Jna yumupoeanua: Spkuna E.M., Kypranosa E.A., ®ponos A.C., Komens I'H., Hecteposa T.H., Illakyn B.A.,
Crnupunono C.A. Cunte3 napa-mpem-Oytunkymona. Toukue xumuueckue mexuonoeuu. 2020;16(1):26-35. https://doi.

org/10.32362/2410-6593-2021-16-1-26-35

INTRODUCTION

Alkyl- and dialkylaromatic  hydrocarbons
containing an isopropyl fragment in their structures
are valuable products in the petrochemical synthesis.
The oxidative transformations of these hydrocarbons
underlie the synthesis of various (alkyl)phenols
[1-6], among which para-tert-butylphenol is
of particular interest. Its scope of application is
constantly expanding, covering the production of

antioxidants, pesticides, rubbers, lacquers, paints, and
pharmaceuticals [8—13]. The most promising areas of
the para-tert-butylphenol use are the production of
phenolic resin used in glued leather products, and the
production of calixarenes based on it [14, 15].
Currently, para-tert-butylphenol is industrially
obtained by the alkylation of phenol with isobutylene
in the presence of ion-exchange resins or macroporous
sulfocationites of the Amberlyst type [16]. However,
the main limitation of this method is the low selectivity
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Scheme. Method for the obtainment of para-tert-butylphenol.

of the para-tert-butylphenol formation (70-75%).
Along with para-tert-butylphenol, ortho- and meta-
isomers are also formed owing to the similar boiling
points of these species, which significantly complicates
the separation of para-tert-butylphenol from the reaction
mixture with a sufficiently high degree of purity.

An alternative method for the synthesis of para-
tert-butylphenol based on the selective preparation of
para-tert-butylcumene (para-TBC) is proposed, which
excludes the formation of ortho- and meta-isomers of
tert-butylphenol [17]. The subsequent liquid-phase
oxidation of para-TBC into tertiary hydroperoxide and
its acid decomposition leads to the production of para-
tert-butylphenol and acetone (Scheme).

In this study, the issues related to the investigation
of several regularities in the synthesis of para-TBC by
alkylation of cumene with isobutylene and tert-butyl
alcohol in the presence of various catalysts are discussed.

MATERIALS AND METHODS

The reagents fert-butyl alcohol (AR, TU 2632-127-
44493179-08) produced by ECOS-1 (Russia), sulfuric
acid (CP, GOST 4204-77) produced by Sigma Tech
(Russia), cumene 99.9% extra pure produced by Acros
Organics (USA) were used. Isobutylene (99.95% (mass),
grade “A”), the sulfocationites KU-2-8 and Amberlyst 36
Dry, and the AICI, catalyst (99.0% (mass)) were provided
by NNK (Russia).

The main method for the reaction mixture analysis
was gas—liquid chromatography. The chromatographic
analysis was performed on a Kristall 2000M device
(Chromatec, Russia) with Chromatec-Analyst hardware
and software complex, equipped with a flame ionization
detector, a gas flow divider, and a quartz capillary column
(60 m x 250 pm % 0.25 um) with a grafted stationary
phase SE-30. Helium was used as the carrier gas. The
carrier gas pressure at the column inlet was 3 atm, and
the pressure stability was ensured by double reduction.
The temperature profile was as follows: isotherm 333
K-10 min, temperature rise 20 K/min, isotherm 413 K-40
min. The temperatures of the evaporator and detector
were 230°C and 260°C, respectively.

The components of the alkylation reaction mixtures
were identified by gas chromatography combined with
mass spectrometry (GC-MS). GC-MS analysis was
performed on an Agilent 6850 gas chromatograph
(Agilent, USA) equipped with an Agilent 19091S-433E
capillary column (30 m X 250 pm x 0.25 pm) with a
fixed phase of HP-5MS (5% diphenylpolysiloxane +
95% dimethylpolysiloxane) and an Agilent 5975C VL
MSD mass-selective detector at an ionizing voltage of
70 eV. The identification of the reaction products was
performed through the analysis of the mass spectra of
the compounds using the rules and approaches described
by Lebedev [18], and also the data from the NIST2017
library [19].

The nuclear magnetic resonance (NMR) spectra were
recorded using a Bruker DRX 400 NMR spectrometer
(Bruker, USA; 400 MHz frequency). A mixture of
DMSO-d-CCl, was used as a solvent. Tetramethylsilane
was used as the internal standard.

EXPERIMENTAL

Obtaining para-tert-butilcumene

Method 1. Alkylation of cumene with tert-butyl
alcohol in the presence of concentrated sulfuric acid

The alkylation was performed in a round-
bottomed three-necked flask equipped with a stirrer,
a thermometer, and immersed in a water bath. The
calculated quantity of concentrated sulfuric acid
was slowly added to the loaded hydrocarbon. Next,
tert-butyl alcohol was added drop by drop at a given
temperature and continuous stirring (the rotation
speed of the agitator was 250 rpm) using a separating
funnel. After the reaction mixture was transferred to
a separating funnel and sulfuric acid layer separated
from the hydrocarbon layer, the latter was washed
with distilled water until a neutral environment
was achieved and dried over calcium chloride.
The resulting alkylate was analyzed on a Crystal
2000M gas—liquid chromatograph and subjected to
rectification under vacuum.

The synthesized para-TBC showed the fol-
lowing constants: 7, =217°C[19]. '"HNMR spectrum
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(6, ppm, J, Hz): 7.28 d (2H (arom.), H-2, H-6, 3J=28.1),
7.14 d (2H (arom.), H-3, H-5, 3J = 8.1), 2.8-2.9 septet
(1H, CH (isopropyl), 3J = 6.8); 1.25 ¢ (9H, C(CH,),),
1.18 d (6H, 2CN, (isopropyl), 3J = 6.8).

Method 2. Alkylation of cumene with isobutylene

The first method was a liquid-phase alkylation
performed in a closed-type reactor (autoclave) using two
grades of sulfocationites—KU-2-8 and Amberlyst 36 Dry
(A36Dry) as catalysts.

In this method, alkylation was performed in
reactors of the “glass ampoule with a screw cap” type
manufactured by SamSTU glass-blowing workshop.
The diagram is shown below (Fig. 1). Sealed
cylindrical batch reactors were fabricated using
molybdenum glass with a volume of 4-5 mL, internal
diameter of 6 mm, and a wall thickness of 2 mm.

—

Fig. 1. Alkylation reactor:
(1) molybdenum glass reactor, (2) metal bearing,
(3) swivel nut, (4) copper ring, (5) gasket seal.

The second method was a gas-phase alkylation
performed in a tubular flow-type reactor manufactured in the
SamSTU glass-blowing workshop (Fig. 2). Cumene was
added to the top of the reactor (v, = 5 mL/min) from a
graduated separation funnel, and isobutylene was added
to the bottom of the gas cylinder through a rheometer
and a calibrated capillary (v , = 120 mL/min). A tank for
collecting the alkylation product was also provided
in the lower part of the reactor. The process was
performed at atmospheric pressure, and the unreacted
isobutylene was removed using a reverse refrigerator
installed in the upper part of the reactor. The volume
of the reaction zone filled with the A36Dry catalyst
was 5 cm’.

Method 3. The third method was liquid-phase
alkylation of cumene with isobutylene in the presence
of aluminum chloride in a reactor containing a stirrer

-4

3

Fig. 2. Scheme of flow tubular reactor:
(1) IPB feeding, (2) isobutylene feeding,
(3) alkylate to receiver, (4) catalyst bed, (5) vent gas,
(6) heat carrier.

Fig. 3. Scheme of the jacketed reactor with stirrer:
(1) to reflux condenser, (2) for samples collection,
(3) heat carrier.

and a jacket for the coolant, also manufactured in
the SamSTU glass-blowing workshop (Fig. 3). The
process was performed at atmospheric pressure, and
the unreacted isobutylene was removed through a
return cooler installed in the upper part of the reactor.
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RESULTS AND DISCUSSION

Although extensive information is available
on the regularities of the alkylation of aromatic
hydrocarbons by olefins or alcohols, insufficient data
on the synthesis of para-TBC have been reported. A
method for the alkylation of cumene with isobutylene
on tableted montmorillonite clay at elevated pressure
and temperature of 135°C was described, and the
product yield was 71.1% under these conditions [20].
An alternative method using alkylation of cumene
with 1-butene or 2-butene on HZSM-12 zeolite at
200°C and pressure of 20 atm was also described,
achieving 95% of selectivity for the alkylating
agent in the para-position, the remaining 5% was
alkylated in the meta-position [21]. The formation
of a large number of by-products, (i.e., ortho-tert-
butylcumene, meta-tert-butylcumene, diisopropyl-
benzene, isopropyltoluene, among others) along
with para-TBC, makes necessary the use of complex
systems for isolating the target product. Therefore,
the search for selective methods to synthesize para-
TBC is important, aiming for further implementation

of the technology for the joint production of para-
TBC and acetone.

In this regard, initial attempts were made to
obtain para-TBC by alkylation of cumene with
isobutylene. As can be seen from Table 1, the
alkylation of cumene with isobutylene, in open
and closed systems in the presence of the A36Dry
catalyst, was not selective and was accompanied by
the formation of the meta-TBC and para-TBC. The
ratio of meta- and para-isomers was 0.12-0.17. The
use of aluminum chloride as a catalyst contributed
to an even more intensive formation of meta-TBC
and led to an increase in the ratio of meta- and para-
isomers of TBC up to 0.72.

The alkylation in a closed system using A36Dry
and KU-2-8 catalysts was followed by a substantial
formation of isobutylene oligomers. The analysis of
the reaction products demonstrated that the content
of oligomers significantly exceeds the content of
the para-TBC target product. The transition to gas-
phase alkylation in a tubular flow-type reactor using
an A36Dry catalyst and liquid-phase alkylation in a
stirrer reactor using AICI; reduced the formation of

Table 1. Alkylation of cumene with isobutylene in the presence of various catalysts

Temperature. Ll Reaction time B
Catalyst P K ’ concentration, . ’ m- and p-isomers
wt % min of TBC
353 5.0 60 no alkylation
A36Dry* (closed system — 373 5.0 5/10/15/30/90
autoclave) 393 5.0 15/30/60/90/120 0.12-0.17
393 25.0 30/60/90/120
393 5.0 30/60/90/120
KVY-2-8* (closed system) 0.12-0.15
393 25.0 30/60/90/120
A36Dry** (flow system) 393 _ 1
0.12-0.15
373 - 1
90 0.41
303 0.25 150 0.41
180 0.40
AICL** (liquid-phase alkylation, 303 05 40 0.68
open system) ’ 80 0.68
40 0.72
303 0.75 100 0.72
140 0.67

*active formation of isobutylene oligomers;

**oligomers of isobutylene are formed in small amounts, which is ensured by the short residence time of isobutylene in the

reaction zone.
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isobutylene oligomers to insignificant quantities,
which can be explained by the short residence time of
isobutylene in the reaction zone.

According to the conducted studies, the
obtainment of an individual para-isomer of TBC
was not possible through the alkylation of cumene
with isobutylene in open and closed systems in the
presence of A36Dry, KU-2-8, and AICI, catalysts.

Simultaneously, the alkylation of cumene
with tert-butyl alcohol (TBA) in the presence of
concentrated sulfuric acid practically eliminated all
the formation of the meta-isomer of TBC (Table 2).
Therefore, these investigations revealed that this
reaction does not follow the usual rules of orientation,
despite the mild conditions of the process. This can
be explained by the appearance of the steric effect
associated with the size of the functional group and the
resulting spatial difficulty. According to previously

reported, the ratio of ortho-and para-isomers in the
alkylation of alkylphenols depends on the size of the
incoming alkyl group. For example, the ratio of
o- and p-isomers in the alkylation of toluene CH,Br
is 1.9 : 1; (CH,),CHBr—1.2 : 1; CH,CH,Cl-—0.82 : 1;
no ortho-substitution product was detected during
alkylation with tert-butyl bromide [22].

Accordingly, when the cumene was alkylated
with fert-butyl alcohol in a 30 min reaction at 35°C
with molar ratio cumene : TBA : H,SO, 3 : 1 : 3, it
was possible to synthesize para-TBC with a yield of
87-89% on the loaded TBA with a cumene conversion
of ~30%. Table 3 shows the material balance of the
process.

The para-TBC isolated from the reaction mixture
can be oxidized to tertiary hydroperoxide, which can
be decomposed to produce para-tert-butylphenol
together with acetone [23].

Table 2. Influence of various parameters on the alkylation of cumene with zert-butyl alcohol (TBA)
in the presence of sulfuric acid. Cumene : TBA : H SO, ratiois 3: 1:3

@ e 10 Cumene conversion, p ara-TB? para-TBC yield for the taken
Temperature, °C | Reaction time, h o concentration, o
%o wt % tert-butyl alcohol, %
20 0.5 23.6 16.8 71.1
25 0.5 28.2 23.4 82.9
30 0.5 32.9 34.8 89.4
35 0.5 49.0 42.7 87.1
30%* 0.5 35.5 14.4 49.0
15 0.25 19.2 12.1 63.0
15 1.0 20.1 12.5 62.0
15 2.0 21.3 13.3 62.4
15 3.0 30.4 13.7 45.0

*the ratio of cumene : TBA : H,SO,is 2 :1:2.

Table 3. Material balance of the process of alkylation of cumene with tert-butyl alcohol (TBA)

in the presence of concentrated sulfuric acid

Compound Molar mass, g/mol Taken Obtained

g wt % g wt %
Cumene 120.19 49.5 49.50 35.37 35.37
TBA 74.12 10.17 10.17 0.00 0.00
H,SO, 98.08 40.33 40.33 39.53* 39.53*
para-TBC 176.30 0 0.00 20.47 20.47
di-TBC 233.41 0 0.00 2.33 2.33
Losses - 0 0.00 2.30 2.30
Total - 100.00 100.00 100.00 100.00

*mass of acidic layer after reaction.
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CONCLUSIONS

In summary, the regularities of the alkylation of
cumene reaction with isobutylene in the presence of
catalysts such as Amberlyst 36 Dry, KU-2-8, aluminum
chloride, and TBA, and concentrated sulfuric acid were
investigated. The sulfuric acid alkylation of cumene
with TBA produced an individual para-isomer of tert-
butylcumene with a yield of 87-89% on the loaded
TBA with a cumene conversion of ~30%. These results
confirmed that high-purity para-tert-butylphenol can be
obtained using the hydroperoxide method based on the
aerobic liquid-phase oxidation of para-TBC.
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Abstract

Objectives. The purpose of this analytical review is to evaluate the market for osteoplastic
materials and surgical implants, as well as study the features of new-generation materials and
the results of clinical applications.

Methods. This review summarizes the volumes of research articles presented in the electronic
database PubMed and eLIBRARY. A total of 129 scientific articles related to biological systems,
calcium phosphate, polymer, and biocomposite matrices as carriers of pharmaceutical substances,
primary recombinant protein osteoinductors, antibiotics, and biologically active chemical reagents
were analyzed and summarized. The search depth was 10 years.

Results. Demineralized bone matrix constitutes 26% of all types of osteoplastic matrices used
globally in surgical osteology, which includes neurosurgery, traumatology and orthopedics,
dentistry, and maxillofacial and pediatric surgery. Among the matrices, polymer and biocomposite
matrices are outstanding. Special attention is paid to the possibility of immobilizing osteogenic
factors and target pharmaceutical substances on the scaffold material to achieve controlled and
prolonged release at the site of surgical implantation. Polymeric and biocomposite materials can
retard the release of pharmaceutical substances at the implantation site, promoting a decrease in
the toxicity and an improvement in the therapeutic effect. The use of composite scaffolds of different
compositions in vivo results in high osteogenesis, promotes the initialization of biomineralization,
and enables the tuning of the degradation rate of the material.
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Conclusions. Osteoplastic materials of various compositions in combination with drugs showed
accelerated regeneration and mineralization of bone tissue in vivo, excluding systemic side
reactions. Furthermore, although some materials have already been registered as commercial
drugs, a plethora of unresolved problems remain. Due to the limited clinical studies of materials
for use on humans, there is still an insufficient understanding of the toxicity of materials, time
of their resorption, speed of drug delivery, and the possible long-term adverse effects of using
implants of different compositions.

Keywords: osteosynthesis, osteoplastic materials, regenerative medicine, tissue engineering,
osteogenesis, chondrogenesis, recombinant osteoinducers
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AHHOMauus

Ienu. Llenv aumepamypHo2o 0630pa — AHANU3 OCMEONNACMUUECKUX MAMEePUaios u Xupypau-
YecKux UMNIAHmMamo8 H08020 NOKOJIeHUsl, UsyueHue ocobeHHocmetl, xapaKkmepucmurx U pesysib-
mamoe ux KAUHUUeCKo20 NPpUMeHeHUSL.

Memoowl. 0630p cymmupyem obbem HaAYUHO-UCCAE008AMENbCKUX MAMEPUALO8, NPEeOCMA8AeH-
Hoblx Ha nopmanax «PubMed» u «LIBRARY». IIpoaranusuposaHr u obobuern mamepuan 129 nayu-
HblX cmamell no cnedyrouwum pazdenam: buonozuueckue, Kanbyuli-gpoccpammnle, noaumepHsle U
buoKomnosumMHsle MAMPUKCbL 8 Kauecmee HocumeJiell yesiesolx hapmayesmuueckux cybcma-
yuill (peKomouHaHmHslx 6esKo8blx ocmeouHOyKmopos, aHmubuomurxos u buosiozuuecku aKmue-
HbLX Xxumuueckux peazeHnmos). I'nybura noucka 10 nem.

Pesynomameut. Cpedu 8cex 8u008 0CMEonIacmuieckux MampuKcos, npumeHsiemblx 8 Hacmo-
saujee epems 8 MUPOB8OUl Xupypuueckoli ocmeosozul, Kyoa exooum Helupoxupypaus, mpasma-
mosioeust U opmoneoust, CmMoOMAMOJ02Usl, UeSIOCMHO-IUYesast U 0emcKast xupypaus, oemure-
panuzosarHbslil kKocmHblii mampurce (IKM) saHumaem 26%. IlonumepHole u 6buokomnosumHole
MAMPUKCLL ce200HsT npedcmassisiiomest Haubosiee nepcneKmusHbulMU MAMepuaiamu 8 cpasHe-
Huu ¢ JAKM. Ocoboe sHumaHue 8 paspabomire HO8blX 8UO08 MAMPUKCO8 YOess1emcest 803MOIKHO-
cmu puKcayuu 0cmeozeHHbLX PaKmopos U yesesslx gapmayesmuueckux cybecmaHyuii Ha ma-
mepuasne-HocumeJse ¢ yeansto UxX KOHMpOoAUpPYemozo U nposoH2UPO8AHHO20 8bNYCKA HA yuacmke
xupypeuueckoll. umniarnmayuu. IlonumepHole U 6UOKOMNOZUMHbBLE MAMEPUASbL CNOCOOHBL 3a-
Meldnsimb 8pemsi 8blc80b0rKOeHUs papmcybecmaHyuli 8 mecme UMNIAHMAUUU, CnOocobcmayst CHU-
JKEHUI0 MOKCUUHOCMU U NPOJIOH2AUUU MepanesmuuecKozo sagpgpexma, aesisico nepcneKmueHoll
anemepHamuegoll aymozeHHol kocmu. Hcnoaws3osaHue KOMNO3UMHbLX Hocumenel pasiuiHozo
cocmasa in vivo 0emMoHCmpupyem 8ulcokue noKasameau ocmeozeHes3a, cnocobecmasyem 3anycky
bUOMUHEePANUAYUU U NO3BOSSLeM 8APLUPOBAMb CKOPOCMb 0e2padayui Mamepuand.
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Boreodst. Ocmeonsiacmuueckue Mamepuasibl pasiuuHoz0 COCmMasga 6 COUeMAaHuUll C J1eKapCmeeH-
HbLMU cpedcmeami NOKA3alU YCKOPEeHUEe pezeHepayuu U MUHEPAAUIAUUU KOCMHOU MKAHU in
vivo, uckarouas cucmemHole nobourvle peakyuu. M, xoms HeKomopble mamepuasisl yxe sape-
2UCMPUPOBAHBL 8 KAUuecmee KOMMepueCKux npenapamos, ece eule COXpaHsemces. psi0 HepeuleH-
HblX npobrem. H3-3a 02pAHUUEHHOCMU KAUHUUECKUX UCC/e008AHUN MAMEPUAO8 HA 00X
0CMaAromest OmKpblMbIMU MaKue 80NpPocsbl. KAaK HedoCcmamouHoe NOHUMAHUE MOKCUUHOCMU
Mmamepuasios, epemeHu ux pe3opbyuu, ckopocmu 00CmaeKu 1eKapcmeeHH020 cpedcmasa U e2o
8bLC80O0IKOEHUSL, A MAKIKE 803MOIHblEe HebaazonpusimHble 3¢pheKmblL Om UCNObL308AHUSL UM-

nJiaHmamaos pasjiuiHoz20 cocmasa.

Knroueesle cnoea: ocmeocuHmes, ocmeoniacmuuecKue mamepuasiol, peezeHepamusHasi Mmeou-
yuHa, mraHesaslt UHKeHepust, ocmeozeHes, xoudpozeHes’, peKOM6LLHaHmeL€ ocmeouudyrcmopbt

Jna yumupoeanusa: Jvikomun J{.J1., 3aiiues B.B., Koctpomuna M.A., Ecunos P.C. Ocreomnnactuueckue MaTepuabl HO-
BOTO ITOKOJICHHUSI HA OCHOBE OMOJIOTMYECKUX U CHHTETUYECKUX MaTPUKCOB. ToHKue xumuyeckue mexvorozuu. 2021;16(1):36-54.
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Globally, ~2.2 million operations related to fractures
and post-traumatic bone defects are performed annually,
and this number is predicted to increase to 6 million by
2050 [1, 2]. In some cases, such as nonunion fractures of
critical sizes or bone augmentation in dental implantology,
the ability of the bone to self-regenerate is insufficient, and
guided tissue regeneration is required, particularly when
bone substitute materials are employed. The optimal
osteoplastic material should have the following main
biomedical characteristics:

— Biocompatibility: the material must interact with
the cellular component of the bone without causing a toxic
or immunological response.

— Osteoinduction: the ability of a material to
induce the migration and differentiation of the recipient
mesenchymal stem cells (MSCs) into osteoblasts and
chondrocytes, which are the main cells of bone and
cartilage tissue.

— Osteoconduction: the ability of the material to
act as a supporting structure for the germination of blood
vessels and structures of new tissue.

—  Controlled resorption with the formation of non-
toxic degradation products.

— Open bimodal porous structure (200-500 pm
pores for germination into the material of the bone cells
and vessels; micropores < 100 pum for interstitial fluids).

— The possibility of adhesion and chemical fixation
of pharmaceutical substances on the structures of the
carrier without reducing their activity.

— Preservation of biological characteristics during
storage for extended periods.

— Manufacturability of the manufacturing process
in commercial production [3-5].

In clinical regenerative medicine, the “gold
standard” is the use of autografts. Autogenous bone grafts
are osteoinductive, osteoconductive, and completely
histocompatible materials [6]. However, autografts
are limited to the amount of donor tissue available for
transplant. The need for additional surgical intervention

to harvest bone tissue, usually from the iliac crest, carries
the risk of the patient developing long-term postoperative
pain syndrome [4].

The limitations associated with obtaining autogenous
grafts can be overcome with allografts obtained from
other donors. Today, allografts constitute 25% of the
osteoplastic matrices used in surgical osteology [6]. In
the United States alone, ~1 million allogeneic matrices
are implanted annually [7]. Their main advantages over
autogenous implants are the unlimited donor material
and the ability to receive grafts of various shapes and
sizes [6]. However, the risk of transmission of bacterial
and viral infections is the main drawback of this material
[8]. Additionally, the limited osteoinductive capacity of
allografts is the main cause of recurrence or nonunion
of bone tissue, which occurs in 15-20% of cases [6].
Osteoinduction activation of allogeneic bone matrices
can be achieved by adding recombinant osteoinductive
proteins [9]. However, the fixing of recombinant bone
morphogenetic proteins (thBMPs) on an allogeneic
matrix results in uncontrolled excessive bone formation
that goes beyond the field of corrected pathology, which
is attributed to their uncontrolled release from the matrix
framework [10].

Modern technological solutions involve the use of
natural and synthetic polymers and calcium phosphates
and their derivatives, including in combination with
osteoinductive growth factors (Fig. 1). These materials
are considered the most promising for use in osteoplasty,
since they allow the setting of the required characteristics
at the stage of producing the implant [3].

Even though the demand for plastic materials and
surgical implants is expected to increase annually, the
development of a universal osteoplastic material that
could meet all the above requirements remains a major
challenge.

In this review, we consider the characteristics of
osteoplastic matrices that show potential in surgical
osteology use and their clinical use cases.
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Polymeric
scaffold

Undifferentiated
stem cell

Osteoinductive factors
Differentiating agents

Fig. 1. Tissue engineering approach to bone treatment: undifferentiated stem cells are seeded on a polymer scaffold
together with differentiating agents and growth factors, followed by implanting in vivo.

OSTEOPLASTIC MATRICES BASED
ON BIOCERAMICS

Ceramic materials based on calcium phosphates
have pronounced osteoconductive characteristics,
which result in increased local interaction with the
recipient’s bone in corrected pathology; additionally,
they are manufactured in block, granule, pasty, and
injectable forms [11]. Synthetic calcium phosphates
in a biological system, due to the metabolism of body
cells, break down into calcium and phosphorus ions,
which are further included in the structure of the
regenerated bone tissue [12].

Hydroxyapatite

The most well-known calcium phosphate
material is hydroxyapatite (HAP). It is the main
inorganic component of bone tissue and tooth enamel,
well absorbed by the human body, and widely used
in orthopedics, traumatology, and dentistry to correct
bone tissue defects [11].

The chemical formula of HAP is Ca (PO,) (OH),.
In the crystal lattice, HAP molecules are distinguished
by two structural frameworks. The first, the “apatite
channel,” is formed by OH™ groups located inside the
lattice, which is bound by columns of Ca** and PO,*
ions, while the “backbone,” which can accommodate
F~, CI', OH" and CO.” ions, can isomorphically
substitute PO,*~ groups [12, 13].

The HAP s electrically neutral; ithas a stable ionic
lattice and is a stable compound. However, depending
on the amount of calcium ions in the HAP structure,
it can carry both positive and negative charges [13].
Further, chemical instability is a major disadvantage
associated with using HAP in osteoplasty. The slow
and incomplete resorption of synthetic HAP limit the
formation of new bone tissue [14]. The resorption
of calcium phosphate materials depends on the Ca/P

molar ratio in their composition. The lower the Ca/P
ratio, the higher the rate of material resorption [15].

Due to the nonstoichiometric composition
of HAP and the possibility of performing anionic
or cationic substitutions in the crystal lattice, the
value of the Ca/P ratio in the HAP composition can
vary from 1.5 to 1.67 [12, 15]. The introduction of
substituent ions into the HAP structure induces the
distortion and deformation of the crystal lattice, which
subsequently leads to an increase in the solubility and
bioresorbability of the substituted HAP in comparison
with pure HAP [14].

HAP-based materials can be modified by a
covalent attachment of collagen to transfer and
deliver wvarious therapeutic agents (antibiotics,
growth factors), enabling their prolonged release at
the injury site [16]. The use of recombinant growth
factors of bone tissue, such as bone morphogenetic
proteins (BMP) immobilized on osteoplastic carriers,
allows for the highly efficient and rapid correction of
complex congenital and acquired pathologies of the
human musculoskeletal system [10].

Covalent crosslinking using (N-ethyl-N'-(3-
dimethylaminopropyl)carbodiimide) (EDC) hydro-
chloride and N-hydroxysuccinimide (NHS) hydro-
chloride is widely employed to obtain composite
materials with increased biocompatibility, a high
potential for cell differentiation [17], and increased
resistance to enzymatic degradation [18]. This
method allows one to obtain “zero-length” amide
crosslinks between carboxylic acid groups and amino
groups [19].

To modify the surface of HAP with collagen and
immobilize the recombinant growth factors on it, the
HAP is incubated in a solution of bovine serum albumin
(BSA) and collagen, in the presence of a mixture of
EDC/NHS reagents. Thereafter, the HAP-—collagen
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composite material is incubated in a solution with
recombinant bone morphogenetic protein 2 (thBMP-2)
[20]. The protein is adsorbed on the surface of the
carrier through non-covalent interactions [11, 20].
The reaction scheme for the modification of the HAP
surface and the immobilization of rhBMP-2 on it is
shown in Fig. 2.

Tricalcium phosphate

Another class of orthophosphate materials that
have found use in osteoplasty is tricalcium phosphates.
Materials based on tricalcium phosphate are
characterized by a higher rate of resorption compared
to the materials based on HAP [21]. They can also be
used as components of composite materials together
with HAP, which enables the control of the material
resorption rate [22].

The osteoplastic matrix based on -tricalcium
phosphate (B-TCP) has received considerable attention
in scientific clinical studies. B-TCP, with the chemical
composition of Ca,(PO,),, unlike other polymorphic
modifications of tricalcium phosphates, is stable at
temperatures below 1100°C, and it has a lower Ca/P ratio
than that of HAP; consequently, it exhibits increased
biodegradability and biocompatibility [23].

To obtain an osteoplastic material based on B-TCP,
a suspension of crystalline hydrate (CaHPO,-H,O) and
calcium carbonate (CaCO,) is mixed in the presence
of zirconium dioxide (ZrO,), dried, and subsequently
calcined at 750-900°C, at which point HAP is converted into
B-TCP. After sintering the preformed B-TCP at 1050°C for
1 h, a B-TCP block with a porosity of 75% is formed
[24, 25]. The chemical reactions are described by Egs. 1 and 2.

4CaCO, + 6CaHPO, x H,0 — Ca, (PO,)(OH), + 8H,0 + 4CO,1 (¢ =750-900°C) (1)

Ca, (PO,),(OH), — 2Ca,(PO,), + Ca,P,0, + H,0 (¢ < 1050°C) @)

Free amine group

Amine crosslink

Q Bovine serum albumin (BSA)

™\, Collagen fibers
© rhBMP-2

Fig. 2. Illustration of the reaction mechanism of BSA and collagen chemical crosslinking for the subsequent
immobilization of the hBMP-2 osteoinducer on a hydroxyapatite matrix;
EDC: 1-ethyl-3(3-dimethylaminopropyl)carbodiimide hydrochloride, NHS: N-hydroxysuccinimide.
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Another common approach to obtain matrices
from B-TCP involves calcining chemically synthesized
calcium-deficient HAP. At temperatures of 700—800°C,
it loses water and transforms into the low-temperature
polymorph, B-TCP, used in osteoplasty (Eq. 3).
Further heating to a temperature of ~1150°C leads to
the transformation of B-TCP to a high-temperature
polymorphic 0-Ca,(PO,), material, which is highly
soluble in water [26].

Ca,(HPO,)(PO,).0H — 3Ca,(PO,), + H,O1 (r=700-800°C) (3)

The B-TCP structure allows one to perform
isomorphic substitutions of calcium ions for ions
of monovalent and divalent metals or silicate ions.
Silicate ions in the PB-TCP structure accelerate
the differentiation of MSCs on the matrix at the
implantation site [27]. Zn, Cu, and Ag metals impart
antibacterial properties on the B-TCP based material.
Additionally, the B-TCP matrix substituted with Zn
ions retards the formation of osteoclasts (cells that
destroy bone tissue) on its surface and accelerates the
work of osteoblasts, contributing to the formation of
the bone matrix [28].

Inclinical usage, B-TCP has already demonstrated
complete regeneration of bone defects over several
years and replacement of the osteoplastic matrix with
newly formed tissue. The partial resorption of the
B-TCP implant in a clinical setting is observed 2—3
weeks after surgery, and complete degradation occurs
from 1.5 to 5 years, depending on the patient’s age.
It was noted that in cancellous bone defects, -TCP
resorption and bone formation occurs faster than the
in the case of cortical bone defects [24].

Notably, materials based on calcium phosphates
have low tensile strength, and their Young’s modulus
is, on average, 10 times higher than that of bone
tissue [3]. However, the mechanical characteristics of
calcium phosphate materials can be varied during the
manufacturing step. As the porosity of the material
decreases, the compressive strength increases; thus,
B-TCP with 60% porosity has a compressive strength
of 22 MPa, which is almost seven times higher than
that for B-TCP with 75% porosity. However, the
resorption rate for the B-TCP with 60% porosity is
lower than that for the B-TCP with 75% porosity [29].

Bioactive glass
Biologically active glasses (BGs) have gained
significant interest in the fields of hard- and soft-
tissue engineering. This is due to their ability to induce
the expression of genes that regulate the processes
of osteo- and angiogenesis, thereby enhancing the
production of the corresponding growth factors [30].
The first type of these biologically active
inorganic materials, known as Bioglass-1 45S5

(BG-1), was discovered by Larry Hench in the late
1960s at the University of Florida. BG-1, with the
composition of 458i0,-24.5Ca0-24.5Na,0-6P,0,
(wt %), binds to living tissues, forming a stable and
densely structured surface; thus, it is effectively used
as a filler in bone fractures [31].

The term, “biological activity,” in the context
of these special glasses indicates the ability of the
bioglass surface to direct the crystallization of
calcium phosphate salts toward the formation of
HAP, thereby facilitating the connection between
the artificial material and body tissues [32]. The
biosilicate mineralization process occurs in several
stages and is shown in Fig. 3. First, the surface of the
bioglass turns into a silica gel with an open structure,
which exchanges ions with biological body fluids
(Stages 1-3, Fig. 3). Subsequently, the calcium and
phosphate ions form an amorphous calcium phosphate
layer (Stage 4, Fig. 3). Afterward, the Ca—P layer
adds hydroxyl and carbonate ions, which facilitate
the crystallization of hydroxycarbonate apatite (Stage 5,
Fig. 3) [33].

Bioglass is categorized based on three different
types of inorganic oxides, including structure-forming
(S8i0,, B,0O,, and P,0,), modifying (Na,O, CaO, MgO,
K,0), and intermediate compounds (ALO,, ZnO, ZrO,,
and TiO,) [34]. According to the principle of the main
structure-forming oxide, bioglasses are divided into
glass families based on silicates, borosilicates, borates,
and phosphates [35]. Additionally, BGs doped with a
small amount of biologically active metal ions have
been developed, and they exhibit various therapeutic
effects (stimulating osteo- and angiogenesis, anti-
inflammatory, and antiseptic) (Table 1) [36]. Mesoporous
BGs obtained by sol-gel processes have the porosity
(2-50 nm) suitable for the immobilization of various
therapeutic agents in nanopores with their subsequent
local release in a controlled manner [37]. Alloyed and
mesoporous BGs are considered as separate classes of
the bioglass family.

In vitro and in vivo studies have shown that such
therapeutic functions of BGs, including improving
the cell growth and proliferation, biomineralization,
stimulation of angiogenesis, anti-inflammatory and
antibacterial activity, are associated with the release of
metal ions and growth factors from the glass structure,
after which the bioglass itself undergoes resorption [36].

The use of biocomposite osteoplastic scaffolds
based on a BG and a polymer matrix provides additional
advantages, such as the launch of biomineralization,
which contributes to the formation of a bond between
the newly formed tissue and the material; improvement
of the initial mechanical properties of the polymer
phase; and the ability to fine tune the rate of material
resorption [30].
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Fig. 3. Formation mechanism of hydroxycarbonate apatite on the surface of bioactive glass.

Table 1. Therapeutic effects of doped bioglass based on various biologically active ions

Therapeutic effect

Metal ions

Angiogenesis Mg?, Mn*, Ca*, Cu*', B¥, Si*', P>*
Antibacterial Ag’, Cu*, Zn**, Ga**, Min*, Fe**, Ce**
Osteogenesis F-, Li*, Sr**, Mg, Mn*', Ca?", Cu?*, Ga*', Si*, Nb**

Anti-inflammatory

Li*, Mn*", Zn*", B**

To date, several studies have been published on the
use of BG frameworks [38] and composite carriers of the
polymer/BG composition [39, 40] in the field of bone
tissue engineering. Results of these studies indicate that
PLA/BG scaffolds are suitable candidates for achieving
optimal bonding between material and tissues, the latter
being both soft and hard [41]. Therefore, several studies
are actively underway that suggest the use of these
systems in areas where the device must simultaneously
connect to both soft and hard tissues (for example,
middle ear implants or joint implants) [36].

MATRICES BASED
ON SYNTHETIC POLYMERS

Synthetic biodegradable polymers appear to
be promising materials for use in various tissue-
engineered  structures, mainly of composite
composition [42].

The most used resorbable synthetic polymers
for the manufacture of osteoplastic matrices
are saturated poly (o-hydroxyesters), including
polylactic acid (PLA) and polyglycolic acid (PGA),
as well as polylactic acid glycolide copolymer
(PLGA) [43].

The chemical composition of these polymers
allows for hydrolytic degradation by deesterification.
After resorption, the monomeric components of
each polymer are excreted from the recipient’s
body naturally. PGA is converted to metabolites
or removed via other mechanisms, and PLA can be
purified through the tricarboxylic acid cycle [44].

PGA is a hydrophilic and highly crystalline
polymer with a relatively high degradation rate.
Although PLA is structurally very similar to PGA, it
exhibits different chemical, physical, and mechanical
properties due to the presence of a pendant methyl
group on the a carbon (Fig. 4) [45].
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Fig. 4. Chemical structure of PLGA
and monomers PLA and PGA.

The PLGA copolymer is preferred over its
constituent homopolymers for the manufacture of
bone implants, since the physicochemical properties
of PLGA allow one to control the rate of decomposition
of the material, and PLGA can be obtained in block,
fiber, hydrogel, and nanoparticle forms [44].

The rate of resorption of synthetic polymer
matrices is influenced by the following factors:

1) The molecular weight of the polymer:
degradation rates vary from several weeks to several
months.

2) The LA/GA ratio: PLGA copolymers with a
high LA content are less hydrophilic; consequently,
they absorb a low amount of water and degrade slowly.

3) Stereochemistry: mixtures of D- and L-lactic
acid monomers are often used for the preparation
of PLGA, since the rate of penetration of water
molecules in the D- and L-regions is high, which
leads to accelerated degradation.

4) The structure of end groups: polymers with
ester residues at the ends have longer half-lives than
those with free carboxylic acid [46, 47].

Furthermore, polyethylene glycol (PEG) [48, 49],
polyanhydrides [50], poly-g-caprolactone (PCL) [49, 51],
polypropylene fumarate (PPF) [51], and poloxamers
[52] are considered synthetic polymer carriers. The
advantages of these resorbable polymer carriers are
hydrolytic and enzymatic resorption, zero risk of
bacterial and viral contamination, and the ability to
regulate the mechanical strength by manipulating the
polymer structure [53].

Due to their flexible design and controlled
degradation rate, biodegradable synthetic polymers
in the form of nanoparticles are considered as carriers
for the delivery of recombinant protein osteoinducers
and pharmaceutical substances. A system for delivery
of the growth factor, rhBMP-2, was demonstrated

based on the PLA-PEG copolymer; a carrier in the
form of a viscous liquid or polymer granules was
implanted at the site of surgical correction of bone
pathology [54]. According to the results of the study,
the PLA—PEG complex was recognized as an effective
transport matrix for the prolonged release of the
recombinant osteoinducer, rhBMP-2. The efficacy of
rhBMP-2 in various animal models was shown when
it was immobilized on the matrices of PLA [55], PGA
[56], and their copolymer, PLGA [57].

Even though the low pH of the medium created
by the products of acid cleavage accelerates the
degradation of PLGA due to autocatalysis, this
factor is simultaneously a disadvantage of synthetic
polymers [58]. This acidification of the medium and
the hydrophobic nature of the polymers have anegative
effect on the stability of the protein immobilized on
the surface of the carrier [59] and increase the risk of
inflammatory reactions and delayed clearance [60].

In bone tissue engineering, a combined approach
is used, which consists of the synthesis of block
copolymers to manipulate the characteristics of the
polymer delivery system, e.g., the kinetics of the
release of pharmaceutical compounds immobilized
on an osteoplastic polymer carrier [61, 62].

Synthetic polymer matrices based on PLA and
PGA can be combined in various ratios with calcium
phosphate materials (CaPs) to create composite
materials with or without chemical modifications
of the surface [63]. When CaPs are combined with
polymers to form a composite framework, the rate of
their resorption is reduced in comparison with that of
the pure polymer [64].

Park et al. demonstrated the effectiveness of
using PCL composites with the addition of B-TCP
under mechanical loading conditions, comparable to
the modulus of compression of the human trabecular
bone. The earliest differentiation of MSCs and high
expression of osteogenic markers were noted in PCL/B-TCP
composites with a content of 30% B-TCP [65].

Additionally, a high level of osseointegration
was demonstrated by the PLA composite containing
tricalcium phosphate microspheres with a size of
60-140 pm (PLA/B-TCP). Due to the formation of an
ordered porous structure of the composite material,
PLA/B-TCP, 16 weeks after implantation into the
femur of rabbits, the vascularization of the implant
and growth of newly formed tissue into its pores were
observed [66].

BIOCOMPOSITE FRAMEWORKS

Composite frameworks with mesoporous silicon
From the viewpoint of clinical efficacy,
biocomposite carriers of various pharmaceutical
substances created based on nanotechnologies are the
most promising materials for tissue engineering [67].
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Mesoporous  silicon nanoparticles (MSNs)
accelerate bone formation by increasing the osteoblast
activity and decreasing the bone resorption due to a
decrease in the osteoclast activity [68]. MSN-based
materials can deliver pharmaceutical molecules of
various structures and masses to the injury site due
to their pore size and morphology, as well as the
possibility of modifying the MSN surface [67]. The
variability and flexibility in the design of silicon
nanoparticles allow one to choose the dosage of a
pharmaceutical substance and control the kinetics of
its release in accordance with the functional groups
of the molecule that will be adsorbed on the MSN
surface [69, 70].

Take the delivery of ibuprofen, which has a—-COOH
group in its composition, as an example. There is an
increase in the adsorption of ibuprofen on the surface
of MSN modified with polar molecules as compared
to silicon nanoparticles with nonpolar modifications
[70]. Consequently, prolonged release of the
pharmaceutical substance and a lasting therapeutic
effect are observed [70].

The efficacy of doxorubicin delivery using MSNs
surface-modified with PEG has been demonstrated in
a mouse malignant tumor model [71]. On the 12th
day, the animals were withdrawn from the experiment,
and the comparable growth rates of tumor volumes
were evaluated. The effect of doxorubicin, expressed
as the degree of inhibition of the tumor growth rate,
was 68.7% for the MSN-PEG loaded particles,
compared to 42.5% for pure silicon nanoparticles
[71]. This result is due to the improved stability of the
doxorubicin molecule on the MSN-PEG surface and
the prolonged circulation of the nanoparticles with
the pharmaceutical substance in the blood.

In recent studies, significant attention has
been paid to composite frameworks based on MSN
nanoparticles crosslinked with methacrylate gelatin
as part of hydrogel membranes [72]. A recombinant
osteoinducer, rhBMP-2, is immobilized on the surface
of the mesoporous bioglass through an amide bond. It
was shown in vitro that the release of hBMP-2 from
the matrix during the first 4 weeks of the experiment
significantly stimulated the osteogenic differentiation
of cells, and the resorption of the composite carrier to
calcium and silicon ions promoted cell adhesion and
osteogenic differentiation over a long period [73].
In vivo hydrogel membranes based on mesoporous
bioglass crosslinked with gelatin demonstrated high
rates of bone tissue osteogenesis in a defect in a rat’s
skull of critical size [72, 73].

Composite frameworks with carbon nanotubes
Biodegradable composite scaffolds based on
PLA and PGA polymers in combination with carbon
nanotubes (CNTs) are a promising development for a

wide range of applications in bone tissue engineering,
particularly in cases where the implanted material
mainly handles high loads [74]. This combination of
composites is particularly effective, since it allows
one to achieve self-assembly of CNT fibers and
create a network structure in the polymer matrix, and
it improves the mechanical strength, thermal stability,
and electrical conductivity of the material at low CNT
concentrations [75].

Mikael et al. presented an efficient method for
the preparation of composite frameworks from PLGA
microspheres and multi-walled carbon nanotubes
(MWCNTs) with various surface modifications [76].
Such scaffolds showed high in vitro cell adhesion,
cell proliferation, and mineralization, as well as signs
of a connection with soft tissues.

A similar approach was tested on composite
frameworks with single-walled carbon nanotubes
(SWCNTs). It was shown that the PLGA/SWCNT
combination led to an even higher gene expression
and cell proliferation for the formation of new muscle
tissue, compared with that for the composite carrier
of PLGA and MWCNTs [77]. It is assumed that such
a cellular activity is a consequence of the increased
expression of transmembrane cellular receptors,
integrins, which may be caused by the topographic
features of SWCNTs. This activity is essential for
achieving enhanced interaction of the polymer
framework with biological components [77].

Another quality of CNTs in composite materials
is their ability to change the thermal and electrical
properties of PLA [76, 78]. This approach can be
used to increase the reactivity of stem cells seeded on
the polymer through electrical stimulation, thereby
improving tissue regeneration in the long term [79].

A composite material based on a CNT/sodium
hyaluronate complex demonstrated a high potential for
the restoration of bone tissue defects in rats [80, 81]. This
composite induces the expression of genes involved in
bone tissue regeneration, such as osteocalcin and BMP-2
[80]. An increase in the expression of type I collagen, as
well as the vascular endothelial growth factor, was also
observed. When using the CNT—sodium hyaluronate
composite in tibial defects, histo-morphometric analysis
showed an increase in the number and organization of
bone trabeculae, in comparison with the case in the
control group [81].

However, carbon nanostructures raise serious
concerns when used as components of biomedical
devices due to the lack of data on their carcinogenicity
and the accumulation of decay products in the human
body [78].

Composite frameworks with metal oxides
Composite systems of PLA/metal oxide
composition, including zinc oxide (ZnO), magnesium
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oxide (MgO), and iron oxides (Fe,O, and Fe,0,), have
interesting and promising characteristics suitable for
application in surgical osteology [82, 83]. Each of these
metals has properties suitable for a variety of tissue
engineering applications. Compared to clinically used
PLGA materials, metal oxide composite structures can
reduce inflammation and simultaneously stimulate
osteogenesis and osseointegration [84].

The ZnO in the osteoplastic matrix inhibits bacterial
attachment and stimulates cell differentiation in the
direction of the myocyte phenotype [85]. When the oxide
is integrated into the PLLA/ZnO composite system (ZnO
in the form of ~40 nm nanorods), the composite slowly
releases zinc ions into the environment [86]. Nanorods
act as catalytic nuclei, slightly accelerating the polymer
degradation. This observation is of key importance as it
improves the connection between differentiated myocytes
and the implant [85].

MgO is used in composite materials as an
alternative to BGs to improve biomineralization
and retard PLA degradation [87]. MgO particles
incorporated into the polymer matrix buffer the ambient
pH, thereby reducing the rate of PLA hydrolysis and
weakening the autocatalytic effect of the polymer. The
characteristics of the porous PLA/MgO composite
framework have been studied in the field of dental bone
grafting [88]. The authors reported high compressive
and tensile strength, prolonged material resorption
time, proliferation of bone marrow MSCs in vitro, and
bone tissue regeneration in vivo in a dog model [89].

Fe,O, and Fe,O, have a unique property that can be
used to improve the bond between tissue and biomaterial—
supermagnetism [90]. The use of supermagnetic iron
oxide particles, particularly in the treatment of cancer and
many other drug delivery systems, is a new trend in the
field of regenerative medicine [91, 92].

Studies have investigated the incorporation of
superparamagnetic iron oxide nanoparticles (y-Fe O,
and FeO-Fe 0,) into a PLGA matrix, followed by the
application of a static magnetic field to the composite
structure during cell culture. Magnetic stimulation,
similar to nanoparticles obtained separately, promoted
the differentiation of osteoblasts [93].

The explanation of this phenomenon consists of
two aspects: first, the stimulation by the application
of a static magnetic field due to the diamagnetic
properties of the cell membrane changes the flow
of ions through the membrane; second, iron oxide
nanoparticles reduce the intracellular production of
H,0,, thereby accelerating the progression of the cell
cycle. These two stimuli act synergistically, which
leads to a significant increase in the proliferation,
differentiation, and secretion of MSCs, promoting
the formation of a bond between tissue and material
[90, 91, 93].

COMPOSITE MATRICES
FROM NATURAL POLYMERS

Since the implant used in bone tissue engineering
must, to a certain extent, mimic the characteristics
of cartilage and bone tissue, natural polymers appear
to be an intuitive choice for the initial matrix [94].
Natural polymers can be classified according to their
origin (animal, plant, or microbiological) and chemical
structure (proteins, polysaccharides, polynucleotides)
(Fig. 5) [95].

Porous scaffolds composed of natural polymers
stimulate the osteogenic differentiation of MSCs [94].
However, the strength characteristics and resorbability
of these matrices under the conditions of the recipient’s
organism are insufficient, and these matrices are inferior
to synthetic resorbable polymer matrices [96].

Chitosan-based matrices

Chitosan is a biodegradable natural polymer
obtained by the deacetylation of the natural polymer
of chitin [97]. Chitosan has pronounced bactericidal
properties, and due to its ability to enhance the
absorption of hydrophobic macromolecules, it is
used as a carrier to achieve prolonged local release of
pharmaceutical substances [98].

Composite systems of the chitosan/PGA,
chitosan/HAP, and chitosan/gelatin compositions can
serve as effective osteoplastic carriers [99, 100]. In
in vitro experiments, biological membranes based on
chitosan nanofibrils with the addition of rhBMP-2
demonstrated a high biological activity expressed in
the osteogenic differentiation of MSCs, high alkaline
phosphatase activity, and calcification for 4 weeks
with 50% preservation of the immobilized rhBMP-2
on the membrane [101].

Due to their mucoadhesive cationic nature,
chitosan nanoparticles (NPCS) are used to reduce the
toxic effect and increase the activity of drugs, since
they allow the therapeutic agent to be delivered to the
immediate vicinity of the injury site [102]. NPCS are
usually modified to increase their effectiveness. For
example, 2N-,60-sulfated chitosan (2,6SCS) forms a
polysaccharide similar in structure to heparin, which
can successfully bind to the rhBMP-2 domain region
(Fig. 6A). Modified NPCS retard the release of the
growth factor and increase its biological activity
[103, 104].

Gelatin-based matrices

Gelatin is a hydrolyzed form of collagen
obtained by heat treatment. The use of gelatin as
the only material in the composition of a carrier
for pharmaceutical substances is complicated
because it tends to undergo rapid biodegradation
in the recipient’s body [105]. The prolongation of
the biodegradation time is achieved by chemical
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“crosslinking” of collagen fibers with glutaraldehyde;
however, a cytotoxic effect is noted, indicated by the
retardation of the osteogenic differentiation of MSCs
in in vitro studies [106]. A decrease in toxicity can
be achieved after 4 days of washing the crosslinked
matrix from glutaraldehyde [107].

A biocomposite material based on gelatin and
B-TCP demonstrated improved biodegradability
under the influence of collagenase with a large
amount of gelatin and high osteoinduction, expressed
as an increase in the level of alkaline phosphatase
activity in vitro [108].

The photochemical process involving tris-(2,2'-
bipyridine) chloride of ruthenium(II) [Ru(bpy),]Cl,
and persulfate ion allows the covalent crosslinking of
tyrosine-rich proteins (rubber, gelatin, and fibrinogen)
because of the formation of dityrosine bonds
and to obtain biopolymer materials with variable
biomechanical and tissue-adhesive properties pre-
set at the stage of material creation [109, 110]. The
tendency of tyrosine-rich proteins to self-organize
polymer fibers and interact with extracellular matrix
proteins enables the application of the biopolymers
crosslinked via this route as surgical sealants or drug
delivery systems [111, 112].

The thus obtained photopolymerizable gelatin
hydrogel (PH) possesses the porosity required to
load it with modified NPCS [103, 113]. The direct
introduction of growth factors into the PH does not
have a significant effect, since the hydrogel swells
and decomposes rapidly, and the complete release of
rhBMP-2 is observed after 7 days (Fig. 6B) [103].
However, the composite PH system including 2,6SCS
nanoparticles (PH/rhBMP-2/NPs) shows the best
results for the stepwise release of therapeutic agents.
The first intense thBMP-2 release is recorded within
the first 2 weeks after implantation, and it is associated
with the swelling of the hydrogel. Thereafter, there
is a gradual release over 42 days, due to the slow
degradation of the PH (Fig. 6C) [103].

Collagen osteoplastic matrices

Collagenisthe mostabundant protein in the human
body and a non-mineral biological component of the
skeleton. It can be easily isolated and enzymatically
purified from various types of xenogeneic matrices
for use as a supporting scaffold for cell proliferation
in bone tissue engineering [114, 115].

Collagen osteoplastic scaffolds are manufactured
in the form of powder, membrane films, aqueous
forms, gels, nanofibers, and absorbent sponges [116].
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The versatility, hygroscopicity, and ease of use of
collagen sponges have led to their widespread clinical
use for the localization and delivery of targeted
pharmaceutical substances [117, 118]. Since 2002,
the United States Food and Drug Administration has
approved the commercial preparation of INFUSE
with recombinant hBMP-2 on an ACS collagen plate
at a concentration of 1.5 mg/mL [119].

In surgical osteology, INFUSE is used as an
alternative to the autologous iliac crest for the single-
level fusion of the vertebral bodies in the lumbar spine
and to accelerate the fusion of open tibial fractures with
intramedullary fixation [119]. Additionally, INFUSE
is widely used as an alternative to autologous bone
implants for the limited enlargement of the alveolar
sinus and treatment of defects associated with bone
loss in dentistry [120, 121].

Despite its high biocompatibility, collagen has
several disadvantages. It is mechanically unstable,
and therefore, upon implantation into an environment,
where the sponge is compressed by the surrounding
muscles and tissues, there is a local excess release
of osteoinductive proteins immobilized on the carrier
[114]. Collagen resorption is unpredictable and
difficult to control, which also leads to undefined
kinetics of recombinant growth factor release. /n vivo,

it was shown that after 2 weeks, only 5% of rhBMP-2
remains in the collagen sponge [122].

An increase in the collagen resorption duration
can be achieved by crosslinking collagen molecular
chains with chemical agents, such as glutaraldehyde,
carbodiimide, and genipin, or by physical exposure,
such as UV radiation or dehydrothermal treatment.
However, due to cytotoxicity, chemical crosslinking
agents adversely affect the biocompatibility and
regenerative potential of the material [116, 123].

Additionally, collagen extracted from the
xenogeneic matrix with insufficient and ineffective
chemical cleaning demonstrates pronounced immuno-
genicity; in 20% of patients who received an implant
from a collagen sponge, antibodies to type I collagen
were found [114, 124].

Another disadvantage of using collagen scaffolds is
the difficulty of sterilizing them, since heat sterilization
causes the partial or complete, irreversible denaturation
of collagen fibers [125, 126]. Thus, gas sterilization
with ethylene oxide is used to sterilize collagen
sponges [127]. However, with this method of sterilizing
a collagen sponge with thBMP-2 immobilized on it,
an unpredictable change in the kinetics of the growth
factor release and a decrease in its biological activity
were noted [128, 129].
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CONCLUSIONS

Despite all the advantages of an autologous bone,
in the presence of cellular elements of the bone marrow,
presence of growth factors, and local blood supply,
synthetic and biocomposite osteoplastic matrices
can be a real alternative to an autologous bone graft,
particularly in the variants of transport systems for
the prolonged local release of target pharmaceutical
substances.

Although positive scientific and practical results
have been achieved in the study of new-generation
osteoplastic matrices, many unresolved issues remain,
and the main ones are as follows:

— Optimization of the resorption time of the
osteoplastic matrix.

— Selection of an effective technology to facilitate
the resorption of the osteoplastic matrix, synchronized
in time with the process of bone regeneration.

— Stabilization of the matrix to exclude a
pronounced macrophage reaction of the recipient’s
body.

— Solving issues related to the certification and
registration of new options for osteoplastic surgical
implants in supervisory medical organizations.
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Abstract

Objectives. The determination of the phase relations, crystallographic characteristics,
microstructure features, and atomic crystal structure of zirconium oxide crystals that are partially
and completely stabilized by yttrium oxide additives, and the identification of the crystallographic
and crystal-chemical correlations with the physicochemical properties of single crystals.
Methods. The neutron structure of the crystals was studied using the neutron time-of-flight and
constant wavelength methods using a high-resolution Fourier diffractometer on the IBR-2 pulsed
fast reactor and a four-circle neutron diffractometer “Syntex.” Single crystals were grown by
directed crystallization from the melts of mixtures (1 - x)ZrO,xY,0,, x = 0.03 and x = 0.12 with
different growth rates (10 and 40 mm/ h).

Results. It was observed that when growing single crystals with x = 0.03-0.05, the crystal was
stratified into cubic and tetragonal phases, and the ratio between the phases depended on the
growth rate. At a growth rate of 40 mm/ h, the content of the cubic phase was insignificant. In
the crystals of partially stabilized zirconium dioxide (ZrO,) with the additions of 3 mol % Y,0O,,
the coherent coexistence of cubic and tetragonal phases was established, and the twin law
for a tetragonal component (rotation of unit cell axis by 90° around the a (b) axis) that was
observed during the phase transition from high-temperature cubic phase to tetragonal phase was
determinﬂed. For the fully stabilized zirconium oxide of the cubic symmetry (with 12 mol % Y,0,),
the 0.3 A displacements of oxygen atoms from their partial structural positions in the directions
[100] and [111] were determined. These displacements correlated with the directions of the ion
transport.

Conclusions. Previous studies have shown that the ratio between the cubic and tetragonal
phases of the single crystals of the ZrO,~Y,O, system depends on the growth rate of the single
crystals. The content of Y,O, in the cubic and tetragonal phases of a single crystal was determined
using the non-destructive neutronography method on the same volume sample of a solid solution
of this system. Moreover, the displacements of oxygen atoms from the main position of the crystal
were determined.
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AHHOMAauust

ITenu. OnpedenerHue pasz08blx COOMHOWEHUL, KPUCMAI02PAPUUECKUX XAPAKMEePUCMUK, OCO-
beHHocmell MUKpocmpykmypbl U AMOMHO-KPUCMANIUUECKOT CMmPYKMYypsbl KPUCTAI08 0KCUOA
UUPKOHUSL, UACMUUHO U NOJTHOCMBI0 CMAabUNU3UPOBAHHBbLX 00basKamu okcuda ummpusl, eslsieie-
HUe KpUCmaniozpaguueckux U KPpUCmMailoXuUMUUecKux KOppensiyuil ¢ pusuKo-xumuueckumu
ceoticmsamu MOHOKPUCMAJLO8.

MemoovwtL. HelimporocmpykmypHble ucciedo8anus KpUCmasiog npogedeHbl Memodamu speme-
HU nposiema HelmpoHO8 U NOCMOSIHHOU O/IUHbBL 80JIHbL C UChob308aHUem Pypve dugparxmome-
mpa 8blCOK020 paspeuleHUst Ha UMNYAbLCHOM bblcmpom peaxmope HBP-2 u uemblpexKpys;KHoz0
HelimpoHHoz20 dugppakmomempa «Curnmercr. MoHokpucmannel 6bliu 8blpauieHbl HanpPasieHHoU
Kpucmannusayuei us pacnnasog cmecel (1 — x)ZrO,xY,0,, x = 0.03 u 0.12 ¢ pasHbLMU CKOPO-
cmsamu pocma (10 u 40 mm/ u).

Pesynomamel. YcmaHo8/1€HO, Umo npu 8blpauiusaHuu moHokpucmasnnog ¢ x = 0.03-0.05 npo-
ucxooum paccnioeHue Kpucmaania Ha Kybuueckyro u mempazoHalbHYyt ¢hasvl, COOMHOUWEHUe
MerK0Yy KomopbimMu 3a8ucum om ckopocmu svlpawusarust. IIpu ckopocmu pocma 40 mm/u co-
depokaHue Kybuueckoli ¢pasvl He3HAUUMEAbHO. B Kpucmaanax uacmuuHo cmabuniu3upo8aHHoz0
duorcuoa yuprorust ZrO, (c dobaskamu 3 mol % Y,0,) ycmaroeneHo KozepeHmHoe coCyuecmao-
saHue Kybuueckoili u mempazoHA/IbHOU a3 u onpedesneH 3aKoH 080UHUKOBAHUSL O/sL mempa-
20HANIHOTL KOMNOHEHMbL (8pawieHue ocell anemermapHoil siuetiku Ha 90° sokpye oceli a (b)),
803HUKAIOULE20 NpU Pa3080Mm nepexooe U3 eblcoKkomemnepamypHoil Kybuueckoii gpasvl 8 me-
MPAaOHANLHYO. 15l NOSTHOCMBIO CMAOUNUSUPOBAHHO020 OUOKCUOA UUPKOHUSL KYybuueckoli cum-
mempuu (c 12 mol % Y,0,) onpedesnerbl cmewerus amomog kucaopoda Ha 0.3 A us ux uacmnwix
cmpyKkmypHbsix no3uyuil 8 HanpagaeHusx [100] u [111]. Omu cmeweHus Koppeaupyem c Hanpas-
JIeHUSAMU UOHHO20 MpaHCnopma.

Buleoout. HccnedosaHus noKasaiu, Umo coomHouleHue mexxdy Kybuueckoil ¢paszoil u mempazo-
HanwHOU pasoll moHokpucmannos cucmemol ZrO,~Y,0, sasucum om CKOpOCMU 8blPAULUSAHUS
MOHOKpucmannos. Ha o0Hom u mom ske obvemHoMm obpasye meepo0oz0 pacmeopa amoil cucmembl
HepaspyuLauum memooom Helmporozpaguu onpedenero cooeprkanue Y,0, u 6 Kybuueckotl,
U 8 mempazoHaNbHOU asze moHokpucmanna. OnpedesieHbl CMeUeHUST AMOMO8 KUCOPOOa U3
OCHOB8HOU NO3ULUU KPUCMANA.

Knroueevle cnoea: cmabunusupogarHvle okcudom ummpus kpucmanane. ZrO,, Helumpo-
HOCMpPYKMYpPHuLU aHAIU3, MUKPOCMPYKMYPA KPUCMAI08, AMOMHO-KPUCMAJAAUUECKAS
cmpykmypa

Jna yumuposanusn: Capun B.A., by A.A. Heiitpororpadudeckoe ucciieioBaHiE CTPYKTYPHOTO Niepexoa Kyonueckas—

TeTparoHaiabHas (aza B MOHOKPUCTAJIAX TBEPABIX PACTBOPOB OKCHAA LUPKOHUS C OKCHUAOM HTTpHUS. ToHKUe XuMuueckue
mexnonocuu. 2021;16(1):55-66. https://doi.org/10.32362/2410-6593-2021-16-1-55-66
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INTRODUCTION

The first practical application of a solid
electrolyte based on the ceramics comprising yttrium-
stabilized zirconium oxide was described in the
patent of the famous German physicochemist, Walter
Nernst, in the autumn of 1897 [1]. The patent was
concerned with the description of the design of an
incandescent lamp, where an oxygen-containing solid
electrolyte was first used as an incandescent element.
This was the so-called Nernst lamp, which worked
in open air without vacuuming the bulb. Materials
based on stabilized zirconium oxide are now widely
used in applications such as to create oxide fuel
cells, solids, and chemically resistant electrolytes for
the sensors of oxygen content in liquid and gaseous
media in high-temperature ranges. An important
advantage for the design development is the presence
of high mechanical and strength properties, which are
possessed by materials based on stabilized zirconium
oxide.

However, ceramic materials based on zirconium
oxide still have certain mechanical drawbacks, such
as low cracking resistance, poor antifrictionality,
and brittleness. Therefore, a fundamentally new step
in the materials science of the composite materials
based on zirconium oxide was the development
of a method for producing zirconium oxide single
crystals by the directional crystallization of the melt
in a “cold container.” This was performed at the
Institute of General Physics of the Russian Academy
of Sciences using direct high-frequency heating, and
fully stabilized zirconium dioxide was produced
using this method with high ionic conductivity.
Further, a relatively new material, i.e., partially
stabilized zirconium dioxide (PSZD), which has
high mechanical and tribological characteristics, was
afforded [2].

CRYSTALLOGRAPHY OF THE PHASES
OF ZIRCONIUM OXIDE

Pure zirconium dioxide has three polymorphic
phases [3]: cubic (Fm—3m) at T > 2640 K, tetragonal
(P4,/nmc) at T= 1440-2640 K, and monoclinic (P2,/c)
at 7 < 1440 K. The monoclinic and tetragonal phases
are the distorted modifications of the cubic structure of
the fluorite type. The phases with a cubic structure can
be obtained at room temperature by adding stabilizing
oxides, such as MgO, CaO, CeO,, and Y,0,, to ZrO,.
The phase diagram of the ZrO,~Y,0, system is shown
in Fig. 1. In the ZrO,-Y,0, system, the areas of the
phase diagram are of interest wherein a tetragonal phase
(~3 mol % Y,0,) and a cubic phase (>8 mol % Y,0,)
are present. In the 3 mol % region, the phase transition
with a decrease in temperature was performed through

- L
3000r 12 345 L+FC

~£

T, °C [—tretpe———

2000

1000

=)

10 20
mol % Y,0,

Fig. 1. Phase diagram of the ZrO,-Y 0, system
in the region rich in zirconium dioxide; dotted lines
are the cooling lines of the initial compositions:
(1-x)ZrO,xY 0, with x = 0.0086 (1), 0.0100 (2), 0.0178 (3),
0.0200 (4), and 0.0234 (5) [3] (L — liquid phase, FC, FT,
and FM — fluorite cubic, tetragonal,
and monoclinic phases, respectively).

the region of coexistence of the cubic and tetragonal
phases. The resulting tetragonal phase is commonly
referred to as the metastable #-phase. It is believed
that the resulting compressive stresses improve the
mechanical properties of tetragonal zirconium dioxide
compared to fully stabilized (cubic) zirconium dioxide.
In the literature on the study of systems based on
zirconium oxide, two tetragonal phases ¢’ and ¢” have
been considered [4-6].

In the mechanical properties of single crystals
compared to that of ceramics, some features are
present that are not solely associated with the
absence of grain boundaries inherent in ceramics. The
fundamental fact is that the tetragonal phase forms a
domain microstructure in a single crystal [7].

The formation of the microstructure of single
crystals depends on the type and concentration
of the stabilizing oxides as well as on the residual
temperature stresses that occur during the growth
and cooling of the single crystal. However, the main
studies on the materials based on zirconium dioxide
have been conducted on polycrystalline samples. To
the best of our knowledge, no extensive study has
been conducted on the microstructure of the single
crystals of tetragonal zirconium dioxide from the
crystallographic point of view. Several questions
remain unclear. For example, how do the cubic and
tetragonal phases relate to each other in terms of
symmetry in the region of their coexistence after the
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phase transition; what is the law of symmetry among
the domains in the tetragonal phase. This study was
undertaken to obtain additional information about
the microstructure of the tetragonal phase based on
zirconium dioxide. The use of neutron diffraction, on
the one hand, was due to the comparable scattering
power of the elements that make up the crystal, and
consequently, the structural parameters of oxygen
atoms were accurately determined. On the other hand,
the large penetrating power of neutrons allowed us to
study relatively large samples with linear dimensions
up to several millimeters.

OBJECTIVES OF THE STUDY

1. To determine phase relations and crystallographic
characteristics for the microstructure of single crystals
grown by directed crystallization from the melts of
mixtures 97Zr0,3Y,0, and 88ZrO,12Y,0, with
different growth rates (10 and 40 mm/h).

2. To determine the oxygen content in samples with
3 mol % Y,0, and samples grown from the region with
12 mol % Y,0,, depending on the unit cell parameters of
the concentration.

3. To identify the crystallographic and crystal-

chemical correlations with the physicochemical
properties of single crystals.
EXPERIMENTAL

Growth of oxide single crystals
by directed crystallization using direct
high-frequency melting in a cold container

The crystals of partially and fully stabilized ZrO,
(3 and 12 mol % Y,0,) were grown by directed melt
crystallization in a cold container through direct high-
frequency heating using the Kristall-407 apparatus
(Physical Institute of the Russian Academy of Sciences,
Moscow, Russia) [2]. The growth rates varied from 10 to
40 mm/h. Moreover, the obtained crystals were 5-20 mm in
cross section and 40 mm in height. When the melt
was crystallized, the single crystals of ZrO, PSZD
(3 mol % Y,0,) at high temperature had a cubic structure
of the fluorite type, and as the temperature decreased,
they experienced polymorphic transformations according
to the phase diagram (Fig. 1). Furthermore, the external
shape of the crystal was preserved, similar to the shape
of a single crystal of a single-phase cubic solid solution
based on zirconium dioxide; however, unlike that of the
latter, which are optically transparent, the crystals of the
PSZD were opaque.

The composition of the crystals of the present work
was determined by the composition of the initial charge.
The variable parameter for single crystals with 3 mol %
Y,0, was the growth rate, which was 10 and 40 mm/h.
For the structural study, crystals with a diameter of 5 mm
were cut from large columnar crystals.

Neutron-diffraction installations

In the present work, using a high-resolution
neutron-diffraction setup for the interplanar distance was
necessary. This was caused by the need for the precise
measurement of the lattice parameters, a confident
separation of the phases formed in the system after the
phase transition during the growth of crystals according
to the measured parameters of the unit cell, and the
determination of the change in their ratio with varying
growth rates. Conversely, the knowledge of the unit cell
parameters with high accuracy enables the use of their
known dependence on the concentration to determine the
concentrations of the elements in the system and, first of
all, oxygen.

For high-resolution experiments, a high-resolution
Fourier diffractometer (HRFD) was used at the IBR-2
pulsed reactor in Dubna (Russia), and accordingly, the
neutron time-of-flight method [8, 9]. Previously, the
main axis was derived for the crystals on the neutron-
diffraction spectrometer, NPMS (neutron pulsed
magnetic spectrometer, Joint Institute for Nuclear
Research, Dubna, Russia) [10]. For the diffraction
studies of single crystals, a three-circle goniometer was
placed on the central table of the spectrometer, which
comprised a y-ring with a Euler saddle and the axes ¢
and ®. Thus, the crystal could be freely moved to any
reflecting position. The software enabled to search on
a crystal with an unknown crystallographic direction at
a given interplanar distance d [11]. The samples were
further processed on the goniometer of the HRFD
installation.

The distribution of atoms in the unit cell and
the distances among them are significantly important
characteristics that are associated with the basic
properties of the crystal. This problem was solved using
the constant wavelength method, and the experiment
was conducted on a neutronography unit for the study
of single crystals at the stationary water—water nuclear
reactor VVR-c in Obninsk (Russia) [12].

Microstructure, unit cell parameters, and phase
composition of the single crystals of the zirconium
oxide—yttrium oxide system

To understand the “crystallographic” state of the
crystals and microstructure (the phase ratio and the
model of crystal twinning after the phase transition),
the inverse lattice of the single crystals was initially
studied emplyoing a copper-based photomethod on an
X-ray Weissenberg installation (Fig. 2), and then, to
achieve a better resolution, on the neutron photomethod
installation (neutron Weissenberg installation, Hahn
and Meitner Institute, Berlin, Germany), and on
the “flat cone (E2)” installation (Hahn and Meitner
Institute, Berlin, Germany) on the constant power
reactor at the Berlin Neutron Center [13]. The geometry
of the diffraction reflection arrangement and the lattice
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parameters determined from the rotation neutronogram
as well as the “0” layer scan for a crystal with 12 mol %
Y,0, allowed us to establish that the studied crystals
had cubic symmetry, the lattice parameter a = 5.15 A,
and the reflection extinction law corresponded to the
Fm—3m space group. The rotation neutronogram and
the “0” layer scan (Fig. 3a and 3b) showed diffuse
scattering, which was caused by the defect structure of
the crystal.

The neutron diagram of the rotation and the zero
layer of the 3 mol % Y,O, crystal around the axis
[110] are shown in Fig. 3b and 3d. The calculation
showed that the period along this direction is doubled
with respect to the cubic cell. Also, the period along
the direction of the “a” axis on the zero-layer scan
was doubled for the cubic crystal when rotating along
the axis [110]. The observed geometry of the location
of reflexes in the back of the grid was suggested to be
due to a possible twinning in the expected tetragonal
phase after the phase transition from the cubic phase,
and the proposed twinning law is the rotation of the
axis of the direct lattice of a crystal by 90° around the
axis “a” and/or the axis “b.” The twinning scheme is
shown in Fig. 4.

No reflexes that could belong to the monoclinic
phase were observed. Based on the twinning law, we
expect a characteristic splitting of the reflexes along
the direction [4#00]. Notably, the splitting of reflexes
can only be observed on the high-resolution neutron-
diffraction patterns.

For this purpose, the diffraction spectra of (£00)
and (hh0) reflections from the single crystals with
a 3% Y,0, content grown at a growth rate of 10
and 40 mm/h, as well as from a single crystal with
a 12% Y,0, content, were measured on the HRFD
neutronography unit.

In the diffractograms for the tetragonal samples
(Fig. 5a and 5b), a splitting of the reflexes occurred.
However, the most intense peak (400) showed splitting,
not into the expected two, but three peaks. The data on
the interplanar distances calculated from the diffraction
spectrum along the direction [#00] and the corresponding
unit cell parameters are shown in Table 1. Based on the
phase diagram and the measured values of the parameters,
we propose a model for the coexistence of the tetragonal
and cubic phases in the sample under study. It is advisable
to compare the diffraction spectra for two samples with
3 mol % Y,0, (tetragonal + cubic phase) and samples
with 12 mol % Y,0,. Notably, according to the values of
the structural factors, a pure cubic sample with 12 mol %
Y,0, lacked reflex 600. In the tetragonal samples with
3 mol % Y0, with an admixture of the cubic phase, only
reflexes 600 and 006 belonging to the tetragonal phase
were present, and no reflex 600 from the cubic phase was
present. Further, in a tetragonal sample with an admixture
of'the cubic phase, the diffraction spectrum in the reflection
region 400 comprised three reflexes, of which two extreme
reflexes corresponded to the tetragonal reflexes 400 and
004, and one reflex in the center corresponded to the
position of the reflex 400 of the cubic phase.

Fig. 2. Weissenberg film of the layers (04/) of the (1 —x)ZrO,xY 0, crystal:
(a) x = 0.12, cubic phase; (b) x = 0.03, tetragonal phase.
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—x)Zr0,xY 0, single crystals:

(a, c¢) the neutronograms of the rotation of crystals with x = 0.12 (a) and 0.03 (c).
The axis of rotation [110]. Weisenberg neutron installation.
(b, d) scan “0” layer with x = 0.12 (b) and 0.03 (d). The axis of rotation [110].
The installation of E2. Flat cone neutron diffractometer.

The diffraction spectra showed that the content of
the cubic phase in the PSZD crystals with 3 mol % Y ,0,,
with the simultaneous presence of the tetragonal and
cubic phases, is noticeably high in crystals having the
growth rate of 10 mm/h. Notably, a special material
science study has shown thatthe growthrate of 10 mm/h
is optimal for obtaining PSZD crystals that have the
necessary functional and operational characteristics,
which should be, for example, a structural material for
an electrosurgical instrument [14].

According to the parameters of the unit cell
obtained in the present work (Table 1) using the
ratio a_, = 5.1063 + 0.200x, A, where x is the content of
Y,0, according to the formula (1 —x)ZrO, xYO, ; [15], the
concentration of yttrium oxide for the cubic phase was
determined. To determine the content of yttrium oxide
in the tetragonal phase (1 — x)ZrO,xY 0, the following
relations were proposed in [16]: a, = 5.060 + 0.6980x, A;

Cop = 5195 — 0.6180x, A. According to Table 1,
calculations based on these ratios afforded ~3 mol %
Y,0, for the cubic phase, and ~4 mol % Y,O, for the
tetragonal phase. Given the approximate nature of the
formulas, the contents of Y,O, in the two phases of the
samples under study were similar.

In general, during cooling, inthe region of 3-5mol% Y ,0,,
the crystal was stratified into cubic and tetragonal
phases with almost the same content of yttrium
oxide, ~3 mol % Y,0,. No traces of the monoclinic
phase were observed. Thus, the data of this study
are consistent with the data of [17], according to
which the monoclinic phase in the single crystals
grown from the melt appears only when the Y,0,
content is below 2.5 mol %. Further, as the present
study shows, the cubic and tetragonal phases are
strictly crystallographically oriented and coherently
connected by the planes of the {100} type.
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Fig. 4. Reciprocal lattice of the (1 —x)ZrO,xY 0, single
crystal with x = 0.03. Section /0/. Coherent coexistence
of tetragonal and cubic phases. The twinning law in the
tetragonal phase: rotation around the axis a (=b) by 90°.
Equivalent to the plane of symmetry m' = (110) in the
cubic phase. (1) The first component of the twin of the
tetragonal phase; (2) the cubic phase; and (3) the second
component of the twin of the tetragonal phase.

Displacements of oxygen atoms
from the main position in the cubic phase
For a detailed study on the structural features of
the solid solution of the zirconium oxide—yttrium oxide
system in the cubic phase, a neutron-structural study of
a single crystal with 12 mol % Y,0, was carried out.
The experiment was conducted on a stationary reactor
at the branch of the L.Y. Karpov Research Institute of

Physics and Chemistry in Obninsk, Russia. A set of integral
intensities of Bragg reflexes was obtained using a four-
circle neutron diffractometer “Syntex” from Syntex, USA.
The monochromatic wavelength was A = 1.167 A. After the
refinement of the positional and thermal parameters of
the structure by the least-squares method, the Fourier
difference syntheses of the nuclear density were
performed. In the Fourier difference syntheses of the
nuclear density (Fig. 6a and 6b) from a single crystal
of the cubic phase in the region of the main position of
the oxygen atom Ol1, additional peaks are noted with
the coordinates given in Tables 2a and 2b. That is, for
oxygen, not only a vacancy is present in its main position
8c but also embedded oxygen atoms O2, which were
displaced from the main position and located statistically
at position 48g and O3 at position 32f. A general view of
the structure with basic and displaced atoms is shown
in Fig. 7a. The 0.3 A displacements of O3 oxygen
atoms from the main position in the tetragonal phase
along the direction [100] (Fig. 7b and Table 3) were
also observed in the studies on polycrystals [18].

In [19], in addition to the displacement of oxygen
atoms, the displacement of zirconium atoms from their
main positions was also noted, and the short-range
order with displaced atoms in the averaged unit cell
was interpreted by the authors [19] as a solid solution
crystal memory of the equilibrium configuration of the
initial zirconium and yttrium oxides. The presence of the
statistical positions of oxygen atoms along the direction
[100] and [111] can be considered as the domain structure
of the anionic sublattice, which is usually associated with
the lighter direction of ion transport. In this case, these
displacements, established in the present work, assume
a two-dimensional grid of the movement of oxygen
ions from position 8c in the direction of position 48g
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Fig. 5. High-resolution diffraction spectra in the direction of [#00] for the (1 —x)ZrO,xY O, single crystals:
(a) x=10.03, 10 mm/h; (b) x = 0.03, 40 mm/h; and (¢) x = 0.12 mol.
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Table 1. Data on interplanar distances d and /___intensity maxima on diffraction reflexes,
which were obtained from the time-of-flight diffraction spectrum from the (1 —x)ZrO,xY 0, single crystal
with x = 0.03. HRFD. The direction of the <#00>. hkl indexes are given for the tetragonal setting

hkl d A I, a A
200 2.5498 3.385 5.0996
300 1.7134 0.500 5.1402
1.2934 19.439 5.1736
400 1.2795 31.287 5.1180
1.2745 75.891 5.0980
0.8623 2.650 5.1738
600
0.8499 1.442 5.0994
800 0.6375 3.565 5.1000
020 2.5491 2.858 5.0982
1.2927 33.530 5.1708
040 1.2799 32.471 5.1196
1.2745 74.292 5.0980
0.8619 10.074 5.1714
060
0.8496 3.759 5.0976
080 0.6375 5.601 5.1000
002 2.5475 1.335 5.0950
1.2919 28.905 5.1676
004 1.2792 25.943 5.1168
1.2738 60.040 5.0952
0.8619 6.993 5.1714
006
0.8492 2.181 5.0952
008 0.6371 6.118 5.0968

Table 2a. The coordinates x/a, y/b, and z/c of the atoms in the crystal structure
of the (1 —x)ZrO,xY O, crystal, x = 0.12

Atom x/a y/b Ze B(is/eq), A q N
71l 0 0 0 0.80(9) 0.8(14) Zr/0,2(13) (Y) 4a
o1 1/4 1/4 1/4 2.72(7) 0.80(2) (0) 8¢
02 0.122(24) 1/4 1/4 2.50(4) 0.008 (0) 48g
03 0.298(13) 12 12 2.52(4) 0.01 (0) 321

Note: B(is/eq) is the factor of the isotropic thermal vibrations of the atom, g is the population of the position of the atom,

and N is the designation and multiplicity of the position of the atom according to international tables.
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Table 2b. The distance between the atoms in the crystal structure of (1 —x)ZrO,xY,0,, x = 0.12, A

273
Atom 01 02 03
Zr(Y) 2.14; 2.23;2.30 1.93;2.67 2.13;2.66
al2 al2
2501 2.50]
2001 03 009 2.004
008 5 0.03
150] : 0os Lsol 0.02
%, 1 005 0.01
1004 am 005
. 1.00] 0.01
003 a 0.00
0% 03 ool 0.501 { 0.00
5 |
000 0% 50 % b2 00090 005 100 150 200 250 b/2
a b

Fig. 6. Crystal (1 —x)ZrO,xY O, with x = 0.12: (a) the difference Fourier synthesis of the nuclear density.
The cross section of the unit cell z/c = 0.20; (b) the difference Fourier synthesis of the nuclear density.
The cross section of the unit cell z/c = 0.25.

a

e O
@ =

Fig. 7. (a) Crystal structure of the (1 —x)ZrO,xY,0, with x = 0.12. Averaged unit cell (space group Fm—3m, a=5.143 A).
Disordering in the oxygen subcell: the main positions and embedded oxygen atoms are shown (the scale of the size

of oxygen atoms is especially reduced to show disordering in the oxygen subcell).

(b) Crystal structure of (1 —x)ZrO,xY,0, ¢ x = 0.03. (P4,/nmc, a=5.09, c = 5.17 A). Averaged unit cell.
The main positions and embedded oxygen atoms are shown (the scale of the size of oxygen atoms is especially reduced
to show the atoms in the oxygen subcell).

Table 3. The coordinates x/a, y/b, and z/c of the atoms in the crystal structure
of the (1 —x)ZrO,xY,0, crystal, x = 0.03. Space group P4,/nmc

Atom xla yib Ze B(is/eq), A> N
Zrl 3/4 1/4 3/4 0.52(9) 2
o1 1/4 1/4 0.4731(13) 22(2) 4

Note: B(is/eq) is the factor of the isotropic thermal vibrations of the atom; N is the designation and multiplicity of the position
of the atom according to international tables.
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and position 32f. However, this reasoning applies only to
single atoms; for example, to one of the 8 basic oxygen
atoms in the independent part of the unit cell, or one of
the 48 or 32 embedded oxygen atoms. As shown in the
structure of the unit cell shown in Fig. 6, all possible
directions of the general type <100> and «111> should be
considered.

MAIN RESULTS AND CONCLUSIONS

1. It was observed that when growing the single
crystals of the ZrO,~Y,O, system from the region of
the phase diagram with 3-5 mol % Y,0, at a growth
rate of 10 and 40 mm/h, the crystal stratified into cubic
and tetragonal phases. The ratio between the cubic and
tetragonal phases depends on the growth rate of single
crystals. At a growth rate of 40 mm/h, the content of the
cubic phase was insignificant.

2. It was observed that the microstructure of
the samples was characterized by the presence of a
composite structure comprising a micro-double structure
of tetragonal phases and coherently connected to it
along the planes of {100} cubic phases. The law of the
twinning of the tetragonal phase was the rotation of the
axis of the unit cell by 90° around the axis a (b).
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Abstract

Objectives. Ferroelectrically hard piezoelectric ceramics are in demand for high-power
applications in piezotransformers, ultrasonic emitters, and piezo motors, which requires a
combination of high piezoelectric characteristics and mechanical quality factors in it. The aim of
this research was to reveal the main regularities in the microstructure and functional characteristic
formation of ferroelectrically hard piezoceramics based on two widespread chemical systems,
Pb(zr Ti,_ )O, and (Na, K )NbO,, through various technological modes of production. In this
study, two fundamentally different technological ways of forming a dense microstructure on the
example of above systems have been employed to obtain the best set of dielectric, piezoelectric,
and mechanical parameters for practical applications. In the case of lead-containing ceramics,
various sintering technologies have been used, including conventional ceramic, hot pressing, and
spark plasma sintering.

Methods. The microstructure of the piezoelectric ceramics was investigated using electron
microscopy, and the functional characteristics were assessed in terms of mechanical and
piezoelectric properties. The density values were determined by hydrostatic weighing in octane, the
relative dielectric permittivity was measured using an LCR meter, and the values of the piezoelectric
coefficient and mechanical quality factor were gathered using the resonance—antiresonance method.
Results. This research has identified that spark plasma sintering technology makes it possible
to obtain high-density samples, which contain a homogeneous microstructure and double the
figure-of-merit values, for use in high-power piezoelectric devices that operate at piezoresonance
frequencies. It also found that the addition of a small amount of CuNb,O, (x = 0.025) to lead-
free solid solutions leads to the formation of a liquid phase during sintering, thereby creating a
compacted microstructure with relative density values (96%) that have practical limitations in
conventional ceramic technology. An increase in both the piezoelectric and mechanical properties,
which leads to a twofold increase in the values of the quality indicator, was also observed.
Conclusions. It is possible to increase, and even to double, the functional characteristics of both
lead-containing and lead-free ferroelectrically hard piezoceramics by varying the technology used
in the manufacturing process. By using spark plasma sintering technology with lead-containing
ceramics, it is possible to reduce the optimum sintering temperature by 200°C and the sintering
time by more than 20 times, thus reducing production costs.
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XapPaKTEPUCTUK CErHETOXKECTKOM NMbe30KEPAMUKH
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AHHOMAauus

Ienu. Cezremorkecmras Nbe3031eKmpuUeckast KepamurKa 8ocmpebosaHa npu co30aHuU ycmpoticma,
pabomarouux 8 CUNOBbIX PeIUMAX: Nbe30MPAHCEHOPMAMOPAX, YJAbMPA38YKO8bLX UIIYUAMENsX U
nvesodsuzamensix, umo mpedyem couemaHust 8 Hell 8bLCOKUX NbE30INEKMPUUECKUX XAPAKMEPUCNUK
u mexaruueckoii dobpomHocmu. B amoti pabome Ha npumepe 08Yx WUPOKO PACNPOCMPAHEHHbIX XU-
muueckux cucmem Pb(Zr Ti, JO, u (Na, K JNbO, npodemoHCmpuposaHsl NPUHUUNUALHO PA3IUUHbLE
XUMUKO-MexXHOoNI02uUeckue nymu hopMupo8aHust NIOMHOU MUKpOCMpPpYKmypbl U OOCMUIKEHUSL HAU-
AYUUUX, C MOUKU 3PEHUSL NPAKMUUECKUX NPUMEHEeHUT, HAb0po8 OUSEKMPUUECKUX, Nbe3091eKmpu-
YECKUX U MeXaHUUeCKUxX napamempos. B cryuae ceureycodeprcauieli kepamurku 6bLiu UCnoss308a-
Hbl PasiuuHble MEexXHOI02UU CNEeKAHUSL: 0ObIUHASL KepamMuuecKkadsl, 20psiuee npeccosaHue U UCKposoe
naazmeHHoe cnexkarue. [Ins nogbluleHust PYHKYUOHANbHBIX XapaKkmepucmuk 6eccsuHy080ll Kepa-
MuKuU 6bL1 8blOpaAH NYMb, CEA3AHHDLI ¢ dobaseHuem medscodeprkauiezo komnornerma CulNb,O, (x) K
ucxo0Hot cucmeme Huobama Hampusi-kanust. Llenvto Hacmosuueli pabomsl cmasio 8blsi8neHUe 0CHO8-
HbIX 3aKOHOMEpHOCMEll (hOPMUPOBAHUSL MUKPOCMPYKMYPbL U PYHKYUOHANIBHBLIX XAPAKMEPUCNUK
cezHemoskecmKoil kepamurku Ha ocHoge cucmem Pb(Zr Ti, O, u (Na, K JNbO,, npu eapuayuu mexHo-
JIO2UUECKUX PEIKUMO8 UX U320MOBNEHUSL.

Mamepuanst. Mukpocmpykmypa nbe3091eKmpuueckoli Kepamuku Ucciedo8andcb Memooom eK-
MPOHHOU MUKPOCKONUU, A (PYHKUUOHATbHLIE XAPAKMEPUCMUKU OUeHUBAIUCh NO NOKA3AMensim
MEXAHUUECKUX U Nbe30IeKMpPUUecKux ceoticms. 3HaueHUsT NI0MHOCMU ONpedessiiuct Memooom
2udpocmamuueckoz0 838eUULUBAHUSL 8 OKMAHE, OMHOCUMEbHASL OUSEKMPUUECKASL NPOHULAEMOCMb
6bLna usmepera ¢ nomowibto LCR-mempa, a 3HaueHust Nbe3021eKmpuueckozo KoagpguuueHma u me-
XaHuueckoli 006pomHocMuU YcmaHoeneHbl HA OCHOBAHUU Pe30HAHCHO-AHMUPE30HAHCHO20 MEemOood.
Pe3ynomamutl. YcmaHo8/1eHO, Umo npumeHeHUe MexXHOI02UU UCKPOBO20 NAA3ZMEHHO020 CNeKaHUS
no3gosisiem NoAYyUuums 8blCOKONIOMHbLEe 00pas3ybl ceuHeycooepiaueti Kepamuku ¢ 00HOPOOHOU
MuKpocmpykmypoii u bosee uem 8 08a pasa 803POCULUMU 3HAUSHUSIMU NOKA3AMENsT Kauecmaa
(figure-of-merit) 0n51 ee UCNOABL30BAHUSL 8 YCMPOUICMBAX CUNOB0U NbE30MexXHUKU, pabomarowux Ha
uacmomax nvesopesorarca. ObHapykeHo, umo dobaska Hebosrbuiozo koauuecmsa CulNb,O, (x = 0.025)
K becceuHyo8blm meepibimM pacmeopam Npueooum K odpa3oeaHuro 8 npoyecce CneKaHust JKUOKol
¢aswl, 8 pesynbmame uezo popmupyemest YniomHeHHAsE MUKPOCMpPYKmypa ¢ NpaKkmuuecku npe-
O0estbHbMU 0151 00bIMHOT KEpaMUUECKOU MexXHON02UU 3HAUEHUSLMU OMHOCUMeIbHOU niomHocmu (96%).
Habnrooaemest eo3pacmarue Kak Nbe302.1eKmpuieckux, max U MexaHUuueckux ceoticma, umo npueo-
oum K 08YKpamHoOMYy NOBbLULEHUIO 3HAUEHUL hoKa3amesist Kauecmsa.
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Bbl800bl. Bapuayust mexHON02UMeCKUX PeXKUMO8 U320MO8IeHUS. KaK C8UHeycooepIcauieti, marx u
6ecceuHU080TL cezHemorKecmKoli Nbe30KepaMUKU NO380.151lem CYyuLeCmeeHHO (8 08a pasa) no8blcUMb
ee PYHKUUOHAIbHbLEe xapakmepucmuku. HcnonwssogaHue memooa UCKpOo8020 NIA3MEHHO020 CneKa-
HUSL NPU U320MOBJIeHUUU CEUHeUco0epIKauLellT KepamuKku cnocobcmeayem COKpauleHUr0 KaK onmu-
ManbHOU memnepamypel npouecca Ha 200 °C, mak u npodooKUmMebHOCMU U30mepMuUeckoli 8ol-
Odepokru 6oree uem 6 20 pas. Tarxoil npuem cyuecmseHHO CHU Kaem npou3eo0CmaeHHble 3ampamal.

Knroueevle cnosa: neesoKepamurKa, mexHosiocuslt cneKkaHusl, ucCKkpoeoe njlasmeHHoe cneKkaHue,
MmuUuKpocmpyKkmypa, novesosjsieKkmpuuecKue ceoﬂcmea, mexaHuuecrKkasi do6pomHocmb, JKuoxkue

Cpa3bl., norxKasameJio Kauecmaea

Ana yumuposanusa: Tananos M.B., MapaxoBckuit M.A. XUMHKO-TE€XHOJOIHUYECKUE aCIEKThl IOBBIIIEHUS QyHK-
LUOHAJIbHBIX XapaKTePUCTUK CErHETOXECTKOH Nbe3oKkepaMUuku. Tonkue xumuueckue mexnonozcuu. 2021;16(1):67-75.

https://doi.org/10.32362/2410-6593-2021-16-1-67-75

INTRODUCTION

In recent decades, ceramics based on the
Pb(Zr Ti, )O, (PZT) system have become the most
popular piezoelectric materials in industry and
technology [1]. Through chemical modification of
the PZT system, it has been possible to obtain a large
number of solid solutions that demonstrate a variety
of physical properties. Depending on the chosen
modifier, ceramic solid solutions can have both
ferroelectrically soft and hard properties. The former
are observed in solid solutions in which the Zr* and
Ti*" ions have been partially replaced by ions with a
higher formal valence (e.g., Nb>*, Sb>*, or W¢"), while
in the latter, they are replaced by ions with a lower
valence (e.g., Fe* or Mn?") [ 1-4]. Cardinal differences
in the physical properties of piezomaterials determine
the range of their practical applications. Thus, the
creation of high-voltage equipment (such as ultrasonic
emitters, piezotransformers, and piezomotors),
requires ferroelectrically hard piezoceramics that
combine high piezoelectric parameters (piezoelectric
coefficients d,, and d,, planar and thickness
coefficients of electromechanical coupling K and
K) with a mechanical quality factor (Q ) and low
values for the tangent of the dielectric loss angle (tgd)
[5, 6]. However, the role of technological factors in
the formation of the microstructure and the functional
characteristics of ferroelectrically hard ceramics has
been researched to a much lesser extent than in the
case of ferroelectrically soft materials. This is largely
on account of differences in the influence of the
defect subsystem on the growth of crystallites during
sintering. In ferroelectrically hard ceramics based on
PZT, aslow grain growth is observed [1]; however, the

choice of sintering technology and modes can affect
the functional characteristics of ferroelectrically hard
ceramics based on PZT [7].

The study of lead-free solid solutions with
properties similar to PZT ceramics is an important area
of research regarding the creation of ferroelectrically
hard piezomaterials, given that PZT ceramics
contain a substantial amount of lead, an extremely
toxic element. One of the most promising lead-
free systems is the solid solution of (Na,_,K )NbO,
(KNN) [1], which is characterized by its relatively
high values of piezoelectric response (d,, ~ 80 pC/N,
Kp ~0.36) [8]. To increase the hardness of KNN-based
ceramics, Cu?’ ions are introduced into the perovskite
structure in the form of various compounds (CuO,
K;,Cu ,Ta O,, K,CuNb.O,,, and CuNb,O/) [9-11],
which form liquid phases during sintering. This results
in a significant decrease in the optimal sintering
temperatures, the preservation of the stoichiometry of
a given composition, and an increase in the relative
densities of ceramics. It also produces a significant
increase in the mechanical quality factor Q , which
favors the use of KNN systems in ultrasonic emitters
for medical devices and high-power piezotechnics.

Analysis of the literature demonstrates that there
are fundamental differences in the most common
technological approaches to improving the functional
characteristics of lead-containing (based on PZT)
and lead-free (based on KNN) ferroelectrically hard
ceramics. Thus, the purpose of this study is to identify
the main regularities involved in the formation of the
microstructure of ferroelectrically hard ceramics,
based on both the PZT and KNN systems, through
variations in the technological modes of their
manufacture.
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EXPERIMENTAL

The study investigates the ferroelectrically hard
ceramics of two systems:

PbZrO,—PbTiO,—Pb(Mn Nb, )O.—Pb(Zn, Nb, )O,
and 0.5NaNbO,~(0.5-2x)KNbO,;~CuNb,O,.

In the lead-free ceramics, the concentration of
CuNb,O, (x) varied: x = 0.025, 0.050, and 0.075. The
details of the solid-phase synthesis of PZT and KNN-
based compounds are described in [12] and [13],
respectively.

The sintering of lead-containing samples was carried
out in accordance with the following technologies:

— sintering in the chamber furnace Nabertherm
L5/13/P330  (Nabertherm  GmbH, Germany) at
atmospheric pressure (ATM) and sintering temperatures
T, =1150-1200°C;

— sintering by hot pressing (HP) with uniaxial
pressure on the USSK-1 installation (Piezopribor
SBDT, Southern Federal University, Russia) at sintering
temperatures 7, = 1125-1175°C;

— spark plasma sintering (SPS) in a vacuum at
uniaxial pressure and current pulses on the SPS5158S unit
(Fuji Electronic Industrial Co., Ltd., Japan) at sintering
temperatures 7, = 930-970°C.

Sintering of lead-free samples with different
concentrations of CuNb,O, (x) was carried out using
conventional ceramic technology at 7, = 1100-1170°C.

The control of the completeness of the sintering process
ofthe studied ceramics was carried outaccording to the results
of X-ray phase analysis (ARL X'TRA diffractometers
(Thermo Fisher Scientific, Switzerland) and DRON-3.0
(RPE Burevestnik, Russia)), microstructure images (JEOL
JSM-6390LA scanning electron microscopes (JEOL,
Japan) and Hitachi TM1000 (HITACHI, Japan)), and by
the values of the density of sintered piezoelectric ceramics,
determined by hydrostatic weighing in octane. In the lead-
containing samples, X-ray patterns identified a tetragonal
crystal structure and showed no trace of impurity phases
[12]. Lead-free solid solutions have orthorhombic
symmetry with a monoclinic perovskite subcell, and the
content of the low-melting impurity phase depends on the
concentration of CuNb,O, [13].

Disks with a diameter of 10 mm and a thickness of
1 mm, with silver-containing electrodes applied to the
end parts, were used as measuring samples. The main
electrophysical characteristics (dy,, K, Q) of the pre-
polarized samples were determined at room temperature
using a precision impedance meter, Wayne Kerr 6500V
(Wayne Kerr Electronics, UK), in accordance with
OST 11 0444 87. The values of the relative permittivity
of the polarized samples (e',,/¢ ) and tgd were measured
using a bench that included the LCR-meter Agilent
E4980A (Agilent Technologies, USA). The piezoelectric
coefficient d,, was measured using the APC d,,-meter
system (APC International, Ltd., USA).

RESULTS AND DISCUSSION

Ferroelectrically hard ceramics
based on PZT system

Figure 1 contains images of the microstructure of
ferroelectrically hard ceramics based on the PZT system
that have been sintered in various ways. A polydisperse
grain structure with pore-like inclusions was observed
in the ceramic samples sintered at 1150°C (Fig. 1a).
When sintering is undertaken using conventional
ceramic technology, a strongly pronounced secondary
recrystallization, which increases with higher T
values, is observed (Fig. 1b). In samples sintered at
1200°C (Fig. 1c), a significant amount of the glass
phase is observed. The formation of this glass phase
leads to a decrease in the experimental density and
piezoelectric characteristics (Table 1); at the same time,
the values of the mechanical quality factor increase by
more than 15% relative to the values observed in the
samples with the maximum density (at 7, = 1170°C).
Note that residual porosity is observed throughout the
entire temperature range of ceramic sintering.

Ceramic samples obtained by the HP method
(Fig. 1d-f) do not contain visible residual pores and
have a dense structure on account of the mechanical
pressure applied during sintering. However, secondary
recrystallization is produced as a result of the high
temperature (above 1100°C) and the long duration
of the sintering process (12 h). Note that this process
causes the growth of large crystallites (Fig. 1f), which
can reach the size of about 20 um, on the surface
of which small shells are visible-places of local
melting of the liquid phase. The formation of an
inhomogeneous large-crystal microstructure leads to
a decrease in the experimental density and in all the
main functional characteristics (Table 1).

All of the ceramic samples sintered by the SPS
method had a homogeneous microstructure, with
grain sizes not exceeding 5 um and no visible glass
phase inclusions (Fig. 1g—i). It would appear that
such a fine-grained microstructure of ceramics is the
result of the mechanical pressure applied during the
sintering process and its short duration. Note that an
increase in the sintering temperature to 970°C did
not lead to a significant increase in the average grain
size, but rather an increase in the degree of perfection
of the crystallites’ shape; at the same time, there was
an increase in the experimental density value and in
all the main functional characteristics (Table 1). An
increase in the sintering temperature was seen to have
the greatest effect on the increase in the dielectric
properties; there was an increase of more than 30%
when the T changed from 930 to 970°C. This may
be due to a change in the electrical conductivity
of the grain boundaries, but this requires further
investigation using dielectric spectroscopy.
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1125°C

950°C

Fig. 1. Fragments of the microstructure of PZT-based ceramics sintered using various technologies:
ATM (a—c), HP (d—f), and SPS (g—i).

Table 1. Experimental density and main dielectric, piezoelectric, and mechanical characteristics
of ferroelectrically hard ceramics based on PZT sintered using various technologies

Shient | et | vt | e | aeen 0,
1150 7.73 1292 115 449

ATM 1170 7.80 1307 125 538
1200 7.78 1297 119 624

1125 7.67 1399 122 545

HP 1150 7.72 1415 130 644
1175 7.70 1387 127 576

930 7.91 1153 119 912

SPS 950 7.94 1349 127 1012
970 7.98 1514 129 1090
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The choice of sintering technology and mode had
the greatest impact on the mechanical quality factor
values: in the case of ceramics sintered by the SPS
method, O exceeds 1000, which is 70-140% more
than the values typically found in the other samples
(Table 1). At the same time, the differences in the d,,
values of samples sintered using different technologies
(but with optimal 7, ) do not exceed the experimental
error. When compared with ceramics sintered using
conventional ceramic technology, those sintered by
the SPS method are characterized by more than twice
the figure-of-merit values, FOM = K*-Q_ (where, K is
one of the coefficients of electromechanical coupling,
depending on the type of device) [14].

The most significant factors that affect the
manifestation of physical properties were identified
through analysis of data published in literature
that is devoted to the establishment of correlations
between the technology of ceramic manufacturing,
the average size of crystallites, and the macroscopic
responses (dielectric, piezoelectric, mechanical) of
piezoceramics [15—17]. These include changes in the
configuration and size of domains and in the pinning
effect of domain walls, which can be enhanced
both by increasing the concentration of oxygen
vacancies and by reducing the size of crystallites,
thus increasing the area of intercrystalline boundaries
that can also act as pinning centers [17]. However,
in this case, a sharp increase in Q_ did not result in
a decrease in the d,, values. The ceramics sintered
by the SPS and ATM methods were characterized by
the very close parameters of the dielectric hysteresis
loops [18], which indicates the absence of any
significant rearrangement of the domain structure.
It is possible that a change in sintering modes can

lead to the development of several processes that
affect macroscopic responses in different ways,
for example, to an increase in the density of the
boundaries of 90° domains [15] and to an increase in
pinning by intercrystalline boundaries with a decrease
in the average grain size. Note that, to date, there is
no unambiguous understanding of the relationship
between the size of the crystallites and the behavior
of their dielectric and piezoelectric properties, while
the established correlations even within a single PZT
chemical system are contradictory [19].

Ferroelectrically hard ceramics
based on the KNN system

Figure 2 shows images of the microstructure
of ferroelectrically hard ceramics based on the
KNN system that contain different concentrations
of CuNb,O, (x). It can be seen that the addition of
even a small amount of CuNb,O, (Fig. 2a and 2b)
leads to the formation of a compacted microstructure
that includes a significant glass phase content and
large individual crystallites. As shown in [13], the
addition of CuNb,O, to the KNN system leads to the
appearance of the impurity phase K,CuNb,O,,. This
compound has a low melting point (1050°C), which
contributes to the formation of liquid phases during
sintering, and as a result, it increases the density of
ceramics [20]. The relative density of samples with
x=0.025 reaches 96%, which is almost the limit result
for unmodified KNN ceramics, even when using SPS
[21]. As a result, it is possible to obtain an increase of
~10% in the dielectric and piezoelectric characteristics
and an increase of 60% in the mechanical quality
factor (see Table 2) when compared to unmodified
KNN ceramics sintered using conventional ceramic
technology [8]).

x=0.025

x=0.050

x=0.075

Fig. 2. Fragments of the microstructure of KNN-based ceramics with different concentrations of CuNb,O, (x).
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Table 2. Experimental density and main dielectric, piezoelectric, and mechanical characteristics

of ferroelectrically hard ceramics based on KNN
with different concentrations of CuNb,O, (x)

X Density, g/cm? g /g, d_, pC/N 0.

0.025 4.36 343 88 211

0.050 3.65 253 43 314

0.075 3.55 332 26 290
Further increases in the concentration of sintering technologies were used: ATM, HP, and SPS.

CuNb,O,, to x = 0.050 (Fig. 2¢ and 2d) and 0.075
(Fig. 2e and 2f), led to a spur increase in the content of
the impurity phase[13]and a significant decrease in the
relative density of ceramics to values below 80%. At the
same time, individual cubic-shaped crystallites, with sizes
exceeding 20 um, were observed (Fig. 2¢ and 2d); this is
typically seen in KNN ceramics with Cu-containing
additives that form liquid phases [10, 11, 22]. The
ceramics of both compositions are characterized by
the accumulation of pores around large crystallites,
which is likely to be the result of excessive growth
that occurred due to the liquid phase, in place of
which numerous voids were subsequently formed. As
shown in [23], which uses the example of AL,O, with
CaO and TiO, additives that provoke the formation
of liquid phases during sintering, an increase in the
content of the TiO, additives leads to a sharp increase
in the number of crystallites, which prevents their
excessive growth and contributes to the formation of
a more homogeneous microstructure (Fig. 2e and 2f).
When x increases, there is a sharp drop in the values
of the piezoelectric parameters, while the value of O
increases by 50% (Table 2).

Note that in this paper, KNN-based ceramics
are made by solid-phase synthesis and are sintered
using conventional ceramic technology. However,
the use of HP and SPS technologies makes it
possible to significantly increase the values of the
main piezoelectric characteristics of unmodified
KNN ceramics, with the value of d,, doubling. For
this reason, further study is required with regard to
the effect of sintering modes on the properties of
ferroelectrically hard ceramics that are based on KNN
with CuNb,O, additives.

CONCLUSIONS

This paper studies the microstructure features of
ferroelectrically hard piezoceramics based on PZT
and KNN systems with variations in the chemical
and technological modes of their manufacture. In
the case of lead-containing ceramics, three different

Within each of these, the production modes were
optimized in order to obtain samples that had the
maximum density and best combinations of functional
characteristics. It has been established that SPS is
the optimal technology for the application of the
studied ferroelectrically hard ceramics in high-power
piezotechnics devices operating at piezoresonance
frequencies. Ceramics sintered by this method are
characterized by a high density, a homogeneous
microstructure, and an increase of more than twice
the amount of FOM values in comparison with those
sintered by conventional ceramic technology. In
addition, the use of SPS allowed a reduction of 200°C
in the optimal sintering temperature and reduced the
sintering time by more than 20 times, which reduces
production costs. This technology can also be used
in the manufacture of multilayer converters with a
low-voltage control, in which the sintering of ceramic
layers and the burning of conductive electrodes are
combined in one technological operation.

This paper takes a new approach to studying
improvements in the functional characteristics of
lead-free ceramics, by adding a copper-containing
additive CuNb,O, (x) to the base KNN system, which
contributes to the appearance of liquid phases during
sintering. It was found that, at x = 0.025, a compacted
microstructure is formed with relative density values
(96%) that have practical limitations in conventional
ceramic technology. As a result, there is an increase
in both the piezoelectric and mechanical properties,
which leads to a twofold increase in the values of the
FOM when compared to KNN ceramics. This offers
an opportunity for further research on the choice of
technology and modes of sintering lead-free ceramics
based on the system considered in this paper.

Thus, on the basis of the performed research,
it has been established that the choice of chemical
and technological modes of manufacturing both
lead-containing and lead-free ferroelectrically hard
piezoceramics can significantly (twice) increase its
functional characteristics.

Toukue xuMmudeckue TexHoaoruu = Fine Chemical Technologies. 2021;16(1):67-75

73



Chemical and technological aspects of increasing the functional characteristics ...

Acknowledgments
The authors are grateful to G.M. Konstantinov for
obtaining microstructure images of lead-free ceramics. The
study was carried out with the financial support of the Ministry
of Science and Higher Education of the Russian Federation
(State task in the field of scientific activity, scientific project
No. 0852-2020-0032), (BAZ0110/20-3-071F).

Authors’ contribution
M.V. Talanov — production and experimental study
of dielectric and piezoelectric properties of ceramic samples,
interpretation of experimental results, writing the text of the article;

REFERENCES

1. Jaffe B., Cook W.R., Jaffe H. Piezoelectric Ceramics.
New York: Academic Press; 1971. 317 p.

2. Tan Q., Li J., Viehland D. Role of lower valent
substituent-oxygen vacancy complexes in polarization pinning
in potassium-modified lead zirconate titanate. Appl. Phys. Lett.
1999;75(3):418-420. https://doi.org/10.1063/1.124394

3. Feng Y., Wu J., Chi Q., Li W, Yu Y., Fei W. Defects
and Aliovalent Doping Engineering in Electroceramics.
Chem. Rev. 2020;120(3):1710-1787. https://doi.org/10.1021/acs.
chemrev.9b00507

4. Fesenko E.G., Dantsiger A.Ya., Razumovskaya O.N.
Novye p’ezokeramicheskie materialy (New piezoceramic materials).
Rostov-on-Don: Rostov University; 1983.160 p. (in Russ.).

5. Zhang S., Xia R., Lebrun L., Anderson D., Shrout
T.R. Piezoelectric materials for high power, high temperature
applications. Mater. Lett. 2005;59(27):3471-3475. https://doi.
org/10.1016/j.matlet.2005.06.016

6. Lee H.J., Zhang S., Bar-Cohen Y., Sherrit S.
High Temperature, High Power Piezoelectric Composite
Transducers. Sensors. 2014;14(8):14526—14552. https://doi.
org/10.3390/5140814526

7. Kamel T.M., de With G. Poling of hard ferroelectric
PZT ceramics. J. Europ. Ceram. Soc. 2008;28(9):1827—-1838.
https://doi.org/10.1016/j.jeurceramsoc.2007.11.023

8. Egerton L., Dillon D. M. Piezoelectric and Dielectric
Properties of Ceramics in the System Potassium Sodium
Niobate. J. Am. Ceram. Soc. 1959;42(9):438-442. https://doi.
org/10.1111/j.1151-2916.1959.tb12971.x

9. Yang M.-R., Tsai C.-C., Hong C.-S., Chu S.-Y,,
Yang S.-L. Piezoelectric and ferroelectric properties of CN-
doped (K, Na  )NbO, lead-free ceramics. J. Appl. Phys.
2010;108(9):094103. https://doi.org/10.1063/1.3493732

10. Park B.C., Hong LK., Jang H.D., Tran V.D.N., Tai
W.P,, Lee J.-S. Highly enhanced mechanical quality factor in
lead-free (K, ;Na, )NbO, piezoelectric ceramics by co-doping
with K Cu, ,Ta, O,;and CuO. Mater. Lett. 2010;64(14):1577—
1579. https://doi.org/10.1016/j.matlet.2010.04.031

M.A. Marakhovsky — production and experimental
study of the dielectric and piezoelectric properties of ceramic
samples, study, and description of the microstructure of
ceramics based on the lead =zirconate—titanate system,
discussion of measurement results.

The authors declare no conflicts of interest.

11. Park H.-Y., Choi J.-Y., Choi M.-K., Cho K.-H.,
Nahm S., Lee H.-G., Kang H.-W. Effect of CuO on the
Sintering Temperature and Piezoelectric Properties of
(Na, K JNbO, Lead-Free Piezoelectric Ceramics. J.
Am. Ceram. Soc. 2008;91(7):2374-2377. https://doi.
org/10.1111/j.1551-2916.2008.02408.x

12. Marakhovsky M.A., Panich A.A., Talanov M.V,
Marakhovskiy V.A. Study of the influence of technological factors
on improving the efficiency of ferroelectrically hard piezoceramic
material PCR-8. Ferroelectrics. 2020;560(1):1-6. https://doi.org/
10.1080/00150193.2020.1722875

13. Talanov M.V., Shikina L.A., Reznichenko L.A.
Synthesis and properties of Na, K NbO,-based solid
solutions in the CuNb,0,~NaNbO,-KNbO, system. Inorg.
Mater.  2016;52(10)1063—-1069.  https://doi.org/10.1134/
S0020168516100186

[Original Russian Text: Talanov M.V., Shikina L.A.,
Reznichenko L.A. Synthesis and properties of Na, K NbO,-
based solid solutions in the CuNb,0,-NaNbO,-KNbO,
system. Neorgan. Materialy. 2016;52(10):1134-1140 (in Russ.).
https://doi.org/10.7868/S0002337X16100183]

14. Rodel J., Webber K.G., Dittmer R., Jo W,
Kimura M., Damjanovic D. Transferring lead-free
piezoelectric ceramics into application. J. Europ. Ceram.
Soc., 2015;35(6):1659-1681. https://doi.org/10.1016/].
jeurceramsoc.2014.12.013

15. Zheng P., Zhang J.L., Tan Y.Q., Wang C.L. Grain-
size effects on dielectric and piezoelectric properties of poled
BaTiO, ceramics. Acta Materialia. 2012;60(13-14):5022—
5033. https://doi.org/10.1016/j.actamat.2012.06.015

16. Huan Y., Wang X., Fang J., Li L. Grain size effect on
piezoelectric and ferroelectric properties of BaTiO, ceramics.
J. Europ. Ceram. Soc. 2014;34(5):1445-1448. https://doi.
org/10.1016/j.jeurceramsoc.2013.11.030

17. Sakaki C., Newalkar B.L., Komarneni S., Uchino
K. Grain Size Dependence of High Power Piezoelectric
Characteristics in Nb Doped Lead Zirconate Titanate Oxide
Ceramics. Jpn. J. Appl. Phys. 2001;40(12R):6907-6910.
https://doi.org/10.1143/JJAP.40.6907

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(1):67-75

74


https://doi.org/10.1063/1.124394
https://doi.org/10.1021/acs.chemrev.9b00507
https://doi.org/10.1021/acs.chemrev.9b00507
https://doi.org/10.1016/j.matlet.2005.06.016
https://doi.org/10.1016/j.matlet.2005.06.016
https://doi.org/10.3390/s140814526
https://doi.org/10.3390/s140814526
https://doi.org/10.1016/j.jeurceramsoc.2007.11.023
https://doi.org/10.1111/j.1151-2916.1959.tb12971.x
https://doi.org/10.1111/j.1151-2916.1959.tb12971.x
https://doi.org/10.1063/1.3493732
https://doi.org/10.1016/j.matlet.2010.04.031
https://doi.org/10.1111/j.1551-2916.2008.02408.x
https://doi.org/10.1111/j.1551-2916.2008.02408.x
https://doi.org/10.1080/00150193.2020.1722875
https://doi.org/10.1080/00150193.2020.1722875
https://doi.org/10.1134/S0020168516100186
https://doi.org/10.1134/S0020168516100186
https://doi.org/10.7868/S0002337X16100183
https://doi.org/10.1016/j.jeurceramsoc.2014.12.013
https://doi.org/10.1016/j.jeurceramsoc.2014.12.013
https://doi.org/10.1016/j.actamat.2012.06.015
https://doi.org/10.1016/j.jeurceramsoc.2013.11.030
https://doi.org/10.1016/j.jeurceramsoc.2013.11.030
https://doi.org/10.1143/JJAP.40.6907

Mikhail V. Talanov, Mikhail A. Marakhovskiy

18. Marakhovskiy M.A., Panich A.A., Talanov M.V,
Marakhovskiy V.A. Effect of the Type of Sintering on the
Dielectric Hysteresis of a Hard Piezoceramic Material based
on Lead Zirconate Titanate. Bull. Russ. RAS. Sciences:
Physics.  2020;84(11):1419-1421.  https://doi.org/10.3103/
S1062873820110179

[Original Russian Text: Marakhovskiy M.A., Panich
A.A., Talanov M. V., Marakhovskiy V.A. Effect of the Type of
Sintering on the Dielectric Hysteresis of a Hard Piezoceramic
Material based on Lead Zirconate Titanate. lzv. RAN.
Seriya Fizicheskaya. 2020;84(11):1667-1669. https://doi.
org/10.31857/S0367676520110186]

19. Randall C.A., Kim N., Kucera J.-P., Cao W., Shrout
T.R. Intrinsic and Extrinsic Size Effects in Fine-Grained
Morphotropic-Phase-Boundary Lead Zirconate Titanate
Ceramics. J. Am. Ceram. Soc. 1998;81(3):677—-688. https://
doi.org/10.1111/j.1151-2916.1998.tb02389.x

20. Matsubara M., Yamaguchi T., Sakamoto W., Kikuta
K., Yogo T., Hirano S. Processing and Piezoelectric Properties
of Lead-Free (K,Na)(Nb,Ta) O, Ceramics. J. Am. Ceram.
Soc. 2005;88(5):1190-1196. https://doi.org/10.1111/j.1551-
2916.2005.00229.x

About the authors:

21.Zhang B.P., LiJ.-F., Wang K., Zhang H. Compositional
Dependence of Piezoelectric Properties in Na K,_ NbO, Lead-
Free Ceramics Prepared by Spark Plasma Sintering. J. Am.
Ceram. Soc. 2006;89(5):1605-1609. https://doi.org/10.1111/
j-1551-2916.2006.00960.x

22. Ahn C.-W., Lee H.-Y., Han G., Zhang S., Choi S.-
Y., Choi J.-]., Kim J.-W., Yoon W.-H., Choi J.-H., Park D.-S.,
Hahn B.-D., Ryu J. Self-Growth of Centimeter-Scale Single
Crystals by Normal Sintering Process in Modified Potassium
Sodium Niobate Ceramics. Sci. Rep. 2015;5:17656. https://doi.
org/10.1038/srep17656

23. Hong S.H., Kim D.Y. Effect of Liquid Content on
the Abnormal Grain Growth of Alumina. J. Am. Ceram. Soc.
2001;84(7):1597-1600. https://doi.org/10.1111/j.1151-2916.2001.
tb00883.x

Mikhail V. Talanov, Cand. Sci. (Phys.—Math.), Leading Researcher, Research Institute of Physics, Southern Federal
University (194, Stachki pr., Rostov-on-Don, 344090, Russia). E-mail: mvtalanov@gmail.com. Scopus Author ID 53164920700,
Researcher ID P-8971-2019, https://orcid.org/0000-0002-5416-9579

Mikhail A. Marakhovskiy, Cand. Sci. (Eng.), Head of Sector, Scientific Design and Technological Bureau Piezopribor,
Southern Federal University (10, Milchakova ul, Rostov-on-Don, 344090, Russia). E-mail: marmisha@mail.ru. Scopus Author ID

57210826910.

06 aemopax:

Tananoe Muxaun Banepveeuu, x.}.-M.H., BeAyIHii HAyYHBIA COTPYIHUK HaydHO-HMCCIe0BaTENbCKOIO HHCTHTYTA
¢dmsuku OxHoTO eneparpHoro yausepeuteta (344090, Poccus, . Pocto-Ha-J{ony, np-T Cravkw, 1. 194). E-mail: mvtalanov(@gmail.com.
Scopus Author ID 53164920700, Researcher ID P-8971-2019, https://orcid.org/0000-0002-5416-9579

Mapaxoeckuit Muxaun Anexceeeuu, K.T.H., HAYaIbHUK cekTopa HaydHOro KOHCTPYKTOPCKO-TEXHOIOTHYECKO-
ro 6topo «IIke3zompubdopy FOxuoro denepansHoro yuusepcutera (344090, Poccus, . PoctoB-nHa-J{ony, yi. Munsuakosa, 1. 10).

E-mail: marmisha@mail.ru. Scopus Author ID 57210826910.

The article was submitted: October 28, 2020; approved after reviewing: January 006, 2021; accepted for publication: February 03, 2021.

Translated from Russian into English by N. Isaeva

Edited for English language and spelling by Enago, an editing brand of Crimson Interactive Inc.

Toukue xuMmudeckue TexHoaoruu = Fine Chemical Technologies. 2021;16(1):67-75

75


https://doi.org/10.3103/S1062873820110179
https://doi.org/10.3103/S1062873820110179
https://doi.org/10.31857/S0367676520110186
https://doi.org/10.31857/S0367676520110186
https://doi.org/10.1111/j.1151-2916.1998.tb02389.x
https://doi.org/10.1111/j.1151-2916.1998.tb02389.x
https://doi.org/10.1111/j.1551-2916.2005.00229.x
https://doi.org/10.1111/j.1551-2916.2005.00229.x
https://doi.org/10.1111/j.1551-2916.2006.00960.x
https://doi.org/10.1111/j.1551-2916.2006.00960.x
https://doi.org/10.1038/srep17656
https://doi.org/10.1038/srep17656
https://doi.org/10.1111/j.1151-2916.2001.tb00883.x
https://doi.org/10.1111/j.1151-2916.2001.tb00883.x

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(1):76-87

ANALYTICAL METHODS IN CHEMISTRY
AND CHEMICAL TECHNOLOGY

AHAANTHYECKHE METO/bI
B XHMHHU U XHMHYECKOH TEXHOAOI'HHA

ISSN 2686-7575 (Online)
https://doi.org/ 10.32362/2410-6593-2021-16-1-76-87 [@)sy |
UDC 543.51:543.544.53

RESEARCH ARTICLE

Comparing the original and biosimilar biotherapeutics
of the monoclonal antibody eculizumab by intact mass
measurement and middle-up mass spectrometry analysis

Maksim B. Degterev?, Rakhim R. Shukurov

International Biotechnology Center Generium, Volginskiy, Viadimir oblast, 601125 Russia
@Corresponding author, e-mail: degterev@ibcgenerium.ru

Abstract

Objectives. In this biosimilar research, we compare the monoclonal antibody eculizumab
obtained from different drugs [original Soliris® (Alexion Pharmaceuticals) and candidate Elizaria®
(Generium)] by intact mass measurement and middle-up mass spectrometry analysis to enhance
the role of mass spectrometry methods in biopharmaceutical development processes.

Methods. The intact mass measurement is performed using a high-resolution ESI-MS. The
middle-up analysis is performed by reversed-phase high-performance liquid chromatography
with ESI-MS detection, subsequent IdeS treatment of antibodies, and disulfide bond reduction.
Results. We have shown some small differences between the original and candidate drugs in
the minor glycans level. Man5 glycan is only found in the original Soliris, and GO is only found
in the Elizaria. Glycation sites are also found in the light chain and Fd subunits of the original
Soliris. The glycation level does not exceed 4.4%. The non-clipped C-end lysine level and GOF
glycan levels are slightly lower in the original Soliris. All registered differences are not crucial
for eculizumab’s quality and do not affect its effectiveness and preclinical safety. Generally, the
results show a high level of similarity between the original and candidate drugs.

Conclusions. The comparative mass spectrometry analysis of eculizumab in the original Soliris
and Elizaria allows us to estimate their high degree of similarity by molecular masses and major
modification profiles.
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HAYYHAS CTATbBA

CpaBHeHHE OPUTHHAIBLHOIO U 0MOAHAJIOTMYHOIO MPENapaToB
MOHOKJIOHAJIbHOI0 AHTUTEJIA IKYJIM3yMa0 MeToIaMH
MACC-CIIEKTPOMETPHUM MHTAKTHOIO 0JIKA U «C CePeIUHbI BBEPX»

M.B. OerrepeB, P.P. lllykypos

MerkoyHapooHblii buomexHooeuveckuil yenmp « eHepuym», Braoumupckas obnacme, IlemyuuuHcKuti
patioH, noc. Bonweurckuil, 601125 Poccust
@Aemop ona nepenucku, e-mail: degterev@ibcgenerium.ru

AHHOMAuuUst

ITenu. B yensx uccnedogarust 6UOAHAN02UUHOCMU, O MAKHE 8HEOPEHUsL MACC-ChekKmpomempuul
8 npouyeccol buogapmayesmuueckoli pazpabomrxu 610 HE0bxXo0UMO npogecmu CpPagHUMENb-
HOe Mmacc-cneKkmpomempuueckoe Ucciedo8aHue MOHOKJIOHAIbHO20 AHMUMENA IKYAUIYMAO U3
OpUUHANIbHO20 SleKapcmaeHH020 npenapama «Coaupuc’® u KaHouoamHoz0 «Sausapus’® npous-
soocmea AO (["EHEPHUYM» memooamu usmepeHust MONeKYJASIPHBLX MACC UHMAKMHBLX MONEKY
(intact mass measurement) u ux cybéveouruy (middle-up).

MemoowuL. Hameperue macc UHMAKmHbLx 6enK08 U oueHKY 0osetl ux Moougurayuil npo8oou-
AU NPU NOMOUWU UHGPYIUOHHOU MACC-CNEKMPOMEMPUU 8bLCOKO20 PA3peuleHUsl ¢ 3/1eKmpopac-
NblLAUMenbHOlU uoHusayuell. Hameperue MONEKYAIPHBbIX MACC CYOBLEOUHUY, U OUEHKY Oonell UxX
Mmoougpurayuil npogoounu memooom obpauieHHo-gpazoeoti BOXKX, coemeweHHOl ¢ macc-chek-
mpomempueil 8blCOK020 paspeuleHUsl C 21eKMpopacnbliuUmesbHolU UoOHU3AYuell nocie npeoaa-
pumenbHo20 pacwennieHust anmumen gpepmermom IdeS u paspsiea oucyrbPuoHsblLx ces3ell.
Pesynemamut. Hamu 6bin 3apezucmpupo8aH pso Hebosrbuux omauduil 8 CoO0epiIaHuuU HeKomo-
PblX MUHOPHBLX 2UKAHO08: onuzocaxapud Man5 6bin o6HapyrkeH moabKko 8 benke opusUHAIbHO20
npenapama, a GO — moavko 8 kaHoudamHom benxe; 8 cybveouruuax LC u Fd opusuHanbHo20
beska bbiiu 3apezucmpupo8aHsbl CAlimbl 2IUKUPOBAHUSL C COOEPIKAHUEM OAHHOU MOOuUpuKayul
He sblwe 4.4%. Tarxxe donu HeomuwenneHHozo C-kKoHyegozo susuHa u eaukara GOF e opuezu-
HanbHOM benke OblU HEeCKONbKO HUXKe, uem 8 kKaHouoamHom. OOHAKOo 3apeucmpuposaHHble
oMmaUUUSL He S8ASIUC, KPUMUUECKUMU NApAMempamu Kauecmaa sKyausymada u He eausiiu Ha
AKMuU8HOCMb MOAEKYA U UX 6E30NACHOCMb 8 OOKNUHUUECKUX UCNbIMAHUSX, U, 8 UEeJIOM, CPASHU-
gaemble MOSeKYJlbl NPOOEMOHCMPUPOBANU BbLCOKOE CXOOCMEO.

Bbleoodsl. CpagHUMENbHBLIL XPOMAMO-MACC-CNEKMPOMEMPUUECKUTL AHAIU3 IKYAusymaba us
OpULUHANIBHO20 U KAHOUOGMHO20 NPEenapamosg no38oausl YCmaHo8UMb 8blCOKYH CmeneHb CoOno-
cmasumocmu CpagHUBAEMbIX MONEKY NO MONEKYAIPHBIM MACCAM U NO NPOPUNAM MANOPHBLX
Mmoougpurayui.

Knroueevle cnoea: skyausymad, macc-cnekmpomempust, NOCMmMpPAHCAIYUOHHbLE MOOU-
purkayuu, buoaHaioczuuHOCMb, 2nuKo3unuposarue, BOXKX-MC, intact mass measurement,
middle-up

Jlna yumuposanusa: Jlerrepes M.b., lllykypos P.P. CpaBHeHre OpuruHaibHOro U OMOaHAJIOTHYHOrO MPEnapaToB MoO-
HOKJIOHQJIbHOTO aHTHUTENA HKYJIU3yMad METOJaMU MacC-CIIEKTPOMETPUH MHTAKTHOTO O€JIKa U «C CepeauHbl BBepX». ToHKue
xumuueckue mexnonocuu. 2021;16(1):76-87. https://doi.org/10.32362/2410-6593-2021-16-1-76-87
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INTRODUCTION

One of the most promising areas in the
pharmaceutical industry is biopharmaceuticals (e.g.,
therapeutic proteins). Therapeutic proteins exhibit
much higher specificity and activity than chemically
synthesized low-molecular-weight drugs. Since their
development, they are found effective in treating
many acute diseases previously inaccessible to
therapy, increasing the patients’ duration and quality
of life. For the last five years, the US Food and Drug
Administration' (FDA) has approved 213 drugs, of
which 44 are monoclonal antibodies.’

One of the main driving forces for the development
of biopharmaceuticals is the development of biosimilar
drugs due to several reasons. The biosimilar drug’s cost
is typically lower than the original drug’s cost; hence
its release is attractive for pharmaceutical companies.
Stringent requirements for the comprehensive characterization
of a promising biosimilar molecule developed by leading
regulatory bodies such as the FDA and the European
Medicines Evaluation Agency (EMEA) minimize the
risk of an ineffective or hazardous product entering the
market. They also stimulate research by developing new
analysis methods and deepening understanding of the
structures and functions of therapeutic proteins, their
targets, and the pathogenesis of various diseases.

Monoclonal  antibodies account for most
developed biosimilar drugs. Monoclonal antibodies are
successfully used in treating serious diseases, including
hereditary diseases. The potential of some monoclonal
antibodies to expand indications for therapeutic use is
also a stimulus for the development of biosimilar drugs.
A striking example is eculizumab. It is a recombinant
humanized monoclonal antibody (IgG2/4k) used for
treating paroxysmal nocturnal hemoglobinuria, atypical
hemolytic uremic syndrome, myasthenia gravis, and

' Guidance, Compliance & Regulatory Information (Biologics).
https://www.fda.gov/vaccines-blood-biologics/guidance-
compliance-regulatory-information-biologics (accessed
21.10.2020).

2 Global Therapeutic Proteins Market Report 2020: Market
was Valued at $93.14 Billion in 2018 and is Expected to Grow
to $172.87 Billion through 2022. https://www.businesswire.
com/news/home/20191223005228/en/Global-Therapeutic-
Proteins-Market-Report-2020-Market-was-Valued-at-
93.14-Billion-in-2018-and-is-Expected-to-Grow-to-172.87-
Billion-through-2022---ResearchAndMarkets.com  (accessed
21.10.2020).

? Biological guidelines. https://www.ema.europa.eu/en/human-
regulatory/research-development/scientific-guidelines/
biological-guidelines (accessed 21.10.2020).

4+ ASSESSMENT REPORT FOR Soliris. International
Nonproprietary Name: ECULIZUMAB. Procedure No.
EMEA/H/C/000791/11/0050. European Medicines Agency,
Committee for Medicinal Products for Human Use (CHMP).
March 21, 2013. EMA/CHMP/126714/2013

optic neuromyelitis. The development of biosimilar
eculizumab requires a comprehensive, in-depth study of
its physicochemical properties. Currently, an important
method for studying proteins has become the method
of mass spectrometry (MS). Hence, it is possible to
determine the molecular mass of an intact molecule (by
intact mass measurement) and its subunits (by middle-up
analysis).

Intact mass measurement of a protein molecule
for the comparison of biological products makes
it possible to establish its authenticity by the
correspondence of the measured value to the
expected one, measure the content of some modified
forms, and evaluate the purity of the drug by the
number of proteoforms found with a polypeptide
chain cleavage [1-3]. Suppose the measurement is
carried out in the mode of native MS. In that case,
the list of characteristics to be determined can also
be supplemented with information on the molecule’s
spatial organization, on the content of proteins with
different conformations and their aggregates in the
sample [4, 5]. Intact mass measurement involves
preliminary purification and fractionation of the
protein before it is enter to the ion source of the
mass spectrometer using offline (ultrafiltration,
dialysis, and size exclusion purification) or online
(high-performance liquid chromatography (HPLC)
and capillary electrophoresis) methods followed by
collecting mass spectra for a sample or its fractions,
their mathematical processing (deconvolution), and
interpreting obtained data [6, 7]. The method’s main
advantages are achieving high-speed research and
obtaining a picture of the structure and shape of
whole protein molecules [3, 4].

However, the high complexity and heterogeneity
of therapeutic proteins limit intact molecule
applicability for in-depth comparability studies.
The method does not yet allow identifying minor
modifications and establishing their positions
in the molecule, interpreting and annotating the
spectra of proteins with ultrahigh heterogeneity [8].
A significant part of these problems is solved by
middle-up analysis, slightly reducing the analysis
performance and minimizing the risk of losing data
about the molecule under study. Its essence lies in
the limited chemical or enzymatic cleavage of the
protein molecule under the study of obtaining large
fragments. Then, these fragments are separated
using HPLC or capillary electrophoresis and entered
to the mass spectrometer. The obtained mass spectra
are interpreted, taking into account theoretical
data on the molecule’s structure, allowing a deeper
characterization of the profile of modifications,
degradant forms, and interpreting the results of
an analysis of proteins characterized by high
heterogeneity of forms [9].
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In this study, we evaluate the comparability of
eculizumab from different sources by infusion MS
after purification of the protein by size-exclusion
filtration. To perform middle-up analyses, we have
ensured that the antibody is cleaved in the hinge
region with the IdeS protease before analysis. Then,
the fragments’ disulfide bridges are disrupted with
TCEP-HCI. Before entering the mass spectrometer,
the resulting antibody subunits (light chain (LC),
Fc/2, and Fd: light chain and monoclonal antibody
fragments located in the region from the hinge region
to the C-terminus of the heavy chain and from the
N-terminus of the heavy chain to the hinge region,
respectively) are separated and purified from
impurities using reverse-phase HPLC.

The results of mass spectrometric comparison
of eculizumab from the original and candidate drugs
show their similarity in the main quality parameters:
the molecular masses of the main protein proteoforms
coincide with each other and with the expected
values; the glycosylation profiles of the compared
samples turned out to be close with each other,
as well as the content of some modified variants:
oxidized forms of the Fc/2 subunit and forms with
uncleaved C-terminal lysine. Significant differences
are recorded in the content of high-mannose and
fucosylated glycans and glycated variants of LC and
Fd subunits: Man5 glycan and glycated variants are
found in the eculizumab from the original drug, and
GO (fucosylated) glycan is found in Elizaria® drug.
The content of these proteoforms does not exceed
4.4%. All reported differences are expected because
of using different host cell lines. The differences
are not significant in the effectiveness and safety of
eculizumab. The data obtained have become the basis
for further, deeper comparison of molecules by other
methods.

MATERIALS AND METHODS

The candidate Elizaria drug was produced
from Generium JSC (Moscow, Russia); the original
drug was purchased as part of the Soliris® drug
(Alexion Pharmaceuticals, Zirich, Switzerland).
Deionized water was obtained using a MilliQ 1Q 7000
system (Merck, Darmstadt, Germany). Acetonitrile
(LC-MS grade) was also purchased from Merck. We
use the IdeS protease manufactured by Promega
(Madison, WI, USA). HPLC column BioResolve
RP mAb Polyphenyl and difluoroacetic acid (DFA,
LC-MS grade) were purchased from Waters (Finglas,
Dublin, Ireland). Zeba Spin Desalting Columns (7K
MWCO, 0.5 mL) and tris-(2-carboxyethyl)phosphine
hydrochloride (TCEP-HCI) were purchased from
Thermo Scientific (Dreieich, Germany). The rest of
the reagents and materials (Na,HPO,, NaH,PO,, NaCl,

guanidine hydrochloride, ethylenediaminetetraacetic
acid (EDTA), and trisaminomethane hydrochloride
(Tris-HCI1)) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). All studies were performed
using a Nexera X2 HPLC system (Shimadzu Co., Tokyo,
Japan) connected to a 6550 QTOF mass spectrometer
(Agilent Technologies, Santa Clara, CA, USA).

EXPERIMENTAL

Sample preparation
for intact mass measurement

In this experiment, we use three series of original
and candidate drugs. The antibody concentration in
the solution is adjusted to 1.0 mg/mL. The buffer is
replaced with a 0.15% solution of difluoroacetic acid
by size exclusion filtration through Zeba Spin columns
according to the instructions.

Sample preparation for middle-up analysis

The antibody concentration in the solution is
adjusted to 2.0 mg/mL by dilution with 50-mM
phosphate buffer with 150-mM NaCl (pH 6.6). Then,
to 25-uL sample solutions, 2-pL IdeS solution (1 U/uL)
is added and incubated at 37°C for 1.5 h. The samples
are diluted twice with denaturing buffer containing
6-M guanidine-HCI, 1-mM EDTA, and 0.1-M Tris-HCI
(pH 7.8); 2.5 uL of 1-M TCEP-HCI solution is added.
The incubation periods last for 18 h at 4°C.

The mechanism of action of the IdeS enzyme
comprises cutting the antibody molecule in the hinge
region, resulting in the formation of two subunits [F(ab’),
and Fc/2] (Fig. 1). Subsequent chemical cleavage of the
disulfide bridges divided the F(ab’), subunit into two
fragments: LC and the Fd subunit.

Intact mass measurement

We have performed the test in the infusion MS mode.
The injection rate of the sample solution is 10 pL/min.
Before ionization, it is mixed with a 0.15% DFA
solution flow supplied at a rate of 100 puL/min. The
device operated under the following conditions:
positive ionization mode and high mass range with
boundaries of 700-8000 Th with signal detection in
the frontal scanning mode. The linear data collection
rate is 1 Hz, and the evaporator pressure is 22 psi. We
analyze each sample in three technical replicas. We
process the experimental results using the MassHunter
Qualitative Analysis B.09.00 (Agilent Technologies)
and UniDec v.4.1.2 [10].

Middle-up analysis

We have performed the linear gradient reversed-
phase HPLC-MS mode test using a BioResolve RP mAb
Polyphenyl column (1.0 x 150 mm). Mobile phase A: 0.15%
DFA in water; mobile phase B: 0.15% DFA in acetonitrile.
Gradient scheme: 0 min (26% B), 22 min (41.5% B),
22.1 min (98% B), 24 min (98% B), 24.1 min (26% B),
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Fig. 1. Mechanism of action of the IdeS protease.

30 min (26% B) at 80°C and flow rate of 0.1 mL/min.
We process the obtained mass spectra using MassHunter
Qualitative Analysis B.09.00 and UniDec v.4.1.2 [10].

Statistical comparison of results

The analysis methods used for comparison are
qualitative to establish the equivalence of the results,
according to the currently accepted standards [11, 12];
the concept of a quality range is introduced. Its
boundaries are determined by a threefold increase in
the standard deviation of the measured parameters of
the original samples from their mean values.

RESULTS AND DISCUSSION

Measuring the molecular mass of intact antibodies

The average molecular mass of the major
proteoform of eculizumab, taking into account its amino
acid sequence and main modifications (a pair of GOF
glycans, a pair of cleaved C-terminal lysines, a pair of
pyroglutamates at the N-termini of heavy chains, and
17 disulfide bonds) is 147874 Da. Comparative analysis
of the raw mass spectra of eculizumab from samples

M Soliris_1000325
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100 1 i ‘ |
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|
MMWW AR W\M

2500 2750 3000 3250 3500 3750 4000 4250
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%

Soliris_1000568 190 ]

of various manufacturers shows that the distribution of
the protein’s charge states in all cases ranges from 35+
to 65+, with the most intense states in the range from
approximately 40+ to 50+ (Fig. 2).

We perform the deconvolution of mass spectra
using UniDec software with the following settings: m/z
range of 2250-4300 Th, automatic noise subtraction,
range of charge states at 35—65, automatic smoothing
of mass spectra, peak width at half-height of 0.8 Th,
and normalized peak detection limit at 1%. It shows
the presence in all studied samples of glycoforms’
molecular mass distribution, monoclonal antibodies’
characteristic, in the region expected for eculizumab.
The molecular mass of the major glycoform GOF/GOF
in all samples corresponds to the expected value of 148874 Da,
and the deviation of its mass from the expected did not
exceed 1 Da (7 ppm). Eight proteoforms are found in
the original Soliris, and seven proteoforms in Elizaria,
of which six and five, respectively, differed in the
glycan profile; the remaining two differ in the content
of uncleaved C-terminal lysine (Fig. 3 and Table 1).

Elizaria_MA00319
4|5 Elizaria_MA01219
50 | M Elizaria_030919

40

2500 2750 3000 3250 3500 3750 4000 4250
m/z (Th)

Fig. 2. Mass spectra of the original Soliris and Elizaria drugs before deconvolution.
Individual charge states are annotated.
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The content of the major glycoforms of
eculizumab in the compared samples is similar. GOF/GOF,
G1F/GOF, and G1F/G1F occupy the first, second, and
third places, respectively. Glycoforms with smaller
proportions are distributed more variably. Therefore,
in the samples of the original Soliris, the variant
GOF/GOF-GN is in fourth place, and in the drug
Elizaria, the variant GOF/GO is in fourth place.

The fifth places in all cases are represented by the
glycoform G2F/GIF, and the sixth place is registered
only in the samples of the original Soliris, G2F/G2F.
The content of galactosylated glycans of the main
functional group of oligosaccharides in the samples
of the original Soliris and Elizaria are 25.7-26.4%
and 11.9-14.7%, respectively. The proportions of
forms of antibodies with uncleaved C-terminal

B Soliris_1000325

_ GOF/GOF_ W Soliris_1000382
7 Soliris_1000568
GOF/GO 7 GIF/GOF Elizaria_MA00319
i~ GOF/GOF+1lys , Elizaria_MA01219
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Y GIF/GIF.
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S e
| | -
' [
|
* |
|
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0

148.00 148.25 148.50 148.75 149.00

Mass (kDa)

147.00 147.25 147.50 147.75

Fig. 3. Mass spectra of the original Soliris and Elizaria drugs after deconvolution.
The identified proteoforms are annotated.

Table 1. Results of measuring the molecular masses of eculizumab proteoforms from the compared samples

Measured mass
Eculizumab Theoretical Original Soliris Elizaria
proteoforms mass, Da
Avera]g)z +SD, S Avera]g)z + SD, LS,

GOF/GO0 147728 - - 147727 +2 =5
GOF/GOF-GN 147671 147669 + 1 -11 - -
GOF/GOF 147874 147873 + 1 -5 147874 £ 0 0
GOF/GOF+1Lys 148002 147999 + 3 =23 148000 + 1 -16
G1F/GOF 148036 148036 + 3 0 148036 + 2 2
GOF/GOF+2Lys 148130 148130+ 3 2 148128 +2 -14
GI1F/G1F 148198 148197 +2 =7 148198 +2 -2
G2F/G1F 148360 148360 + 2 0 148363 + 1 20
G2F/G2F 148522 148513+ 13 —61 - -

Note: SD, standard deviation.
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lysine, both one and two, are slightly higher in the
samples of Elizaria (Fig. 4 and Table 2). All observed
differences could be explained using different cell lines
to produce the original Soliris and Elizaria. The original
Soliris is produced using NSO rodent myeloma cells;
Elizaria is produced using a line of Chinese hamster
ovary cells that produces more galactosylated forms
[13, 14]. However, the proportion of galactosylated
glycans is important only for antibodies that implement
a therapeutic function through the mechanism of
complement-dependent cytotoxicity. In eculizumab, this
mechanism is deliberately inhibited [13—15]. Similar to
the previous ones, differences in uncleaved C-terminal
lysine content are due to different producers and usually
do not significantly affect the antibody’s therapeutic
efficacy and safety.

Therefore, the samples of the original Soliris and
Elizaria can be considered comparable in molecular
masses and spectrum of the presented proteoforms,
despite some differences in their content.

Middle-up analysis

Treating the samples with IdeS protease followed
by destructing disulfide bonds using TCEP makes
it possible to obtain from the eculizumab molecule
three well chromatographically separated subunits,
Fc¢/2, LC, and Fd. Figure 5 shows the recorded
chromatographic peak of the coeluting oxidized form
and the form with uncleaved C-terminal lysine of the
Fc/2 subunit and a peak of the Fd subunit with one
unbroken internal disulfide bond.

The molecular masses of all subunits coincide
with the calculated ones; the maximum discrepancy
from the expected value does not exceed 0.6 Da (40 ppm,
Table 3).

The proportion of glycosylated forms in the
compared samples slightly changes compared to
the intact molecule analysis (Fig. 6 and Table 4).
Thus, the difference between the content of the
major glycan GOF decreases: its average levels
in the original Soliris and Elizaria are 58.2 and
60.8%, respectively. The contents of G1F and G2F
are approximately 14.0 and 2.5%, respectively, in
all samples; no reliable difference is established for
this parameter. In the middle-up analysis, we have
confirmed the data on the uniqueness of oligosaccharides
GOF-GN in the composition of the original Soliris and
GO in the composition of Elizaria, and another glycan,
unique for the original Soliris, is discovered—Man5.
Studying LC and Fd subunits makes it possible to
understand why the difference in the content of G1F
and G2F glycans in intact molecules. In the middle-up
analysis, we have found minor proteoforms in LC
and Fd subunits in the original Soliris by identifying
by a characteristic mass shift of 162 Da as glycated
variants. Their content ranges from 2.8 to 4.6%. The
contribution of these forms overestimates the levels of
G1F/G1F, G2F/G1F, and G2F/G2F in the analysis of
intact molecule from the original Soliris. The content of
galactosylated glycans in the samples of Elizaria fully
corresponds to the original Soliris quality range. In the
C-terminal lysine content of the compared samples, a
rather close similarity is observed: compliance with
the quality range is demonstrated by two out of three
series of Elizaria medicinal products. The oxidation of
the Fc/2 subunit becomes a new modification, which
is established using the middle-up analysis. Its content
in all candidate drug batches also corresponds to the
quality range of the original Soliris.
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Fig. 4. The content of proteoforms in individual series of the original Soliris and Elizaria drugs.
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Table 2. Comparison of the proportions of eculizumab proteoforms in the analyzed intact molecules

Original Soliris Elizaria ,E g,;
<3 85
S @ 5=
g e
= e @ e § H o =
Eculizumab proteoforms = S & S ) g
) N b S ol g
> a > =] = 5 s o
= “ = “ P =<
o~ g =
(S
GOF/GO0 - - 32 0.3 - None
GOF/GOF-GN 5.2 0.4 — - 4.0-6.4 None
GOF/GOF 51.0 0.6 64.2 32 49.2-52.8 None
GOF/GOF+1Lys 4.8 0.7 8.6 1.7 2.7-6.9 33
G1F/GOF 22.4 0.2 13.2 0.8 21.8-23.0 None
GOF/GOF+2Lys 1.8 0.4 3.8 1.3 0.6-3.0 33
G1F/GI1F 9.4 0.5 5.8 0.9 7.9-10.9 None
G2F/GIF 3.8 0.2 1.2 0.4 3244 None
G2F/G2F 1.5 0.3 - - 0.6-2.4 None
Galactosylated glycans, sum
(0.5 x GOF/GIF + GIF/GIF + G2F/GIF + GaF/Gory | 200 | 04 ] 136 1.5 1 248272 None
Note: SD, standard deviation.
uVv
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Fig. 5. Annotated chromatograms (a) and mass spectra (b—d) of eculizumab subunits of the original Soliris and Elizaria drugs.
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Fig. 6. The content of proteoforms in the Fc/2 subunit of separate series of the original Soliris and Elizaria drugs.
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Table 3. Results of measuring the molecular masses of eculizumab subunits from the compared samples

Measured mass
Eculizumab proteoforms Theoret]i)c:l HLASS) Original Soliris Elizaria
Avera]g)il +SD, Error, ppm Avera]g)z + SD, Error, ppm

Fc/2+Man5 24992 24992 +0.3 7 - -
Fc/2+GOF-GN 25017 25017 + 0.6 -13 25016 —40
Fe/2+G0 25074 - - 25073 —40
Fc/2+GOF 25220 25220 0 25220 0
Fc/2+G1F 25382 25382+0.3 =7 25382 0
Fc/2+G2F 25544 25544 £ 0.6 13 25544 + 0.6 13
Fc/2 + 16 Da (oxidation) 148198 148197 +2 =7 148198 +2 -2
Fc/2+Lys 25348 25349 39 25349 39
LC 23135 23135 0 23135 0
Fd 25617 25617 £ 0.6 —-13 25617+ 0.6 —-13

Note: SD, standard deviation.

Table 4. Comparison of the proportions of eculizumab proteoforms in the subunits of the analyzed samples

Original Soliris Elizaria S ¢

X~ ; g)

°.a s

SR —

0t =

o=

Eculizumab proteoforms §;n X §‘J X £g 3 %a\°

= . = s Z z 2E

5% £ =

(G-
Man35 3.0 0.3 - - 2.1-3.9 None
GOF-GN 4.6 0.2 0.9 0 4.0-5.2 None
GO - - 3.5 0.2 - None

GOF 58.2 0.8 60.9 1.1 55.8-60.6 33
GIF 14.1 0.5 14.2 1.0 12.6-15.6 100
G2F 2.5 0.3 24 0.3 1.6-3.4 100
GOF Ox 6.6 1.2 5.8 0.5 2.0-10.2 100

GOF+Lys 11.1 0.2 12.4 0.8 10.5-11.7 67
LC+Hex 4.4 0.2 — — 3.8-5.0 None
Fd+Hex 29 0.1 - - 2.6-3.2 None
Galactosylated glycans, sum (G1F + G2F) 16.6 0.7 16.5 1.3 14.5-18.7 100
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CONCLUSIONS

The development and registration of biosimilar
therapeutic proteins require their comprehensive
characterization, in the physicochemical part of which
HPLC-MS occupies one of the leading positions. The
options for this analysis are quite diverse because
of the goals of the researchers. However, both in
biopharmaceutical comparability studies and in
developing a molecule, the entire protein molecule
must be described. The results of this analysis become
the basis for a deeper characterization of objects of
comparison or development.

The study of the monoclonal antibody eculizumab
in the original Soliris and Elizaria by mass spectrometric
intact mass measurement shows the identity of the
molecular masses of most of the proteoforms found
in the samples. However, it demonstrates differences
in their content, which consisted in a lower content of
the major glycoform GOF/GOF and larger—glycoforms
G1F/GOF, G1F/G1F, G2F/G1F, and G2F/G2F as part
of the original Soliris. However, a detailed study of
the antibody subunits by an HPLC-MS middle-up
analysis allowed explaining the increased content of
heavier glycoforms by glycation sites in the LC and
Fd subunits of eculizumab from the original Soliris.
As expected, the comparison of oligosaccharides
attached to the canonical glycosylation site on the
Fc/2 subunit establishes high comparability of
the compared samples. Significant differences are
observed in the content of the major glycoform GOF;
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Abstract

Objectives. Determination of target products and byproducts is necessary for the quality control
of phthalonitrile monomer synthesis as well as production scaling and performing related kinetic
studies. High-performance liquid chromatography (HPLC) is a simple and affordable method for
quantitative chemical analysis, which also verifies the quality of raw materials. The objective
of this study was to develop an HPLC technique for determining the composition of the reaction
mixture in the synthesis of 1,3-bis(3,4-dicyanophenoxy)benzene (DPB).

Methods. Reversed-phase HPLC was used to quantitatively analyze the reaction mixture.
Results. A simple and rapid method for the quantitative HPLC analysis of phthalonitrile
monomers and their mixtures with reagents was developed. Reaction times and the accumulation
of byproducts were also studied.

Conclusions. The successful performance of the developed technique allows us to recommend
it for practical applications. The results obtained for reactors of different sizes have good
convergence, and DPB synthesis was successfully scaled up to intermediate scale equipment.
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AHHOMaAyus

Ilenu. /Ins aHaaumuuecko2o KOHMpPOJisi NPouU3800CcmMa8a hmaloHUMPUILHBIX MOHOMEPO8, U3yUe-
HUSL MACUUMAbUpo8aHUsT MEXHO02UU UX NOAYUEHUSL U NpogedeHUsl KUHemuUUYecKux ucciedoea-
HUll akmyansbHa 3a0aua no paspabomke cnocoba onpeodeseHust KOHUeHMpauuu yeneeozo U no-
b60ouHbLX NPOOYKMo8 8 npucymcmauu peazeHmos. Haubosnee npocmuvim u 00CmynHouim MemMoOoM
KONUUEeCMBEeHH020 AHANIU3A PACCMAMPUBAEMBLX COEOUHEHUTL S8/slemcst 8blcoK0ahhexmusHas
JKuokocmHast xpomamoepagpusi (BO2KX), nosgonsrowas makiKe npogooums epupukayuio Col-
Pbsi U KOHMPOab Kauecmea 2omoegoti npodykyuu. Llenv 0aHHOU pabombl 3aKOUANACL 8 PA3PA-
bomKxe MeMOOUKU KOAUUeCMBEeHH020 AHANU3A KOMNOHEHMO8 PeaKyUUOHHOT CMecu npu cuHmese
1,3-6uc(3,4-ouyuarogpeHorcu)beHzona (IBD) memodom BOZKX.

Memoost. /151 KOAUUECMBEHHO020 AHANIUSA KOMNOHEHMO8 PEeaKyUOHHOU CMeCU UCNOJb308ANU
Mmemo0 BOXKX e obpauieHHO-pa3080m pexcume.

Pesynemamet. PaspabomaHa npocmast u Oblempasi Memoouka KOAUUeCMBEHHO020 AHAAU3A
PManoHUMPUNBLHBLX MOHOMEPO8 U UX cmecell ¢ peazeHmamu memooom BOXKX. TTo OaHHbLM uc-
Cc1e008aGHUSL KOHBEPCUU KOMNOHEHMO8 PeaKUUOHHOU cmecu cOenaH 8ble00 0 NPOOOIKUMENbHO-
cmu peakyuu U HAKONJIeHUU noboUHbLX NPOOYKMOos.

Bbteoodst. YcnewHast anpobayus. no3gossiem peKkomeH008ams paspabomaHHyio MemoourKy Os
npumeHeHusl 8 aHaaumuueckolii npakmuke. Peayniomameul, nonyueHHsble npu nepexooe om peax-
yuu 8 Konbe Kk peakmopy obvemom 15 n, xapaxmepusyromes xopoweli cxooumocmoro. Cunmes
DB ycnewHo macuwmabupyemcest Ha 060pyoo8aHuUe NPOMEIYMmOoUuHoz20 macuimaba.
Knroueewle cnoea: 1,3-6uc(3,4-ouyuaHogperorcu)beH3on, eblcokoahpeKkmueHast sKUOKOCMHAS
Xxpomamoepagusi, KOAUUECMBEHHDbLUL AHAUS, MACULMAOUPOBAHUE, PMAIOHUMPUTbHBLE CES3YoULUe

Jna yumuposanusa: lexonnuna 3.H., boromo6oB A.A., 3axapoB A.1O., Bynrakos b.A., babkun A.B., Kenman A.B.
PazpaboTka METOAMKHN KOJIMUECTBEHHOTO aHAJIN3a [IEJIEBOT0 M TOOOYHBIX POAYKTOB cuHTe3a 1,3-0uc(3,4-munnanodeHoken)-0eH3oma
metonoM BOXKX. Toukue xumuueckue mexronozuu. 2021;16(1):88-98. https://doi.org/10.32362/2410-6593-2021-16-1-88-98

INTRODUCTION phthalonitrile resin compositions for PCMs [11-14]
o o is 1,3-bis(3,4-dicyanophenoxy)benzene (DPB) (3), a
Phthalonitriles are promising compounds to

product of the reaction between 4-nitrophthalonitrile
(4NPN) (1) and resorcinol (2) [15]. The thermal
properties of DPB and a corresponding polymer!' are

produce highly heat-resistant resins and polymer
composite materials (PCMs), which are widely utilized

in the space and aviation industries. Phthalonitrile
matrices have good mechanical characteristics, low
moisture absorption, high heat resistance, and are
currently the most thermally and oxidatively stable
polymers [1-7].

Along with low-melting phosphorus containing
monomers [8—10], an important component of

presented in Table 1 [15]. This data demonstrates the
high heat-resistance of the thermoset plastic derived
from DPB.

! The authors used 2.4 mol % 1,3-bis(3-aminophenoxy)benzene for
curing DPB.  The process was conducted in a nitrogen
atmosphere according to the following temperature regime: 2 h at
250°C,2 hat 325°C, 4 h at 350°C, and 8 h at 375°C.
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Table 1. Thermal properties of 1,3-bis(3,4-dicyanophenoxy)benzene (DPB)

and a DPB-based polymer

Monomer Cured matrix
mp*, °C Tg**, °C %, N, °C Char yield (at 900°C), N,, %
185-190 >400 527 70

* Melting point;
** (lass transition temperature;
**% Temperature at 5% mass loss.

DPB is synthesized in an aprotic dipolar solvent in
the presence of a base (potassium carbonate), forming
4-(3-hydroxyphenoxy)phthalonitrile (HPPN) (4) and
3,3"4,4'-tetracyanodiphenyl ether (PN20) (5) as
byproducts. The reaction scheme and byproduct structures
are shown in Fig. 1.

An effective way to quantify target compounds and
byproducts in the presence of reagents is required for the
analytical control of the phthalonitrile resins production
and for performing relevant kinetic studies during
production process optimization. High-performance
liquid chromatography (HPLC) is the simplest and
most accessible method of quantitative analysis for the
compounds under consideration, and it also allows to
carry out quality control of the raw materials and products.

Scaling up the synthesis of phthalonitrile monomer
DPB is an important step in producing high heat resistant
resins at industrial level, which also requires precise
analysis of the composition of the reaction mixture for
the technical control of the synthesis.

This study aimed to develop an HPLC protocol for the
quantitative analysis of the target products and byproducts
of DPB synthesis in order to effectively scale up the
reaction from laboratory to intermediate scale equipment.

EXPERIMENTAL

Equipment and reagents
Equipment: Agilent 1260 Infinity LC with a diode
array detector (Agilent Technologies, USA) and an
ultrasonic bath.

Column: Zorbax C18 Eclipse Plus 4.6 x 100 mm,
3.5 um phase (Agilent Technologies).

Reagents: Resorcinol (99%, Sumitomo Chemical Co.,
Japan); 4NPN (99.5%, CDH Chemicals, India); acetonitrile
(A) (used without further purification) (HPLC, CHIMMED,
Russia); and degassed water (B) (Werner UP60B ultrafine
cleaning system).

DPB for constructing calibration curves was
obtained as described in [15], purified by extraction
chromatography (chloroform eluent and silica gel phase),
and recrystallized from dimethylacetamide.

HPPN for constructing calibration curves
was obtained as described in [16] and purified by
extraction chromatography (chloroform eluent and
silica gel phase).

PN20O for constructing calibration curves
was obtained as described in [17] and purified by
recrystallization from dimethylacetamide.

HPLC analysis of the components
of the reaction mixture

A test sample weighing 100 = 3 mg was added to
10 mL of acetonitrile and left in an ultrasonic bath for
10 min. Insoluble impurities were removed using a
0.45 pm pore syringe filter. In chromatographic vials,
900 pL of acetonitrile was added to 100 pL of the
filtrate solution, and HPLC analysis was carried out
according to the parameters listed in Table 2.

Method for DPB synthesis in a 2-L flask

A 2 L three-necked flask, equipped with a

reflux condenser and mechanical paddle stirrer, was

N N N
S NO, HO OH KyCO,3 S o] 0 =
2 )@F U e >© 7 7@(
DMAc
NZ NZ SN

1 2 3

N N N
\j : 0 : OH \i : o} : ://
NZ NZ SN
4 5

Fig. 1. 1,3-bis(3,4-dicyanophenoxy)benzene synthesis scheme.
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Table 2. Parameters of the HPLC system

Chromatographic system parameters Value
Elution mode Isocratic
Flow rate 1.0 mL/min
Analysis time 10 min

Eluent composition

Acetonitrile and water

Solvent ratio (acetonitrile : water, v:v) 55:45
Injected sample volume 3ulL
Column temperature 30.0°C

Detection wavelengths

258 nm, 276 nm

loaded with 138.7 g (1.260 mol, 1 equiv) of resorcinol
and 836 mL of dimethylacetamide. After degassing at
70°C with a residual pressure of 20 mbar and stirring
at 300 rpm for 1 h, the system was filled with argon.
To the resulting solution, 382.5 g (2.768 mol,
2.2 equiv) of powdered potassium carbonate was
added and stirred, the degassing was repeated, and
the system was again filled with argon. Then, 436.0 g
(2.518 mol, 2 equiv) of 4NPN was added in a weak
argon counterflow. The synthesis was carried out at
70°C with constant stirring for 24 h, and samples
were collected at specified time intervals (Fig. 7).
The reaction mass was then poured into 3010 mL of
water and stirred for 1 h. The precipitate was filtered,
washed on the filter three times with 93 mL of hot
water for each wash, and dried at 80°C for 24 h. The
obtained product was a light yellow powder with a
yield of 388.1 g (85%).

The 'H and "C nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker Avance III
spectrometer (Bruker, USA) with operating frequencies
of 600 and 151 MHz, respectively.

'H NMR (600 MHz, DMSO-d,) 6 ppm, 7.05-7.24
(m, 3 H), 7.55 (dd, J = 8.70, 2.17 Hz, 2 H), 7.60 (t,
J=7.70Hz, 1 H), 7.92 (d,J=2.17 Hz, 2 H), 8.13 (d,
J=28.70 Hz, 2 H).

"C NMR (151 MHz, DMSO-d,) 6 ppm, 108.63
(3 C), 112.72 (4 C), 115.35 (4 C), 115.84 (5 ©), 116.73
(30),117.41 (7 C), 122.23-123.36 (14 C), 132.25 (4 C),
136.25 (8 C).

The NMR spectra of the target product corresponded
with previously reported data [18].

Method for DPB synthesis in a 15-L reactor

A glass reactor with a 15 L volume was loaded
with 1040.2 g (9.447 mol, 1 equiv) of resorcinol
and 6240 mL of dimethylacetamide. The solution

was stirred at 120 rpm, heated to 70°C, and degassed
for around 1 h at a residual pressure of 20 mbar. The
apparatus was then filled with argon.

In a weak argon countercurrent, 2872.3 g (20.782 mol,
2.2 equiv) of dry powdered potassium carbonate was
added. The degassing process was repeated without
stirring, and the system was refilled with argon while
cooling to 20°C. In a weak argon counterflow, 3271.1 g
(18.894 mol, 2 equiv) of 4ANPH was added in four to five
doses with periodic stirring. The synthesis was performed
at 70°C with constant stirring for 24 h.> The suspension
was poured from the reactor into an intermediate vessel,
then water (22500 mL) was quickly added and stirred with
a spatula until the product solidified. The suspension was
then filtered using the same suction filter, keeping all of
the collected filter cake solids on the filter. The reactor was
then heated to 100°C and rinsed with water in portions
and stirred for around 10 min. The filter cake was washed
using this water at 95°C in the filter jacket by transferring
it through an intermediate vessel and stirring the filter cake
after each wash, requiring a total of 8300 mL of water for
three washes. The substance from the suction filter was
transferred onto trays and dried for 48 h at 80°C, giving
a yield of 2909.6 g (85%) of the product in the form of a
light yellow to yellow powder.

Reaction mixture sample preparation
for HPLC analysis

Distilled water was added to approximately 3 mL of
the reaction mixture and acidified at a ratio of 1.0 : 3.6
with glacial acetic acid. The resulting suspension was
filtered through a glass filter, leaving a precipitate that was
washed with ~12 mL of distilled water three times and
then dried at 80°C.

2 During composition analysis, the reaction mixture was mixed
for 54 h and samples were collected after predetermined
periods of time.
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RESULTS AND DISCUSSION

Development of a procedure for analyzing
the components of the reaction mixture by HPLC

Determination of the maximum working
concentration. Portions of resorcinol, 4NPN, HPPN,
and DPB each weighing 100 = 3 mg were mixed with
10 mL of acetonitrile, and the resulting solutions were
placed in an ultrasonic bath for 10 min.

Reference solutions with concentrations of 0.25,
0.50, 0.75, 1.00, 1.25, 1.50, and 1.75 mg/mL of each
component were diluted with acetonitrile from the initial
solutions in chromatographic vials.

Chromatographic separation was performed in the
gradient mode, as outlined in Table 3.

A section of the resulting chromatogram containing
the peaks of the test substances is shown in Fig. 2.

As can be seen from the chromatogram, at the same
analyte concentrations the maximum peak height (H) is
typical for HPPN. It is also clear that baseline resolution
of the peaks corresponding to 4NPN and HPPN will be
most critical for the success of the method. Table 4
shows the HPPN peak height A dependence on its
concentration C in the model solution.

Table 4 shows that the maximum concentration with
acceptable detector response is 1.25 mg/mL. Further
tests were conducted at this concentration.

The substance PN20O is characterized by low
solubility in acetonitrile. To prepare a reference solution,

10 = 3 mg PN20 and 10 mL acetonitrile were kept in
an ultrasonic bath for 10 min, which achieved complete
solubilization.

Because the proportion of PN20O in the target product
does not exceed 5%, the maximum concentration was
chosen to be 0.10 mg/mL (10% of 1.00 mg/mL).

Determination of working wavelengths. Figure 3
shows the absorbance spectra of the analytes.

The substances 4NPN, HPPN, DPB, and PN20O
have three characteristic absorption maxima in
the UV-Vis range. Usually, they are analyzed at a
wavelength of 258 nm; however, in this region of the
spectrum, resorcinol has a much lower absorption
and its maximum absorption is observed at 276 nm.
Therefore, for the sensitive chromatographic analysis
of their mixture, using two wavelengths is advisable,
i.e., 258 and 276 nm.

Eluent composition. To determine the optimal
composition of the eluent, analysis was conducted in
isocratic mode with acetonitrile to water ratios of 40 : 60,
50 : 50, and 60 : 40.

The isocratic mode was chosen because it is more
stable than the gradient mode and allows recycling of
the solvent, which contributes to significant savings in
acetonitrile.

When the composition of the eluent was 40 : 60
acetonitrile to water, the DPB peak was not observed for
more than 40 min before the analysis was interrupted.

Table 3. Gradient mode for determining the maximum concentration with acceptable detector response

Time, min 0-26 26-31

31-34 34-38 3840

A, % 55 55-98

98 98-55 55

3500 - 2 3
3000 -
2500 - 1
2000 -
-
g 1500
1000 -
500

Fig. 2. Chromatogram of the reference solutions at 224 nm: (1) resorcinol, (2) 4-nitrophthalonitrile (4NPN),
(3) 4-(3-hydroxyphenoxy)phthalonitrile (HPPN), and (4) 1,3-bis(3,4-dicyanophenoxy)benzene (DBP).
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Table 4. HPPN peak height at different concentrations, signal recorded at 224 nm

H, mAU 1112 2219 2879 3149 3250 3277 3308
C, mg/mL 0.25 0.50 0.75 1.00 1.25 1.50 1.75
3000
2000
=]
;5
1000
0
210 230 250 270 200 310 330 350 370 390
nm
a
4000
3000
e
- 2000
g
1000
0
210 230 250 270 290 310 330 350 370 390
nm
b
4000
3000
o
-4 2000
=
1000
0
210 230 250 270 290 310 330 350 370 390
nm
c
3000
2000
;5
1000
0
210 230 250 270 290 310 330 350 370 390
nm
d
300
200
E
100
0
210 230 250 270 290 310 330 350 370 390
nm
e

Fig. 3. Absorbance spectra of (a) resorcinol, (b) 4NPN, (c) HPPN, (d) DPB, and (e) 3,3',4,4'-tetraciano diphenyl ether (PN20).
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At a solvent ratio of 50 : 50, the separation time of the
components was 15 min, and at 60 : 40, it was 7 min;
however, in the latter case, the peaks were not sufficiently
resolved.

Further tests were conducted at various solvent ratios
ranging from 50 : 50 to 60 : 40. The results for 4NPN,
the compound from the critical pair which elutes first, at a
wavelength of 258 nm, are presented in Table 5.

Based on the time taken and the resolution of the
critical pair, the acetonitrile to water ratio of 55 : 45
was considered optimal for the separation. Notably,
the chromatogram obtained after washing the system
does not show peaks of the analytes, and the change
in the absorption of the baseline is only because
of the contribution of the acetonitrile. The three-
dimensional (3D) spectrum that demonstrates this is
shown in Fig. 4.

Determination of the linearity range of the
calibration curves. Figure 5 shows the dependence of
the peak are on the concentration of the analytes.

These graphs show that the dependences are linear
throughout the studied mass percent concentration
range.

Conversion of reagents in the synthesis of DPB.
DPB was synthesized in both a 2-L flask and a 15-L
reactor (Fig. 6).

The quantity of analytes in samples of the reaction
mixture was determined by the optimized HPLC
protocol above, and averages were calculated from the
results of two parallel analyses of each sample.

Then, the ratio of molar fractions (o) of the analytes
was calculated, and the same reaction conditions were
maintained in the scaled up 15-L reactor.

Figure 7 charts the conversion of the analytes, with
¢t =0 as the moment 4NPN was added.

Fig. 4. 3D spectrum plotted during column washing.

The reaction proceeds via the intermediate HPPN
that reacts with 4NPN to obtain the target product. The
quantity of HPPN in the samples initially decreases
gradually and then remains constant.

The DPB content reaches a plateau approximately
20 h after the start of the reaction, and the degree of
4NPN conversion reaches a maximum approximately
45.5 h.

A sharp increase in the amount of PN2O is
observed in the initial section but then reaches a
plateau approximately 20 h after the start of the
reaction.

The data obtained for the 2-L and 15-L syntheses
are roughly the same, indicating that the scaling up
of the synthesis of DPB is achievable and effective.

CONCLUSIONS

This study developed a rapid and simple
method for the quantitative analysis of phthalonitrile
monomers (HPPN and DPB), resorcinol, 4NPN, and

Table 5. Chromatographic parameters of the 4NPN peak at various solvent ratios

A, % Total run time, min Resolution to HPPN peak Symmetry Efficiency
50 15 6.20 0.73 6580
52 12 5.18 0.72 6149
54 11 4.38 0.72 5726
55 10 3.88 0.71 5250
56 9 3.66 0.70 5280
58 8 3.01 0.70 5139
60 7 2.51 0.70 4640
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Fig. 5. Calibration curves for (a) resorcinol 276 nm, (b) 4NPN 258 nm, (¢c) HPPN 258 nm, (d) DPB 258 nm,
and (e) PN20 258 nm. C, % corresponds to mass percent.

Fig. 6. 15-L reactor.

PN20O by reversed-phase HPLC. Our technique is
effective for a wide range of analyte concentrations
and can determine impurities as low as 0.5% of the
content of each compound.

Through our analysis of the composition of the
reaction mixture, we were able to determine both the
reaction time and related byproducts of the synthesis.
Finally, from our successful syntheses in both 2-L and
15-Lreaction volumes, we conclude that phthalonitrile
monomer DPB synthesis can be effectively scaled up
from the laboratory scale to the intermediate scale
equipment with no changes in reaction conditions.
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Fig. 7. Conversion of (a) 4NPN, (b) PN20O, (c) HPPN, and (d) DPB. Green is the synthesis in a 2-L flask,
and blue is the synthesis in a 15-L reactor.
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