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Abstract

Objectives. A quick cold start of emergency and auxiliary power units based on diesel engines should be possible at any time without
problems and in the shortest possible time. The condition of the engine oil is one of the most important factors influencing the smooth
start-up of power plants. During diesel engine operation, engine oil accumulates soot in its composition, negatively affecting its
rheological properties. The aim of this research is to develop a mathematical model to describe changes in the dynamic viscosity
of motor oils as a function of temperature. This model will account for the concentration of soot and its morphology, based on the results
of experimental studies.

Methods. Standardly used motor oils for diesel engines M-14D,SE and M-5z/14D,SE were used as oil samples in the preparation of model
mixtures. The dispersed phase of the suspensions comprised carbon black of the N110, N220, N330, and N220 grades, characterized
by a dusty (nongranular) texture. The rheological properties of the samples were determined using a TA Instruments DHR-2 rotational
rheometer. The experimental data was subjected to mathematical statistical processing, in order to obtain approximating dependencies.

Results. The paper presents an analysis of the various approaches to the description of the rheology of suspensions and the results
of experimental studies of the viscosity-temperature characteristics (VTCs) of model samples of oils containing soot. The extant models
of the dependence of the dynamic viscosity of suspensions on temperature, volume concentration of the dispersed phase, particle size
and shape are demonstrated to be inadequate for the description of the VTCs of motor oils containing soot. A model of the rheological
properties of soot-oil suspensions is proposed in the form of a mathematical dependence of their dynamic viscosity on temperature, mass
concentration of soot, material density and size of soot particles, characteristics of the shape and structure of primary aggregates and the
ratio of the sizes of aggregates and molecules of the dispersion medium.

Conclusions. It was demonstrated that a comprehensive description of the VTCs of engine oils containing soot necessitates the
consideration of the structural characteristics of the primary aggregates of soot particles. A mathematical model of the VTCs of oils was
developed. This model is based on the dependence of the dynamic viscosity of oils on temperature, mass concentration of soot, density
of the particle material, degree of non-sphericity of aggregates, the ratio of the particle sizes of the dispersed phase (either aggregates
or single particles of non-aggregated soot) and oil molecules, and on the structure of soot, characterized by adsorption of dibutyl phthalate.
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AHHOTaUUuS

Heﬂﬂ. BLICTpI)Iﬁ XOJIOTHBIA IIyCK aBapHﬁHbIX 1 BCIIOMOT'aTCIIbHBIX SHEPIreTUYCCKNUX YCTAHOBOK Ha Oaze IHU3CIbHBIX JIBUTATEIICH
B J11000€ BpPEMsI JOJKECH OCYUICCTBIIATHC 0e3 0co0BIX Hp06HCM nB KpaT‘{aﬁHlHe CpOKH. O,HHI/IM U3 OCHOBHBIX q)aKTOpOB, BJIMAIOIIUX
Ha 6633BapPII>iHLIﬁ ITYCK SHEPIreTUYCCKUX YCTAHOBOK, SIBJIACTCSA COCTOAHUE MOTOPHOI'O Macia. B mponecce pa60n,1 JAU3CJIIBbHOI'O0 ABUTIa-
TCJISI MOTOPHOC MACJIO HAKAIUIMBAET B CBOEM COCTABE CaXKy, YTO HEraTUBHO BJIMACT HAa €0 PpEOJIOrH4CCKUe CBOMCTBA. ]_[C.IIL paGOTLI —
pa3pa60TKa MaTeMaTH4ICCKON MOJICITH U3MCHCHHS THHAMUYCCKOHN BI3KOCTH MOTOPHBIX MacC€JI B 3aBUCUMOCTHU OT TEMIIEPATYPhI C YUETOM
KOHICHTpAIlK CaXXU U €€ MOpq)OJIOl"I/II/I Ha OCHOBE PE3YJIbTATOB OKCIICPUMEHTAJIbHBIX HCCIICIOBAHH.

Mertoabl. B kauectBe 00pa3oB Maces AJIs NPUTOTOBICHUS MOJEIBHBIX CMECEil MCIONIBb30BAINCH ITATHO NPUMEHSEMbIC MOTOPHBIC
macna 11 ausenbHbIx gpurareneid M-14J1,CE u M-53/14]1,CE. B kadecTBe nuCEpCHOM (asbl CYCIEH3MI HCIIONB30BANICA TEXHUYE-
ckuit yrepon mapok N110, N220, N330 u N220 npuramumii (HerpaHyIupoBaHHBIH). Peonornyeckue cBOHCTBa 00pa3oB ONpeNessuINCh
Ha potaunoHHOM peoMetpe TA Instruments DHR-2. [Tonmy4deHHbIe SKCTIEepUMEHTANIBHBIE JaHHBIE 00pa0daThIBAINCh METOAAMH MaTeMaTH-
YECKOH CTATUCTHKH C MOJyYCHHUEM ANPOKCHMHPYIOIINX 3aBUCUMOCTEH.

PesyabTarel. B pabore mpencTaBieHsl aHAIN3 PA3IMYHBIX TTOJXO0B K OMHCAHUIO PEOJIOTUH CYCIIEH3UIl U Pe3y/bTaThl KCIIEPUMEH-
TaJbHBIX MCCJIEAOBAHUI BA3KOCTHO-TEMIepaTypHbIX XapakTepucTHK (BTX) monmenpHbIX 00pasiioB Macen, coaepskamux caxy. [loka-
3aHO, YTO CYIIECTBYIOIINE MOJETH 3aBUCHMOCTH JUHAMUYECKOH BS3KOCTH CYCHEH3UH OT TeMIepaTypbl, 00bEMHON KOHIEHTPALUH
JCIIEPCHO#T (ha3bl, pa3MepoB U (OPMBI € YaCTHII He MO3BOJISIOT ajekBaTHO onncaTh BTX MoTOpHBIX Maces, copepxaiux caxy. [Ipen-
JIO’KEHA MOJIENb PEONIOTHYECKUX CBOWCTB Cayke-MacCIIsTHBIX CYCIIEH3HI B BUI€ MaTeMaTU4eCKOH 3aBUCUMOCTH UX AWHAMHYECKOH BS3KO-
CTHU OT TeMIEpaTypbl, MACCOBON KOHLIEHTPALIMH Ca)kKM, INIOTHOCTH MaTepuaja U pa3MepoB Ca)KeBbIX YACTHIL, OT XapaKTEPUCTHK (HOPMBI
U CTPYKTYPBI IEPBUYHBIX arperaTos, a TakKe OT COOTHOLIEHHs Pa3MEpOB arperaroB U MOJIEKyI AUCTIEPCHOHHOM CpeJibl.

BriBoabl. [Tokazano, uto mist anexBaTHOro omucanus BTX MOTOpHBIX Maces, CoAepiKalluX Caxy, HeOOXOAUMO yUHMTHIBATH XapaKTe-
PHUCTHKH CTPYKTYpPBI HEPBUYHBIX arperaroB Ca)keBbIX 4acTull. Paspaborana maremaruyeckas Mozaens BTX macen B BHJe 3aBHCUMOCTH
HX JMHAMUYECKOU BSI3KOCTHU OT TEMIIEPaTyphl, MACCOBOI KOHI[EHTPALIMH Ca)XKH, INIOTHOCTH MaTepHalla 4aCTHIl, CTEIIeHH HeC(epUIHOCTH
arperaTroB, COOTHOIICHHSI Pa3MEpOB YaCTHI[ TUCIIEPCHOHN (ha3bl (arperartoB WM OAMHOYHBIX YaCTHIl HEarpernpoBaHHOW Ca)XH) M MoJie-
KyJI MacJia, a TakKe CTPYKTYPHOCTHU CaKH, XapaKTepu3yeMOoi CTaHIapTHBIM IoKa3aTesieM — ajicopouueit nubytundranara.

KnioueBble cnoBa MocTtynuna: 20.08.2024
MaremMariyeckasi MOJICITb, THHAMHYECKas BI3KOCTh, MOTOPHOE MAcIlo, Caxa, AopaboTaHa: 16.09.2024
CTPYKTypa arperatoB, PEOJOTHUECKHE CBONCTBA MpuHsTa B neyats: 21.10.2024

Ana uunTnpoBaHua

Jlecun A.B., UcaeB A.B., Toukonoros b.I1., lynaes C.B., KynukoB A.b. Maremaruueckas Mojieb 3aBUCUMOCTH JMHAMUYECKOM BS3KOCTH
MOTOPHBIX Macell OT TeMIIePaTypbl, KOHIIEHTPALMHX CakH 1 ee Moponorun. Touxue xumuueckue mexnonoeuu. 2024;19(6):485-496. https://
doi.org/10.32362/2410-6593-2024-19-5-462-478

486 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(6):485-496


mailto:lesinav@ips.ac.ru

A mathematical model of the dynamic viscosity dependence of motor oils

on temperature, soot concentration, and its morphology

Anatoly V. Lesin,
etal.

INTRODUCTION

Among the numerous attributes of motor oil (MO),
its viscosity-temperature characteristic (VTC) is of
particular significance. The viscosity of the oil is a critical
factor in determining the operational characteristics of
diesel engines, including the starting properties, time to
reach full load acceptance, operational fuel consumption,
and energy costs associated with driving its units.
The viscosity of the oil affects these characteristics
by influencing the friction operation of the engine and
the energy required to drive its units. The viscosity of
the oil also exerts an influence on the total emissions
of toxic substances with exhaust gases, given that the
mass of emissions is proportional to fuel consumption,
which increases in proportion to the viscosity of the oil,
provided that the external load remains constant.

The VTC of MO provides a comprehensive
characterization of the rheological properties in question.
The VTC of MO is primarily determined by the nature of
the base oil. Viscosity-enhancing additives are frequently
employed to augment viscosity and viscosity index. The
utilization of these compounds facilitates the attainment
of oils with a mild VTC. The combination of thickening
additives with additives which enhance Ilubricating
properties enables the production of energy-efficient
oils [1].

The analysis demonstrates that the viscosity of MO is
not a constant during operation and varies in accordance
with the accumulation of various contaminants within
it. The introduction of engine fuel into the oil results in
a reduction in viscosity, while the flash point in the open
crucible is also diminished. This is a useful diagnostic
parameter for identifying engine malfunctions which
may lead to oil liquefaction by engine fuel.

It is typical for a small quantity of wear products
to be present in the operational MO. This is due to the
formation and removal of such products from the friction
zones by the MO. Additionally, the effective removal of
these products from the oil stream by cleaning filters, as
well as the settling of heavy particles of wear products in
the crankcase contribute to the overall reduction in their
concentration.

The greatest number of contaminants present
within the operational MO, which are perpetually
present within the circulating stream, are minute soot
particles not retained by the filters. These particles often
contain adsorbed products of degradation and chemical
transformation of oil components during operation.

The bulletin! indicates that the presence of soot in the
oil is not problematic until the active components of the

I Cummins service Bulletin 4960819-07. 2002. 15 p.

additives reach a point of diminishing effectiveness. The
accumulation of soot in the crankcase over time leads to
the removal of additive components from the surface of
the soot. This in turn results in the accelerated wear of
the rubbing parts, namely the cylinder piston group and
the valve mechanism.

As the concentration of soot in MO increases, its
viscosity also increases. This gradual increase reaches
a point at which the operation of the diesel engine
becomes impossible. At this point, the oil is replaced with
fresh oil. Concurrently, augmentation in the viscosity of
the oil due to accumulation of soot may be obscured by
a reduction in viscosity resulting from the introduction
of fuel into the oil.

Given the labor-intensive and economically
unprofitable nature of constant monitoring of the
condition of the working oil, there is a clear interest
in developing a mathematical model for changing
the dynamic viscosity of MO in accordance with the
increasing concentration of soot during engine operation.

MATERIALS AND METHODS

Materials

To study the rheological properties of suspensions,
M-14D,SE and M-5z/D,SE oils, routinely used in
medium-speed diesel engines (Shahumyan Production
Plant, Russia), were selected.

The trademarks of carbon black N110, N220, N220p
(dusty, selected from the bag filter of the installation
before granulation), and N330 of production by
Nizhnekamsktehuglerod (Russia) were used as the
dispersed phase in the research.

In the interests of reducing the volume of the article,
the results of experiments for MO of M-14D,SE and
N220p grades, as a dispersed phase, will be further
considered.

The approximation for the dependence of pure oil is
given by the following equation:

u(T):eXp(exp(a-T‘4+b-T_2+c))—1. (1)
The values of the coefficients in Eq. (1) are:

a=-129-10'% h=1.03-10% c=—1.13.

Methods

The rheological properties of the model samples were
investigated utilizing a rotational rheometer (DHR-2,
TA Instruments, USA) with a cone-plane measuring unit
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(plane diameter 40 mm, cone angle 2°). The temperature
dependencies of viscosity were obtained at a constant
shear rate of 100 ¢! and a temperature change rate of
2°C/min with an increase in temperature from 20 to
120°C and with a decrease in temperature from room
temperature to —60°C.

Analysis of analytical approaches
to the description of VTC soot-oil
suspensions

The majority of the dependencies proposed in scientific
and technical literature with regard to the dynamic
viscosity of dispersed systems can be reduced to the
following form:

W(T,9) =1y (7) - F(o), 2

wherein p(7) is the dynamic viscosity of the dispersion
medium as a function of absolute temperature; F(@) is
a function of the volume concentration of the dispersed
phase.

One of the first known formulas for calculating the
viscosity of suspensions was proposed by A. Einstein [2]:

W) =po - F(@)=p,-(+e-9), (3)

wherein ¢ is the coefficient for particles of the dispersed
phase of an ellipsoid shape (in particular, for spherical
particles in the formula theoretically derived by Einstein,
with the assumptions he made when calculating energy
dissipation when a viscous liquid flows around a solitary
sphere, the value € is 2.5, and the experimentally obtained
value ¢ for spherical particles is 2.9); p,, is viscosity at
a fixed temperature.

It can be observed that Eq. (3) represents a special
case of Eq. (2). Consequently, the viscosity of the
suspension is dependent on temperature solely in relation
to the viscosity of the dispersion medium. It should
be noted that the dependence of the form (3) produces
correct results only at ¢ < 0.04, when the hydrodynamic
interaction between the particles of the dispersed phase
can be neglected.

At elevated concentrations of dispersed phase
particles in suspensions, the interaction of the flow fields
of the dispersion medium around neighboring particles
becomes discernible. The viscosity exhibits a nonlinear
increase as the concentration of the dispersed phase
rises. In this instance, a more comprehensive equation is
more appropriate [2]:

@) =pg - (1+8-0+8, -9 +55-0%), @)
wherein the values of the coefficients €, ¢,, &, are

different for different authors. In [3], numerous variants
of the values of these coefficients for different ranges

of values are given, while in almost all literary sources
g, = 2.5, and the remaining coefficients may differ
significantly. For example, in [4] the Wand formula
with the coefficients ¢, = 2.5, &, = 6.25, ¢, = 15.6 is
given. They allow a sufficiently high accuracy of
calculation of viscosity of suspensions to be obtained
with a low content of dispersed phase (¢ < 0.3), when
collisions of particles and overlapping of solvate layers
formed by a part of the dispersion medium are so rare
that their influence on the flow of suspensions is very
insignificant.

Formulas are proposed for calculating the viscosity of
suspensions in which the volume concentration function
of the dispersed phase F(¢) has a different form. Thus, in
the fundamental monograph by S. Bretschneider [3], the
Kunitz formula is given:

HP) =py - (1+0.5-9)-(1-¢)*, )

However, calculations based on these formulas
produce absolutely incorrect and contradictory results to
experimental data. This is obviously due to an error in
the “—” sign in the second bracket. It is regrettable that
this error has been identified in numerous other reviews
and reference publications.

Upon replacing the “—” sign with “+”, the outcomes
of the calculations conducted in accordance with Eq. (5)
are observed to be relatively proximate to those derived
from other validated approximations.

Kurgaev’s formula is also given in [3], which,
according to the author [3], gives the best agreement
with the results of experimental determination of the
dynamic viscosity of suspensions in the range of values
¢ <0.25:

2.0

232 |
(1—1.2-@]

The formula for concentrated suspensions exhibiting
non-Newtonian properties, as proposed by Barney and
Mirzakhi, is presented in reference [4].

ki-o
— |, 7
1—k2-(pj ™)

weo)=pg | 1+ (6)

m(e) =g - exr{

wherein k; = 2.5; k, = 0.75 ... 1.5 for different authors.

The approximations (3)—(7) discussed above do not
take into account the size and shape of the particles,
despite the necessity of such considerations for certain
ratios of concentration and particle sizes of the dispersed
phase. In this regard, the following approximation
is proposed in reference to suspensions comprising
spherical particles, as documented in [4].
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, (8)
((P ~ Pmax )2

3
H(P) =pyg - 1+2-5'(P+Z'(P'CXP

wherein m = 2.2 + 0.033a; a is the particle size in
microns; ¢, = 0.74 is the concentration of particles
with the densest packaging.

G.I. Kelbaliev [4] notes that the results of calculating
the viscosity of suspensions by Eq. (8) agree well with the
experimental data. However, like the authors of several
other works (e.g., M.A. Morozova? and P.I. Pilov [5]),
he makes an erroneous conclusion that viscosity also
increases with increasing particle size of the dispersed
phase.

In the work of P.I. Pilov [5], a theoretically justified
formula was proposed for calculating the dynamic
viscosity coefficient of suspensions. His formula takes
into account not only the volume concentration of the
dispersed phase ¢ and the radius of its particles 7, but
also the properties of their surface by introducing into
the formula the thickness of the boundary layer of the
dispersion medium on the surface of the particles of the
dispersed phase A:

1

1—[1+x)-3(p
r k,

wherein k, is the packing coefficient of particles of the
dispersed phase, equal to n/6 for cubic packaging and
0.625 for arbitrary packaging.

As illustrated by Eq. (9), a reduction in the particle
size of the dispersed phase is associated with an increase
in suspension viscosity. It should be noted that the
work [5] is primarily concerned with the gravitational
separation of minerals, and therefore pertains mainly to
coarse-dispersed suspensions. Therefore, the adequacy
of this formula in relation to soot suspensions in MO
requires verification.

The work of V.Ya. Rudyak [6], devoted to the study of
the viscosity of nanofluids (that is to say, dispersed systems
consisting of liquid and nanoparticles, which include
non-aggregated carbon black in MO), demonstrated that
the dependence of the viscosity of the suspension on the
concentration of nanoparticles, regardless of the particle
material, can be described by the formula:

u(e,7,A)=pg - ©)

M) =to - (1+8 - 0+8, - 0?), (10)

in which the coefficients ¢, and ¢, significantly exceed in
magnitude the similar coefficients in Eq. (4).

2
SB RAS; 2019. 103 p. (in Russ.).

Thus, in the dependencies for suspensions with
TiO, nanoparticles, they are 5.45 and 108.2, respectively,
in contrast to 2.5 and 6.25 in Wand’s formula [4]. For
suspensions of aluminum oxide(Ill) particles, ¢, and
g, are equal to 7.3 and 123, and for copper particles,
they are 3.645 and 468.72, respectively. From this, the
author [6] concludes that the viscosity coefficient of
nanofluids increases significantly faster with increasing
particle concentration than the viscosity coefficient
of a conventional dispersed liquid. The values of the
coefficients ¢, and ¢, may depend on the size of the
nanoparticles and their material.

As a result of molecular dynamic modeling [6],
a dependence was obtained:

w(e) =ng -{u,B +(5.25-¢+40.94-¢2) x

x exp(—0.208 %ﬂ,

whereinp p=1+2.5-¢+6.2- @2 is the relative viscosity
of the suspension in the Batchelor’s formula [7], D is the
effective diameter of the nanoparticles, d is the effective
diameter of the molecules of the dispersion medium.
Additionally, as demonstrated in reference [6], the
rheological characteristics of non-Newtonian nanofluids
can be effectively represented by a model of the following
form:

o) =K-y" 1, (12)

wherein v is the shear rate; n = 1 —36.3 - ¢ + 5 - ¢%
K =0.001+¢ —230 - 9>+ 3700 - ¢>.

The author [6] proposes that the Newtonian behavior
of nanofluids can be discussed only when the base liquid
is Newtonian and the concentration of nanoparticles
is not particularly high. The volume concentrations of
nanoparticles in this instance does not appear to exceed
10-15%. The coefficient of dynamic viscosity at such
concentrations can be represented by the Eq. (10).
Nevertheless, the coefficients in this ratio must be
functions of the size of the nanoparticles.

1) =pg - (1+&/(D)- 9+, (D)-9?). (13)

(11)

In order to evaluate the suitability of the
aforementioned approximations, calculations were
conducted to determine the kinematic viscosity of
M-14D,SE oil and soot suspensions based on this oil and
carbon black grade N220 (dusty) within a temperature
range of 250 to 350 K. The resulting data is presented

Morozova M.A. Thermal conductivity and viscosity of nanofluids. Diss. Cand. Sci. (Phys.-Math.). Novosibirsk: Institute of Thermophysics
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in Fig. 1. The N220 brand was chosen since, of the
available carbon black trademarks, it is morphologically
closest to the soot samples described in publications on
the problems of soot formation in diesels [8—14].

6-10°
8
. 7
g 4.103
=410 2,3.4.5
g 1
g
2
g 2103
Q
=
N
0
240 260 280 300 320 340

Temperature, K

Fig. 1. Approximations for the VTCs of M-14D,SE oil (/)
and its suspensions with soot (5 vol %) according to the Eqgs.:

curve (2) — Eq. (3); (3) — (6); (4) — (4); (5) — (7);
(6) —(5); (1) — (11D; () — (9)

As can be seen from Fig. 1, all the methods
considered for calculating VTCs give a similar nature
of dependencies. The majority of formulas which solely
consider the volume concentration of the dispersed
phase yield highly comparable results for viscosity
calculations. Concurrently, the Einstein formula yielded
slightly lower viscosity values than the formulas of
Kurgaev, Wand, Barney, and Mirzakhi (the latter three
yielded almost indistinguishable results).

The VTCs of soot-oil suspensions are also adequately
described using the Kunitz model, although it does not
account for the particle sizes of the dispersed phase
(curve 6 in Fig. 1).

In the context of this study, the model (11) described
in the work of V.Ya. Rudyak [6] is the most appropriate
when calculating the viscosity of suspensions. This is due
to its suitability for a wide range of volume concentrations
of the dispersed phase and its consideration of the ratio
of particle sizes and molecules of the dispersion medium.

RESULTS AND DISCUSSION

In order to confirm the applicability of the model (11),
selected following an analysis of the models available in
the scientific and technical literature and a discussion of
the same in the previous section, a series of experiments
was conducted with the preparation of model mixtures
of MO of M-14D,SE grade with different soot
contents (N220p dusty, nongranular), followed by the
determination of dynamic viscosity. In order to prepare
the model samples, soot mass concentrations of 1, 2, 3, 4,

5, and 7 wt % were selected. The 1% step was selected in
orderto facilitate the observation ofthe change in viscosity
which occurs with an increase in soot concentration.
A contamination level of 5 wt % in used oil is typically
deemed inadequate, necessitating the replacement of the
oil in accordance with the specifications provided by the
manufacturers of the associated equipment. The 7 wt %
soot content was selected to substantiate the hypothesis
that an excess of soot content above the established
norm (5 wt %) has a deleterious effect on the rheological
characteristics of the oil.

Based on experimental data, approximate dependencies
of change of dynamic viscosity of M-14D,SE oil with
N220 dusty soot at concentrations of 1, 2, 3, 4, 5, and
7 wt % at absolute temperature were obtained, graphs
of which are presented in Fig. 2. The analytical form of
the approximating dependencies and the values of the
coefficients a, b, and c are presented in Table 1 for reference.

A common feature of the VTCs of M-14D,SE oil
samples with soot is the expected steady trend towards
an increasingly noticeable shift in viscosity-temperature
curves upward relative to the VTC of pure oil as the
concentration of soot increases. The highest values of
dynamic viscosity can be observed in oil samples with
the highest soot content, which in our case corresponds
to a concentration of 7 wt %.

Dependence (11) is a suitable method for calculating
the dynamic viscosity of suspensions across a wide range
of volume concentrations of the dispersed phase and
temperatures. In addition to these parameters, it allows
for the consideration of only the ratio of the sizes of soot
particles and molecules of the dispersion medium (oil).
Nevertheless, the outcomes of the calculations indicate
that these parameters are inadequate for accurately
predicting the VTCs of the oil flow contaminated with
soot (Fig. 3).

It is evident that the Eq. (11) does not account for
two key factors: firstly, the presence of soot in oil is
predominantly in the form of primary aggregates, formed
in the gas phase and subsequently captured by oil; and
secondly, soot aggregates contain absorbed oil. Given
these considerations, the viscosity of soot suspensions
in MO must be calculated with a focus on particles of
a sufficiently large size, corresponding to the dimensions
of soot aggregates. Furthermore, when determining
the volume concentration of the dispersed phase, it
is essential to take into account the proportion of the
dispersion medium which becomes part of the dispersed
phase, comparable in volume to the volume of soot.

The average value of the effective particle diameter
of the model carbon black (nongranulated carbon black
of the N220 brand), designated N220p, considered in
this study, is 32 nm, and their primary aggregates are
103 nm [15].
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Table 1. Parameters of approximating dependencies of the dynamic viscosity of M-14D,SE oil and suspensions based on it

Dependence coefficients
S W(T) = exp(exp(a T4+ T2+ c)) —1 Cor’ielatioil coefficient
corr((T 44T 2),lnln(u+ 1))
a b G
M-14D,SE -7.31-10° 8.60 - 10° —9.84 0.999
M-14D,SE + 1 wt % N220p -3.98 - 10° 7.38-10° —8.75 0.999
M-14D,SE + 2 wt % N220p -3.62 - 108 6.08 - 10° —7.62 0.999
M-14D,SE + 3 wt % N220p 2.01-10° 5.26 10 —6.91 0.999
M-14D,SE + 4 wt % N220p 5.93-10° 3.71-10° —-5.49 0.999
M-14D,SE + 5 wt % N220p 9.57 - 107 2.10-10° -3.92 0.998
M-14D?SE + 7 wt % N220p ~7.31-10° 8.60 - 10° —9.84 0.999

N
~

0.2

Dynamic viscosity, Pa-s

280 300 320

Temperature, K

340 360

Fig. 2. Approximating dependencies of the dynamic viscosity
of M-14D,SE (/) oil on temperature at different concentrations
of N220 dusty soot:

(2) M-14D,SE oil + 1% soot; (3) M-14D,SE oil + 2% soot;
(4) M-14D,SE oil + 3% soot; (5) M-14D,SE oil + 4% soot;
(6) M-14D,SE oil + 5% soot; (7) M-14D,SE oil + 7% soot

In the absence of consideration of oil absorption
by soot aggregates, the dynamic viscosity of soot
suspensions in oil, as derived from Eq. (11), exhibits the
following dependence:

Moo (&:T) = ko (T ){[l+2~5fnsch (g:7)+

2

+6.2f2cpp (g,T)z} +[5.25fIfScDP (g.T) + (14)

+40.94 4 cpp ( g,T)“Jexp(—o.zosgj},

0.8

Dynamic viscosity, Pa-s

0.2

280 320 360

Temperature, K

400

Fig. 3. Results of calculating the dynamic viscosity

of 3- and 7-percent suspensions of N220p soot

in M-14D,SE engine oil according to Eq. (11) in comparison
with the approximation of experimental data:

(1) calculation results using Eq. (11) with 3% soot;

(2) calculation results using Eq. (11) with 7% soot;

(3) M-14D,SE oil + 3% soot; (4) M-14D,SE oil + 7% soot

wherein g is the mass concentration of soot in the
suspension in fractions of one; 7 is the absolute
temperature, K; p,(7) is the dynamic viscosity of
pure oil, Pa - ¢ (general view of the dependence W(7)
and the values of the coefficients a, b, ¢ are shown in
Figs. 1 and 2 and in Table 1, respectively); f, is the
coefficient of non-sphericity of primary aggregates of
soot particles, taking into account the ratio of the large
and small axes of the space area occupied by the average
aggregate; D is the average value of the effective
diameter of the aggregates, nm (for N220p soot
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according to data [15, 16, 3] D = 103 nm); d is the
characteristic value the linear size of the molecules of
the dispersion medium (DM), assumed to be 1.5 nm;
cpp(g.T) is the volume concentration of soot in the
suspension, calculated by the formula:

g ppm(7)
g ppm (T)+(1-g)Ppp
wherein p, is the density of the dispersed phase
material (soot), assumed to be equal to 1850 kg/m?;
ppm(7T) is the dependence of the density of the DM on
temperature:

ooyt (T)=1019-0.661-T. (16)

cpp(&.T)= (15)

The calculations, performed according to Eq. (14) and
presented in Fig. 4, show an unsatisfactory agreement
of their results with experimental data obtained using
a rotational viscometer.

N g I
e [=)} [oe]

Dynamic viscosity, Pa- s

S
o

300 350 400
Temperature, K

Fig. 4. Results of the calculation of the dynamic viscosity

of a 5-percent suspension of N220p soot in M-14D,SE engine
oil according to Eq. (14) in comparison with the approximation
of experimental data:

(1) M-14D,SE oil;

(2) calculated value according to Eq. (14);

(3) M-14D,SE oil + 5% soot

One of the reasons for this result, clearly, is that
Eq. (14) does not take into account the structure of
soot, usually characterized by such an indicator as the
absorption of dibutyl phthalate kjy5p, cm3/100 g of soot.
The value of this indicator is approximately equivalent to
the volume of oil absorbed by the primary soot aggregates
and subsequently removed from the dispersion medium.
This results in an increase in the volume concentration of
the dispersed phase in the suspension, with a higher k5,
value leading to a greater degree of separation.

3

In this case, the volume concentration of the dispersed
phase is equal to

g-[1+pppKppp |Ppm (7)
g Ppm(T)+(1-g) Ppp
wherin Kpypp = kpgp ' 1075, m3/kg.

Taking into account (17), Eq. (14) takes on a different
form:

Koo (& T Kppp ) =g (T)*

x {[1 +2.5f,epp (8T Kpgp )+

cpp (&7, Kppp ) = , (17)

2
+6.2f2cpp (g,T,KDBP) }L (18)
2
+[5.25 flepp ( g,T,KDBP) +

+40.94 14 cpp (8.7, Kppp )4}6"1’(_0‘2083}'

It should be noted that with a mass concentration of
soot in a suspension g = 0.05, the volume concentration
calculated by Eq. (15) at a temperature of 293 K is 0.023,
and according to Eq. (17) in the case of M-14D,SE oil
(Kpgp = 115 cm3/100 g) it is 0.072, which causes
the larger, than according to Eq. (14), proximity
of the obtained viscosity values to those measured
experimentally (Fig. 5).

0.6
o
(=9
=
Z 04 4
3
2
g
S 1
>
A 0.2

0

300 350 400

Temperature, K

Fig. 5. Results of calculating the dynamic viscosity

of a 5-percent suspension of N220p soot in M-14D,SE engine
oil according to Egs. (14) and (18) in comparison

with the approximation of experimental data:

(/) M-14D,SE oil;

(2) calculated value according to Eq. (14);

(3) calculated value according to Eq. (18);

(4) M-14D,SE oil + 5% soot

Razdiakonova G.I. Dispersed carbon. An educational electronic publication of local distribution. Omsk: OmSTU, 2013. 231 p.
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Nevertheless, the calculated values of the dynamic
viscosity of the oil obtained by Eq. (18) remain
significantly disparate from the experimental data.
Similar discrepancies were observed for other values of
the mass concentration of soot in the suspension, ranging
from 0.01 to 0.07.

In light of the aforementioned considerations,
an effort was made to incorporate the impact of the
shape of primary soot aggregates on the viscosity
of suspensions. In the case of N220p, the electron
microscopy data presented in [15, 17] indicate that
the shape deviates significantly from a spheroidal or
ellipsoidal form, exhibiting a branched structure with
an average number of soot particles in aggregates
equal to 33.

Given that the primary aggregates of N220p soot in
size can be classified as Brownian particles, which, due
to their branched shape, exhibit a higher resistance to
shear motion of the dispersion medium than spherical
particles, Eq. (18) was transformed by introducing an
additional complex parameter K(7) into it.

0.6
K T
K(T,KDBP)=( ?SPJ.[T_J x

cr

3708 (19)
ool (22)
T b

where T is the pour point of the oil (for M-14D,SE,
T, =261K).

In this instance, the formula for calculating the
dynamic viscosity is given by the following expression:

“sll(g’T’KDBP)ZHO(T)X

2 0.3
x {[(K(T’KDBP)) '(CDP(gvT»KDBP)) +
2.5 fosCpp (g’T’KDBP)+

2 2
+6.2f2cpp ( g,T,KDBP) }r

(20)

2
+[5.25fnzscDP (g,T,KDBP) +
4 4 D
+40.94 fcpnp (8.7, Kpgp ) |exp ~0.208— 1.

The results of the calculation of the dynamic viscosity
of oils in accordance with Eq. (20) are shown in Fig. 6.

The relative position of the VTCs of soot suspensions
obtained by calculation according to Eq. (20) and
the approximate dependencies obtained as a result of
processing the experimental data by regression analysis
methods indicate a sufficiently high reliability of
predicting the viscosity of oils contaminated with soot
using Eq. (20).

0.8

0.6

0.4

Dynamic viscosity, Pa-s

0.2

300 350 400
Temperature, K

Fig. 6. Results of calculating the dynamic viscosity

of a 5-percent suspension of N220p soot in M-14D,SE engine
oil according to Egs. (14), (18), and (20) in comparison

with the approximation of experimental data:

(1) M-14D,SE oil;

(2) calculated value according to Eq. (14);

(3) calculated value according to Eq. (18);

(4) M-14D,SE oil + 5% soot;

(5) calculated value according to Eq. (20)

CONCLUSIONS

The results obtained indicate that, in order to adequately
describe the VTCs of MOs containing soot, the
characteristics of the structure of the primary aggregates
of soot particles need to be taken into account. The
developed mathematical model of VTCs of oils in
the form of dependence of their dynamic viscosity on
temperature, soot mass concentration, density of particles
material, degree of aggregates non-sphericity, ratio of
particle sizes of dispersed phase (aggregates or single
particles of non-aggregated soot) and oil molecules, as
well as soot structure characterized by adsorption of
dibutyl phthalate, allows the VTCs of oils contaminated
with soot formed in the course of diesel operation to be
sufficiently reliably predicted.
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Abstract

Objectives. To develop a highly efficient catalytic system for the liquid-phase oxidation of long-chain mono-chlorinated alkanes by oxygen
in air to a mixture of high-boiling chlorinated carboxylic acids, which can serve as raw materials for the production of multifunctional
additives for polyvinyl chloride.

Methods. The liquid-phase oxidation of 1-chloro-n-hexadecane by oxygen in air in the presence of a two-component catalytic system
of St,Co(OH) and N-hydroxyphthalimide (N-HPI) was investigated. The air flow rate during the oxidation of 1-chloro-n-hexadecane
was controlled by a gas meter. Identification, composition, and content of the starting 1-chloro-n-hexadecane for conversion control
were conducted using chromatographic-mass spectrometric analysis on an Agilent GC 7820A/MSD 5975 instrument. The structure
of cobalt(I1l) hydroxystearate was confirmed by infrared spectroscopy.

Results. Investigation of a two-component catalytic system St,Co(OH)-N-HPI in the oxidation reaction of 1-chloro-n-hexadecane
by oxygen in air revealed that both components of the system participate in the formation of hydroperoxides. This accelerates their
formation and contributes to high hydroperoxide content in the reaction mass. It was observed that St,Co(OH) in the two-component
catalytic system accelerates the decomposition of hydroperoxides better than St,Co in another two-component catalytic system previously
studied, making it promising for application in the process. The oxides thus obtained can serve as raw materials for the production
of multifunctional additives for polyvinyl chloride which could lead to improvements in the quality and properties of this material.

Conclusions. The investigation into the liquid-phase oxidation of 1-chloro-n-hexadecane by oxygen in air using the two-component
catalytic system St,Co(OH)-N-HPI has shown it to be more efficient compared to the two-component catalytic system St,Co—N-HPL.
The optimal concentration of the two-component catalytic system St,Co(OH)-N-HPI in the reaction system for the liquid-phase
oxidation of 1-chloro-n-hexadecane by oxygen in air has been determined to be 9 mol % of the raw material loading, with a molar ratio
of components of 1 : 6. Such a catalytic system enables an acid number in the oxide of 42 mg KOH/g to be attained after 10 h of oxidation.
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Ana Xnpkoda3Horo okucneHmsa 1-xnop-H-rekcapgekaHa
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AHHOTaUuA

Heﬂﬂ. Pa3pa60TKa BI)ICOKO3(1)C])€KTI/IBHOI\/’I KaTaJIMTUYCCKON CUCTEMBI JUI )KI/II[KO(baSHOFO OKHUCJICHUSA NJIMHHOUECTIOYEYHBIX MOHOXJIOPU-
POBAHHBIX aJIKAHOB KHCJIOPOAOM BO3/1yXa B CMECh BBICOKOKHUITAIINUX XJIOPCOACPkKAINX Kap6OHOBI>IX KHUCJIOT, KOTOPbIE MOT'YT CIIYKUTH
CBIPBEEM JJIA MOJTYUCHU S MHOFO(i)yHKL[I/IOHaJ'lI:HLIX ,:[o6a1301< JUTA TTOJIMBUHUWIXJIOpUA.

Mertoas!. VcenenoBanne xuakodasHoro okucienus 1-xmop-#-rexcanexkana (1-XI'J]) KucaopomoM Bo3ayxa B IPUCYTCTBHU JIBYXKOMIIO-
HEHTHOH KaTaluTU4ecKol cuctemsl, cocrosimeit u3 St,Co(OH) u N-ruppoxcudranmumuna (N-I'OU). Pacxon Bo3myxa Mpu OKUCICHUH
1-XT/1 koHTpOJIMpPOBaK Ta30BBIM cueTdnKoM. M nenTudukaimio, cocrtas u cojepkanue uexonHoro 1-XIJ[ uist KOHTPOIIST KOHBEPCHH
MIPOBOIMIIN C MCIIOJIBE30BAaHUEM XPOMAaTO-Macc-CIIeKTpoMeTpudecKkoro ananmsa Ha npudope Agilent GC 7820A/MSD 5975. Crpoenue
runpokcucreapara kobansra(lll) monrBepxaeHo HHPpPaKpacHOH CHEKTPOCKOIHEH.

PesynbTarhl. Mccnenopanue JByXKOMIIOHEHTHOH Kartanutuueckoi cucteMbl St,Co(OH)-N-I'OU B peakuun oxucienus 1-XII xkuco-
POoM BO3/IyXa MOKa3ajo0, 9TO 00a KOMITOHEHTA KaTaIUTHIECKOH CHCTEeMBI Y9acTBYIOT B TIpoIiecce 00pa30BaHHs THAPOICPOKCHIOB, UYTO
3HAYUTEIHHO YCKOPSET UX 00pa30BaHUE M CIOCOOCTBYET CO3/IaHMIO BBICOKHX COAEPKAHHH I'MAPONEPOKCHIOB B PEaKIMOHHOW Macce.
Veranosneno, uto St,Co(OH) B cocTaBe IBYXKOMIIOHEHTHOH KaTaJUTHYECKOH CUCTEMBI YCKOPAET PEAKIUIO Pa3oyKeHHUs THIPOIEPOK-
cuj1oB syumre, yeM St,Co B cocTaBe U3y4EHHONH HAMU paHee JIByXKOMIIOHEHTHON KaTanmuTudeckoi cucremsl St,Co—N-I'®U. Tlomyqen-
HBIE OKCHJIATHI MOT'YT CIIY’KUTb CHIPHEM ISl CO3TaHMsI MHOTO(YHKIIMOHAIBHEIX 0OaBOK JUIs TepepabOTKH ITOIMBUHIIXIIOPU/IA.

BbiBoabl. YcTaHOBICHO, YTO 1T )KUAKO(Pa3HOTO okucieHus 1-XI/] Kuciaopoaom Bo3ayxa IBYXKOMIIOHEHTHAS KaTaTUTHIECKas CUCTE-
ma St,Co(OH)-N-I'DU senserca Gonee o5GPeKTHBHON, €M IBYXKOMIIOHEHTHAs KaTanmuTudeckas cucrema St,Co-N-I'®U. Halineno,
41O I XKUIKo(pazHoro okucierus 1-XIJ] kuciaopoaom Bo3ayxa ONTHMAIBHOE COACPKAHUE IBYXKOMITIOHEHTHOW KaTaJTUTHYECKOH CH-
cremspl St,Co(OH)-N-I'OU B peakIMOHHOM Macce COCTABIAET 9 MOIL. % OT 3arpy3KH ChIPbS MMPH MOJLHOM COOTHOMIEHHH KOMITIOHEHTOB

KnioueBbie cnoea

Kap60HOBLIe KHUCJIOTHI

Anga uMTnpoBaHus

I-XIIOP-H-I‘CKcaZ[eKaH, )KI/I/IKO(i)aSHOC KaTaJIUTH4YCCKOC OKUCIICHHUC,
JABYXKOMITIOHCHTHAS KaTAJIUTUYICCKasA CUCTEMA, T'HIPOKCUCTEApaT KO6aIII)Ta,
N—I‘I/IIIPOKCI/I(bTaJII/IMI/IH, TUAPONEPOKCHU, KOHBEPCHUA, KUCIIOTHOC YUCIIO,

1 : 6. Takas KaTaaUTHYECKAs CHCTEMA MO3BOJISET MOTydaTh KUCIOTHOE yrcio B okcuaare 42 mrKOH/r yepe3 10 4 okucnenus.

Moctynuna: 03.05.2024
Oopa6oTaHa: 05.08.2024
MpuHsaTta B neyatb: 17.10.2024

Canynos B.H., 3otoB 10.JI., Hryen T.T., Ilonos }O.B., llumkuna E.B. BricokoaddekTuBHas KaTaauTHUECKas CUCTEMa IS JKUAKO-
(hazHOTO OKHCIIEHHS 1-XJIOp-H-TeKCaJeKaHa KHCIOPOAOM Bo3ayXa. Towkue xumuueckue mexvonoeuu. 2024;19(6):497-507. https://doi.

0rg/10.32362/2410-6593-2024-19-6-497-507

INTRODUCTION

We have previously shown that liquid-phase catalytic
low-temperature oxidation of chlorinated paraffins
and long-chain normal monohaloalkanes with
atmospheric oxygen produces oxidates containing,
among other things, carboxylic acids which can be
used as multifunctional additives for processing
polyvinyl chloride (PVC) [1-3]. Such multifunctional

additives, as a rule, have low toxicity [4], exhibit the
properties of plasticizers, stabilizers, lubricants, and
impart useful properties to products based on PVC
[5, 6]. Long-chain normal individual monohaloalkanes
are also of interest when studying the regularities of
processes occurring during their catalytic liquid-phase
oxidation. In this case the reaction and composition
of the reaction mass are significantly simplified when
compared to the oxidation of chlorinated paraffins [3],
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which are mixtures of chloroalkanes with varying
degrees of chlorination.

There is insufficient data in the literature on
the oxidation of individual long-chain chlorinated
hydrocarbons in the liquid phase with atmospheric
oxygen in the presence of organic cobalt salts. Thus, the
search for highly effective catalytic systems for aerobic
oxidation of long-chain chlorinated alkanes is currently
important for theory and practice.

Previously, we used a cobalt(Il) stearate catalyst
(St,Co, St = C;;H;5CO0-) [7] and a catalytic system
consisting of St,Co and N-hydroxyphthalimide
(N-HPI) [8] for the liquid-phase oxidation of 1-chloro-
n-hexadecane (1-CHD) with atmospheric oxygen to
carboxylic acids.

The aim of this study is to develop a highly effective
catalytic system for the liquid-phase oxidation of
long-chain monochlorinated alkanes with atmospheric
oxygen to a mixture of high-boiling chlorine-containing
carboxylic acids which can be used as a raw material
for obtaining multifunctional additives for PVC. This
catalytic system should be capable of performing
oxidation with high conversion, high rate and allow
products with high acid number values to be obtained.
For this purpose, we have developed a new catalytic
system containing St,Co(OH) and N-HFI using the
example of 1-CHD oxidation [9]. During oxidation
with atmospheric oxygen this system allows a reaction
mass (oxidate) to be obtained which contains mainly
carboxylic acids, esters, and alcohols with a maximum
content of high-boiling chlorine-containing carboxylic
acids.

MATERIALS AND METHODS

Inthiswork, weused 1-CHD (Alfa Aesar, CAS 4860-03-1,
USA). N-HPI (Acros Organics, CAS 524-38-9, USA),
cobalt(Il) stearate (4lfa Aesar, CAS 1002-88-6, USA),
and cobalt(Ill) hydroxystearate prepared according to
the method [10] were used as catalysts. The latter method
allows cobalt(Il) hydroxystearate to be obtained with
a yield of 87-88%.

The infrared spectrum of cobalt(IIl) hydroxystearate
is as follows: v = 3360-3320 cm™!, (s), stretching
vibrations of the OH group; 2970 cm™!, (s), stretching
vibrations of CH;—; 2850-2815 and 2940-2915 cm L,
stretching vibrations of CH, groups; 1480 cm!, (s),
deformation vibrations of ~-CH,—; 720 cm™!, (s), rocking
vibrations of —(CH,) —; 1710 cm™!, (m), stretching
vibrations of the carbonyl group v(C=0); 1580 cm™, (s),

stretching vibrations of COO™ in carboxylic acid salts;
1410 ecm™!, (s), deformation vibrations of -CH,—CO;
580 cm™!, (c), stretching vibrations of Co—O bonds. The
spectrum of the salt obtained does not contain absorption
bands in the region of 1630—-1600 cm™!, as characteristic
of coordination or crystallization water.

The oxidation of 1-CHD was carried out in
a 150-mL glass column reactor with a length to
diameter ratio of 10 : 1 at a specific air flow rate of
65 L/(min-kg of substrate) or more [11]. The initial
filling of the reactor volume with the reaction mixture
was 46% (69.36 mL). The content of the catalytic system
varied from 6 to 12 mol % in the feedstock at a molar
ratio of components in the catalytic system of 1: 6.
The results of the studies showed that the repeated use
of the St,Co—N-HPI catalytic system decreases the acid
number from 26.8 to 10 mg of KOH/g while decreasing
the conversion from 21.2 to 8%. The repeated use of the
St,Co(OH)-N-HPI catalytic system decreases the acid
number from 41 to 15 mg of KOH/g, while decreasing the
conversion from 31 to 14% after 10 h of oxidation. Thus,
a fresh catalytic system was used in all experiments.

The air flow from the compressor was controlled by
a gas meter. Air distribution in the reaction mass was
carried out by a bubbler with a porous glass diaphragm
(porosity 160 pum). Before feeding air into the reactor,
it was heated to a reaction temperature of 105°C. As
shown previously [11], the operation of the column
apparatus switches from the bubbling mode to the foam
mode under experimental conditions starting with an
air flow rate of 65 L/(min-kg of substrate) and more.
The foam mode has the highest specific contact surface,
allowing the process to be carried out without diffusional
resistance in the kinetic region.

The scheme of the laboratory setup is shown in Fig. 1.

The reactor unit allows light oxidation products
carried away by air from the reaction volume to be
collected. The exhaust air is bubbled through distilled
water to absorb acidic reaction products. In order to
avoid breakthrough and maintain a low concentration of
absorbed products in the absorbers, the absorbent was
replaced with a new portion every 30 min. The acid
number was determined for the oxidate in the reactor and
for the aqueous solution in the absorbers. The error in
determining the acid number of higher carboxylic acids
according to GOST 22386-77" is 1%.

The identification, composition and content of the
initial 1-CHD for conversion control were performed
by means of chromatography-mass spectrometric
analysis on an Agilent GC 7820A/MSD 5975 instrument

1 GOST 22386-77. State Standard of the USSR. Synthetic fatty acids and alcohols. Method for determining acid number. Moscow: State
Committee of Standards of the Council of Ministers of the USSR, 1978. 10 p.
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(2) fitting for sampling;

(3) bubbler;

(4) glycerol bath;

(5) heating element;

(6) refrigerator-condenser,

(7) absorber,

(8) electronic reactor temperature control unit, and
(9) air heating

(Agilent Technologies, USA) with a 5-MS quartz
capillary column 30 m long, 0.25 mm in diameter.
The carrier gas was helium, 1.0 mL/min; injector with
a 1 :5 flow splitter; and injector temperature: 250°C.
When programming the capillary column temperature,
the initial temperature was 80°C, final temperature,
280°C, isotherm time 10 min; temperature rise rate
10°C/min; and total analysis time 30 min. The detector
was a quadrupole mass spectrometer using electron
impact ionization with an electron energy of 70 eV in
the full mass spectrum scanning mode. The quadrupole
temperature was 150°C, and the source temperature was
230°C.

It was found that chlorine was not split off
during the oxidation process either from the initial
chloroalkane or from the reaction products, i.e.,
chloracids were present in the oxidate [7]. The
acids absorbed in the traps were only derivatives of
low-molecular alkanes.

The content of hydroperoxides (wt %) in the reaction
mass during oxidation was determined using the
method [12]. The accuracy of the analysis was 5% of the
relative error of determination [13].

f

Fig. 1. Setup for liquid-phase oxidation of hexadecane and 1-chlorohexadecane
(1) bubbling reactor, column type, length to diameter ratio 10 : 1;

RESULTS AND DISCUSSION

Previously in the process of studying the aerobic
oxidation of 1-CHD to carboxylic acids, we developed
a two-component catalytic system consisting of cobalt
stearate (St,Co) and N-HPI [8]. The optimal molar ratio of
the components was found to be 1 : 6. The best results for
the acid number in the oxidate (up to 25 mg-KOH/g [8])
were obtained with a content of this catalytic system of
6 mol % in the feedstock, a temperature of 105°C, and
an air flow rate of 65 L/(min - kg of substrate) for 5 h of
oxidation [8, 11].

Carrying out the oxidation process of 1-CHD under
the same conditions, but using a new catalytic system
consisting of cobalt hydroxystearate St,Co(OH) and
N-HPI, as before, in a molar ratio of 1 : 6, produced better
results. Data on the variants of the catalytic system is
presented in Table 1, and the results of the experiments, in
Fig. 2. For comparison, this figure shows the kinetic curves
of 1-CHD oxidation in the presence of the St,Co—N-HPI
catalytic system. The data was obtained in [8].

The change in the conversion of 1-CHD over time
during its oxidation with atmospheric oxygen at different
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Table 1. Variants of the two-component catalytic system St,Co(OH)-N-hydroxyphthalimide (N-HPI)
for the oxidation of 1-chlorohexadecane with air
Experiments
Characteristics
1 2 3 4
1-CHD, g 60
Molar ratio of St,Co(OH)/N-HPI in the catalytic system 1:6
Mass content of the catalytic system in the feedstock, wt % 53 6.7 7.9 10.6
Molar content of the catalytic system in the feedstock, mol % 6 7.5 9 12
Molar cpntent of the. cobalt hydroxystearate catalyst St,Co(OH), 0.86 107 129 171
mol % in the catalytic system
Molar content of the N-HPI catalyst, mol % in the catalytic system 5.14 6.43 7.71 10.29

molar contents of catalytic systems in the feedstock is
shown in Fig. 2.

40 6
e
35 N5
4
30 3
]*

Conversion of 1-chloro-n-hexadecane, %
[})
S

Time, h

Fig. 2. Dependence of the conversion of 1-chlorohexadecane
on time during its oxidation with atmospheric oxygen

in the presence of two-component catalytic systems

(curves /* and 2* for the St,Co—N-HPI catalytic system

and curves 3-6 for the St,Co(OH)-N-HPI catalytic system)
with their different molar content in raw materials.
(1*%)6;(2%)9;(3) 6, (4) 7.5, (5) 9; (6) 12 mol %

of raw material loading

Comparison of the kinetic curves presented in Fig. 2
shows a significant advantage of the St,Co(OH)-N-HPI
catalytic system over the St,Co-N-HPI catalytic system.
Increasing the content of the St,Co(OH)-N-HPI catalytic
system from 3 to 9 mol % leads to an increase in the rate
of liquid-phase oxidation of 1-CHD and an increase in its
conversion over 10 h of the process from 29.2% to 37%.
Increasing the content of the new catalytic system over
9 mol % of the feedstock load does not lead to a further
increase in the rate of 1-CHD oxidation.

The oxidation of hydrocarbons with atmospheric
oxygen to carboxylic acids is known to be a multi-stage
process. The result of the first stage of oxidation is the
formation of hydroperoxides [14]. The rate of their
formation and consumption into intermediate products
(alcohols, ketones, aldehydes, etc.) significantly depends
on the catalytic systems used.

Figure 3 shows the dependencies of the conversion
of 1-CHD and the content of hydroperoxides in the
reaction mass on time during liquid-phase oxidation
of 1-CHD in the presence of catalytic systems at their
optimal content.

DN W W
S Wn © W
wt %

Conversion
of 1-chloro-n-hexadecane, %
_
wn

_.
S

R T e

[ e N RN

Content of hydroperoxides,

S W

0
200 250 300

0 50 100 150
Time, min

Fig. 3. Dependence of the conversion

of 1-chloro-n-hexadecane (curves / and 2) and the content

of hydroperoxides (curves 3 and 4) on time during

the oxidation of 1-chloro-n-hexadecane in the presence

of the found optimal content of catalytic systems.

Curves 1, 3 — 9 mol % of the feedstock load

of a two-component catalytic system (St,Co(OH)-N-HPI

in a molar ratio of 1 : 6); 2, 4 — 6 mol % of the feedstock load
of a two-component catalytic system (St,Co—N-HPI in a molar
ratio of 1 : 6). Air consumption 65 L/(min-kg of substrate),
temperature 105°C
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Analysis of Fig. 3 shows that when using the
two-component catalytic system St,Co(OH)-N-HPI
(curve 3), the rate of hydroperoxide accumulation and
consumption is significantly higher than when using the
catalytic system St,Co—~N-HPI (curve 4).

It also follows from Fig. 3 that when using the two-
component catalytic system St,Co(OH)-N-HPI, the
average rate of 1-CHD consumption is higher (curve /)
than in the presence of the catalytic system St,Co—N-HPI
(curve 2). Comparison of curves [/ and 2 with
curves 3 and 4 on the same graph shows that as the
conversion of 1-CHD increases to 25% (curve /), the
content of hydroperoxides increases to 0.5% (curve 3).
However, for the St,Co—N-HPI catalytic system with
a 1-CHD conversion of 15% (curve 2), the content of
hydroperoxides is only 0.4% (curve 4).

When using the two-component St,Co(OH)-N-HPI
catalytic system, the rapid accumulation of hydroperoxides
is due to the fact that both N-HPI and St,Co(OH)
participate in the chain initiation stage. Both components
promote the formation and increase in the concentration
of the phthalimide N-oxyl radical PINO'. As a result,
the formation of hydroperoxides is accelerated and their
content in the reaction mass increases.

The presence of N-HPI in the reaction system also has
a significant effect on the selectivity of hydroperoxide
formation [15]. Peroxide radicals (ROO®) quickly

react with the initial N-HPI molecule, thus forming
hydroperoxide and N-oxyl radical PINO®.

Thus, a decrease in the concentration of peroxide
radicals (ROO) reduces the rate of quadratic chain
termination, significantly increasing the selectivity of
hydroperoxide formation and, accordingly, reducing the
rate of byproduct formation [15].

In the presence of the St,Co(OH)-N-HPI catalytic system,
hydroperoxides were found to decompose more quickly
compared to the St,Co—-N-HPI catalytic system (Fig. 3).
The increase in the rate of hydroperoxides decomposition
under the action of the catalytic system St,Co(OH)-N-HPI
appears to be due to the fact that St,Co(OH) can participate
in the process of hydroperoxides decomposition by forming
hydrogen bonds with two hydroperoxide molecules: one
hydroperoxide molecule forms a hydrogen bond with
carbonyl oxygen, and the second forms a hydrogen bond
of the hydroperoxide molecule with the —OH group of
St,Co(OH) (Scheme 1) [16].

The resulting radical CoSt,O" quickly transforms into
CoSt,(OH) by interacting with the raw material molecule
(Scheme 2).

A mixture of oxygen-containing products (ketones,
aldehydes, etc.) is known to be formed in the process of
hydroperoxides decomposition. After oxidation, they are
converted into carboxylic acids [14]. Figure 4 shows the
dependence of the acid number in the oxidate on time.

R
(0] H. (0]
\O/ ~0
| l Cy7H3;3
C7H 0
17133 Co —0 —_— e} —Co . .
| Ci7H33 ~0 0 *t2RO +HO +H,0
O *
u (0]
I
! C7H
/O\ 17133
RO H
Scheme 1. Decomposition of hydroperoxides involving CoSt,(OH)
0O (0]
C17H33<< C17H33%
O—co * R—H —» 0 —co + R
0 0 | 0 0
Cy7H3 C17H33

Scheme 2. Regeneration of CoSt,(OH)
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Fig. 4. Dependence of the acid number in the oxidate

on time during the oxidation of 1-chlorohexadecane

in the presence of catalytic systems: (/) 6 mol %

of the feedstock load of a two-component catalytic system
(St,Co—N-HPI in a molar ratio of 1 : 6); (2) 9 mol %

of the feedstock load of a two-component catalytic system
(St,Co(OH)~N-HPI in a molar ratio of 1 : 6). Air consumption
65 L/(min - kg of substrate), temperature 105°C

Figure 4 shows that the use of the St,Co(OH)-N-HPI
catalytic system enables a higher content of carboxylic
acids to be obtained at a higher rate than in the presence
of the St,Co—N-HPI catalytic system.

Ishii [17] points out that, for example, when oxidizing
cyclohexane using the Co(IlI) catalyst instead of Co(II)

at close conversion values, the selectivity of the products
(ketones and acids) is always higher. This fact can be
explained by the ability of St2C0+3(OH), as part of the
St2C0+3(OH)—N—HPI catalytic system, to accelerate the
oxidation of intermediate products, for example, ketones
into acids according to Scheme 3.

Further, the resulting aldehydes yield acids upon
oxidation in the presence of St,Co(OH) according to
Scheme 4.

It has been shown experimentally that the oxidate
contains chlorinated and non-chlorinated carboxylic
acids (Table 2) in accordance with the presented
transformation schemes.

Thus, the presence of St,Co(OH) in the catalytic
system St,Co(OH)-N-HPI promotes the acceleration
of the formation and consumption of hydroperoxides
into intermediate products (ketones, aldehydes, etc.)
and their secondary oxidation into carboxylic acids.
We also considered 1-CHD, a solvent, as a factor
in accelerating the oxidation process. Polar 1-CHD
is known to improve the solubility of N-HPI [18]
while worsening the conditions for micelle formation
from cobalt salts, thus enhancing the activity of the
catalyst [14].

H

R2
1 2
R AH/ + St,Co"3(OH) ——— ]/C\H/R + St,Co*2 + H,0
R

(0]
| |
C’ RO C RZ RH
1/ —_— R! - —_—Y
R / -R
- (0]

o O (0]

0
H
| o P
I/C\H/R2—>R14< + R2
R/ <
0 H OH
o~ 0

Scheme 3. Oxidation of intermediate products (ketones) to acids involving St,Co(OH)

0
~°
St,Co(OH) + R! —> St,Co? + R —C +H,0
H

+RCHO

+RCHO

—RC* O

—RCOOH
OH

Scheme 4. Oxidation of intermediate products (aldehydes) to acids involving St,Co(OH)

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(6):497-507 503



Highly efficient catalytic system for liquid-phase oxidation of 1-chloro-n-hexadecane

with atmospheric oxygen

Valentin N. Sapunov,
etal.

Table 2. Composition of acids isolated from the oxidate after 5 h of 1-chloro-n-hexadecane oxidation with air

in the presence of the catalytic system St,Co(OH) N-HPI

Acids Molecular weight, M, g/mol Content, %
CH,—~(CH,),;~COOH 242 5.56
CH,~(CH,),,~COOH 228 1.79
CH;~(CH,),,~COOH 214 1.49
CH;~(CH,),,~COOH 200 7.44
CH;~(CH,),~COOH 186 11.71
CH;~(CH,);~COOH 172 14.41
CH;~(CH,),~COOH 158 13.93
CH,~(CH,),~COOH 144 10.38
CI~(CH,),~COOH 206.5 10.89
CI~(CH,),,~COOH 220.5 8.53
CI~(CH,),,~COOH 2345 8.04
CI~(CH,),,~COOH 248.5 5.84

CONCLUSIONS

The study established that the two-component catalytic
system St,Co(OH)-N-HPI is more effective for the liquid-
phase oxidation of 1-CHD with atmospheric oxygen than
the two-component catalytic system St,Co—-N-HPL

The optimal content of the two-component catalytic
system St,Co(OH)-N-HPI in the reaction system for
liquid-phase oxidation of 1-CHD with atmospheric
oxygen was found to be 9 mol % of the feedstock
load, with a molar ratio of components of 1 : 6. Such
a catalytic system enables an acid number in the oxidate
of 42 mgKOH/g to be obtained after 10 h of oxidation.
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Increasing the efficiency of bioreactor operation

for cultivation of methane-oxidizing bacteria under
conditions of decreasing carbon dioxide concentration
in the cultural liquid
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Abstract

Objectives. The work set out to develop a bioreactor that incorporates a carbon dioxide removal unit within the apparatus gas phase,
which is capable of operating without the need for supplementary compression apparatus. As part of testing the developed equipment
in order to ascertain its capacity for enhanced biomass production, the principal fermentation system parameters that facilitate the
optimal bioreactor productivity in conditions of carbon dioxide removal from the apparatus gas phase were identified.

Methods. A series of tests were conducted on the fermentation unit with the objective of controlling the oxygen and carbon dioxide
content in the gas phase of the bioreactor. This was achieved using an in-line gas analyzer fitted with electrochemical sensors. The
oxygen and carbon dioxide content in the gas phase was determined by means of gas chromatography. The oxygen and natural gas flow
rates were determined using a thermal electronic flow controller equipped with thermoresistive elements. The oxygen content of the
cultural liquid was determined by means of an optical oxygen sensor with integrated transducer. The pH level in the bioreactor was
monitored and maintained using an electrochemical pH sensor.

Results. The efficacy of the newly devised jet-type bioreactor design, which permits the incorporation of a carbon dioxide removal unit
into the fermentation system without requiring supplementary compression apparatus, was evaluated through experimentation. The
system was tested with the carbon dioxide removal unit included in the design, resulting in a 64% increase in bioreactor productivity and
a 18% reduction in oxygen consumption as a component of the gas supply.

Conclusions. The operational parameters of a technological bioreactor that facilitate a stable continuous process of bacterial cultivation
were identified.

Keywords Submitted: 22.05.2024

bioreactor, fermenter, fermentation, biomass, protein, carbon dioxide, ejector, Revised: 25.07.2024

methane-oxidizing bacteria, Methylococcus capsulatus Accepted: 18.10.2024
For citation

Kochetkov V.M., Gaganov L.S., Tolkin D.V., Kochetkov V.V., Nyunkov P.A. Increasing the efficiency of bioreactor operation for cultivation
of methane-oxidizing bacteria under conditions of decreasing carbon dioxide concentration in the cultural liquid. Tonk. Khim. Tekhnol. =
Fine Chem. Technol. 2024;19(6):508-516. https://doi.org/10.32362/2410-6593-2024-19-6-508-516

508 © V.M. Kochetkov, |.S. Gaganov, D.V. Tolkin, V.V. Kochetkov, P.A. Nyunkov, 2024


https://doi.org/10.32362/2410-6593-2024-19-6-508-516
https://www.elibrary.ru/BWUXJG
mailto:kwm@bk.ru
https://doi.org/10.32362/2410-6593-2024-19-6-508-516

Increasing the efficiency of bioreactor operation for cultivation of methane-oxidizing bacteria

Vladimir M. Kochetkov,

under conditions of decreasing carbon dioxide concentration in the cultural liquid etal.

HAYYHAA CTATbA

MoBbilwmeHne aPpPeKTMBHOCTU padboTbl OMOpeaKkTopa
ONA KYJIbTUBUPOBAHUA MEeTaHOKUCNAIOLWMNX OaKkTepui
3a CYET CHUXXEHUNA KOHLUEeHTpauuu yriekucsioro rasa

B KYJIbTYpPasibHOW XXUAKOCTHU

B.M. Kouetkos ™, U.C. I'aranos, /I.B. Toakun, B.B. Kouerkos, I1.A. HioHbK0B

00O «I' MIIPOFUOCHHTE3», Mockea, 119571 Poccus
™ 4emop ons nepenucku, e-mail: kwm@bk.ru

AHHOTaUUuA

esn. Pa3paborarh KOHCTPYKIMIO OHOPEAKTOPA, ITO3BOJISIOLLYIO BKIIOUMTh B CBOM COCTaB y3€J YaJIeHUs YIIICKUCIIOrO Ta3a U3 ra30Boii
(basbl anmapara, (yHKIHOHUPYIOLIMIT 6€3 UCIOIb30BaHUS JONOIHUTEILHOTO KOMIIPECCHOHHOTO 000pYI0BaHNU; IPOBECTH HCIIBITAHMS
pa3paboTaHHOTO 00OPYNOBAHUS C LIEIbIO YBEIMUCHHUS €r0 IIPOU3BOJUTEIFHOCTH O OOMACCe; ONPEISIUTh OCHOBHBIC TAPAMETPhI pa-
60ThI pepMEHTALMOHHON CUCTEMBI, IIPU KOTOPBIX JIOCTUTAETCs MAKCUMAJIbHAS TPOAYKTHBHOCTh OMOPEAaKTOpa B YCIOBUAX U3BICUCHUS
YIVIEKHMCIIOTO r'a3a U3 ra3oBoii (hasbl anmapara.

Mertons!. [IpoBesena cepust HCTIBITAHUH (PEPMEHTAIIMOHHON YCTaHOBKH C OCYIIECTBICHUEM KOHTPOJISI COJEPIKaHMsI KUCIOPOIA U yIlie-
KHUCJIOTO Ta3a B ra30Boi (asze OMoOpeakTopa MOTOUHBIM Ia30HAIN3ATOPOM C NEKTPOXUMHYECKHMH ceHcopaMu. KoHTponsHOe onpeere-
HHE COJICPXKAaHMS B ra30BoH (ha3e KMCIOPO/a U YIIICKUCIOTHI TPOBOAMIOCH METOIOM Ta30BOi Xpomarorpaduu. Pacxos ra3oBbIX KOMIIO-
HEHTOB (KHCJIOPOZa U IPUPOJHOTO ra3a) U3MEPSUICS C IOMOIIBIO TEIIOBOTO JIEKTPOHHOTO PETyIISTOPa Pacxosia ¢ TePMOPE3UCTHBHBIMU
anemenTamu. CoziepskaHuE PACTBOPEHHOTO B KyJIBTYpPalIbHON KHUAKOCTH KHCIOPOJA ONMPEEANoCch ONTHYECKUM JaTYNKOM KHUCIOPOaa
€O BCTPOEHHBIM Ipeobpa3oBarenieM. YpoBeHb pH B OHOpeakTope KOHTPOIMPOBAIICS U MOJJIEPHKHUBAIICS C TIOMOLIBIO HIEKTPOXUMUYECKO-
ro pH-naruuka.

Pe3y.]Il)TaTI~J. Pa3pa60TaH " UCIIBITaH 6H0peaKTop CprﬁHOFO THIA. 32 CYET UCIIOJIH30BAHUS BHYTPEHHUX PCHUPKYJIALIUOHHBIX IIOTOKOB
B q)epMeHTaIII/IOHHy}O CHUCTEMY MHTCI'PHUPOBAH Y3€J1 YAAJICHUS YIIICKUCJIOrO ra3a oe3 MPUMEHCHUS JOIMOJIHUTEIbHOIO KOMIIPECCUOHHOI'O
060pyz[013aH1/m. B mpouecce HCIIBITAHUN CUCTEMbI C BKIIFOUYCHHBIM B KOHCTPYKIUIO Y3JIOM U3BJICHYCHUSA YITICKHUCIIOTO ra3da JOCTUIHYTa
YBEJIMYCHHAs Ha 64% MPOAYKTUBHOCTDb 6H0peaKTOpa u cHKeH Ha 18% pacxoq KUcCjaopoaa, Kak KOMIIOHEHTa ra30BOro nNUTaHus.

BeiBoabl. OnpeneneHs! TEXHOIOTHYECKHE TapaMeTphl paboThl OMopeakTopa, MU KOTOPBIX MPOXOANT CTAOMIIBHEIN ITPOLECC HEMPEPHIB-

HOTO KYJIBTHBHPOBAHHS OaKTepHiA.

KnioueBblie cnoBa

METaHOOKHUCIsitoIue oakrepuu, Methylococcus capsulatus

Anga uMuTnpoBaHus

o6uopeakTop, hepmenTep, hepMeHTars, bnomacca, 6eJI0K, yIIIEKUCIBIHA Ta3, KEKTOp,

Moctynuna: 22.05.2024
Oopab6oTaHa: 25.07.2024
MpuHsata B neyatbs: 18.10.2024

KouerxoB B.M., I'aranos U.C., Tonkun /I.B., KouetkoB B.B., HroupkoB [1.A. IloBeimenue 3¢ GpekTuBHOCTH pabOTHl OHopeakTopa s
KyJIBTHBUPOBAHHS METAHOKUCIISIOIIMX OAKTEPHI 32 CYCT CHUYKCHHS KOHIICHTPALMHK YIIICKHUCIIOTO Ta3a B KyJIbTYPabHON KHIKOCTH. TOHKuUe
xumuueckue mexronoeuu. 2024;19(6):508-516. https://doi.org/10.32362/2410-6593-2024-19-6-508-516

INTRODUCTION

The process of obtaining bacterial biomass from
natural gas is currently under active consideration by
both research organizations that study the properties
of methane-oxidizing bacteria and industry technology
companies [2-3]. In the context of current trends of
establishing Russian protein and vitamin concentrate
production facilities, it is necessary to pay particular
attention to the hardware design of the process, since this
will ultimately determine the scalability boundaries of

the process along with desired volumes of feed protein
synthesis.

The technological line for the production of protein
from natural gas employs a combination of standard and
specialized equipment, including centrifugal and dosing
pumps, capacitive equipment, and specialized food
equipment. The line utilizes centrifugal separators, spray
dryers, and high-temperature product processing systems
that act as a pasteurizer. However, the most important
equipment in the technological chain of bioprotein
production is the bioreactor.
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The process of cultivating methane-oxidizing
bacteria is conducted on a gas substrate, which has
considerable influence on the bioreactor design. The
primary characteristics of the fermentation equipment
designs, along with an overview of the majority of the
documented bioreactor models for protein production
from natural gas, are presented in [4]. Furthermore, it is
essential to address the matter of carbon dioxide present
in the gas phase of the fermenter, which is released by
methane-oxidizing microorganisms.

The effect of carbon dioxide on bacterial growth has
attracted the attention of researchers since the beginning
of the 20th century [5]. With the accumulation of material
subjected to analysis, two main areas were identified
in which this issue became of paramount importance:
food preservation and management of microbiological
processes [6]. From a practical standpoint, the inhibitory
effect of carbon dioxide on bacterial growth is most
relevant to the question of food preservation [7]. The scope
of challenges confronting researchers was considerably
extended with the advancement and intensification of
biotechnological procedures. In [8], the issues related
to the presence of carbon dioxide in bioreactors are
considered from two distinct perspectives: firstly, in
terms of its effect on microorganisms, and secondly, in
terms of solubility and diffusion in an aqueous medium.
In this context, the advancement of fermentation
apparatus for technological procedures wherein carbon
dioxide is dispersed into the operational volume, which
is generated as a consequence of microbial metabolic
processes involved in the cultivation of methane-
oxidizing bacteria, is a significant undertaking. This
is primarily due to the necessity of guaranteeing the
solubility of both oxygen-containing and natural gas in
the presence of carbon dioxide in the cultural liquid (CL),
which is continuously released by bacteria.

Observing that the data on the impact of carbon
dioxide on the growth of methanotrophs are inconclusive,
V.V. Lalov! noted the need for further investigation into
the question of whether this component of the gas phase
inhibits bacterial culture growth. The most interesting
results concerning the effect of limiting and inhibitory
concentrations of components of the gas phase and mineral
medium on the growth of Methylococcus capsulatus
are presented in the publication of R.R. Gayazov?.
The growth of a Methylococcus capsulatus methane-
oxidizing bacteria culture (strain VSB-874) obtained at
the VNIISINTEZBELOK Institute (Russia) was shown

Moscow, 1991. 416 p. (in Russ.).

to be inhibited with an increase in the partial pressure
of carbon dioxide in the gas phase of the bioreactor. The
publication [9] presents a method for cultivating bacteria
of the genus Methylococcus, which is of practical
importance in studying the effect of carbon dioxide on
the growth of microorganisms. The authors propose
the use of compression equipment for the removal of
a portion of the carbon dioxide from the gas phase of the
bioreactor and its partial return to the liquid phase of the
apparatus.

The GIPROBIOSINTEZ scientific and technical center
considered the results of previous studies on the impact
of carbon dioxide on methane-oxidizing bacteria. During
the commissioning of pilot plants for the production of
protein from natural gas, modifications were made to the
bioreactor in order to facilitate the return of the carbon
dioxide-free components of the gas supply to the process
without the use of compression equipment. Furthermore,
tests were conducted on the modified apparatus to obtain
empirical data regarding the impact of the purification
system for the gas phase of the bioreactor on its overall
productivity.

EXPERIMENTAL

Schematic diagram
of the fermentation unit

In order to demonstrate the technical feasibility of
removing carbon dioxide from the gas phase of the
bioreactor, a fermentation system is proposed. The
details of this system are outlined in the patent [10]. The
schematic diagram of the fermentation unit is shown in
Figure.

The unit comprises a fermenter (/) with a working
volume of 15 L, a centrifugal pump (2), an ejector (4),
a tank for CL recovery (7) and a carbon dioxide removal
unit comprising two adsorbers (5a, 5b). A centrifugal
pump installed on the circulation circuit of the bioreactor
is used to pump the CL into the ejector. The gas phase
emerging from the upper portion of the bioreactor, which
is carried along by the process medium (CL), also enters
the ejector. The gas—liquid mixture is introduced into the
lower section of the bioreactor working volume via the
ejector. The primary technical solution of the proposed
fermentation system is the installation of a purification
system, specifically a carbon dioxide removal unit,
on the gas phase outlet line from the bioreactor to the
ejector. This system consists of two alternately operating

Lalov V.V. Analysis and synthesis of energy-technological systems for the production of fodder protein from natural gas. Diss. Dr. Sci. (Eng.).

2 Gayazov R.R. Limitation and inhibition of METHYLOCOCCUS CAPSULATUS growth by components of mineral medium and gas phase.
Diss. Cand. Sci. (Biol.). Russian Academy of Sciences. Institute of Biochemistry and Physiology of Microorganisms. Pushchino, 1992. 127 p.

(in Russ.).
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Fig. Modified fermentation unit for methane production from natural gas: (/) bioreactor; (2) centrifugal pump; (3) heat exchanger;
(4) ejector; (5a, 5b) adsorbers; (6) condenser; (7) cultural liquid collector; (8) upstream pressure regulator [10]

adsorbers. The principal benefit of this configuration
is the capacity to link the purification apparatus to the
gas recirculation circuit in advance of the pressure jet
ejector. This enables the return of the gas phase purified
from carbon dioxide to the fermenter without the need
for supplementary compression apparatus.

Carbon dioxide removal unit

The gas recirculation line incorporates a bypass
line with control valves for ascertaining the ratio of
gas directed to the adsorbers for purification to the
quantity of gas entering the ejector directly from
the fermenter for mixing with the CL. In the carbon
dioxide removal unit, which is situated within the
fermentation unit and used to separate gases present
in the gas phase, a variety of purification techniques
may be employed. These include the use of amine
solutions for absorption, aqueous potassium carbonate
solutions, and membranes for the selective gas
separation. In order to exhibit the parametric values
of the fermentation process obtained for the modified
bioreactor design, a more cost-effective adsorption
process is proposed in the purification unit. A group
of adsorbents with selective affinity for carbon dioxide
was selected based on their absorption capacity at
a gas phase pressure in the bioreactor (p,., ) of 2 barg.
Values of carbon dioxide capacity at given pressures
and absorption temperature 7, ;. are given in Table 1.

In light of the aforementioned parameters, the
adsorbent AMSORB® PLUS was identified as the
optimal choice. The composition of the adsorbent is
presented in Table 2.

When selecting an adsorbent, it is essential to
consider not only the capacity and selectivity of the
material in question, but also its chemical composition.
The proposed adsorbent comprises components and
solutions that are employed as calcium sources and
introduced into the bioreactor to facilitate the bacterial
cultivation process.

Bioreactor operating modes

In order to evaluate the efficiency of the fermentation
system, its operation was tested in two modes: firstly,
without a purification system, and secondly, with the use
of a carbon dioxide removal unit, which was represented
by two adsorbers.

In order to achieve the first mode of operation
(Mode No. 1), the gas phase from the bioreactor was fed
into the ejector via a bypass line by which means it was
mixed with the CL. This bypass line circumvented the
adsorbers. The apparatus was supplied with gas supply
components: natural gas, oxygen and air in the ratio of
1:0.9 : 1. The process gas flow rate was regulated by
means of electronic mass flow rate controllers (F-201CV)
produced by Bronkhorst High-Tech (Netherlands). These
controllers comprise a thermal electronic flow rate
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Table 1. Absorption capacity of adsorbents

Adsorbent Manufacturer s “C Preace Sl @leda (L0)) sapnsly Reference

ity barg mmol/g (mgCO,/g)

Molecular sieve X13 Zeochem (Switzerland) 30 2 4.6 (202.4) [11]
Zeolite NaY UOP (USA) 25 2 5.0 (220.0) [12]
Activated carbon Samchunri (Korea) 45 2 3.0 (132.0) [13]
Calcium hydroxide Ca(OH), fé‘é”:)h Chemical Company 650 - 10.7 (470.8) [14]
AMSORB® (Ca(OH),-based) | Armstrong (United Kingdom) 36.1 - 4.0 (176.9) [15]
AMSORB® PLUS Armstrong (United Kingdom) 3540 - 7.8 (345) [16], [17]

Table 2. Composition of AMSORB® PLUS adsorbent

Component Content, wt %
Calcium hydroxide Ca(OH), 77.0-88.0
Calcium sulfate pentahydrate CaSO,-5H,0 0.6-1.5
Calcium chloride CaCl, 2.0-3.5
Water H,O 10.0-18.0

controller with thermoresistive elements. The process
was conducted at a temperature of 42°C. The bioreactor
was provided with a solution of essential mineral
nutrients required for optimal culture growth, as well as
a continuous flow of ammonia water to maintain a pH range
of'5.6-5.8 for CL. The pH in the bioreactor was measured
using an EasyFerm Plus ARC 225 electrochemical
sensor developed by Hamilton (USA). The content
of dissolved oxygen in CL was determined using
a VisiFerm DO Arc 225 H2 optical oxygen sensor
(Hamilton, USA). The requisite flow velocity within
the apparatus (in excess of 0.25 h™!) was achieved by
introducing process water into the apparatus. The reactor
was pressurized at 2 barg to ensure that the carbon
dioxide content in the circulating gas phase—and,
consequently, in dissolved form in the CL—would not
lead to disturbance of the cultivation regime by inhibiting
the growth of methane-oxidizing bacteria (Footnote 2).
Upon identifying the second operational mode (Mode
No. 2) of the fermentation system, the gas phase from the
bioreactor was directed to the ejector via the purification

3

unit. The apparatus was provided with the gas supply
components comprising natural gas, oxygen and air. The
flow rateratio ofthe fed components was modified to values
of 1.0 : 0.7 : 1.6 throughout the course of the experiment.
The reactor is pressurized to 4 barg while maintaining the
other process conditions. The carbon dioxide removal
unit was constructed in such a way as to regulate the ratio
of circulating gas entering directly into the ejector and
being subsequently directed to the adsorbers. The control
mechanism enables the delivery of a target load (gas flow
with CO, content) to each operational adsorber, while
ensuring that the carbon dioxide content in the gas phase
does not exceed the required value for a pre-determined
period of adsorber operation. The composition of the gas
phase in the bioreactor was monitored using a MAG-6
gas analyzer (Russia, TU 26.51.53-016-70203816-20217)
with built-in sensors to determine the volume fraction
of oxygen and carbon dioxide. The content of the
methane, oxygen and carbon dioxide components was
continuously recorded. In accordance with the data given
in Gayazov’s work (Footnote 2), the volume content of
carbon dioxide in the gas phase was selected to be 3%
to exclude its inhibiting effect on plant growth at a set
apparatus pressure of 4 barg. Chromatography was used
to determine the content of the gas phase components.
Twice a day, a sample was taken from the gas phase of
the bioreactor and analyzed on a chromatograph of the
Chromatec-Crystal 5000.2 brand (Chromatec, Russia)
using a column Mss. 316 2 m x 3 mm NaX 60/80
(Chromatec, Russia). Helium was used as a carrier
gas; the detector temperature was 180°C; the column
temperature was 60/180°C. Each sample was analyzed at
least twice.

TU 26.51.53-016-70203816-2021. Description of the measuring instrument type. MAG-6 multicomponent gas analysers. Moscow: Federal

Agency for Technical Regulation and Metrology. Order No. 1984 of 10 August 2022.
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The carbon dioxide purification unit was commissioned
in a working fermentation system at a volume content
of carbon dioxide in the gas phase of the bioreactor of
3 vol %. A portion amount of AMSORB® PLUS adsorbent
(United Kingdom) was added to two pre-washed and
drained adsorbers, one of which had been commissioned.
The operating time of the adsorbent placed in the volume
of the apparatus was determined by the level of carbon
dioxide in the gas phase of the bioreactor. When the
carbon dioxide content in the gas phase of the bioreactor
rose above 3% by volume, the gas flow was switched to
a parallel adsorber filled with a fresh portion of adsorbent.
The spent adsorbent was replaced in the adsorber. The
adsorber was started up with a new batch of adsorbent
according to the work cycle.

RESULTS AND DISCUSSION

The above-described technical solution has been tested and
confirmed to work in fermenters that incorporate jet devices
as part of their design. The location of the purification
unit on the internal gas recirculation line allows the ratio
of the amount of gas entering the purifier and via the
bypass line directly into the bioreactor to be adjusted using
control valves. By means of this control mechanism the

Table 3. Fermentation system operation parameters for two modes

purification system can be operated in several bioreactor
operating modes characterized by variable values such
as the pressure in the apparatus, the composition of the
oxygenated gas, and the circulation rate of CL.

According to a comparative analysis of the bioreactor
operation modes, the maintenance of consistent
performance within the cultivation system is achieved
by integrating a gas purification unit into the operational
process even with an increase in pressure from 2 to 4 barg.

The parameters of the fermentation system in two
comparative modes of operation are presented in Table 3.

As evidenced by the data, the implementation of
Mode No. 2 resulted in a notable increase in biomass
concentration within the bioreactor, reaching 15.5 g/L at
an elevated flow rate from 0.27 to 0.3 h™!. The operation
of the fermentation plant in carbon dioxide removal mode
allowed the fermentation system’s productivity to be
increased to a value of 4.6 g/(L-h) (including an increase
in system pressure). Accordingly, the enhancement
in productivity in comparison to Mode No. 1 reached
a level exceeding 64%.

The implementation of Mode No. 2 of operation
reduced the oxygen supply to the process by 18% while
simultaneously increasing air consumption by 60%. In
Mode No. 1, when air flow was provided to the fermenter

Parameter

System parameters without using a carbon
dioxide removal system (adsorber)

Mode No. 1 Mode No. 2
System parameters using a carbon

dioxide removal system

Input parameters

Fermenter pressure, barg 2.0 4.0
Air flow rate, nL/h 250 400
Natural gas flow rate (96 vol % methane), nL/h 250 250
Oxygen flow rate (93 vol %), nL/h 220 180
Dilution rate, h™! 0.27 0.3

Output parameters

The content of oxygen and carbon dioxide
in the gas phase, vol %

Oxygen 22.7 23.2
Carbon dioxide 3.9 32
Productivity, g/(L-h) 2.8 4.6
Biomass concentration, g/L 10.4 15.5
Dissolved oxygen content, mg/L 1.2 6.6
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at a flow rate exceeding 400 nL/h, productivity did not
exceed 2.8 g/(L-h).

CONCLUSIONS

The proposed fermentation plant design, which
incorporates a carbon dioxide purification unit in the
internal circulating gas line, allows the cultivation of
methane-oxidizing bacteria with increasing pressure in
the bioreactor without the need for additional energy
consumption to return purified gas to the system. From
the perspective of enhancing the solubility of the gas
components of nutrition (methane and oxygen), it is
recommended to investigate the impact of elevated
pressure within the fermenter on the process productivity.
This approach will also optimize the consumption
indicators for the gas components of the power supply
to ensure a stable process of protein production from
natural gas.
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Abstract

Objectives. To investigate polymer composite materials based on poly-3-hydroxybutyrate (PHB) of microbiological origin and the
synthetic nitrile butadiene rubber NBR-28. The biodegradability of PHB implies the possibility of its use for invasive medical purposes;
however, this is significantly limited by its brittleness. The aim of this work was to search for approaches to altering the molecular
structure of PHB-based composites, in order to impart them with sufficient physical and mechanical characteristics and increase their
compatibility without violating biodegradability.

Methods. Reaction mixtures contained the elastic material NBR-28, various modifiers (sorbitan oleate, epoxidized soybean oil, siloxane
rubber), and additional polymer components (ethylene—vinyl acetate copolymer and polybutylene adipate terephthalate). The mixtures
were prepared in a PL 2200-3 plasticorder (Brabender, Russia) by pressing, holding the material at 180°C under pressure for 3 min
followed by quenching in cold water. The surfaces of the films and plates of the mixtures were studied using an Axio Imager Z2m optical
microscope (Carl Zeiss, Germany) with the Axio Vision software at 50x and 200x magnification in reflected light. The mechanical
properties of materials under tension were measured using an Instron 3365 universal tensile testing machine (/nstron, United Kingdom).

Results. The role of modifiers and polymer additives in the PHB-NBR-28 composites and their influence on the morphology of mixtures,
crystallinity, and mechanical characteristics were established. The introduction of modifiers made it possible to reduce the average
particle size of the NBR-28 phase in the PHB matrix by 30-50%, additionally changing their morphology. In this case, the uniformity
of particle distribution increased, having a positive effect on the mechanical characteristics of the systems.

Conclusions. It was shown that the modifiers change the morphology of mixtures, reduce the average particle size of the NBR
phase by 30-50%, and positively affect the strength of the systems. Owing to changes in the structure of their interfacial layers and,
as a consequence, physical and mechanical characteristics, the resulting composites render suitable for use in reparative bone and dental
surgery, as well as for creating wound healing materials.
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AHHOTaUuS

Ilean. M3roToBUTh N HccienoBaTh MOJMMEpPHBIE CMECEBble MaTephajbl Ha OCHOBe MoiH-3-ruapokcudytupara (I1I'B) muxpobuoo-
THYECKOTO IPOUCXOKICHHS M CHHTeTHUeCKoro OyraaneH-HuTpuibHoro kayuyka (BHKC) mapku BHKC-28. Buopasnaraemocts I1I'b
MIpeAnoaracT BO3MOXKHOCTb €r0 IPUMEHEHUS B UHBa3UBHBIX MEIULUHCKUX LIEJAX, OJHAKO 3TO B 3HAUUTEIbHON CTEIICHU OrpaHUYNBa-
€TCsl €ro XPYIKOCTBIO. B CBsI3M ¢ 9THM, 1IeIbI0 JaHHOH paboTHI SBIISUIOCH HAXOXKICHUE CITOCOO0B N3MEHEHUS MOJIEKYJIIPHON CTPYKTYPBI
KoMIT03uTOB Ha ocHoBe [1I'B 11t mpuaanyst UM J0CTAaTOUHBIX (PU3MKO-MEXaHUUECKHX XapaKTePUCTHK M YBEINYEHHS NX COBMECTHMOCTH
0e3 HapyLIeHHs GHOpPa3IaraeMOCTH.

Mertoasl. B pabore ncnons3oBaics anactuansiid Marepuan BHKC-28, a taxoke pa3nmaabie Mogu(HUKaTophl (COPOUTAH 0JIeaT, STIOKCUIU-
POBaHHOE COEBOE MAcII0, CHJIOKCAHOBEIN KaydyK) U JJOIOJIHATEIbHBIC TIOJIMMEPHBIE KOMIIOHEHTHI: CONTOIMMEp ATHJICHA U BUHMIIAIIeTaTa
n nomuOyrmieHagunuHarTepedranar. Cmecn ObUH momydens! B miactuxopaepe PL 2200-3 (bpabendep, Poccus). Ilnenkn cmeceit
TOTOBHJIM [IPECCOBAaHKUEM, BblAEpKUBas Marepuall npu 180°C mox naBieHHEM B TeUEHUE 3 MUH C IIOCIIEAYIOEH 3aKalKoi B XOJI01HON
Boze. [IoBepXHOCTH IJICHOK M INTACTUH CMECEeH M3ydaly ¢ IOMOIIBIO0 ONTHYECKOro MUKpockona Axio Imager Z2m (Carl Zeiss, T'epma-
HUSI) ¢ TIPOrpaMMHBIM obecniedeHreM Axio Vision npu ysenuderun 50% u 200X B OTpakeHHOM CBeTe. YIPYTro-IIPOYHOCTHBIE CBOICTBA
MaTepHaoB IPH PACTSHKCHUH U3MEPSUINCH Ha YHUBEPCAIbHOHN pa3pbIBHON MatnHe Instron 3365 (Instron, BenukoOpurtanus).

PesyabTarsl. YcraHOBIIEHA POITh MOAM(DUKATOPOB U TOMUMEPHBIX 100aBok B kommosunmu [1I'6-bHKC u ux BnusHIE Ha MOP(HOIOTHIO,
KPHCTAJUTMYHOCTh N MEXaHNUECKHEe XapaKTePUCTUKHN cMecel. BBenenne Moan(ukaTopoB MO3BOIMIO CHU3UTE CPEIHUH pa3Mep YacTHIL
¢a3sr BHKC B matpurie I1I'b ma 30-50%, a Takxke m3MeHMIO NX Mopdoaoruio. PABHOMEpPHOCTH pacTpeaeneH s JacTHI] IPH 3TOM yBe-
JHYHIIACH, YTO MTO3UTHBHO MOBJIMSIIO HA MEXaHUUECKHE XapPAKTEPUCTUKHI CHCTEM.

BriBoapbl. [Tokazano, 4To MOAH(UKATOPEI MEHAIOT MOP(OIOTUIO CMece, yMEHbIIAIOT cpeanuii pa3mep yactul (azet BHKC na 30-50%
1 HOJIOXKUTENBHO BIMSIOT HA POYHOCTH cUCTEM. [10ydeHHbIe KOMITO3HIIMN BBHY H3MEHEHHS CTPYKTYPBI X ME&XK(Da3HbIX CIOEB U, KaK
ciencTBre, PU3MKO-MEXaHUYECKHX XapaKTePUCTUK IPUTOHBI U1 IPUMEHEHHUS B PENapaTHBHOM KOCTHOI 1 3yOHOI XUPYpruu, a TakxKe
JUISL CO3aHMS PAHO3AKUBIISIOIIMX MAaTCPHAIIOB.

Kniouesble cnosa MocTtynuna: 06.04.2023
MOJIUTUIPOKCHATIKAHOATHI, KOCTHBIC HMILIAHTATBI, OCTEOTeHE3, Aopa6oTaHa: 17.09.2024
OuoerpaaupyeMble TIOJIMMEPHBIE KOMITO3HI[HOHHbBIE MaTEPHAJIbI, NpuHsaTa B nevats: 16.10.2024

OCTCOIIIACTUYCCKUEC MaTCpUaJIbl

Ansa uMTnpoBaHus

[osepuos I1.A., Hlu6psesa JI.C., Anmma C.M. Bausaune Moguduuupyommx 100aBoK Ha CTPYKTypY U CBOICTBa OMoOpas3iaraeMbIx cMe-
ceil Ha ocHOBE MONM-3-TUAPOKCHOyTHpaTa U OyTaaueH-HUTPWIBHOTO Kayuyka. Toukue xumuueckue mexronoeuu. 2024;19(6):517-527.
https://doi.org/10.32362/2410-6593-2024-19-6-517-527

518 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(6):517-527


https://doi.org/10.32362/2410-6593-2024-19-6-517-527
https://doi.org/10.32362/2410-6593-2024-19-6-517-527
mailto:lyudmila.shibryaeva@yandex.ru
https://doi.org/10.32362/2410-6593-2024-19-6-517-527

Influence of modifying additives on the structure and properties of biodegradable mixtures

based on poly-3-hydroxybutyrate and nitrile butadiene rubber
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INTRODUCTION

Currently, great importance is attached to the research
and development of materials with applications in
medicine, in particular, in osteoplasty and dental implant
surgery [ 1-5]. An active search is underway for materials
and composites which would have an osteoplastic effect
while at the same time be resistant to bacteria [6-8].
However, due to their high degree of biodegradability,
polymeric materials suitable for this application have
a number of disadvantages in physical and mechanical
characteristics and thus require modification.

The literature describes some possible variants of
modification of polymers, such as hydrophilization of
the polymer surface by plasma-chemical treatment in
order to increase adhesive properties [9], or modification
by introducing a mineral component, nanosized
hydroxyapatite, in order to form porous calcium phosphate
composites with a controlled structure [10]. In addition,
research is underway to synthesize modifiers specifically
for biodegradable polymers based on polyester polyols,
and surfactants with a hyperbranched structure [11, 12].
Furthermore, research is being conducted to create
fibrous  materials  from  poly-3-hydroxybutyrate
(PHB) with modifiers based on metal complexes with
tetraphenylporphyrin [13, 14].

This paper examines the modification of PHB
by introducing nitrile butadiene rubber and various
compatibilizers and elasticizers in its composition
with the purpose of improving the compatibility of the
composite, its adhesion and strength, while maintaining
the required degree of biodegradability.

EXPERIMENTAL

The main polymer under study was PHB synthesized

by the microbiological method (Biomer, Germany) with

a molecular weight of 2.1-10° and a crystallinity of

65%. Elasticity to the composite was imparted by adding

NBR-28 AMN nitrile butadiene rubber (SK Sibur,

Russia), a synthetic polymer, a product of the radical

copolymerization of butadiene with acrylonitrile in an

aqueous emulsion.
The following components were used as modifiers
and compatibilizers.

1. Epoxidized soybean oil (ESO) (Novokhim, Russia)
acts as a plasticizer and a heat and light stabilizer. The
use of ESO is to increase the flexibility of the finished
product without changing its chemical properties,
reduce the melting point, and improve its heat and
light stability [15].

2. Ethylene—vinyl acetate copolymer (EVA) (Rusplast,
Russia). The addition of EVA increases the elasticity
of the polymer composite material by 15-25% and

improves the physical and mechanical properties.

EVA helps to reduce the interfacial tension between

the components and increase the thermodynamic

compatibility of the polymerandrubber[16].Itis likely
that the introduction of a hydroxyl-functionalized

EVA copolymer (EVA-F) may further improve the

interaction of the components thanks to hydrogen

bonds between the terminal hydroxyl groups of PHB
and EVA-F. Functionalization can be carried out
by alkaline alcoholysis of EVA-F in a 30% KOH

solution [17, 18].

3. Siloxane rubber (Ekotek, Russia) is an inert
elastomer which does not affect biological processes
and is suitable for use in medical implants. It is
a biocompatible, hypoallergenic, chemically stable
component, and can be used as a compatibilizer for
the mixture during plasticization.

4. Polybutylene  adipate  terephthalate = (PBAT)
(Anhui Juhong Trading Co., China) is a random
polymer with a disordered structure that cannot
crystallize. Therefore, this polymer can impart such
characteristics to the composite as high flexibility,
high impact toughness, low stiffness, and low
elastic modulus, as well as a wide range of melting
temperatures. It is important to note that this is
a completely biodegradable polymer [19].

5. Oleic acid polyethylene glycol ester PEG-7
(PCC Exol SA, Poland) can serve as a compatibilizer
for PHB and NBR-28. This is due to good
compatibility with both components according to
literature data [20]. At the same time, PEG-7 is
a biodegradable substance, soluble both in water and
in most organic solvents, allowing it to be used in
the preparation of composite materials using both
high-temperature and solution technologies. PEG-7
is safe and approved for indirect contact with food
products and medicines.

Samples of the original polymers and mixtures
containing 10, 20, 30, 40, 50, 60, 70, 80, and 90 wt %
NBR-28 in PHB were studied. In addition, we also
examined three-component mixtures based on PHB
and NBR-28 with the addition of modifiers (ESO, EVA,
siloxane rubber, oleic acid ester) or additional polymers
(EVA and PBAT).

The composites were produced in a PL 2200-3 plasticorder
(Brabender, Russia), which models a closed-type rubber
mixer. This device provides a wide range of temperatures
and operating speeds, allowing the composites to be
studied over a wide range of shear rates. Mixing of the
composites for this work was performed for 5 min at
a temperature of 160 to 180°C, depending on the ratio of
components and the type of modifier.

For samples with increased rubber content, the
mixing of PHB and NBR-28 was also carried out on
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PD-240 laboratory rollers (GDW, Germany) with heating
to 60°C, preliminary plasticization of rubber for 10 min,
and subsequent introduction of a PHB powder.

Films of the mixtures were prepared by pressing on
a laboratory press. The material was maintained at 180°C
under pressure for 3 min with subsequent quenching in
cold water. The surfaces of the films and plates of the
mixtures were studied with an Axio Imager Z2m optical
microscope (Carl Zeiss, Germany) with Axio Vision
software at 50 and 200x magnification in reflected light.

RESULTS AND DISCUSSION

Figures 1-6 show macrophotographs of various three-
component mixtures with modifiers at 50x and 200x
magnification.

An analysis of the macrophotographs of these samples
determined that siloxane rubber (Fig. 1) significantly
affected the size distribution of NBR-28 particles in the
PHB phase. The large particle size adversely affected
the uniformity of particle distribution and can cause the
sample properties to vary with the thickness of the product
and the degree of its unevenness, as well as could increase
the brittleness of the composite because of the presence
of large foreign particles in the matrix, which serve as
centers for the growth of defects and cracks in the sample.

Fig. 1. PHB-NBR-28 + siloxane rubber (90/10% + 3%)
at (a) 50x and (b) 200x magnification

The microphotographs at 200x magnification show
that, although the morphology of these mixtures is
heterogeneous, the NBR-28 particles (dark inclusions
in the matrix) are finely dispersed fibrous aggregates
which form bundles and ribbons, in contrast to spherical
aggregates in the case of the PHB-NBR-28 mixture
without the use of a compatibilizer [21]. The particle size
in the two-component mixture is 60—100 um, whereas the
length of the NBR-28 bundles using a compatibilizing
agent reaches 20—40 pm.

In order to increase the elasticity and biodegradability
of the mixtures, the possibility of using PBAT as
a component to replace rubber was explored. As can be
seen in Fig. 2, mixing of PBAT and PHB in the presence
of small amounts of ESO can give uniformly distributed
dispersed PBAT particles in the PHB matrix. In this

work, drop-shaped PBAT inclusions with sizes from
10 to 30 um were obtained. At the same time, due to the
high biodegradability of both components [19, 22], the
ratios of the components can be varied over a wide range.
This allows the parameters of the decomposition rate and
the mechanical characteristics of the polymer composite
material for the required medical application to be varied
(dental implant, bone implant for low or high mechanical
load, biodegradable suture material, etc.).

(@) o )

Fig. 2. PHB-PBAT + ESO (70/30% + 3%)
at (a) 50x and (b) 200x magnification

An interesting composite to study was the three-
component mixture PHB-NBR-28-PBAT with a low
rubber content and PHB as the main matrix-forming
component (Fig. 3). Inthis case, since the compatibilization
of both PHB with PBAT and NBR with PBAT was quite
successful, PBAT served as a compatibility agent for
the other two components. Based on the micrographs,
in the case of three components, both PBAT and NBR
were uniformly distributed both in the PHB matrix as
a whole and relative to each other. The sizes of NBR and
PBAT particles in the matrix were even smaller than in
the case of siloxane rubber and ESO. The thickness of
the aggregates did not exceed 20 um, and the length was
<40 pm. The average calculated equivalent diameter of
such particles was 125 um.

@ )

Fig. 3. PHB-NBR-28-PBAT (60/10/30%)
at (a) 50x and (b) 200x magnification

The combination of PHB and NBR-28 with EVA
also proved to be relatively successful (Fig. 4), but the
question of the biodegradation of these composites in
dynamics remained open.
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Fig. 4. PHB-NBR-28-EVA (60/10/30%)
at (a) 50x and (b) 200x magnification

Figure 5 presents the micrographs of the sample containing
30 wt % EVA after biodegradation in soil for 1 month. It can
be seen that volume defects and cavities in the structure of
the material formed during this time. However, it is currently
unknown whether all components decompose in this mixture
or the main mass loss occurs due to the destruction of PHB.
At present, studies are being conducted on the biodegradation
of composites with EVA. They preliminarily show that, at
a sufficient degree of biodegradability of these composites,
the use of EVA improves the thermodynamic compatibility
of the polymer matrix and rubber and reduces the interfacial
tension between them.

Fig. 5. PHB-NBR-28-EVA (60/10/30%)
after biodegradation in soil for 1 month
at (a) 50x and (b) 200x magnification

The introduction of PEG-7 as a compatibilizer (Fig. 6),
as in the case of siloxane rubber and ESO, produced the
expected effect of dispersing the components in each
other and facilitated the processing of the composite in
the plasticorder.

(@) S (b)

Fig. 6. PHB-NBR-28 + PEG-7 (90/10% + 3%)
at (a) 50x and (b) 200> magnification

The effect of additives taken in small amounts
(up to 3%) on the crystalline and amorphous regions
and the degree of crystallinity of the composite was
studied by means of X-ray fluorescence analysis of
the samples (Figs. 7a—7c) with the same content of
NBR-28. A statistical analysis showed that the average
calculated degrees of crystallinity of the samples with
siloxane rubber and PEG-7 additives were 54% and
56%, respectively, whereas the degree of crystallinity of
the composite without a modifier was 61%. We believe
that the decrease in the size of inclusions of the NBR-28
phase upon the introduction of a modifier gives rise
to strong interphase interactions. Modifiers behave as
crystallization nuclei. The growth of small crystallites
increases segmental mobility. This leads to an increase in
the free volume, the porosity, and the number of physical
entanglements.

In pure PHB without either additives or rubber, the
degree of crystallinity was 70%. The lowest degree
of crystallinity for the PHB-NBR-28 composite was
observed at an equimass ratio of the components of 36%
(Fig. 7d). This indicates that the addition of NBR-28 to
PHB changes the phase and molecular structure by the
intermolecular interaction of the components. In any
further study of these composites, it is advisable to apply
methods for studying the free surface energy and other
surface properties of polymer composite materials, e.g.,
the methods used to study the effect of additives on the
surface properties of NBR-based composites described
previously [23, 24].

The main problem of the PHB biopolymer is its
high brittleness, rendering it impossible to use it in
pure form for any biomedical purposes [25]. In the
case of the two-component system PHB-NBR, a large
amount of rubber in the system (from 30%) significantly
increases the elasticity of the system, although sharply
reducing its ability to biodegrade and the rate of
decomposition. Previous studies have confirmed that
the content of NBR-28 in the polymer matrix up to
20% leaves the possibility for biodegradation of the
polymer in biological environments at a sufficient
rate for the growth of cells and vessels in the polymer
matrix. It also enables complete decomposition before
the onset of complications caused by the rejection
of a foreign body by the organism [26]. Therefore,
composites with a content of NBR-28 up to 20% will
meet a set of requirements for biodegradable medical
devices, provided that they are sufficiently elastic. The
introduction of modifiers in this case helps to increase
the strength characteristics due to better compatibility
of components and dispersion of phase particles in the
matrix. In addition, modifiers change the microstructure
of the composites and can accelerate the processes of
polymer biodegradation.
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Fig. 7. X-ray fluorescence spectra of the 90% PHB-10% NBR-28 composite (a) without the addition of a compatibilizer,
(b) with the addition of 3% siloxane rubber, and (c) with the addition of 3% PEG-7; (d) X-ray fluorescence spectrum

of the 50% PHB-50% NBR-28 composite without a modifier

Tests used to determine the elastic strength
properties under tension (GOST 270-75') were carried
out on an Instron 3365 universal tensile testing machine
(Instron, United Kingdom). Of the composites studied,
pronounced elastic properties were demonstrated
by all PHB-NBR-28 two-component composites
with a rubber content of 30% and higher, the
PHB-NBR-28-EVA (60/10/30%) composite, and, to
a lesser extent, the PHB-NBR-28-PBAT (60/10/30%)
composite. Some samples modified only with
compatibilizing additives (ESO, siloxane rubber), 90%
PHB contents, and up to 10% NBR-28 proved to be
brittle for testing of this kind. Clearly the strengthening
of the composite, as expected, can be carried out in
two ways: by increasing the content of NBR-28 to
more than 20% in the presence of a compatibilizer;
or by introducing an elastic polymer as an additional
component, as in the case of the PHB-NBR-28—PBAT
and PHB-NBR-28-EVA systems. The following table

presents the obtained mechanical characteristics of
these composites.

Note that composite 6 (PHB-NBR-28, 10/90%)
is not biodegradable to a sufficient degree and serves
only for comparative analysis, as does composite 5 with
a NBR-28 content of 50%. In turn, sample 4 with
a content of NBR-28 of 30% is borderline suitable
for certain medical products. However, the degree of
its biodegradability and the possibility of enhancing
degradation with additives have yet to be studied.

Composites with introduced EVA and PBAT
showed a tensile strength exceeding the strength of
composites 3 and 4 with a high rubber content without
additional additives. Meanwhile, based on the data of
reviews [25, 27] concerning methods of strengthening
composites with PHB, the comparative strength of the
PHB-NBR-28 and PHB-NBR-28-EVA composites is
somewhat higher than those of PHB composites with
starch, cellulose, and polymer fillers (ethylene—vinyl

I GOST 270-75. Interstate Standard. Rubber. Method of the determination elastic and tensile stress-strain properties. Moscow: Standartinform; 2008.

522 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(6):517-527



Influence of modifying additives on the structure and properties of biodegradable mixtures

based on poly-3-hydroxybutyrate and nitrile butadiene rubber

Pavel A. Povernov,
Lyudmila S. Shibryaeva, Sergei M. Anshin

Table. Mechanical characteristics of polymer composites

No. Composite Elongation at break, % Tensile strength, MPa
1 PHB-NBR-28 (90/10%) 0-2 (brittle fracture) 16 +1
2 | PHB-NBR-28-PBAT (60/10/30%) 21+1 32+1.5
3 | PHB-NBR-28-EVA (60/10/30%) 26+ 1.5 37+2
4 | PHB-NBR-28 (70/30%) 33+£2 33£1.5
5 | PHB-NBR-28 (50/50%) 58+3 48 +2.5
6 |PHB-NBR-28 (10/90%) 85+4 61.5+3

acetate copolymer, polylactide). However, it is
lower than those of fibers obtained from mixtures of
PHB and ultrahigh-molecular-weight PHB by cold
drawing [28] or fibers of a PHB copolymer with poly-3-
hydroxyhexanoate [29].

The process of complete degradation of three-
component composites with EVA and PBAT is currently
being studied. According to the results of biodegradation
for 100 days in the soil, preliminary conclusions can be
made about a gradual decrease in the weight of samples
and a significant degree of crack growth up to 40 and
70 nm thick in the case of EVA and PBAT, respectively. It
can also be assumed that the weight loss of the composite
during degradation in the case of EVA and PBAT is equal
to or even exceeds the weight loss of the PHB-NBR-28
composites without additional additives.

CONCLUSIONS

In this work, the optimal mode of mixing of the
PHB-NBR-28-modifier ~composite was selected.
The necessary modifiers were found to improve the
compatibility of the components and impart the necessary
physical and mechanical properties while maintaining
the required degree of biodegradability.

A more extended study into the biodegradability
of the components is being conducted elsewhere;
however, preliminary findings indicate a sufficient
degree of biodegradability of the most promising
composites, namely, PHB-NBR-28-EVA (60/10/30%)

and PHB-NBR-28-PBAT (60/10/30%). With regard to
composites with 90% PHB, 10% NBR-28, and an additive
(ESO, siloxane rubber), the modifier in an amount of
1-3% does not adversely affect their biodegradability.
A composite with pure PHB and NBR-28 in a ratio of
9 : 1 has already been studied earlier and is suitable for
use in biodegradable medical products.

As expected, the introduction of modifiers, allowed
the average particle size of the NBR phase in the PHB
matrix to be reduced by 30-50% or greater. It also
changed their morphology from spherical particles of
60—-100 nm to elongated fibers aggregated into bundles
and ribbons with a thickness of 5 to 20 nm and a length
of 10 to 50 nm for different modifiers. The uniformity
of particle distribution increased, beneficially affecting
the mechanical characteristics of the systems. However,
without the introduction of the second polymer (EVA
or PBAT), the brittleness of the systems remained
quite high; therefore, modifiers (ESO, siloxane rubber)
will be of interest for use at an increased NBR content
(presumably 20% or more).
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Abstract
Objectives. The aim of this study is to ascertain the influence of polyetherimide on the curing process of epoxy binders.

Methods. The storage modulus and loss modulus of epoxyamine systems were measured as a function of curing time on the
Anton Paar MCR 302 rheometer. The experiments were carried out at an oscillation frequency of 1 Hz, with an amplitude aligned with
the linear viscoelasticity region, and across a range of temperatures (160, 170, and 180°C). The crossover point was determined when
the components of the complex modulus of elasticity are equal according to the obtained dependencies.

Results. The influence of polyetherimide on the curing process of epoxyamine binders was investigated at a thermoplastic content of 5 to
20 pts. wt at three temperatures. In a system modified with 20 pts. wt of polyetherimide, phase separation was observed during the curing
process. In systems modified with 10 and 20 pts. wt of polyetherimide, the limiting value of the modulus of elasticity was observed to be
higher at 170°C than at 180°C.

Conclusions. The modification of epoxyamine binders with thermoplastic in an amount of 5-20 pts. wt has been observed to extend the
time required to reach the crossover point. Furthermore, the curing process markedly slows down in the system comprising 10 pts. wt
of thermoplastic content, in which it takes the longest time to reach the crossover point at all three experimental temperatures.

Keywords Submitted: 15.07.2024
oscillation rheometry, crossover point, epoxy oligomer, polyetherimide, phase separation Revised: 10.09.2024
Accepted: 18.10.2024

For citation
Polunin S.V., Atamas K.A., Gorbunova I.Yu., Morozova P.A., Marakhovsky K.M. Oscillation rheometry of curing process of epoxy binders
modified with polyetherimide. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2024;19(6):528-535. https://doi.org/10.32362/2410-6593-2024-
19-6-528-535

528 © S.V. Polunin, K.A. Atamas, |.Yu. Gorbunova, P.A. Morozova, K.M. Marakhovsky, 2024


https://doi.org/10.32362/2410-6593-2024-19-6-528-535
https://www.elibrary.ru/UMETEK
mailto:mcnion@gmail.com
https://doi.org/10.32362/2410-6593-2024-19-6-528-535
https://doi.org/10.32362/2410-6593-2024-19-6-528-535

Oscillation rheometry of curing process of epoxy binders
modified with polyetherimide

Stepan V. Polunin,
etal.

HAYYHAA CTATbA

OcunnnaumoHHaa peoMeTpus Nnpouecca oTBepXAeHns
3MNOKCUAHbIX CBA3YIOLUX, MOANPULUPOBAHHbIX

nonnacdbvpuMmnaom

C.B. Hoayaun® ™ K.A. Atamac!, N.}O. Fop6ynosal, TI.A. Mopo3zosa!, K.M. MapaxoBckuii?

U Poccuiickuii xumuxo-mexnonoeuuecxuii yuusepcumem um. J{. M. Mendeneesa, Mockea, 125047 Poccus

2 Meacompacnesoii uncmumym nepepabomiu niacmmacc — HITO «ITnacmuxy, Mockea, 121059 Poccus

™ 4emop ona nepenucku, e-mail: menion@gmail.com

AHHOTaUuA

KnioueBblie cnoea

oM GUPUMHAT, pasaencHue das

Anga uMutupoBaHus

OCHUIIIAMOHHAsA pEOMETPUs, TOUKA KPOCCOBEpPaA, SIOKCUIHBIN OJINTOMED,

He.l"/l. OnpeueneHI/Ie BJIMSAHUS HOJ'II/IS(bPIpI/IMI/I}la Ha npouecc OTBEPKACHUS STTIOKCUAHBIX CBA3YIOIIUX.

MeToasl. MeTo10M OCHMIUISIINOHHON PEOMETPHH (PUKCHPOBAIIN 3aBUCHMOCTD MOJYJISI HAKOIUICHUS X MOAYJIS IIOTEPh STIOKCHAMHUHHBIX
CHCTEM OT BpeMeHH oTBepkaeHus Ha npuoope MCR 302 ¢pupmsr Anton Paar ¢ wacroroii kone6anuii 1 't 1 aMIuuTyioi, COOTBETCTBY-
IOIIeH 001acTy JIMHEHHOHN BSI3KOYIIPYroCTH, IpH Tpex Temreparypax 160, 170 u 180°C. Ilo momydeHHBIM 3aBUCHMOCTSIM OIPEICIISITH
TOYKY KpOCCOBEpa IIPU PaBEHCTBE COCTABIIIONIUX KOMILICKCHOTO MOIYJISL YIPYTOCTH.

Pe3yabTarhl. YCTaHOBIIEHO BIMSIHHE MOMUI(HPHMUJIA HA TIPOIECC OTBEPIKICHHS STIOKCHAMUHHBIX CBS3YIOMINX MPHU COJACPIKAHUH Tep-
Mornracta ot 5 1o 20 mac. 4. Ha 100 mMac. 4. STIOKCHIHOTO OJHMTOMEepa MpH TpeX Temreparypax. s cucTeMbl, MOTUPHINPOBAHHON
20 mac. 4. nonmydupumuaa, 3agukcrpoBano Ga3oBoe pas3jereHue B mponecce cimBanus. B cucremax, comepxkamux 10 u 20 mac. 4.
nonmdGUPHMHUIA, TTPeIeTbHOE 3HAYCHHE MOIYIISI YIIPYTOCTH oka3biBaercst Boime rmpu 170°C, wem mpu 180°C.

BeiBoabl. BRenenne monmagpuprumua B SIOKCHAMUHHBIE CBSI3YIOLINE B KonuaecTBe 5—20 Mac. 4. yBeNNYUBACT BPEMs JOCTIHKCHUS TOU-
K1 KkpoccoBepa. [Ipn aTom Hanbonee CHIBHO 3aMEAIAeTCs POIECC OTBEPIKACHHUS Ul CHCTEMBI, cofepxkareil 10 mac. 4. Tepmoracra,
BpEMsI TOCTIDKEHHUS TOUKH KPOCCOBEPA KOTOPOI OKA3bIBACTCsl HAMOOIBIINM IIPU BCEX TPEX TEMIIEPaTypax dKCIEPUMEHTA.

MocTtynuna: 15.07.2024
Oopab6oTaHa: 10.09.2024
MpuHata B neyatb: 18.10.2024

[onynun C.B., Aramac K.A., 'opOynosa 1.10., Mopo3zosa I1.A., Mapaxosckuii K.M. OcunnisinnonHast peoMeTpus Imporecca OTBepKae-
HHSL DTIOKCH/HBIX CBSI3YIONIMX, MOAU(UIMPOBAHHBIX HONUIGUpUMuUIOM. Touxue xumuueckue mexuonocuu. 2024;19(6):528-535. https://

doi.org/10.32362/2410-6593-2024-19-6-528-535

INTRODUCTION

Epoxy resins are used as binders in reinforced plastics
in many industries. The advantages of this class of
compounds include good adhesion, high dielectric
properties, low curing shrinkage, and excellent
chemical resistance [1]. The use of hot curing hardeners
enables the attainment of relatively high heat resistance
in epoxy polymers. However, deficiencies exhibited in
such materials in terms of crack resistance and impact
strength limit the range of their potential application.

The resistance of epoxy polymers to brittle
fracture can be improved by modifying them with
thermoplastics [2—4]. In comparison to the utilization
of rubbers and active diluents, this approach offers the
distinct advantage of maintaining the glass transition
temperature of the cured epoxy oligomer at its original
level [5, 6].

In the majority of cases, the initially compatible
system of epoxy oligomer and thermoplastic undergoes
phase decomposition during the curing process. This
is due to the increase in molecular weight of the cured
polymer, which in turn contributes to the enhancement
of the physical and mechanical properties of the
material [7]. Different types of structures are formed
in the cured polymers [8]. In [9], examples of extended
structures with direct and inverse “matrix—dispersion”,
in which the dispersion medium is reactoplastic and
thermoplastic, respectively, are demonstrated.

The incorporation of thermoplastics into epoxy
oligomers markedly alters their intrinsic characteristics,
including viscosity. Consequently, it is of considerable
scientific interest to examine the curing process of
systems modified in this way. Rotation or oscillation
rheometry can be used to measure viscosity and
determine gelation time [10]. During the latter,
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the dependencies of two components of the complex
modulus (|G*|): the storage modulus G’ and the loss
modulus G” on time are recorded. The moment of
intersection of the values of these parameters, referred
to as the crossover point, is associated in the literature
with gel formation in the system [11]. In epoxy binders
modified with thermoplastics, the release of the phase
enriched in the more viscous component occurs prior to
gelation. Consequently, through the utilization of rotation
or oscillation rheometry, it is occasionally feasible to
ascertain the precise moment of phase separation. This is
evidenced by the emergence of distinctive discontinuities
in the relationships between shear viscosity or loss
modulus and curing time [12].

Previously, the curing process of epoxy oligomer
modified with cardo polysulfone copolymer PSFF-70K
was investigated by rotational rheometry in constant
shear mode [13]. For the system containing 10 pts. wt
of thermoplastic content, there is a slight decrease in
shear viscosity at the 30th minute at an experimental
temperature of 180°C, indicating phase separation during
the structuring process. Interestingly, for the binder
modified with 5 pts. wt PSFF-70K the longest gelation
time was recorded compared to the unmodified binder,
which can probably be attributed to the fact that at this
content of modifier there is no phase separation of the
mixture.

The modification of epoxy oligomer with
polyetherimide (PEI) was also studied in [14]. On the
infrared spectra of the cured epoxyamine polymer
containing 2 wt % of PEI, the authors observed a shift
towards lower wave numbers of the peak characteristic
of the hydroxyl group, which is also contained in the
initial epoxy A type oligomer and is formed after the
reaction of the epoxide cycle with the amino group.
This can probably be explained by the occurrence of
hydrogen bonds between the hydroxyl groups of the
epoxy polymer and the imide groups of PEI.

The objective of this work is to study the curing
process of PEI-modified epoxyamine binders.

MATERIALS AND METHODS

The binders were prepared on the basis of epoxy oligomer
ED-20 (GOST 10587-84', Ya.M. Sverdlov Plant,
Russia). Ultem 1010 grade PEI (Sabic, USA) was used as
a thermoplastic modifier, which was added to ED-20 at
160°C in an amount of 5, 10, 15, and 20 pts. wt per
100 pts. wt of epoxy oligomer and stirred using a top-drive
stirrer until homogeneous solutions were obtained at
160-180°C. 4,4’-diaminodiphenylsulfone was used as

a hardener for the binders; this is not indicated in the
captions. The hardener was mixed for 30 min at 120°C in
an amount of 30 pts. wt per 100 pts. wt of ED-20, which
is close to the stoichiometric ratio.

Oscillation rtheometry was performed in a plane-to-
plane measuring system with a working gap of 1 mm
on an MCR 302 rheometer manufactured by Anton Paar
(Austria) at an oscillation frequency @ = 1 Hz and an
amplitude corresponding to the linear viscoelasticity
region. The experiments were conducted at three
distinct temperatures: 160, 170, and 180°C. Prior to the
experiment, the binders were preheated to 130°C in the
thermal cabinet, then transferred to the lower fixed plane
ofthe instrument. Next, the gap was set up and the binders
were heated to the measurement temperature. During
the experiments, the dependencies of the accumulation
modulus G"and loss modulus G"” on the curing time were
recorded.

RESULTS AND DISCUSSION

Earlier studies have shown that the epoxy-PEI system is
compatible prior to the curing process and characterized
by an upper critical solution temperature of 40°C.
The initial viscosity of PEI-modified epoxies was
also found to be between 2 and 6 kPa's at room
temperature (20°C) [15].

Figure 1 shows the dependencies of the storage
modulus and loss modulus on the curing time of
epoxyamine binders in semi-logarithmic coordinates at
three temperatures.

At the initial stage of the curing process, the loss
modulus G” appears to be higher than the storage
modulus G’, which is due to the inability of liquids to
store energy under mechanical loading. However, during
the curing process, the components of the complex
modulus of elasticity increase. At a certain moment
at which G’ turns out to be higher than G”, the system
under study acquires the characteristics of a solid state.
This point in time is called the crossover point (G'= G")
and is associated with gel formation. The crossover point
corresponds to the moment of appearance of a continuous
grid of chemical bonds that are formed during the curing
process. The time to reach the crossover point is about
18-33 min longer in epoxy binders with thermoplastic
modifiers as compared to unmodified ED-20. This is
probably due to the slowing down of the curing process,
i.e., slowing down of the formation of the chemical
bonding network in the epoxyamine binder in the presence
of PEI, since the thermoplastic dilutes the reactive system
and increases its viscosity as correlated with the literature

I GOST 10587-84. State Standard of the USSR. Uncured epoxy resins. Specifications. Moscow: USSR State Committee for Product Quality

Management and Standards; 1985.
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Fig. 1. Dependence of storage modulus G' (solid symbols) and
loss modulus G” (hollow symbols) on curing time:

(1) ED-20,

(2) ED-20+PEI (5 pts. wt),

(3) ED-20+PEI (10 pts. wt),

(4) ED-20+PEI (15 pts. wt),

(5) ED-20+PEI (20 pts. wt),

at 160 (a),

170 (b), and

180°C (c)

data [15]. The table below summarizes the crossover
point reach times calculated from Fig. 1.

Table. Times of reaching the crossover points of the studied
binders

Time of the crossover point, min
Sample

160°C 170°C 180°C
ED-20 66 41 30
ED-20+PEI (5 pts. wt) 77 50 39
ED-20+PEI (10 pts. wt) 84 74 48
ED-20+PEI (15 pts. wt) 80 56 41
ED-20+PEI (20 pts. wt) 81 55 41

From Figs. la and 1b, it can be seen that in the system
containing 20 pts. wt of PEI (curve 5) at 160°C at the
29th min (Fig. 1a) and at 170°C at the 23rd min of the
experiment (Fig. 1b), there is a decrease in the loss
modulus value, which is related to the dynamic viscosity
by the following relationship:

,_G"
n=—,
®
where " is dynamic viscosity, Pa's; G” is loss modulus,
Pa; w is frequency, rad/s.

This means that the dependence of the loss modulus
has qualitatively the same character as the dependence
of the dynamic viscosity under the condition of constant
frequency during the experiment. Consequently, it can
be assumed that the decrease in the loss modulus value
is due to the release of the viscous component, PEI, from
the reaction system into a separate phase. At this point,
the curing process ceases to be homogeneous and begins
to be heterogeneous. Then, due to the ongoing curing
process, the loss modulus of the system increases again.

In the technology of reinforced plastics, the concept

of binder pot-life parameter is taken as the time to reach
a certain viscosity level, above which the binder is no
longer able to impregnate the reinforcing filler. This
parameter is often taken as~100 Pa-s[1, 11]. From Fig. 2,
it can be concluded that a system containing 10 pts. wt
of PEI (curve 3) has an increased (about 15-27 min)
pot-life compared to other binders studied in this work.
As the “process window” for processing the material
into composite products increases, this represents
a clear advantage of the thermoplastic-modified binder
in comparison withneat ED-20. Since epoxy binders are
Newtonian fluids at elevated temperatures [15, 16], the
complex viscosity can be fairly taken as the effective
viscosity based on the Cox—Merz rule.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(6):528-535

531



Oscillation rheometry of curing process of epoxy binders

Stepan V. Polunin,

modified with polyetherimide etal.
100 109F
105
80 104
103 L
» 60 S 10k —=—160°C
s B —o—170°C
i 10!
= —#—180°C
= 40 100
107!
20 10—2 1 1 1 1 1 ]
0 20 40 60 80 100 120
Curing time, min
0 s (a)
0 20 40 60 ]
Curing time, min 107
5
Fig. 2. Dependence of complex viscosity (n*|) 10° g
on curing time at 170°C: 104 L
(1) ED-20,
(2) ED-20+PEI (5 pts. wt), 103 b
(3) ED-20+PEI (10 pts. wt), S el —160°C
(4) ED-20+PEI (15 pts. wt), ) 0
(5) ED-20+PEI (20 pts. wt) otk | s
100F e
Since higher temperatures lead to more intensive 10-1 ™
curing processes, it would be expected that the limiting ,
value of the storage modulus would be higher at 180°C. In 105 20 40 60 80 100
practice, however, the limiting value of elastic modulus Curing time, min
(b)

is found to be higher at 170°C, as shown in Fig. 3.

The point to bear in mind here is that the modulus of
elasticity is affected by the temperature of the experiment.
Since the modulus of elasticity is known to decrease with
increasing temperature, so at 180°C, the decrease in the
ultimate value of the modulus of elasticity due to the
higher temperature prevails over its increase due to curing.

CONCLUSIONS

It has been shown that the addition of a thermoplastic
modifier to an epoxy binder increases the gelation time,
which is due both to the slowing down of the curing
process in the presence of the thermoplastic, which
dilutes the reaction system, as well as to the increased
viscosity of the modified binder itself compared to the
unmodified binder. The highest pot-life was recorded for
the system modified with 10 pts. wt of PEL. The higher
ultimate value of elastic modulus at a curing temperature
of 170°C than that at 180°C is due to the dual effect of
temperature.

Fig. 3. Dependence of storage modulus (G’) on curing
time at three temperatures: (a) ED-20+PEI (10 pts. wt),
(b) ED-20+PEI (20 pts. wt)
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Abstract

Objectives. The study set out to examine the impact of pre-mixed ultra-high molecular weight polyethylene (UHMWPE) and high-density
polyethylene (HDPE) on a range of properties and structural characteristics of SKEPT-50 ethylene propylene diene monomer (EPDM) rubber.

Methods. The production of rubber mixtures involved the pre-mixing of rubber with UHMWPE and HDPE in a Brabender PL 2200-3
plasti-corder chamber (Germany) at a temperature of 160°C, for a period of 6 min, and with a rotor speed of 60 rpm. The polyethylene
constituents were incorporated into the rubber compound at concentrations of 5, 10, and 15 pts. wt. The subsequent introduction of the
principal constituents of the rubber mixture was conducted in an SYM laboratory mill (China) for a period of 30 min at a temperature
of no more than 100°C. The vulcanization of the samples was conducted in an Y1000D vacuum hydraulic press (China) at a temperature
of 185°C for a period of 35 min. The investigation of vulcanization and physical and mechanical properties was conducted in accordance
with the established protocols. The analysis of the rubber supramolecular structure was conducted using a JEOL JSM-6840 LV scanning
electron microscope (Japan).

Results. The results demonstrate that an increase in the proportion of HDPE and UHMWPE to 15 pts. wt leads to a notable enhancement
in the hardness of the rubbers by 10 and 5 Shore A units, respectively. The frost resistance coefficient at —45°C demonstrates an increase
with the incorporation of 10 pts. wt of HDPE to reach a value of 0.229, and a further increase with the incorporation of 15 pts. wt
of UHMWPE to reach a value of 0.260. The degree of swelling of rubbers in a DOT-4 brake fluid environment is observed to decrease
to 13% for rubbers with HDPE and 19% with UHMWPE. The degree of swelling of rubbers in the DOT-4 brake fluid environment
is observed to decrease to 13% for rubbers with HDPE and 19% with UHMWPE. While an increase in the HDPE content results in a 5%
increase in volumetric wear, an increase in the UHMWPE content is associated with a 45% decrease in volumetric wear. The introduction
of UHMWPE was observed to result in the formation of inclusions of varying shapes and sizes within a range of 50—-100 pm. The
transition zone between UHMWPE and rubber is characterized by a smooth surface. No evidence of cracks or micro-tears between
the polymer phases, which could potentially form during low-temperature splitting, was observed. This finding indicates the presence
of favorable interfacial interactions, which can be linked to the observed enhancements in resistance to aggressive liquids and abrasion,
as well as the improved tensile frost resistance coefficient. The supramolecular structure of rubber samples combined with HDPE is more
pronounced and exhibits greater relief than that of the original rubber. This is indicative of a more uniform distribution within the matrix
volume, which can be attributed to the high fluidity of the HDPE melt.

Conclusions. Rubbers modified with UHMWPE, in comparison with HDPE, exhibit enhanced resistance to wear, oil, and frost, while
maintaining their elastic and strength properties. It was established that rubber containing 15 pts. wt of UHMWPE exhibits optimal
properties and can thus be recommended for use in sealing rubber products.
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HAYYHAA CTATb4
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NnoJIN3TUJIeHa U NOJIN3TUJIeHa HU3KOrro AaBJ/ieHUud

Ha CBOMCTBaA U CTPYKTYPY PE€3MH Ha OCHOBEe
3TUJIEHNPONUJIeHANEHOBOIro Kayyyka

M.JI. CoxonoBa™, A.P. Xaieesa, M.JI. lapbiioBa, A.®. ®egoposa, H.B. Illaapunos
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AHHOTaUuua

Hean. Vzyuyenne BIUsSHUS CBEpXBBICOKOMOJIEKYIsipHOTO nomdTiiieHa (CBMIID) n mommatiena auskoro pasnenus (II9H]]) Ha xom-
IUIEKC CBOMCTB U CTPYKTYpPY PE3HH Ha OCHOBE ATUJICHIIPONMICHIUEHOBOro Kayuyka Mapku CKOIIT-50.

MeTtonabl. Pe3nHOBEIC cMecH H3TOTABIMBAJIH IIyTEM IPEABAPUTEIHLHOTO cMemeHus kKaydayka ¢ CBMIID u [I9H/] B kamepe m1acTuKop-
nepa BRABENDER PL 2200-3 (I'epmanusi) npu temneparype 160°C B TedeHre 6 MUH B CKOPOCTH BpalIieHUs: poTopoB 60 00/MHH.
[onmuatrnens BBonuiu B kKomudectse 5, 10 u 15 mac. 4. Ha 100 mac. 4. kayuyka. [locienyromniee BBeZicHHE OCHOBHBIX HHTPEIUCHTOB
PE3MHOBOM CMecH MPOU3BOAMIOCH Ha aboparopHbix Basblnax SYM (Kuraif) B redenue 30 muH npu Temmneparype He 6onee 100°C.
Bynkanuzanuro o0pas3noB IpOBOAMIN B BaKyyMHOM TruapasiandeckoM mnpecce Y 1000D (Kurait) npu temneparype 185°C B TeueHue
35 muH. HccnenoBanue ByJIKaHU3AIMOHHBIX U (PU3UKO-MEXaHNIECKNX CBOICTB NPOBEICHO CTaHAapTHBIMU MeTomamu. Mccienosa-
HUE HAJMOJICKYISIPHON CTPYKTYPBI PE3UH MPOBENICHO C MOMOIIBI0 CKAHUPYIOLIETO IEKTPOHHOTO MuKpockoma JEOL JSM-6840 LV
(SnoHus).

PesyabTartsl. [lokazano, uto ¢ yBenmuenuem coxepkanus [1OH/] m CBMIID no 15 mac. 4. TBepaocTh pe3uH nosbimaercs Ha 10 u
5 equann no lopy A coorBerctBeHHO. Koadhdumment moposoctoiikoctu mpu —45°C yBennunBaercs, focTuras 3HadeHuid 0.229 npu
Beepenun 10 mac. 4. [I9H/] n 0.260 npu BBenennu 15 mac. . CBMIID. Crenenp HaOyXaHHs pe3UH B CPEle TOPMO3ZHOU JKUAKOCTH
DOT-4 cumxaercs 10 13% y pesun ¢ [IDH/] u 19% co CBMIID. MccnenoBanue cTOMKOCTH 00pa3IioB pe3nH K aOpa3uBHOMY H3HOCY
BBISIBHJIO PA3NIMYUs B U3HOCOCTOWKOCTH B 3aBHCHMOCTH OT BHJa TEPMOIIIacTa: ¢ yBenuueHueM copepskanus [I1OH]] oObemHbIi H3HOC
ToBBIIAeTcs Ha 5% W cHIKaeTcs Ha 45% mpu yBenndennu cofepxkanus CBMIID. MccnenoBanust HAMONEKYISIPHON CTPYKTYpPHI T10-
Kazand, 4yTo npu BBeaeHnu CBMIID mosBistroTest BKIIIOUEHHS pa3HOo00pa3HOi GopMBI ¢ pasmepamu B mpenenax 50—100 mxm. [lepexon-
Has 30Ha Mexxy CBMIID n kaydykoM HOCTAaTOYHO IIAaBHAS, TPEHMIMH U MHKPOPA3PhIBOB MEXTY (azaMH MOIUMEPOB, KOTOPBIE MOTIH
OBl 00pa30BaThCs B MPOIECCce HU3KOTEMIIEPATYPHOTO pacKalbIBaHUs, HE HAOMoaaeTcsl. DTO CBUAETEILCTBYET 00 YIOBIETBOPHTEIEHOM
MeK(a3HOM B3aUMOIEHCTBUM M OOBSICHSET MOBBIIIEHHE CTONKOCTH K arpecCHBHOM *KUAKOCTH M aOpa3sMBHOMY HCTHPAHHIO, a TAKKE
yBenuueHne ko3 huimeHTa Mopo30CTORKOCTH pH pacTskeHnu. O0pasisl pesud ¢ [I9H/] mo cpaBHEHHMIO ¢ HCXOIHOM PEe3NHON HMEIOT
Gornee BRIpaKEHHYIO U peTbehHYI0 HaAMOIEKYIAPHYIO CTPYKTYpY 03 BUANMBIX BKITIOUEHHIH, 4TO CBUIETENBCTBYET O Ooiee paBHOMED-
HOM pacrpeesieHnd B 00beMe MaTpHIIBI 32 CYET BBICOKOH TeKydecTH pacruiaa [IDH/I.

BoiBonbl. Pesunbl, mogupunuposantsie CBMIID, no cpaBuenuto ¢ [I9H/] o6nagaioT 6os1ee BBICOKHMH TOKa3aTeNsIMH H3HOCO-, MACyI0-
1 MOPO30CTOMKOCTH IIPU COXPAHEHUH YIPYTO-IIPOYHOCTHBIX [TOKa3aTeIel. YCTaHOBIICHO, YTO pe3uHa, coaepkamas 15 mac. v. CBMIID,
o0nagaeT HaUIydIIUM KOMIIIEKCOM CBOMCTB M MOXKET OBbITh PEKOMEH/I0BaHA [ HCIIONb30BAaHUS B NMPOM3BOJICTBE YIIOTHUTEIBHBIX
PE3MHOTEXHUUECKUX U3JIEITHHA.

Kniouesble cnoBsa MocTtynuna: 26.07.2024
STUNEHIIPONUICHANSHOBBIN KaydyK, Pe3UHA, MOIUITHICH HU3KOTO JaBICHHU, [opa6oTtaHa: 09.09.2024
CBEPXBBICOKOMOJIEKYISIPHBIN MOIUITHIICH, MO BHUKALIS, MNpuHsTa B neyats: 18.10.2024

(bHI3UKO-MeXaHMIECKHE CBOHCTBA
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INTRODUCTION

The principal focus of contemporary elastomer chemistry
and technology concerns the modification of rubbers with
additives to create elastomeric materials having enhanced
characteristics to support a broader range of applications.
One of the most effective methods for modifying the
properties of rubbers is to combine them with thermoplastic
polymers, including polyethylene, polypropylene, and
polyvinyl chloride. The potential of thermoplastic polymers
as modifying additives in rubber and rubber-based
materials has been demonstrated in numerous studies by
various authors [ 1-4]. Nevertheless, the problem continues
to be of both scientific and practical interest due to the
advancement of technologies for the production of novel
thermoplastic and rubber materials and the potential for
obtaining materials with defined properties.

As has been demonstrated in previous studies [1, 3],
the enhancement of specific material properties
during modification is contingent upon a high level of
interaction at the elastomer—filler phase interface. This
is particularly evident when a developed transition
layer is formed at this interface, which depends on the
compatibility of the polymers involved. Nevertheless, it
remains a challenging endeavor to identify a compatible
combination of high-molecular-weight rubber and
polymer components for optimal distribution and
interaction at the phase interface.

Due to their chemical resistance, high strength,
operational viability across a wide temperature range,
resilience to ozone, heat, atmospheric conditions, and
frost, as well as market availability and relatively low
cost [5-8], ethylene propylene diene monomer (EPDM)
rubbers are of particular interest in the development of
frost-resistant rubbers that can function effectively in
the presence of aggressive environments. EPDM is an
amorphous and nonpolar rubber that exhibits a specific
affinity with thermoplastic polyolefins that possess
analogous polarity and solubility parameters [7].

In this regard, the aim of the work is to study the effect
ofultra-high molecular weight polyethylene (UHMWPE)
and high-density polyethylene (HDPE) additions on the
complex properties and structure of rubbers based on
EPDM rubber of the SKEPT-50 brand. The selection is
based on the fact that UHMWPE, which is distinguished
by a considerable length of macromolecules with minimal
branching, exhibits a lower degree of crystallinity, as
well as offering high strength, wear resistance, frost

resistance, resilience to shock loads, and a low friction
coefficient [9—11]. Consequently, HDPE exhibits a high
degree of density, hardness, and rigidity. It is important
that the melting of HDPE and UHMWPE occurs in the
same temperature range as the process of vulcanization
of EPDM (130-150°C) [1].

MATERIALS AND METHODS

Triple ethylene propylene diene rubber of the
SKEPT-50 brand produced by Ufaorgsintez (Russia)
with mass fractions of propylene units 42-50% and
dicyclopentadiene units 5.8—7.2% was used as the basis
of rubber mixtures (TU 2294-087-05766563-2010).
UHMWPE of the GUR 4113 brand with a medium-
viscosity ~molecular weight of 3.9-10° g/mol
produced by Celanese (Germany) and HDPE of the
273-83 brand with a medium-viscosity molecular weight
of 0.5 - 10° g/mol produced by Kazanorgsintez (Russia)
were selected as modifying additives. Polyethylene
additions were introduced in amounts of 5, 10, and
15 pts. wt per 100 pts. wt of rubber. Formulations of
rubber compounds based on SKEPT-50 are presented
in Table 1. The following ingredients were also used
to produce rubber mixtures: carbon black of the
N550 brand produced by Ivanovo Carbon Black and
Rubber (Russia) (CAS No. 1333-86-4), zinc oxide
produced by Chelyabinsk Chemical Plant “OXIDE”
(Russia) (CAS No. 1314-13-2), stearic acid produced by
Component-Reaktiv (Russia) (CAS No. 57-11-4), altax
produced by Ningbo Actmix Rubber Chemicals Co.
(China) (CAS No. 120-78-5) and sulfur produced by
Kaspiygas (Russia) (CAS No. 7704-34-9).

The rubber mixtures (2-7) are prepared by pre-
mixing rubber with UHMWPE and HDPE in the
Brabender PL 2200-3 plasti-corder chamber (Brabender,
Germany) at a temperature of 160°C for 6 min and
a rotor speed of 60 rpm. The subsequent introduction
of the primary constituents of the rubber mixture was
conducted on SYM laboratory rollers (¥i Tzung, China)
for a period of 30 min at a temperature of no more than
100°C. The samples were then subjected to vulcanization
in a vacuum hydraulic press Y1000D (7ung Yu, China)
at a temperature of 185°C for a duration of 35 min.
The optimal temperature and duration of vulcanization
of rubber compounds were selected on the basis of the
findings of studies into the vulcanization characteristics.
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Table 1. Formulation of rubber compounds based on SKEPT-50

Weight parts per 100 weight parts of rubber
No. Ingredients
1 2 3 4 5 6 7

1 SKEPT-50 100.0 100.0 100.0 100.0 100.0 100.0 100.0
2 HDPE 273-83 - 5.0 — 10.0 — 15.0 -

3 UHMWPE GUR 4113 - - 5.0 - 10.0 — 15.0
4 | Carbon black N550 50.0 50.0 50.0 50.0 50.0 50.0 50.0
5 Zinc oxide 5.0 5.0 5.0 5.0 5.0 5.0 5.0
6 Stearic acid 1.5 1.5 1.5 1.5 1.5 1.5 1.5
7 Altax 1.5 1.5 1.5 1.5 1.5 1.5 1.5
8 Sulfur 2.0 2.0 2.0 2.0 2.0 2.0 2.0
The vulcanization characteristics of rubber according to GOST 263-75%. The degree of swelling of

compounds were determined on a rotor-free analyzer
for the recyclability of rubbers RPA 2000 from
Alpha Technologies (USA) at a temperature of 185°C,
a frequency of 1.7 Hz and a deformation amplitude of 0.5°
for 50 min in accordance with GOST R 54547-2011!. The
determination of physical and mechanical parameters, as
well as the study of tensile frost resistance were carried out
onthe UTS-20K testmachine (UTS Testsysteme, Germany)
in accordance with GOST 270-75% and GOST 408-783,
respectively. The resistance to ageing of the materials
under the influence of static compression deformation
was determined in accordance with GOST 9.029-74*
at 20% compression and a temperature of 100°C. The
wear resistance of the rubbers was evaluated by the
method of determining abrasion resistance in accordance
with GOST 23509-79° on an AR-40 friction machine
(Compart, Russia). Shore A hardness was determined

vulcanizates in a medium of DOT-4 brake fluid (LUXE,
Russia) was determined according to GOST 9.030-747.
The supramolecular structure of rubbers was studied
using a JEOL JSM-6840 LV scanning electron
microscope (JEOL, Japan) on low-temperature chips of
rubber samples.

RESULTS AND DISCUSSION

Vulcanization characteristics of rubber compounds based
on SKEPT-50 are shown in Table 2.

The study of the vulcanization kinetics of rubber
compounds has shown that a decrease in the maximum
torque (S',,,) as compared to the initial compound
can be achieved by introducing modifying additives.
An increase in the content of HDPE to 15 pts. wt

leads to a decrease in S’ | by 29%, while an increase

GOST R 54547-2011. National Standard of the Russian Federation. Rubber compounds. Measurement of vulcanization characteristics with the
rotorless cure meters. Moscow: Standartinform; 2018.

GOST 270-75. Interstate Standard. Rubber. Method of the determination elastic and tensile stress-strain properties. Moscow: Standartinform;
2008.

GOST 408-78. State Standard of the USSR. Rubber. Methods for determination of low temperature resistance at extension. Moscow: Izdatelstvo
standartov; 1985.

GOST 9.029-74. State Standard of the USSR. Unified system of corrosion and ageing protection. Vulcanized rubbers. Method of testing of
resistance to ageing under static deformation of compression. Moscow: Izdatelstvo standartov; 1982.

GOST 23509-79. Interstate Standard. Rubber. Method for the determination of abrasion resistance under slipping a renewing surface. Moscow;
IPK Izdatelstvo standartov; 2001.

GOST 263-75. State Standard of the USSR. Rubber. Method for the determination of Shore A hardness. Moscow: Izdatelstvo standartov; 1989.

GOST 9.030-74. Interstate Standard. Unified system of corrosion and ageing protection. Vulcanized rubbers. Method of testing of resistance to
attack by corrosive media in limp state. Moscow: Standartinform; 2003.
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Table 2. Vulcanization characteristics of rubber compounds

Original 5 pts. wt 10 pts. wt 15 pts. wt
No. Properties MPPEr | MpPE | UHMWPE | HDPE | UHMWPE | HDPE | UHMWPE
1 2 4 5 6 7
1|8 e dN'm 15.48 13.46 14.15 11.89 13.78 11.06 14.03
2|8 s AN-m 1.29 1.11 1.26 1.01 1.33 0.98 1.44
3008 e~ Sy AN-m 14.19 12.35 12.89 10.88 12.43 10.08 12.59
4 T, min 2.13 2.24 2.24 2.28 2.23 2.28 2.22
5 Ty, min 18.78 17.74 17.49 18.13 17.80 18.58 18.38
6 |Ry, min’! 6.01 6.45 6.56 6.31 6.42 6.13 6.19
Note: §', .. is the maximum torque; ' . is the minimum torque; S’ — ", . is the torque difference; 75 is the time of onset of scorching;

Ty, is the time to achieve optimum vulcanization; Ry, is the vulcanization rate.

in the content of UHMWPE reduces it by 11%. The
introduction of HDPE leads to a gradual decrease in
the minimum torque (', ; ), which indicates a decrease
in the viscosity of rubber mixtures [12-13] due to
increased melt fluidity; conversely, the introduction
of UHMWPE leads to an increase in the viscosity of
rubber mixtures. This is due to the length of the polymer
chains, which ensures transformation of UHMWPE into
a highly elastic state rather than a viscous state upon
heating [2, 14]. The difference between the maximum
and minimum torque (8’ . — S’ . ) characterizes the
cross-linking density in rubber [15-16]. The maximum
density of the cross-linking is recorded in the original
rubber. The smallest difference is characterized by
rubber compounds containing HDPE. This behavior of
HDPE-filled rubbers can be explained in terms of the
better distribution of HDPE in the elastomer matrix,
which is achieved during the high-temperature mixing
of rubber with HDPE powder due to the high fluidity
of its melt to manifest a shielding effect of the rubber
macromolecules from the sulfur vulcanizing system [2].
As the concentration of HDPE increases, this effect
increases together with a decrease in the cross-link
density. In turn, UHMWPE, which takes the form of
micro-volumes in the volume of the matrix, additionally
locally hinders the process of cross-linking of rubber
macromolecules through sulfur bridges, which also
leads to a slight decrease in &', — &' . as compared
to the original rubber. In both cases, the introduction
of the studied thermoplastics leads to an increase in
the time of the mixtures in the viscous state (T5) and
the vulcanization rate (Ry;), thus reducing the time for
achieving optimum vulcanization (7).

Table 3 presents the physical and mechanical and
low-temperature characteristics of vulcanizates based on
SKEPT-50.

A study of the physical and mechanical properties
of rubbers has shown that with the introduction of
polyethylene and increase in its content, both the
conditional stress at 100% elongation (f;,,) and the
Shore A hardness (H) of the vulcanizates increase.
Compared to the original rubber, rubber materials with
15 pts. wt of HDPE and UHMWPE have f,,, values
that are 1.4 times higher and Shore A hardness that
is 10 and 5 units higher, respectively. At the same time,
the conditional tensile strength (f,) and elongation at
break (g,) values remain close to those of the original
rubber.

Studies of the low-temperature properties of
vulcanizates have shown that the maximum coefficient
of frost resistance (K ) are at —45°C for rubbers
containing  UHMWPE: the higher the UHMWPE
content, the higher the frost resistance value Ky . This
is due to the fact that, compared to HDPE, UHMWPE
has a more developed amorphous region with interlacing
of long macromolecules and through macromolecules
(connecting crystallites), giving the material high
elasticity and frost resistance. Therefore, it is likely
that the amorphous phase of UHMWPE contributes to
freeze resistance at low temperatures when the rubber
macromolecules lose their flexibility [17]. Rubbers with
HDPE (2, 6) have a frost resistance coefficient under
tension of less than 0.20, which indicates insufficient
frost resistance of the rubber at a given temperature.

It is known [18] that the resistance of rubber to
aggressive media is primarily determined by the nature of
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Table 3. Properties of vulcanizates based on SKEPT-50
Qi 5 pts. wt 10 pts. wt 15 pts. wt
No. Properties rubber HDPE | UHMWPE | HDPE | UHMWPE | HDPE | UHMWPE
1 2 3 4 5 6 7
1 |/ MPa 18.1 17.5 18.9 17.7 16.8 19.6 18.6
2 | fi00» MPa 2.8 32 3.0 33 33 3.8 3.8
3 |, % 516 492 528 496 466 585 487
4 | Ko at —45°C 0.240 0.199 0.230 0.229 0.247 0.173 0.260
5 | H, Shore A scale 62 65 63 67 66 72 67
6 | RRCS (100°C x 24 h), % 52 51 37 54 53 51 51
AM in DOT-4
7 (100°C x 72 h), % 1.78 1.61 1.71 1.60 1.58 1.55 1.43

Note: f is the conditional tensile strength; f,, is the conditional stress at 100% elongation; ¢ is the relative elongation at break; K

rost 15

the coefficient of frost resistance during tension; / is the Shore A hardness; RRCS is the relative residual compressive strain at 20%

compression; AM is the degree of swelling.

the rubber. At the same time, the components that make up
rubber have a significant impact on the behavior of rubber
materials in aggressive environments. Due to its chemical
nature, EPDM has high resistance to the action of polar
media and low resistance to aliphatic, aromatic, and
nonpolar solvents [7, 19]. In order to assess the resistance
of rubber to aggressive environments, we selected
a polar glycol-based brake fluid DOT-4 Arctic Extreme
manufactured by LUXE (Russia) for use in hydraulic
brakes and clutches of cars with disc and drum braking
systems. The results of the study showed that all rubbers
of compositions 1-7 in the DOT-4 medium exhibited
high resistance. Despite the low degree of cross-
linking, the degree of swelling of the rubber decreases
to 13% for HDPE and 19% for UHMWPE at increased
concentrations of these additives. It is likely that the
high molecular weights of the polymers contribute to
a reduction in the degree of swelling.

An important characteristic that allows evaluating the
relaxation properties and sealing ability of rubbers is the
amount of relative residual compression strain (RRCS).
For rubbers 2, 4-7, the RRCS values are at the level
of the original rubber, while rubber 3, which contains
5 pts. wt UHMWPE, exhibits a decrease in RRCS up
to 37%.

One of the approaches to reducing rubber wear and
improving performance is to increase abrasion resistance.
Figure 1 shows the results of the abrasion resistance
measurements of the studied rubbers.

The study of the resistance of rubber samples to
abrasive wear revealed differences in wear resistance
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‘ Fig. 1. Volumetric wear of rubber due to abrasive abrasion

depending on the type of polyethylene addition. When
5 pts. wt of both HDPE and UHMWPE were added to
EPDM, volumetric wear was reduced by approximately
28% and 18%, respectively, as compared to the original
rubber. The improved volumetric wear with increased
HDPE content may additionally be due to a decrease
in the cross-linking density of the rubber when HDPE
is introduced. Increasing the UHMWPE content has
a positive effect on the wear resistance of rubber.
With the introduction of 15 pts. wt, volumetric wear
is reduced by 45%. This is most likely due to the high
tribotechnical properties of the UHMWPE itself.

Micrographs of low-temperature chips of rubbers
containing modifying polyethylene additives obtained
using a JEOL JSM-6840 LV scanning electron
microscope are shown in Fig. 2.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(6):536-546 541



Study of the influence of ultra-high molecular weight polyethylene and high-density polyethylene

Marina D. Sokolova,
on the properties and structure of ethylene propylene diene monomer rubber

etal.

1@k 1. BEE 1Bk

1E KN = g

igku #1l. a8 18 mm
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at magnifications 300x (left) and 1000x (right)
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Figure 2 shows that the original rubber initially has
a homogeneous structure (Figs. 2a, 2b). Following the
introduction of UHMWPE, inclusions of various shapes
with sizes ranging from 50—100 pm appear (Figs. 2c, 2d).
In samples containing UHMWPE, the transition zone
between UHMWPE and rubber appears quite smooth
without any cracks or microfractures between the phases
of polymers that could form during low-temperature
splitting. This indicates satisfactory interfacial interaction
to explain the increased resistance to aggressive liquids
and abrasive wear, as well as an increase in the coefficient
of frost resistance under tension [2]. The samples of
HDPE rubber (Figs. 2e, 2f) have a more pronounced
and embossed supramolecular structure as compared to
the original rubber. The absence of visible inclusions as
manifested in the UHMWPE samples indicates a more
uniform distribution in the volume of the matrix due to
the high fluidity of the HDPE melt.

CONCLUSIONS

A comparative assessment of the effect of HDPE 273-83
and UHMWPE GUR 4113 additions on the complex of
technical properties of rubbers based on SKEPT-50 was
carried out. UHMWPE modified rubbers, in comparison
with HDPE, have higher wear, oil and frost resistance
while maintaining elastic strength characteristics due to
satisfactory interfacial interaction between UHMWPE

and rubber. The rubber compound containing 15 pts. wt
of UHMWPE had the best set of properties and can be
recommended for use in the manufacture of sealing
rubber products. This demonstrates the potential of
using UHMWPE and HDPE as modifying additives to
improve the performance of EPDM-based rubbers.
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Abstract

Objectives. To obtain highly dispersed powders of chromium(IIT) molybdate Cr,(M0O,); by solid phase synthesis and to study their
porous structure.

Methods. After stirring in water, a mixture of Cr,0, and MoO, oxide powders was dried in air and subjected to heat treatment in the
temperature range of 600-800°C. After heat treatment, the products were identified by X-ray phase and sedimentation analysis. The
specific surface area was measured using the Brunauer—Emmett—Teller static adsorption method. Porosity parameters were measured
using the Barrett-Joyner—Halenda (BJH) method.

Results. The Gibbs free energy AG of the reaction between chromium and molybdenum oxides was calculated and it was shown that
the process is characterized by a significant negative value of AG. Concurrently, the Gibbs energy exhibits a relatively weak dependence
on temperature. The highly dispersed chromium(III) molybdate powders with specific surface area of 15.3—29.7 m?-g~! obtained in this
way were pure according to X-ray diffraction analysis. A study of the volume, diameter, and pore size distribution was conducted through
the utilization of nitrogen adsorption—desorption isotherms in accordance with the BJH model.

Conclusions. It was demonstrated that Cr,(MoO,), powders possess a mesoporous structure and are distinguished by a bimodal pore
system comprising small pores with a diameter of 2-3 nm and larger pores with a diameter ranging from 15 to 30 nm.
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AHHOTaUuS

CTYIO CTPYKTYPY.

JIMaMETp U paclpeielICHHE Mop 10 pa3Mepam.

KniouyeBbie cnoea

yZAeNbHas IOBEPXHOCTh

Ang uMTMpoBaHns

TBepAOQa3HBIA CHHTE3, TOPOLIOK, OKCHI, XPOM, MOIHOAT, TTOPHI,

Ienn. Tomyunts BeIcOKOAUCTIEpCHBIE TOpomikK Momubaara xpoma(Ill) Cr,(MoO,);TBepohpa3HbIM CHHTE30M U HCCIIEN0BATh UX TIOPHU-

Metoabi. Cmech mopomkos okcuio Cr,O; 1 MoO, mocie mepeMenmBanys B Bojie IPOCYIIMBAIIM HA BO3TYXE M TOMBEPTalH Tep-
Moo0OpaboTke B TemmeparyprHom uatepsaie 600-800°C. ITocie TepMooOpabOTKH TPOMYKTH HACHTH(GHUIIMPOBAIN METOAMH PEHTIe-
HO(a30BOTO M CEMMEHTAMOHHOTO aHAIN3a. BenmunHy yaensHOi MOBEepXHOCTH M3MEPSUIH aCOPOIIOHHBIM CTaTHYECKHM METOIOM
Bpynayspa—mmera—Temnepa, a mapamMeTpsl MIOPHCTOCTH — MeTonoM bappera—/[xotinepa—Xanennsr (BJH, Barrett-Joyner—Halenda).

Pesyabrarsl. Paccunrana ceobonnas saeprust [m66ca AG peakunn mexay okcupamu xpoma(lll) u mommubaena(VI). [Tokazano, uto
MpoIIeCC XapaKTepU3yeTcs 3HAYNTEIBHOM oTpHuLarenbHON BenmunHoi AG. IIpu aToMm sHeprus ['n66ca cabo 3aBUCHT OT TeMIIEpaTyphl.
[omyd4eHs! YncTHIC IO JaHHBIM PEHTTEHOBCKOTO aHAIN3a BHICOKOAUCIIEPCHBIC IOpomky Momndaara xpoma(lll) ¢ yaenpHOIT moBepxHO-
crpio 15.3-29.7 M2-17!. C ucnonp3oBaHueM H30TepM aAcopOLUMU—IecopbImy a3oTa mpu nomomy Moaenn BIH uccnenoBanst oobeM,

BoiBoawl. [Tokasano, uro nopowku Cry(MoO,); UMEIOT ME3OMOPUCTYIO CTPYKTYPY M XapaKTEPU3YIOTCs OMMONAILHON CHCTEMOH Top,
cocTosmIel U3 HeOOIBIINX MOP C pa3MepamMu 2—3 HM U 0oJiee KpyIHBIX Iop ¢ pasmepamu oT 15 10 30 HM.

MocTtynuna: 11.09.2024
Aopa6oTaHa: 18.09.2024
MpuHara B neyatb: 22.10.2024

Muponrandenko M.H., Konocos B.H. BeicokomucnepcHbie mopomku Monubaara xpoma(lll), momyuernsie TBepao(ha3HbIM CHHTE30M.
Tonxue xumuueckue mexronocuu. 2024;19(6):547-554. https://doi.org/10.32362/2410-6593-2024-19-6-547-554

INTRODUCTION

Chromium(IIl) molybdenum Cr,(M0O,); belongs to
the family of chemical compounds with the general
formula A,M;0,,, where A is a trivalent transition metal
or lanthanide, and M is molybdenum or tungsten [1-6].
These compounds possess distinctive structural,
thermal, magnetic, and electrical characteristics. These
materials are distinguished by a phase transition from
a low-temperature monoclinic structure (P21/a) to
a high-temperature orthorhombic structure (Pbcn). Both
structures are microporous, forming open interstitial
cationless frameworks consisting of AO, octahedra
and MO, tetrahedra connected by vertices. The
AQy octahedra are connected to the MO, tetrahedra by
a common oxygen atom at each vertex. In orthorhombic
modification, compounds A,M;0,, exhibit negative
thermal expansion, the causes of which have not yet
been precisely determined [7]. Materials exhibiting

negative thermal expansion have significant potential
for use in the creation of composite materials with an
adjustable coefficient of thermal expansion [8]. Based
on the compounds A,M,0,, functional materials can be
created for various purposes. In particular, chromium(I11I)
molybdate is a ferrimagnet [9] and is characterized by
two different conduction mechanisms [10]. Below the
structural phase transition temperature (about 650 K)
Cr,(MoO,), is a p-type semiconductor, while above it
is an n-type semiconductor. Additionally, chromium(III)
molybdate displays catalytic activity and can be
employed as a catalyst in alcohol oxidation, n-octane
dehydrogenation, and other chemical reactions [11-14].

In order to obtain Cr,(M0QO,),, the following are used:
mechanosynthesis [15, 16]; solid-phase synthesis [17];
sol—-gel method [9], co-precipitation of a soluble chromium
salt and molybdenum acid [18]; and co-decomposition of
a mixture of bichromate and ammonium paramolybdate
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followed by calcination of the resulting product [19].
The techniques currently available possess certain
disadvantages. These include the length of time required
for the process, the necessity for maintaining a constant
pH value of the reagent solutions, and the occurrence
of hydrolytic processes in the solutions themselves.
Furthermore, the resulting chromium(IIl) molybdenum
powders exhibit an inadequate specific surface area.
For example, the surface of powders obtained using
mechanosynthesis is 1.3-3.6 m?-g ! [15].

The objective of this study is to synthesize highly
dispersed chromium(IIl) molybdate powders by means
of a solid-phase approach with a view to investigating
their porous structure.

MATERIALS AND METHODS

Oxides of MoO; (pure, TU 6-094471-77, Khimreaktivnab,
Russia) and Cr,0; were used as precursors.
Chromium(IIl) oxide was obtained by calcination of
ammonium  dichromate (NH,),Cr,0, (chemically
pure, GOST 3763-76', Khimreaktivnab). Cr,0; and
MoO; oxide powders were weighed in accordance with
the stoichiometric ratio of chromium and molybdenum in
the compound Cr,(Mo00O,),. The oxides were then mixed
in water in a solid/liquid phase ratio = 1 : 5 using an
overhead stirrer RW16basic (/KA4, Germany) for 3 h. The
rotation speed of the mixer is 320 min~!. Following the
mixing process, the mixture was subjected to drying in
air at a temperature range of 80—85°C. Subsequently the
mixture underwent heat treatment in a laboratory-based
muffle furnace (Sikron, Russia) at an initial temperature
of 600°C for a period of 5 h. This was followed by
a repeated heat treatment in the range of 700-800°C for
a further 6 h.

Phase analysis of the reagents and the products
obtained was determined using a Shimadzu XRD-6000
diffractometer (Japan) (CuK -radiation) using the
ICCD PDF-2 diffractometric database?. The average
particle size D of Cry,(MoO,),; powder was estimated
under the assumption that they have a spherical shape,
according to the formula:

p-—% (1)

SBeT *P
wherein Sy is the specific surface area of the
powder, p is the density of Cr,(MoO,),. The specific
surface area was measured by means of the Brunauer—
Emmett-Teller (BET) adsorption static method.
The porosity parameters were measured by the

Barrett—Joyner—Halenda method on a Micrometrics
TriStar 11 3020 device (Micrometrics Instrument
Corporation, USA) using nitrogen adsorption—
desorption isotherms. The particle size distribution
of the powders was analyzed on a photometric
sedimentometer FSH-6K (Labnauchpribor, Russia).

RESULTS AND DISCUSSION

The synthesis of chromium(Ill) molybdate is based
on a solid phase reaction between oxides of the
corresponding metals:

Cr,05 (solid) + 3MoO; (solid) = Cr ,(MoO ), (solid)  (2)

The Gibbs free energy AG of the reaction (2) was
calculated as a function of temperature (Fig. 1).

100 [

98

—AG, kJ/mol

94 ' ' ' ' ' ' ' '
450 500 550 600 650 700 750 800 850

T,°C

Fig. 1. Gibbs free energy AG as a function of the reaction
temperature for the formation of chromium(III) molybdate

The calculation was carried out using the entropy
method, while considering the aggregate state of the
reaction participants. The necessary thermodynamic
values of chromium oxides and molybdenum used in the
calculations were taken from [20, 21]. The reaction (2)
is energetically advantageous for synthesis within the
specified temperature range. In this case, the Gibbs energy
is observed to exhibit a relatively weak dependence on
temperature. The chromium(Ill) molybdate powders,
which were found to be of a high degree of purity
according to X-ray phase analysis, were obtained as
a result of double sintering of the charge. The initial
charge and reaction products are displayed in Fig. 2,
together with their respective diffractograms, subjected
to heat treatment.

The research yielded chromium(Ill) molybdate
powders with a specific surface area of 15.3-29.6 m?-g .
Figure 3 illustrates the typical integral particle size
distribution observed in powder samples.

1 GOST 3763-76. State Standard of the USSR. Reagents. Ammonium bichromate. Specifications. Moscow: IPK Izdatelstvo Standartov; 1998.

2 https://www.icdd.com/pdf-2/. Accessed November 22, 2022.
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o
1 A u] o

o Cr,)04
* MoO,
® Cry(MoO,)

mo

Fig. 2. Initial mixture of metal oxides (/) and the resulting
diffractogram after heat treatment (2, 3). Sintering conditions:
(2) 600°C, 5 h + 800°C, 4 h; (3) 600°C, 5 h + 800°C, 6 h

Figure 3 illustrates that, despite the considerable
discrepancy in the value of specific surface area,
the powder samples exhibit minimal variation in their
particle size distribution. The majority of particles,
comprising approximately 70% of the total, are
smaller than 9 pm, with a further 25% less than 2 um
in size. According to calculations using formula (1),
the average particle size of Cr,(MoO,), is in the
range of 60—115 nm. It can thus be surmised that, in
view of the specific surface area of the powders, the
particles of the chromium molybdenum powder are
to a considerable extent agglomerated. The process
of agglomeration results in the formation of a porous
material.

Figure 4 illustrates the relationship between the total
surface area of the pores and their average diameter.

The total surface area of the powders obtained is
approximately equivalent to the total surface area of
the pores. Therefore, the outer surface area of the
chromium(III) molybdate particles is insignificant
in comparison to the developed inner porous surface
area, which constitutes the majority of the powder’s
surface area. The type of adsorption—desorption
isotherms of Cr,(MoO,); powders is shown in
Fig. 5. The isotherms observed for the powders can
be classified as type IV according to the IUPAC

100 ¢

Integr., %

1 2 4 8 16 32
Particle size, pm

Fig. 3. Integral particle size distribution

of Cr,(MoO,); powders. Specific surface area of powders:
(1) 153 m2-g |,

(2)29.7 m?-g!

Pore surface area, m%g
5

W

0 1 1 1 1
2 4 8 16 32

Pore diameter, nm

Fig. 4. Dependencies of the total pore surface

on their average diameter for Cr,(MoO,), powders.
Specific surface area of powders:

(1) 15.3,

(2)20.3,

(3)29.7m?-g!

classification, with the presence of H3 hysteresis
loops. Isotherms of this nature are typical of
mesoporous substances, characterized by disordered
aggregates forming slit-shaped pores [22, 23]. With
an increase in the specific surface area of powders
from 15.3 to 29.6 m2-g~!, the adsorption—desorption
isotherms show an increase in the amount of
adsorbed nitrogen (Fig. 5). This is a consequence of
the increased porosity of the material, which allows
for greater permeability.

As illustrated in Fig. 6, the pore size distribution of
chromium(I1I) molybdenum powders exhibits a bimodal
character in the mesoporous region. The subject of such
materials is currently attracting a growing amount of
attention. When employed in the context of catalysts,
these materials have been demonstrated to effectively
reduce the diffusion resistance and enhance the
catalytic efficiency of heterogeneous reactions [24-26].
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Quantity of adsorbed nitrogen, cm*/g, STP

0 0.2 0.4 0.6 0.8 1.0

Relative pressure, P/P;

Fig. 5. Nitrogen adsorption—desorption isotherms

of Cr,(MoO,), powders

(STP is the standard temperature of 273.15 K (0°C, 32°F)
and pressure of exactly 105 Pa (1 atm, 1 bar)).

Specific surface area of powders:

(1) 153,

(2)20.3,

(3)29.7 m?-g!

According to [27], the bimodal pore distribution is due
to the presence of solid aggregates in powders, in which
there are two types of pores. One category of pores is
of a smaller intra-aggregate size, while the other is of
a larger inter-aggregate size. In accordance with this
definition, the intraaggregate pores of the obtained
chromium(IIl) molybdate powders have a diameter
of 2-3 nm, while the interaggregate pores exhibit
a broader distribution, with a diameter ranging from
15 to 30 nm. Modifying the heat treatment parameters of
the initial metal oxide mixture allows for the alteration
of the pore density within the resulting powder. With an
increase in the specific surface area of chromium(IIl)
molybdate powders, the pore volume of both pore types
increases (Fig. 6).

045
0.40 | 3
035
030
025
020
0.15
0.10

dAldlog (D) volume of pores, cm?/g-A

0.05

0 1 1 1 1 1
1 2 4 8 16 32

Pore diameter, nm

Fig. 6. Pore distribution in Cr,(M0O,); powders.
Specific surface area of powders:

(1) 153,

(2)20.3,

(3)29.7 m?-g!

CONCLUSIONS

A solid-phase method was employed at temperatures
between 600 and 800°C to synthesize chromium(III)
molybdenum powders with a high degree of dispersion
and a specific surface area of 15.3 to 29.7 m?-g”!, as
determined by X-ray analysis. The pore distribution
of powders is bimodal in nature. Intraaggregate pores
are 2-3 nm, while interaggregate pores are at the level
of 15-30 nm. The resulting powders can be used as
precursors in the creation of catalysts.
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Abstract

Objectives. To develop mathematical approaches and algorithms for analyzing the influence of various methods for feeding a chain
transfer agent to a cascade of reactors, taking into account the choice of feed points on the characteristics of the final product of
copolymerization using computer modeling.

Methods. The processes of synthesis of copolymers were mathematically modeled using a statistical approach (Monte Carlo method). The
developed algorithm is based on calculating the probabilities of elementary reactions in the process under study. In the case of continuous
production of the copolymer in a cascade of reactors, it must be taken into account that the residence time of each particle of the reaction
mixture in the reactor is subject to a probability distribution. The algorithm models the formation of copolymer macromolecules at the
particle level, permitting the average molecular characteristics of the copolymer to be calculated and its microstructure to be studied
based on modeling results.

Results. The dependencies of the intrinsic viscosity on the reactor number and conversion were constructed by means of mathematical
modeling. The calculation results showed satisfactory agreement with the experimental data obtained in production. The dependencies
of the molecular weight distribution of the copolymer, the weight-average molecular weight, and the microheterogeneity index on the
reactor number were constructed for various methods of feed of the chain transfer agent, i.e., to two and/or three points of the reactor
cascade. The modeling and calculation results confirmed the influence of the method of adding the chain transfer agent to the cascade
reactors on the molecular characteristics of the copolymer.

Conclusions. The analysis of the structure of the molecular units of the styrene—butadiene copolymer showed a decrease in the weight-
average molecular weight of the final product and an increase in its stiffness in the case of the three-point feed of the chain transfer agent.
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AHHOTaUuS

He.Jm. PazButne maremMaTnieckux MOAXO0A0B U AJITOPUTMOB aHaIn3a BJIUSHUS pas3IMYHbIX CI1oco0oB noaavu peryisaTopa B KaCckaa pe-
AKTOPOB C Y4ETOM BLI60pa TOYCK IMOJa4YU1 Ha XapaKTCPUCTUKU KOHCUHOTI'O IIPOAYKTa ITPOoLEecca CONOJIMMEPpU3alliu € IPUMEHCHUEM KOM-
NBIOTEPHOI'O MOACINPOBAHUS.

Mertoaspl. [Ipn mMareMaTHdeckOM MOJIETHPOBAHUH ITIPOIECCOB CHHTE3a COIOIMMEPOB NMPUMEHSUICS CTATUCTHUECKHUH MOAXOX (METOX
Mounte-Kapno). Pa3paborannslii aBTOpaMH aJrOpUTM OCHOBAH Ha BEIYHCICHUH BEPOSTHOCTEH OCYIIECTBICHHS >IEMEHTAPHBIX peak-
Ui FCCIefyeMoro mporecca. B ciydae HenmpepsIBHOTO IPOM3BOCTBA COTIOINMEPA B KACKa/Ie PEaKTOPOB HEOOXOAMMO YUUTHIBATE, UTO
BpeMsI IpeOBIBAHMUS KaXkI0H JaCTHI[BI PEAKIIMOHHON CMECH B PEaKTOpe IOAUHHACTCS BEPOSTHOCTHOMY pachpeseneHuio. Peammsaris
ITOPHUTMA TI03BOJISICT IMUTHPOBATh 00pa30BaHIE MaKPOMOJIEKYI COMOJIMMEpa Ha YPOBHE YACTHIL, YTO 1AeT BOSMOKHOCTH BBIYNCIISTH
€r0 yCpeTHEHHBIE MOJEKYISIPHBIC XapaKTePUCTUKN U HCCIE0BATh MUKPOCTPYKTYpPY Ha OCHOBE JAHHBIX, MOJYYEHHBIX B pPe3yibTare
MOJIEIMPOBAHNSL.

Pe3yabrarhl. MeTogaMyu MaTeMaTHUECKOTO MOJETHPOBAHHS ITOCTPOSHBI 3aBICHMOCTH XapaKTEPHCTHIECKOH BSI3KOCTH OT HOMEpa pe-
aKTOpa M KOHBEPCHU. Pe3ynbraTel pacueToB MOKa3adn yZOBICTBOPUTEIHFHOE COMNIACOBAHME C IKCIICPHMEHTAIBHBIMU JaHHBIMH, TTOJY-
YEHHBIMHU Ha IPON3BOACTBE. [I0CTpOEHBI 3aBHCHMOCTH MOJIEKYISIPHO-MACCOBOTO PACIIPEIENICHUs COMOINMEpa, CPETHEMACCOBOM Mote-
KyJIIPHOH Macchl 1 KOG PUIMEHTa MUKPOTeTEPOTeHHOCTH OT HOMEpa PEeaKTopa TSl Pa3IHIHBIX PEXKUMOB MOAYH PETYISATOPA — B JBE
W/UIH TPU TOYKH KAacKaga PeakTopoB. AHAIH3 Pe3ylbTaToOB MOJACIMPOBAHHS U PACUCTOB MOATBEPAMII BIHMAHHE CIIoco0a H00aBIeHHS
PETYIATOpa B PeakTOpHI KacKaaa Ha MOJEKYISIPHBIC XapaKTePUCTHKH COTIOINMEpa.

BrIBoabI. AHANMN3 CTPYKTYPBI MONEKYIAPHBIX 3BEHbEB OyTaHEH-CTUPOIBHOTO COMOIMMEpPA MTOKAa3all CHIYKEHUE CPEAHEMACCOBON Mole-

KniouyeBbie cnoea

CONONMMEPHU3ALINSL, KaCKaJ PEaKTopoB, OyTalleH, CTHPOII,

Ansa uMTupoBaHus

TPETUYHBIN 10JIeLMIMEPKANTaH, CTaTUCTUYECKOE MozienpoBanue, mero Mounte-Kapro,
MOJIEKYIIIPHO-MACCOBOE PacIpeieIeHNE, TONUIHNCIEPCHOCTh, MUKPOTETEPOTr€HHOCTh

KyJSpPHON MacChl KOHEYHOTO MPOAYKTA U YBEITHMYEHHE €TI0 KECTKOCTH IPH TPEXTOUEYHOM PEKHMME PErylInpoBaHus Mpolecca.

Moctynuna: 28.06.2024
Aopa6oTaHa: 26.07.2024
MpuHara B neyatb: 21.10.2024
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INTRODUCTION

In modern industry, the production of synthetic materials,
in particular, rubber is one of the key industries which
contribute to progress in various fields, such as the
automotive industry, chemical industry, medicine,
among others. However, there is an urgent need for
the development, modification, and optimization of
technological processes requiring many factors and
parameters to be considered in their production.

Natural rubber does not have the qualities necessary
for the creation of high-quality rubber products.
Therefore, a wide variety of types of synthetic rubber are

produced. It is synthesized under industrial conditions
by polymerization/copolymerization processes [1]. The
resulting product, unlike natural rubber, is resistant to
environmental damage, highly elastic, and can withstand
low temperatures. The material formed in the process is
subsequently processed into rubber by vulcanization.
Styrene—butadiene synthetic rubber from the group
of general-purpose rubbers is the most widely used in
comparison with other large-tonnage rubbers. In world
production, its fraction is slightly more than 30%. It is
used in the production of various rubber products (car
mats, hoses, shoe soles, cable insulation, etc.), with the
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main area of application being the production of tires, controlling the process parameters, and analyzing
mainly for passenger cars [2]. their mutual influence under industrial production
Synthetic rubbers based on butadiene and styrene conditions [7].

are synthesized by free-radical styrene-butadiene This work aims to study the effect of various CTA
copolymerization in an aqueous emulsion. This process feed modes in a cascade of reactors on the characteristics
is carried out at low temperatures (5-6°C) in a continuous of the copolymer product by computer modeling of the
mode in several reactors simultaneously combined into process. Computational experiments based on a computer
a cascade of 9—12 stirred-tank reactors, shown in Fig. 1, model may significantly reduce the costs of conducting
as a component of the production scheme. In this case, experiments under laboratory and, particularly, industrial
the flow of the reaction mixture is continuously fed into conditions in real time.

the first reactor of the cascade, and the reaction products
are removed from the last reactor [3]. The described EXPERIMENTAL
approach to carrying out the process significantly

reduces the operating costs of the reactors, extends Previously [8, 9], we proposed an algorithm for modeling
the overall service life, and ensures the stability of the the copolymerization process performed in a continuous
technological process and, consequently, the stability of mode in a cascade of reactors. This algorithm is based
the manufactured product [4]. on the Monte Carlo method according to the approach
One of the important process parameters affecting the proposed by Gillespie [10, 11]. The basis of the algorithm
properties of the polymer product is the feed mode of the is a cycle of the following stages implemented at certain
chain transfer agent (CTA), i.e., its quantity, feed rate, points in times:
feed points, and feed time. Changing the CTA feed mode e calculation of reaction rates at a current ratio of
can significantly affect the molecular weight, structure, particles in the reactor;
and properties of the formed product, which are directly e calculation ofthe probabilities of their implementation
related to its performance [5]. based on the values of the rates and their sequential
Mathematical modeling of polymerization and arrangement on the interval [0, 1];
copolymerization processes plays an important role e generation of a random number on the same
in studying their various aspects and, accordingly, interval, determination of the part of the interval that
their optimization [6]. Research based on constructing contains the random number, and selection of the
a mathematical model is focused on calculating the corresponding part of the reaction interval;
characteristics of the formed copolymer and the product e modeling the selected reaction at the level of change
obtained, as well as finding optimization modes for in the number of types of particles of the reaction
e
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Fig. 1. Scheme of continuous production of synthetic rubber by emulsion copolymerization of butadiene with styrene
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mixture (e.g., an increase in the length of growing

macromolecules and a decrease in the number of

monomers when modeling the growth reaction, etc.).

The condition for stopping the cycle is reaching a
certain condition, e.g., achieving a predetermined value
of monomer conversion.

Since the synthesis of styrene—butadiene rubber
under industrial conditions is performed continuously in
parallel in several cascade reactors, it should be noted
that each component of the reaction mixture has its own
residence time in the reactor. Within the framework of
the proposed model, the residence time is a random
variable characterized by the probability distribution
function p(¢) [12].

The probability of which reactions can occur in each
of the cascade reactors at a specific point in time depends
directly on the types of particles of the reaction mixture
(monomer, initiator, CTA, copolymer macromolecules)
and the quantities in these reactors.

With the reaction selected for modeling, the time of
its implementation is put in correspondence:

1
At =

In(-),

sum rp

wherein R =~ accumulates the rates of all elementary
reactions that can occur and the probability of which is
not zero, and r_ is a random number generated on the
interval [0, 1].

The probability of an event, i.e., the presence of
the particle under study in the cascade reactor under
consideration during the time from ¢ to ¢ + dt, is given
by the value p(¢#)dt. The function p(¢) depends on the type
of reactor used in the process technology. In our case,
the reactors in the cascade are continuous stirred-tank
reactors, and p(?) is represented as

n n tnfl ,it
()= (—J e, 1

t) (n=1! )
wherein 1 is the average residence time of particles of the
reaction mixture in one reactor, h; and # is the number of

devices in the reactor cascade [13].
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Fig. 2. Residence time distribution in a cascade of 11 reactors

Figure 2 shows the residence time distribution of
the components of the reaction mixture in a cascade of
11 reactors 10.8 m? in volume each at a volume flow rate
of Cf= 9.5982 m3/h. At these parameters, the average
residence time of particles of the reaction mixture in one
reactor is 1.125 h, which corresponds to the peak of the
curve in Fig. 2.

In order to model the copolymerization process in a
cascade of continuous stirred-tank reactors, the residence
time in the current reactor needs to be defined for each
component of the mixture (molecule and macromolecule)
using distribution (1). For the time interval fromOtoz .,
a partitioning step df is selected in such a way that the
events corresponding to all residence time variants form
a complete group of events. In the case considered in
Fig. 2, such a time interval is the interval from 0 to 5 h
with a step of 0.1 h.

In order to determine the residence time of each
individual particle of the reaction mixture in the
reactor under consideration, a new random value is
generated from the interval [0, 1], and the value of /'
is selected in such a way that the following inequality
is satisfied:

11 S
ZI: p(f=D-d)<r, <lep(f'df)-
1= 1=

This inequality characterizes the part of the interval
in which the generated value is located. Accordingly,
for the particle in question, the residence time in the
current reactor is defined as /- dt. Therefore, the time of
transfer of particles of the reaction mixture to the next
reactor after their residence time in the current reactor
has expired needs additionally to be monitored.

As a result, the formation of the copolymer in
the cascade of series-connected reactors is modeled.
The model considers the constant flow of the initial
mixture of particles of various types into the first
reactor and the removal of the formed copolymer. This
approach to considering molecules of the mixture and
macromolecules of the product at the particle level
allows us to proceed to calculate the molecular-weight
and viscosity characteristics of the product.

Data on all particles involved in the process,
including those formed in it, can be obtained at any
time, upon reaching specific values of monomer
conversion, as well as at the outlet of each reactor.
Such an approach allows us to obtain the following
information for each reactor:

e the number of particles of each monomer, initiator,
and CTA;

e the numbers of active and inactive macromolecules
of each type, the chain length, and the structure of the
composition of each of them. If we additionally save
data on which two or three chain links are at the end,
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we can describe which types of dyads and triads of
links make up the structure of macromolecules of the
compound through their fractions;

e molecular-weight characteristics (number-average
molecular weight M , weight-average molecular
weight M, and molecular weight distribution) and
viscosity characteristics (intrinsic viscosity and
Mooney viscosity) of the copolymer product [14, 15].

RESULTS AND DISCUSSION

We created a program for conducting computational
experiments. The approach presented was used to
calculate the process of copolymerization of butadiene
with styrene in several continuous stirred-tank reactors,
sequentially forming a cascade (in the C# and Visual C++
environment).

By means of computational experiments, we evaluated
the influence of the composition of the reaction mixture
or the feed modes of various reagents on the properties
of the resulting copolymer or the product produced from
it. In particular, we considered the effect of the CTA feed
mode on these properties by the example of conducting
the process in a cascade of 11 continuous stirred-tank
reactors at the following characteristics of the loaded
mixture:

e mass flow rate of monomers—3.5 t/h (100 parts by
weight per hour (pts. wt/h); 70 and 30 pts. wt/h for
butadiene and styrene, respectively);

Table. Results of production experiment

e initiator (pinane hydroperoxide)—0.054 pts. wt/h;
e water : monomer ratio = 220 : 100;

e working volume of reactor—10.8 m?;

e volume flow rate—9.5982 m3/h.

The experimental data at the given process
characteristics (Table) were obtained at the Central
Laboratory of  Sterlitamak  Petrochemical  Plant
(Sterlitamak, Bashkortostan, Russia) [8]. The molecular
weight of the copolymer was controlled by an CTA as
tert-dodecyl mercaptan, fed at several points of the reactor
cascade. The CTA was continuously fed to the first reactor
at a mass flow rate of 0.125 pts. wt/h and to the third and
sixth reactors at a mass flow rate of 0.027 pts. wt/h.

Computational experiment 1 was carried out
according to the approach we proposed, modeling
30 h of the process with the above characteristics. The
results obtained were compared with the results of the
production experiment (Table).

Figure 3 presents the profiles of the intrinsic
viscosity of the copolymer along the reactor cascade.
Figure 4 shows the dependence of the intrinsic
viscosity of the copolymer on the total conversion
of monomers. At the outlet of the first reactor of
the cascade, the discrepancy between the result of
the computational experiment and the production
data was maximum (30%) At the outlet of the last
reactor of the cascade, the discrepancy was 3.6%,
which demonstrated the agreement between the
computational and production data.

Reactor number Mooney viscosity Intrinsic viscosity, dL/g Monomer conversion, %
1 - 0.73 5.5
) _ - 14.1
3 - 0.86 23.7
4 - 1.28 29.6
5 - 1.28 32.0
6 - - 41.8
7 38 1.66 51.3
8 - 1.70 55.8
9 79 2.24 64.0
10 - 2.31 69.0
11 87 2.42 70.4
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Fig. 3. Dependencies of the calculated (line)
and experimental (points) values of intrinsic viscosity
along the reactor cascade

The behavior of the intrinsic viscosity curve of the
resulting copolymer is controlled by the change in the
amount of the CTA in the cascade reactors (Fig. 5). More
than half of the loaded portion of the CTA is consumed
in the first and second reactors. This significantly slows
down the increase in the intrinsic viscosity therein when
compared with the reactors of the second half of the
cascade.

The CTA is additionally fed for the second time
to the third reactor, and for the third time to the sixth
reactor of the cascade. As a result, it can be observed
that the intrinsic viscosity of the product changes slowly:
from 1.10 dL/g in the third reactor to 1.41 dL/g in the
sixth reactor. However, due to the active consumption
of CTA particles and, accordingly, the smaller amount
in the last reactors of the cascade, an active increase
in the molecular weight and intrinsic viscosity of the
copolymer can be observed.

A similar change can also be observed in the curve
demonstrating an increase in the copolymer polydispersity
(the ratio of the weight-average molecular weight to the
number-average molecular weight) with an increase in
the reactor number (Fig. 6). The polydispersity in the

Residual chain transfer
agent content , %

1 2 3 4 5 6 7 8 9 10 11
Reactor number

Fig. 5. Dependence of the calculated residual CTA content
along the reactor cascade
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Fig. 4. Dependencies of the calculated (line)
and experimental (points) values of intrinsic viscosity
on conversion of monomers

cascade reactors changes in the range from 2 to 4.3,
which complies with standards for styrene—butadiene
rubber synthesized by low-temperature free-radical
copolymerization [3].

The molecular weight distribution describes the
proportions of macromolecules with different molecular
weights in the copolymer. To construct this distribution
using data on all chains of the formed copolymer
obtained in the computational experiment, by analogy
with gel chromatography, the “dead” macromolecules
of the copolymer that have left the last reactor of the
cascade need to be fractionated. For this purpose, we
form groups (fractions) in which the molecular weights
of macromolecules differ by AM. Then, for each group
formed, we calculated the ratio of the sum of the
molecular weights of macromolecules in the group to the
sum of the molecular weights of macromolecules in all
groups is, i.e., the weight fraction of the group, which
must be normalized by dividing the obtained value
by AM [8]. In the case under consideration, the curve
presenting the change in the normalized weight fraction
with an increase in the group weight is shown in Fig. 7 at
two time points: after 15 and 30 h of process modeling.
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Polydispersity index
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Fig. 6. Calculated polydispersity dependence along the reactor
cascade
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Fig. 7. Differential molecular weight distribution curve
of the copolymer after 15 h (dotted line) and 30 h (solid line)
of process modeling

400000 -
350000 +-----
300000 -+

250000 +-----
=" 200000 4+
150000 -
100000 = ; i i ] ] i i i ] :
L e s e

0 R~

Reactor number

Fig. 8. Dependencies of the weight-average molecular weight
along the reactor cascade

The proposed approach to modeling and the program
developed on its basis permits the microstructure of the
copolymer changes to be studied when changing the
technological scheme of the copolymerization process
under industrial conditions or when varying the process
characteristics. Thus, the sequences in which butadiene
and styrene units are linking together in macromolecules
can be studied. Further in the work, we considered
additional modes of continuous feed of the CTA and
their effect on the product properties, while maintaining
its total amount at the same level:

e to two points with a larger amount of the CTA in
the second half of the reactor cascade: the first
point (reactor 1), 0.125 pts. wt/h; and the second
point (reactor 6), 0.054 pts. wt/h (computational
experiment 2);

e at three points with a different CTA distribution: the
first point (reactor 1), 0.109 pts. wt/h; the second
point (reactor 3), 0.035 pts. wt/h; and the third
point (reactor 6), 0.035 pts. wt/h (computational
experiment 3).

In the figures below, the solid lines show the
dependencies for the three-point mode of feeding the
CTA in the production experiment (computational

Microheterogeneity index
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Fig. 9. Dependencies of the microheterogeneity index
of the copolymer along the reactor cascade
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Fig. 10. Calculated residual CTA content dependencies
along the reactor cascade

experiment 1); the dashed lines, the two-point mode of
feeding the CTA (computational experiment 2); and the
dotted lines, the three-point mode of feeding the CTA
with a different distribution of the CTA (computational
experiment 3).

Figures 8 and 9 demonstrate the profiles of the
weight-average molecular weight of the copolymer and
the microheterogeneity index along the reactor cascade in
the above modes of feeding the CTA. Figure 10 presents
the dependence of the residual CTA content along the
reactor cascade for each of the modes.

Figures 11-13 show the dependencies of the fractions
of various types of dyads in copolymer macromolecules
along the reactor cascade in the modes of feeding the
CTA to the first, third, and sixth reactors of the cascade
in accordance with the experimental design at the
production facility.

Thus, changing the mode of feeding the CTA to the
reactor cascade (choosing the feed points) affects the
characteristics of the formed copolymer. The three-point
feed of the CTA helps to reduce the weight-average
molecular weight of the formed product, narrow the spread
of microheterogeneity index, and a corresponding decrease
in the tendency to form long blocks in the copolymer.
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Fig. 11. Dependence of the fraction of butadiene—butadiene
homodyads in copolymer chains along the reactor cascade
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Fig. 12. Dependence of the fraction of styrene—styrene
homodyads in copolymer chains along the reactor cascade
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Fig. 13. Dependence of the fraction of butadiene—styrene
heterodyads in copolymer chains along the reactor cascade
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