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Abstract 

Objectives. The purpose of the paper is to compare the adequacy of mathematical models of 
vapor–liquid equilibrium (VLE) and their ability to reproduce the phase behavior of the ternary 
system benzene–cyclohexane–chlorobenzene using different experimental data sets to evaluate 
binary interaction parameters.
Methods. The research methodologies were mathematical modeling of VLE in the Aspen Plus V.10.0 
software package using activity coefficient models (Non-Random Two-Liquid (NRTL), Wilson) 
and the Universal quasichemical Functional-group Activity Coefficients (UNIFAC) group model, 
which allows for independent information. For the benzene–cyclohexane–chlorobenzene ternary 
system, the use of the NRTL equation is warranted because it provides a better description of the 
VLE experimental data.
Results. The diagram construction of the constant volatility of cyclohexane relative to benzene 
lines revealed three topological structures. Only one of them can be considered reliable because it 
corresponds to the experimental data and coincides with the UNIFAC model diagram constructed 
based on independent UNIFAC model data. The results indicate that to study systems containing 
components with similar properties, it is necessary to improve the description quality of the 
available data sets (the relative error should not exceed 1.5%).
Conclusions. The reproduction of the thermodynamic features of various manifolds in the 
composition simplex obtained by processing direct VLE data can be used to supplement the 
adequacy of the model. For the cyclohexane–benzene–chlorobenzene system, the best NRTL 
equation parameters are those regressed from the extensive experimental VLE data available in 
the literature for the ternary system as a whole.
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Оценка адекватности моделирования фазовых равновесий  
на основе различных наборов экспериментальных данных
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Аннотация 

Цели. Сравнительный анализ адекватности математических моделей парожидкостного рав-
новесия (ПЖР) и их возможности воспроизводить особенности фазового поведения трой-
ной системы бензол–циклогексан–хлорбензол при использовании разных наборов экспери-
ментальных данных для оценки параметров бинарного взаимодействия. 
Методы. В качестве методов исследования выбрано математическое моделирование 
ПЖР в программном комплексе AspenPlus V.10.0. с использованием уравнений локаль-
ных составов (NRTL, Wilson) и групповой модели UNIFAC, позволяющей получить неза-
висимую информацию. Для системы бензол–циклогексан–хлорбензол обоснован выбор 
уравнения NRTL, обеспечивающего более высокое качество описания экспериментальных 
данных ПЖР. 
Результаты. Построение диаграммы хода линий постоянной летучести циклогексана 
относительно бензола выявило три топологических структуры, из которых только одна 
может считаться достоверной, поскольку соответствует данным натурного экспери-
мента и совпадает с диаграммой, построенной на основе независимых данных модели 
UNIFAC. Полученные результаты свидетельствуют о том, что при исследовании 
систем, содержащих близкие по свойствам компоненты, необходимо повышать ка-
чество описания имеющихся массивов данных (относительная ошибка не должна 
превышать 1.5%). 
Выводы. Воспроизведение термодинамических особенностей хода различных многообразий 
в концентрационном симплексе, полученных обработкой прямых данных ПЖР, может 
служить дополнительной оценкой адекватности модели. Для системы циклогексан–бен-
зол–хлорбензол наилучшим является набор параметров уравнения NRTL, которые оце-
нены по обширным экспериментальным данным ПЖР, имеющимся в литературе для 
тройной системы в целом.

Ключевые слова: математическое моделирование, параметры бинарного взаимодей-
ствия, парожидкостное равновесие, экспериментальные данные, относительная лету-
честь компонентов

Для цитирования: Фролкова А.В., Фертикова В.Г., Рытова Е.В., Фролкова А.К. Оценка адекватности моделирова-
ния фазовых равновесий на основе различных наборов экспериментальных данных. Тонкие химические технологии. 
2021;16(6):457–464. https://doi.org/10.32362/2410-6593-2021-16-6-457-464

НАУЧНАЯ СТАТЬЯ

https://doi.org/10.32362/2410-6593-2021-16-6-457-464
maiklto:erytova@gmail.com
https://doi.org/10.32362/2410-6593-2021-16-6-457-464


Anastasiya V. Frolkova, Veronica G. Fertikova, Elena V. Rytova, Alla K. Frolkova

459

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(6):457–464

INTRODUCTION

Computational experimentation with software 
products is currently one of the most accessible, 
widely used, and fast methods for studying phase 
equilibria and various phase processes, especially 
the distillation process. The choice of a mathematical 
model that allows reproducing the physicochemical 
properties of the object under study with an acceptable 
error margin is crucial (usually, this margin of error 
should not exceed 3–6%, depending on the complexity 
of the system under consideration).

The creation of an adequate mathematical 
model and the selection of its parameters should be 
based on experimental data (ED) that has undergone 
thermodynamic consistency tests [1–4]. Depending on 
the phase behavior features of the system and the number 
of components in it, the researcher may have different 
information for carrying out the parameter estimation 
procedure: data on different types of equilibrium 
(liquid–vapor, liquid–liquid, liquid–liquid–vapor, 
liquid–solid, etc.); boiling points at fixed pressure 
and azeotrope compositions; data for its overall 
system or its constituents. Moreover, the values of the 
binary interaction parameters of the models can be 
obtained, depending on the data used, their volume, 
and quality, reproducing the known properties of the 
system with varying accuracy. The model has good 
predictive capabilities if it satisfactorily describes 
not only direct ED but also the course diagram of 
various isolines of scalar properties obtained on 
their bases, such as the distribution coefficients of 
components between phases or the coefficients of 
relative volatility. These properties are important 
in the development of flowsheets for distillation 
separation of mixtures using sharp distillation [5] 
or extractive distillation [6–9]. The presence of an 
adequate mathematical model allows for the planning 
of a computational experiment with a wide range of 
device operating parameters to determine the optimal 
modes for separation with the least amount of energy 
consumption.

The present work aims at comparing description 
results of the phase behavior of the benzene (B) – 
cyclohexane (CH) – chlorobenzene (CB) system 
using Non-Random Two-Liquid (NRTL) and Wilson 
equations [10], of which binary interaction parameters 
are determined from various ED sets, as well as the 
equation of the Universal quasichemical Functional-
group Activity Coefficients (UNIFAC) group model.

RESULTS AND DISCUSSION

The B–CH–CB system is well studied in the 
literature, including experimental vapor–liquid 
equilibrium (VLE) data for three binary constituents 

[11–13] and extensive data for the ternary system in 
the entire composition simplex [13]. All data were 
checked for thermodynamic consistency using the 
Herington and Van Ness tests [1, 2].

To evaluate the parameters of the binary 
interaction of the equations of local compositions, 
three ED sets will be considered: ED (2) for the 
VLE of binary constituents; ED (3) for the VLE of 
a ternary system; ED (2 + 3) for the entire volume 
of available data. For each set, the parameters of the 
NRTL equation (1) and the Wilson equation (2) [5] are 
evaluated in the AspenPlus V.10.0 software package:

,   (1)

where γi is an activity coefficient of the ith component; 

;  ;

; ; .

,                     (2)

where . 

Tables 1 and 2 show the average relative errors 
in describing the VLE (ΔT—by boiling point, ΔY—by 
vapor phase composition) at a pressure of 101.3 kPa, 
as well as binary interaction parameters (Aij, Aji, Bij, 
Bji, Cij). The maximum errors in the description of the 
phase equilibrium of binary systems do not exceed 
3%, and the ternary system is less than 6%.

A comparison of the parameter estimation results 
shows that both models are capable of accurately 
describing the VLE of the system under study. 
However, the NRTL model parameters provide a 
more accurate description, thus further calculations 
will be performed using this model.

In the software package, the UNIFAC group 
model was used to calculate the VLE of the ternary 
system and its binary constituents at a pressure of 101.3 kPa. 
The errors in the phase equilibrium description in 
Table 3 also indicate a high reproduction quality 
of the VLE ED of the ternary system and its binary 
constituents.
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In most cases, the evaluation of the quality of 
a mathematical model is complete when the values 
are absolute and relative errors in the description 
of direct ED are calculated. However, for systems 
characterized by small differences in components and 
mixtures, such as the boiling points of benzene and 
cyclohexane (80.10 and 80.75°C) and the volatility 
of benzene relative to cyclohexane [13] (in the 
composition simplex, the range of variation of these 
values is 0.8–1.4), additional characteristics must 
be attracted to confirm the adequacy of the model. 
The course structure diagram of the constant relative 
volatility lines of components i, j is chosen as such 
a characteristic. In the AspenPlus software package, 
the VLE in the B–CH–CB system was calculated 
using three sets of binary interaction parameters 

Table 1. Binary interaction parameters of the NRTL equation 
and description results of various ED

Binary 
system Aij Aji Bij Bji Cij ΔT, % ΔY, %

ED (2)

B–CH −8.20751 −8.1266 1779.9 4156.59 0.01906 0.16 1.66

B–CB −10.9556 2.22538 3832.44 −231.437 0.3 0.67 0.49

CH–CB 0.776229 2.52749 −690.951 −564.789 0.028905 1.23 1.21

ED (3)

B–CH 0.00252441 −8.85555 88.8179 3108.78 3.16605

0.92* 3.15* 
(4.11)*B–CB 2.6802 −4.01723 −514.445 1050.66 0.3

CH–CB −4.43646 2.34578 −409.339 1641.97 0.0303645

ED (2 + 3)

B–CH −3.67734 −4.80805 1744.96 1426.44 0.3 1.01 2.09

B–CB 0.354308 0.345032 −170.497 −132.059 0.3 0.77 0.86

CH–CB −4.32852 0.619341 1216.07 537.117 0.3 1.03 1.97

B–СH–СB The sets of binary interaction parameters are the same 1.41* 5.02* 
(5.14)*

*Average errors in the description of the boiling point and benzene (B) (cyclohexane (CH)) concentration in the vapor phase 
of the ternary system. CB – chlorobenzene.

of the NRTL equation (Table 1). The values of the 
relative volatility coefficients of the αij cyclohexane 
(i)–benzene (j) pair are determined by the formula:

,                                                                    (3)

where yi(j) is the concentration of component i(j) in the 
vapor phase, xi(j) is the concentration of component 
i(j) in the liquid phase.

Isolines are constructed in the composition 
triangle, along which the relative volatility takes 
constant values (αij-lines). The resulting diagrams are 
shown in Fig. 1.
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Table 2. Binary interaction parameters of the Wilson equation 
and description results of various ED

Binary 
system Aij Aji Bij Bji ΔT, % ΔY, %

ED (2)

B–CH 2.22465 9.39094 −781.052 −3432.02 0.10 1.43

B–CB −0.2853 −0.2629 −420.976 421.622 0.65 1.41

CH–CB −5.21084 8.4696 584.647 −2928.92 1.20 1.49

ED (3)

B–CH 3.50955 1.8551 −1006.89 −1079.4

1.25* 4.79*
(6.14)*B–CB 0.0317 −0.0239 11.4715 44.8354

CH–CB 0.701629 2.71709 −1041.94 −696.601

ED (2 + 3)

B–CH 2.74451 5.25204 −781.05 −2202.57 1.19 2.29

B–CB −0.2853 −0.2629 122.157 127.361 0.8 0.89

CH–CB −0.4298 3.62262 −490.08 −1078.44 1.00 1.99

B–СH–СB The sets of binary interaction parameters are the same 1.45* 5.06* (5.31)*

*Average errors in the description of the boiling point and benzene (B) (cyclohexane (CH)) concentration in the vapor phase 
of the ternary system. CB – chlorobenzene.

Table 3. ED description results of the VLE by the UNIFAC equation

Binary system ΔT, % ΔYB (CH), %

B–CH 0.20 3.36

B–CB 0.38 2.35

CH–CB 0.87 1.94

B–CH–CB 3.88 3.56 (0.23)

As seen, the structures of the stroke αij-line 
diagram differ. Figure 1a shows two singular points on 
binary constituents: elliptical type (constituent B–CB) 
and hyperbolic type (constituent CH–CB); in Fig. 1b, 
there are also two binary singular points, however, an 

elliptical type point belongs to the CH−CB constituent 
and a hyperbolic one belongs to the B–CB; there 
are no singular points on the binary constituents in 
Fig. 1b and 1d (these diagrams are similar not only 
qualitatively, but also quantitatively).
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а b

c d

Fig. 1. Diagram of the relative volatility isolines of a cyclohexane (CH)–benzene (B) pair, constructed using the NRTL 
equation parameters obtained based on ED: (a) ED (2); (b) ED (3); (c) ED (2 + 3), as well as the UNIFAC equation (d).

It is worth noting that the structures of the 
diagram for the last two systems are topologically 
equivalent to the structure of the relative volatility 
contour diagram constructed from ED of the VLE [13].

This fully concerns the recommendations of 
works [13] on the use of chlorobenzene as a potential 
separating agent in the extractive distillation process 
of a binary benzene–cyclohexane mixture and the 
fact that chlorobenzene has high selectivity. The use 
of the ED (2) and ED (2 + 3) parameter sets will 
lead to incorrect column performance and energy 
consumption values of the extractive distillation 
complex. Thus, for the B–CH–CB system, the best is 
a set of NRTL equation parameters determined using 
extensive ED of the VLE available in the literature 
for the entire ternary system.

In the absence of the ED, the UNIFAC group 
model has become widely used in modeling the 
properties of mixtures. It satisfactorily describes 
relatively simple objects, as evidenced by practice 
[14–16]. Simultaneously, with the presence of many 

liquid phases in the system [17], an increase in the 
number of azeotropes and their components, and the 
emergence of biazeotropic constituents [18–20], the 
prognostic capabilities of the model decrease rapidly. 
The use of the UNIFAC model becomes impractical 
when the system significantly deviates from the ideal 
behavior.

CONCLUSIONS

It has been demonstrated that different sets of 
binary interaction parameters of the NRTL equation 
accurately reproduce the VLE ED, on the basis 
of which they were obtained. However, the phase 
equilibrium calculation of the ternary system and 
the constant relative volatility isoline construction 
of the cyclohexane–benzene pair revealed the 
presence of three different topological structures of 
diagrams  αij-lines, of which only one (Fig. 1b) can 
be considered reliable because it corresponds to the 
field experiment data and coincides with the diagram 
constructed using independent data from the UNIFAC 
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model. The findings indicate that to study systems with 
components with similar properties, the description 
quality of the available data arrays must be improved 
(the relative error should not exceed 1.5%). It is also 
crucial to reproduce thermodynamic features of phase 
behavior. The latter includes the VLE data-processed 
course structures of various characteristic manifolds. 
Only in this case can the obtained model parameters 
be used for further regularities investigation and 
calculation of the distillation process. Unfortunately, 
ED for the ternary systems VLE is limited and is not 
available for most systems. In conditions of limited 
experimental information, it is necessary to conduct 
at least a local full-scale experiment to confirm the 
adequacy of mathematical modeling.
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Abstract

Objectives. The study aimed to analyze the current antiseptics and disinfectants, explore 
the possibility of synthesizing various antiseptics including oligohexamethylene guanidine 
hydrochloride (OHMG-HC) using microfluidic technology, and investigate the main synthesis 
parameters affecting the properties of the resulting product.
Methods. This article presented a review of literature sources associated with investigations of 
antimicrobial resistance, the uses of agents based on polyhexamethylene guanidine hydrochloride, 
oligohexamethylene guanidine hydrochloride, and other salts, obtained using modern synthesis 
technologies with microreactors.
Results. The relevance of developing production technologies for the “OHMG-HC branched” 
substance was determined. The microfluidic method for the synthesis of polymers, and its 
application prospects for obtaining the target substance were compared with the existing methods. 
Advantages of the microfluidic method were indicated. 
Conclusions. Microreactor technologies allow for more accurate control of the conditions of the 
polycondensation reaction of the starting monomers and increase the yield and selectivity of 
the oligomers obtained, leading to an increase in the product purity and process efficiency, in 
contrast with other known methods. The use of microreactor technologies for the synthesis of 
branched oligohexamethylene guanidine hydrochloride products is a promising strategy.

UDC 615.28

https://doi.org/10.32362/2410-6593-2021-16-6-465-475

© Anh C. Ha, 2021

ISSN 2686-7575 (Online)

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(6):465–475

465

ХИМИЯ И ТЕХНОЛОГИЯ ЛЕКАРСТВЕННЫХ ПРЕПАРАТОВ
И БИОЛОГИЧЕСКИ АКТИВНЫХ СОЕДИНЕНИЙ

CHEMISTRY AND TECHNOLOGY OF MEDICINAL COMPOUNDS 
AND BIOLOGICALLY ACTIVE SUBSTANCES

mailto:hcanh@hcmut.edu.vn
https://doi.org/10.32362/2410-6593-2021-16-6-465-475


Microfluidic method as a promising technique for synthesizing antimicrobial compounds

466

Тонкие химические технологии = Fine Chemical Technologies. 2021;16(6):465–475

Keywords: antiseptic, disinfectant, alkylene guanidines, oligohexamethylene guanidine 
hydrochloride, microfluidic technologies, microreactor

For citation: Ha A.C. Microfluidic method as a promising technique for synthesizing antimicrobial compounds. Tonk. Khim. 
Tekhnol. = Fine Chem. Technol. 2021;16(6):465–475. https://doi.org/10.32362/2410-6593-2021-16-6-465-475
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Аннотация

Цели. Цель исследования – проанализаровать применяющиеся антисептики и дезинфек-
танты, рассмотреть возможность синтеза различных антисептиков и отдельно синте-
за олигогексаметиленгуанидина гидрохлорида (ОГМГ-ГХ) с применением микрофлюидной 
технологии, а также изучить основные параметры синтеза, влияющие на характери-
стики получаемого продукта. 
Методы. Представлен обзор литературных источников, связанных с иследованиями ан-
тимикробной резистентности, применением средств на основе полигексаметиленгуа-
нидина гидрохлорида, олигогексаметиленгуанидина гидрохлорида, а также других солей, 
полученных современными технологиями синтеза с использованием микрореакторов.
Результаты. Определена актуальность разработки технологии получения субстанции 
«ОГМГ–ГХ разветвленный». Рассмотрены существующие способы получения субстанции 
и их недостатки. Также рассмотрен микрофлюидный способ синтеза полимеров, его до-
стоинства и перспективы его использования для получения целевой субстанции. 
Выводы. Микрореакторные технологии позволяют более точно контролировать усло-
вия реакции поликонденсации исходных мономеров и повышать выход и селективность 
полученных олигомеров, что приводит к повышению чистоты продукта и эффективно-
сти процесса, в отличие от других известных способов. Использование микрореакторных 
технологий для синтеза разветвленных продуктов гидрохлорида олигогексаметиленгуа-
нидина является перспективной стратегией.

Kлючевые слова: антисептик, дезинфектант, алкиленгуанидины, олигогексаметиленгуа-
нидина гидрохлорид, микрофлюидные технологии, микрореактор
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INTRODUCTION

Currently, one of the most important global 
problems is the progressive resistance of pathogenic 
microorganisms to applied biocidal drugs, and special 
measures are being developed to combat this problem 
[1]. Approximately 50000 people die annually from 
infectious diseases caused by antimicrobial-resistant 
microbes in Europe and the United States, with this 
number reaching hundreds of thousands in developing 
countries. 

The resistance of microorganisms is manifested 
by the presence of structural polymers in their cell 
membrane, e.g., peptidoglycan. Peptidoglycan 
provides mechanical strength and structure to the cell, 
as well as thickness and shape, which depend on the 
type of peptidoglycan.1 To protect their cytoplasmic 
membrane, gram-positive bacteria possess a thick 
layer of peptidoglycan, while gram-negative bacteria 
possess inner and outer membranes surrounding a 
relatively thin peptidoglycan matrix and periplasmic 
space. There are components associated with both 
types of cell walls that limit the ability of antibiotics 
and antiseptics to penetrate these structures (efflux 
pumps that remove toxins, protective enzymes (e.g., 
β-lactamases), and complex carbohydrate networks). 
In general, the resistance of microorganisms can 
be divided into two types. The first is antibiotic 
tolerance, i.e., where a cell under the influence of 
chemical action reduces its growth and metabolism 
or inactivates the targets of the antibacterial drug. 
Antibiotic tolerance is not inherited, but is developed 
under certain external conditions, where part of the 
population evolve into persistent forms with multiple 
tolerance. The second type is antibiotic resistance, in 
which the targets are modified, destroyed, released 
from the cell, or rendered inaccessible because of 
the decrease in the cell membrane permeability. 
This decrease in cell permeability is the nonspecific 
resistance mechanism that leads to the development 
of multidrug resistance. This resistance information 
is transmitted at the genetic level and is an invariable 
trait in particular species [2]. Furthermore, this 
resistance problem is aggravated by the enclosure of 
most pathogenic bacteria in biofilms, which create 
an additional barrier for antimicrobial agents [3]. 
The biofilm contains a cellular component—one or 
several cultures of bacteria—and an extracellular 
matrix containing polysaccharides, glycopeptides, 
nucleic acids, and lipids in its structure [4].

In addition to antibiotic resistance, the resistance 
of pathogenic microflora to disinfectants is attracting 
significant concern. According to a study [5], several 
microorganisms exhibit resistance to the ubiquitous 
chlorhexidine, as evidenced by the increased value of 
the minimum inhibitory concentration. Healthcare-
associated infections (HCAIs) pose a threat to patients 
in hospitals. The inappropriate use of antibacterial 
agents by medical institutions has led to the rapid 
development of multidrug resistance. According to 
expert forecasts, the mortality rate associated with 
HCAI will increase annually, if effective measures 
to combat resistance are not developed. There are 
various/different routes for solving this problem, 
from reducing the use frequency of antibiotics and 
replacing them with antiseptics [6–9] to, of course, 
exploring and implementing new antimicrobial agents 
that meet modern requirements.

The development of new antibacterial agents 
is a long and complex process, which is why large 
companies are wary of investing in this area. The 
results of screening new compounds against a group 
of ESKAPE pathogens characterized by significantly 
high resistance have been reported, and not a single 
compound was found to be active against gram-
negative organisms. Many compounds that exhibit 
good whole cell activity have been found to be 
cytotoxic to mammals. In this regard, the development 
of new and effective antibiotics requires an in-depth 
study of the mechanisms of cell permeability, point 
mutations using molecular modeling, and other 
innovative methods; unfortunately, these require high 
material costs that may be unjustified [10].

Regarding the above information, it is necessary 
to review the antiseptics currently in use, considering 
the advantages and disadvantages of each of the 
presented classes.

TYPES OF ANTISEPTICS

The current classes of antiseptics can be 
categorized as follows.

Oxygen-active compounds (hydrogen peroxide, 
sodium percarbonate, peracetic and performic acids, 
and others). The biocidal effect is manifested by the 
released active oxygen. The representatives of this 
class have several disadvantages, namely toxicity, the 
ability to cause burns, and high cost2.

Chloractive compounds (bleach, chloramines, 
sodium and lithium hypochlorites, and others). 
The antimicrobial action is effected by the released 

1 The Review on Antimicrobial Resistance, 2014. Available 
from URL: https://amr-review.org/sites/default/files/AMR%20
Review%20Paper%20-%20Tackling%20a%20crisis%20
for%20the%20health%20and%20wealth%20of%20nations_1.
pdf (accessed March 27, 2021).

2 Policy for the Control of Multi-Resistant gram Negative 
Bacteria. NHS, The document for the development and 
management of UHSM-wide policy or procedural documents. 
Available from URL: http://mft.nhs.uk (accessed March 30, 
2021).

https://amr-review.org/sites/default/files/AMR%20Review%20Paper%20-%20Tackling%20a%20crisis%20for%20the%20health%20and%20wealth%20of%20nations_1.pdf
https://amr-review.org/sites/default/files/AMR%20Review%20Paper%20-%20Tackling%20a%20crisis%20for%20the%20health%20and%20wealth%20of%20nations_1.pdf
https://amr-review.org/sites/default/files/AMR%20Review%20Paper%20-%20Tackling%20a%20crisis%20for%20the%20health%20and%20wealth%20of%20nations_1.pdf
https://amr-review.org/sites/default/files/AMR%20Review%20Paper%20-%20Tackling%20a%20crisis%20for%20the%20health%20and%20wealth%20of%20nations_1.pdf
http://mft.nhs.uk
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Fig. 1. Guanidinium cation formation.

chlorine. These compounds are economical and 
effective against many groups of microorganisms; 
however, they exhibit high toxicity [11, 12].

Aldehydes (glutaraldehyde, succinic aldehyde, 
formaldehyde, glyoxal, and others). Most 
representatives of this group are toxic and exert 
allergenic, carcinogenic, mutagenic effects; further, 
they cause diseases of the skin, mucous membranes, 
internal organs [13, 14].

Alcohols (ethanol, 2-propanol, and others). 
For the manifestation of antiseptic properties, the 
concentrations of ethanol and isopropanol must be 
above 70% and 60%, respectively. Alcohols are fire 
hazardous substances and can have a narcotic effect [15].

Phenol and its derivatives have a film-forming 
effect, which accounts for their prolonged action. 
However, the representatives of this group are overly 
toxic [16].

Iodine compounds. They consist of iodine–
carrier complexes, which allow the release of iodine. 
The main disadvantages of these compounds are their 
weak sporicidal effect and the ability to cause burns [17].

Alkylamines. Here, the biocides are primary, 
secondary, and tertiary amines. Although they 
influence most microorganisms, they do not exert 
any sporicidal effect. Thus, as a rule, they are used in 
combined composition [18].

Quaternary ammonium compounds (QACs) are 
widely used in practice and meet safety requirements. 
However, they have a narrow spectrum of action, 
which manifests in the absence of proper action 
against spores, simple viruses, gram-negative 
bacteria, and mycobacteria. Additionally, QACs 
are inactivated by negatively charged surfactants. 
Therefore, this group can be used in a combined 
composition with guanidines, amines, and aldehydes. 
In this combination, they are effective against both 
non-enveloped and enveloped viruses [19, 20].

Guanidines. An important advantage of 
guanidine derivatives is their propensity for prolonged 
action. These compounds have a wide spectrum of 
activity, including against bacteria from the ESKAPE 
group [21] and viruses [22], as well as low toxicity 
to humans and animals [23]. Compared to other 
compounds, guanidine derivatives are promising and 
have practically no drawbacks; therefore, their use as 
alternatives to antibiotics and antiseptics that have 
lost their relevance due to resistance is recommended.

GUANIDINE DERIVATIVES

Guanidine derivatives are referred to as cationic 
surfactants. For most guanidines, the main targets are 
important biogenic compounds and cell biopolymers, 

which have a high affinity for nitrogenous bases, such 
as pyridines and xanthines. There are two interaction 
mechanisms for binding with the targets: 1) by 
metabolite substitution and 2) competitive antagonism 
with normal metabolites [24]. In general, the action 
mechanism of guanidine derivatives is initiated by the 
protonation of guanidine, followed by the formation of 
a cation (Fig. 1), in which the positive charge is evenly 
distributed among all nitrogen atoms [25].

The subsequent processes are as follows. Upon 
adsorption on the negatively charged surface of the cell 
membrane of bacterial cells, guanidine polycations block 
important vital processes, such as respiration, nutrition, 
and the transport of metabolites through the bacterial 
cell wall. Further diffusion of antiseptic macromolecules 
through the cell wall causes irreversible damage to the 
cytoplasmic membrane, nucleotide, and cytoplasm. This 
process depends on many factors, including the magnitude 
of the surface activity, lipophilicity, water solubility, 
and the molecular volume of the guanidine derivative 
molecule. The binding of guanidine derivatives with acid 
phospholipids, proteins of the cytoplasmic membrane, 
leads to its rupture. Subsequently, the blockage of the 
respiratory system, loss of pathogenicity, and collapse of 
the microbial cell occur [26].

Among the derivatives of guanidine are compounds 
with polymeric and oligomeric structures, containing 
fragments of various guanidine derivatives. The 
advantages of polyguanidines, which are applied in the 
form of salts of various acids, enable their application as 
biocidal agents in various fields.

Polyguanidines and their derivatives. The 
prominent representatives of this class of compounds 
are polyhexamethylene guanidine hydrochloride 
(PHMG-HC) and PHMG phosphate (Figs. 2a and 2b). 
The spectrum of antimicrobial activity of PHMG-HC 
covers gram-positive and gram-negative bacteria, 
aerobic and anaerobic bacteria, spore-forming bacteria, 
mycobacteria, and viruses. Despite its wide spectrum, 
PHMG-HC is hypoallergenic and has low toxicity 
[27, 28]; it can also be used in conjunction with other 
biocidal components, e.g., as a skin antiseptic [29, 30] 
or in solid dosage form [31]. The antifungal activity 
of PHMG-HC enables its application for conservation 
[32] and as an effective sporicidal tool for combating 
bacterial spores and nosocomial infections [33]. This 
compound can be applied as a component of composite 
nanofibers based on chitosan and polyethylene oxide [34].
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a b
where n = 30–90

where n = 3–10, and z = 0.15–1.10

Fig. 2. Structural formulas of polyguanidine derivatives: (a) PHMG-HC and (b) PHMG phosphate.

Phosphate PHMG, similar to PHMG-HC, is 
synthesized by incorporating an acid anion into the 
structure of PHMG. In preclinical studies, this salt 
has exhibited increased antimicrobial activity against 
gram-positive and gram-negative bacteria, as well as 
fungi [35]. Fungicides based on PHMG phosphate can 
be formulated for use in dental practice [36, 37].

In addition to PHMG-HC and PHMG phosphate, 
other salts of this guanidine derivative can be 
used in practice. Gluconate and sulfate PHMG are 
employed for the treatment of infectious diseases of 
the gastrointestinal tract; hydrosuccinate PHMG, for 
ophthalmic diseases, particularly conjunctivitis [38]; 
and stearate and myristate PHMG, for use as biocidal 
additives [39, 40]. In addition, PHMG can be used in 
combination with chitosan [41], since this combination 
has good biocidal activity against gram-positive 
bacteria.

According to the literature [42, 43], the salts of 
PHMG can be widely used in medicine and pharmacy. 
In particular, the oligomeric analogs of PHMG, namely 
oligoguanidines, are known for their biocidal activity 
and low toxicity.

Branched oligoguanidines have significantly lower 
toxicity and pronounced bactericidal and antiviral 
activities compared with polymer analogs with linear 
structures [44, 45]. This confirms their application 
potential as active ingredients in the development 
of antibacterial drugs. A well-known representative 
of oligoguanidines is oligohexamethylene guanidine 
hydrochloride (OHMG-HC), the structural formula of 
which is shown in Fig. 3.

PREPARATION OF POLYGUANIDINES 
AND THEIR DERIVATIVES

Polyguanidines and their derivatives are obtained 
mainly in bulk reactors under different conditions, e.g., 
by the interaction of melts of guanidine hydrochloride 
(GHC), formed, in turn, from dicyandiamine and 
ammonium chloride, and hexamethylenediamine 
(HMDA) at 180°C, followed by heating to 240°C [46]. 
The disadvantages of this method are the impurities 
introduced by the initial highly toxic substances and the 
sublimation of HMDA at high temperatures. Later, a 
method was proposed for obtaining these compounds at 
relatively low temperatures by the fusion of GHC and 
HMDA in the presence of polyethylene glycol (PEG) 
[47]. However, with this method, it was impossible to 
achieve the required degree of purity and activity of the 
product. Preparation methods involving the stepwise 
heating of a suspension obtained by adding crystalline 
GHC to molten HMDA, followed by stirring and 
heating, have been reported. Although these methods 
allow one to obtain the final product with a sufficient 
degree of purity, the compound obtained has a wide 
molecular weight distribution, which negatively affects 
its antibacterial properties [48]. A preparation method 
has been reported, in which pre-crushed dicyanamide 
and ammonium chloride are fused at 200°C in the first 
stage, after which the melt is transferred to the second 
reactor, where the HMDA melt is gradually introduced 
at temperatures of 170–200°C. The disadvantage 
of this method is the presence of melamine in the 
product, which is formed by the thermal transformation 

Fig. 3. Structural formula of branched OHMG-HC.
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of dicyandiamide [49]. A synthesis method using 
equimolar amounts of HMDA and GHC has also 
been reported. Using this method, various derivatives 
with trilinear and cyclic or branched structures can be 
obtained (Fig. 4).

The main disadvantage of this method is the large 
number of products, which complicates the isolation of 
any particular compound.

Branched oligomers are obtained by the interaction 
of HMDA and GHC in the melt, in molar ratios of 
1.0:1.0 to 1.0:1.2, at temperatures of 180–230°C, with 
a residence time in the range of 3–12 h [45].

In general, the existing methods for the synthesis 
of polyguanidines and their derivatives in bulk reactors 
have several disadvantages. In such methods, the heat- 
and mass-transfer rates are inadequate. This induces 
temperature and concentration anisotropies, which 
subsequently affect the molecular weight characteristics 
of the compound. Furthermore, large-volume reactors 
require a more sophisticated design to ensure explosion 
and fire safety, which leads to an increase in the process 
cost and the cost of the final product. Alternatively, one 
can consider the production of polyguanidines and their 
derivatives using microfluidic hardware.

MICROREACTOR TECHNOLOGIES

Historical development of microreactor technology
The first solid publications on the possibilities 

of using microfluidic technologies appeared in the 
second half of the 20th century. Among others, it is 
possible to highlight the manufacture and testing of 

Fig. 4. Polyguanidine derivatives formed during synthesis: 
A, B, C (linear); D (branching); E, F (cyclic); G (cyclic branching).

a gas chromatograph based on a microcircuit [50] 
and research carried out in the field of miniature 
analytical systems, which aroused the greatest interest 
in this area of technology [51]. The development 
became possible thanks to advances in the field of 
microelectronics, which became the prototypes of 
future microreactors.

A great contribution to the study of microfluidic 
technologies was made by the staff of the Massachusetts 
Institute of Technology (USA), as well as by scientists 
from the Mainz Institute of Microtechnology 
(Fraunhofer Institute for Microtechnology and 
Microsystems) (Germany) [52, 53].

Currently, microfluidic technologies are actively 
developing, the possibility of their implementation in 
the production of various substances and compounds is 
under discussion.

Technological principles of microreactor 
hardware operation

Microfluidics includes devices, systems, and 
methods for controlling fluid flows with characteristic 
length scales that are in the range of micrometers, and 
reaction volumes are in the range from nanoliter to 
microliter [54]. Microfluidic systems exhibit properties 
that are fundamentally different from generally known 
concepts of the behavior of liquids. Fluid flow will be 
driven by viscous forces and pressure gradients with 
low moment of inertia and thus inertial effects. The 
result is a laminar flow without turbulence. One of 
the parameters is the Reynolds number (Re), which is 
the ratio of inertial forces to viscous forces. At large 
Re, inertial forces prevail, and at small Re, viscosity 
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forces prevail. Consequently, a decrease in the channel 
size has the same effect on the behavior of the liquid 
in terms of Re as an increase in the viscosity of the 
solution. In most microfluidic systems, the Re value 
for fluxes is much less than ten, and often less than 
one. With such a laminar fluid flow, the velocity at the 
center of the capillary is greater than at its walls due 
to the parabolic velocity profile [55], which leads to a 
nonuniform velocity distribution over the fluid flow. 
This adjusts, for example, the dwell time is distributed, 
which can reduce the yield and selectivity. However, 
the undeniable advantage is the absence of gradients of 
both concentration and temperature relative to volume 
and time.

It is also worth noting the high surface-to-volume 
ratio and small diffusion distances, which leads to a 
reduction in the diffusion time of particles, an increase 
in conversion, and the overall efficiency of the process 
[56]. One of the consequences of laminar flow is the fact 
that the mixing of molecules in a liquid is solely due to 
molecular diffusion. This can be a significant advantage 
when mixing in a particular process is undesirable. 
Diffusion plays an important role in the processes 
of mass transfer; in microreactor technologies, the 
diffusion distance is small.

The difference in the physical behavior of 
microscopic and macroscopic systems makes it possible 
to create functions that are difficult or even impossible to 
obtain on a macroscopic scale; therefore, it is necessary 
to strive for the development of microfluidic systems, 
proceeding from the design rules, considering the 
peculiarities of fluid physics, mechanics and diffusion 
in a confined space [57]. 

The advantage of using microreactor devices is 
associated with thermal processes and mass transfer. 
The large surface area to volume ratio ensures thermal 
uniformity in the reactor and fast heat transfer between 
the device and the liquid contained in it, which 
determines the high energy efficiency of the process 
[58]. Microreactor technologies make it possible 
to adjust the process temperature in a shorter time 
compared to bulk reactors. It should be noted that the 
use of microreactor technologies has a special economic 
advantage, since small volumes of expensive reagents 
are used, since the work is carried out with a minimum 
amount of substance [59].

Microfluidic reactors have intrinsic properties that 
enhance the safety of potentially hazardous reactions. 
Small instantaneous volumes mean that reactions 
involving toxic or explosive intermediates can be 
carried out safely [60]. In addition, the high surface 
area to volume ratio inside the channel allows rapid 
heat transfer during exothermic reactions [59].

In microreactors, the degree of control over the 
conditions allows the product to be selectively produced 

with high accuracy [61]. This has several advantages: 
cleaning can be less stringent, more technologically 
simpler. During the synthesis, the reagents are 
continuously fed into the microreactor, and at the end 
of the process they are immediately separated from the 
initial mixture, which makes it possible to simplify 
the process itself, less time is required for the reaction 
to proceed, and more accurate process control can be 
provided. 

As mentioned earlier, heat transfer in microfluidic 
reactors becomes more efficient as the reaction volumes 
decrease, that is, the amount of energy consumed to 
raise the temperature by one degree can be made very 
small, which is beneficial from an environmental point 
of view [59].

It is often claimed that microfluidic reactors allow 
“faster reactions” than bulk reactor reactions. It is noted 
that the product yield in microfluidic reactors is higher 
than in similar processes using bulk reactors [62].

An important advantage is that when glass or 
polymer parts are used, the uncontrolled decomposition 
of reaction mixtures at the reaction temperature is 
leveled [63]. 

Application of microreactor technologies 
in the chemical industry

Currently, microreactor technologies find their 
application in fine chemical technology, the synthesis 
of organic, inorganic and polymer particles, pigments, 
emulsions, in steam reforming. Since microfluidic 
reactors can be used in organic chemistry, they must 
be resistant to the action of various solvents, acids, 
bases, oxidants and reducing agents. It is important 
to maintain performance between −78 and 300°C. 
It should also be possible to carry out the initial 
purification of the reaction, for example, by extraction 
[59]. Thus, microreactors are actively used in carrying 
out a wide variety of reactions in compliance with all the 
above requirements, for example, in high-temperature 
processes, reactions with unstable intermediates that 
are difficult to scale with traditional synthesis methods, 
and reactions involving hazardous or toxic reagents, 
which in turn can be converted into a safer product [64]. 
In [59] it was indicated that microreactors are used in 
glycosylation reactions, Paal–Knorr synthesis, and for 
fluorination and perfluorination of organic compounds. 
The use of microfluidic reactors for multiphase 
processes [65] gives clear advantages over traditional 
methods (higher surface area to volume ratio).

Microfluidic technologies are also actively used 
to carry out various types of polymerization. In all 
examples of using microreactor technologies for 
carrying out polymerization reactions, a decrease in the 
polydispersity coefficient and an increase in yield are 
noted due to efficient heat transfer and a larger specific 
surface area. These advantages make it possible to 
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achieve a homogeneous chemical process and, as a 
result, to increase the homogeneity of the product. 
In [65], the product obtained in a microreactor had a 
lower viscosity compared to the product obtained in an 
ordinary batch reactor, while their other characteristics 
are comparable. In [67, 68], the polymers obtained 
in a microreactor tended to be branching, which was 
explained by the short diffusion path and the accelerated 
mass transfer during this. Another example illustrates 
how microfluidic devices can be used with aqueous 
solutions and with melts. As a result, a high selectivity 
of the process was achieved along with a low content 
of impurities [69].

Industrial research has led to the development of 
methods aimed at creating reliable microfluidic reactors 
with production facilities on an industrial scale. One of 
the important advantages of microfluidic reactors over 
traditional manufacturing methods is the ease of scaling 
up. Any microreactor can be used both for laboratory 
research and for industrial production [70]. The use 
of microfluidic reactors could also open new synthetic 
pathways for industry.

Microfluidic hardware in drug development 
and manufacturing

Microreactors have become more and more 
important over time in the pharmaceutical formulation 
industry due to their improved properties over batch 
reactors. It has been suggested [71] that chemicals, 
especially drugs, could be produced in miniature 
factories at points of use rather than in large factories. 

Over the past few years, drip microfluidic 
systems have been widely used in drug discovery 
research. Microfluidic technologies enable very high 
throughput analyzes (up to thousands of samples per 
second). Drug screening, high-throughput analysis is 
one of the most exciting possibilities of microfluidic 
technology.

The use of microfluidic systems as a valuable 
tool for the discovery of new drugs is of great 
interest. Compared to equivalent bulk reactions, 
reactions carried out in a microreactor consistently 
give cleaner products in a much shorter time. Roberge 
et al. [72] believe that up to 50% of reactions in 
the fine chemical or pharmaceutical industries can 
benefit from a continuous process based mainly on 
microreactor technology, and for the majority (44%) 
a microreactor will be the preferred reaction device. 
After optimization of the microreactor, it can be 
easily introduced into industry [73].

Many large pharmaceutical companies, including 
Roche and Pfizer (USA), are investing in capillary 
microfluidic technologies for drug development. 
RainDance Technologies (Billerica, MA, USA) has 
developed commercial drip microfluidic systems that 
enable targeted DNA sequencing and digital PCR. 

They announced a collaboration with Roche for a 
simple and cost-effective study of drug absorption, 
distribution, metabolism and excretion [74].

Microreactors are used in the synthesis of various 
drugs, for example, ibuprofen [75, 76] or an HIV 
protease inhibitor [77]. Using microfluidic technology, 
an antitumor drug docetaxel with an increased content 
of a hydrophobic active substance with optimal 
physicochemical characteristics is obtained [78]. 

Directions for the development 
of microfluidic technologies

The field of microfluidics is evolving and, until 
recently, was largely technology-driven. The focus 
was on the development of new functional components 
(pumps, valves, and new economical production 
technologies), as well as their functional demonstration. 
A wide range of components and manufacturing 
technologies are currently available, and while new 
technologies are emerging at a rapid pace, the focus 
in the future is likely to shift toward implementation, 
i.e., existing technologies will be transformed for new 
applications. Undoubtedly, microfluidics will play a 
critical role in the drug discovery process to develop 
drugs with ever-improving quality [57].

CONCLUSIONS

The fight against the resistance of pathogenic 
microflora to antibiotics requires special measures. 
One strategy involves reducing the use frequency of 
antibiotics and replacing them with antiseptic drugs 
everywhere. Antiseptics, as a rule, are obtained using 
volumetric reactors, which have drawbacks that affect 
the quality of the target compound. Microreactor 
technologies, considering their many advantages, are 
considered suitable alternatives. This article describes 
the advantages of microreactor systems over volumetric 
reactors and testifies to the expediency of their 
application in polycondensation and polymerization 
reactions. Thus, it can be concluded that microreactor 
technologies are applicable in the synthesis of 
promising polyguanidines and their derivatives. The 
proposed method allows for more accurate control 
of the conditions of the polycondensation reaction 
of the starting monomers. In addition, microreactor 
technologies can increase the yield and selectivity of 
the oligomers obtained, leading to an increase in the 
product purity and process efficiency, in contrast with 
other known methods.
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Knockdown of FLT4, Nup98, and Nup205 cellular genes 
as a suppressor for the viral activity of Influenza A/WSN/33 (H1N1) 
in A549 cell culture
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Abstract

Objectives. To evaluate the effect of cellular genes FLT4, Nup98, and Nup205 on the reproduction 
of the influenza A virus in A549 human lung cancer cell line.
Methods. The work was carried out using the equipment of the center for collective use of the 
I.I. Mechnikov Research Institute of Vaccines and Sera (Russia). The virus-containing fluid was 
collected within three days from the moment of transfection and infection and the intensity of 
viral reproduction was assessed by viral titration and hemagglutination reaction. The viral RNA 
concentration was determined by real-time reverse-transcription polymerase chain reaction (RT-PCR). 
To calculate statistically significant differences between groups, the nonparametric Mann–Whitney 
test was used.
Results. In cells treated with small interfering RNAs (siRNAs) targeted at FLT4, Nup98, and 
Nup205 genes, a significant decrease in their expression and indicators of viral reproduction 
(virus titer, hemagglutinating activity, viral RNA concentration) was observed at a multiplicity of 
infection (MOI) = 0.1. Additionally, it was found that a decrease in the expression of target genes 
using siRNA does not lead to a significant decrease in cell survival. The viral titer in cells treated 
with siRNA FLT4.2, Nup98.1, and Nup205 on the first day was lower by an average of 1.0 lg, and 
on the second and third days, by 2.2–2.3 lg, compared to cells treated with nonspecific siRNA. 
During real-time RT-PCR, a significant decrease in the concentration of viral RNA was observed 
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НАУЧНАЯ СТАТЬЯ

with siRNA Nup98.1 (up to 190 times) and Nup205 (up to 30 times) on the first day, 26 and 29 
times on the second day, and 6 and 30 times on the third day, respectively. For FLT4.2 siRNA, 
the number of viral RNA copies decreased by 23, 18, and 16 times on the first, second, and third 
days. Similar results were obtained when determining the hemagglutinating activity of the virus. 
The hemagglutinating activity on the third day most strongly decreased in cells treated with 
siRNA Nup205 and FLT4.2 (16 times). In cells treated with siRNA FLT4.1, Nup98.1, and Nup98.2, 
hemagglutinating activity decreased by 8 times.
Conclusions. In the present study, three cellular genes (FLT4, Nup98, and Nup205) were 
identified—the decrease in the expression of which effectively suppresses viral reproduction—
and the original siRNA sequences were obtained. The results obtained are important for creating 
therapeutic and prophylactic medication, whose action is based on the RNA interference 
mechanism.

Keywords: influenza A virus, RNA interference, gene, messenger RNA, small interfering RNAs
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Аннотация

Цели. Оценка влияния подавления экспрессии клеточных генов FLT4, Nup98 и Nup205 на 
динамику репродукции вируса гриппа А в культуре легочных клеток человека А549.
Методы. Работа выполнена с использованием оборудования центра коллективного поль-
зования Научно-исследовательского института вакцин и сывороток им И.И. Мечникова 
(Россия). Вируссодержащую жидкость отбирали в течение трех дней с момента транс-
фекции и заражения и оценивали интенсивность вирусной репродукции методами ти-
трования по цитопатическому действию и в реакции гемагглютинации. Концентрацию 
вирусной РНК определяли методом полимеразной цепной реакции (ПЦР) в реальном вре-
мени с обратной транскрипцией (ОТ-ПЦР-РВ). Для вычисления статистически значимых 
различий между группами использовали непараметрический критерий Манна–Уитни. 

https://doi.org/10.32362/2410-6593-2021-16-6-476-489
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Результаты. В клетках, обработанных малыми интерферирующими РНК (миРНК) к ге-
нам FLT4, Nup98 и Nup205, отмечалось достоверное подавление экспрессии целевых генов 
и показателей вирусной репродукции (титр вируса, гемагглютинирующая активность, 
концентрация вирусной РНК) при коэффициенте множественности заражения, равном 
0.1. Дополнительно было установлено, что подавление экспрессии целевых генов с помощью 
миРНК не приводит к значительному снижению выживаемости клеток. Вирусный титр в 
клетках, обработанных миРНК FLT4.2, Nup98.1 и Nup205, на первые сутки был меньше 
в среднем на 1.0 lg, а на вторые и третьи – на 2.2–2.3 lg, по сравнению с клетками, обра-
ботанными неспецифической миРНК. При проведении ОТ-ПЦР-РВ отмечено достоверное 
уменьшение концентрации вирусной РНК с миРНК Nup98.1 (до 190 раз) и Nup205 (до 30 раз) 
на первые сутки, в 26 и в 29 раз на вторые и в 6 и 30 раз на третьи сутки, соответствен-
но. Для миРНК FLT4.2 количество копий вирусной РНК уменьшилось в 23, 18 и 16 раз на 
первые, вторые и третьи сутки. Схожие результаты были получены при определении 
гемагглютинирующей активности вируса. Наиболее сильно, в 16 раз, гемагглютинирую-
щая активность на третьи сутки снизилась в клетках, обработанных миРНК Nup205 и 
FLT4.2. В клетках, обработанных миРНК FLT4.1, Nup98.1 и Nup98.2, гемагглютинирую-
щая активность уменьшилась в 8 раз.
Выводы. В ходе исследования были выявлены три клеточных гена (FLT4, Nup98 и Nup205), 
подавление экспрессии которых позволяет эффективно уменьшить вирусную репродук-
цию, а также получены оригинальные последовательности миРНК. Полученные резуль-
таты имеют важное значение для создания терапевтических и профилактических пре-
паратов, чье действие основано на механизме РНК-интерференции.

Ключевые слова: вирус гриппа А, РНК-интерференция, ген, матричная РНК, малые ин-
терферирующие РНК

Для цитирования: Пашков Е.А., Файзулоев Е.Б., Корчевая Е.Р., Ртищев А.А., Черепович Б.С., Сидоров А.В., 
Поддубиков А.В., Быстрицкая Е.П., Дронина Ю.Е., Быков А.С., Свитич О.А., Зверев В.В. Нокдаун клеточных генов FLT4, 
Nup98 и Nup205 как супрессор вирусной активности гриппа А/WSN/33 (H1N1) в культуре клеток А549. Тонкие химические 
технологии. 2021;16(6):476–489. https://doi.org/10.32362/2410-6593-2021-16-6-476-489

INTRODUCTION

Influenza infection is one of the most significant 
problems in global health today. According to the 
World Health Organization, up to 1 billion new cases 
of influenza are reported worldwide each year, with 3–5 
million cases of severe illness and 0.5 million deaths 
[1]. Influenza viruses of the genus Alphainfluenzavirus 
(Influenza A virus, (HAV))—with high epidemiological 
significance and capable of causing pandemics—are 
of particular clinical significance [2]. In addition 
to causing respiratory system failure, influenza can 
cause complications in the cardiovascular system, 
central nervous system, and urinary system [3–7]. The 
risk of developing bacterial and fungal complications 
post influenza is no exception [8–10]. 

Despite the currently available specific anti-
influenza drugs, their use is often unjustified since 
new viral strains resistant to these drugs are detected 
every year [11, 12]. The problem with the use of 
influenza vaccines is acute, as it is necessary to create 

vaccines adapted to new strains of the influenza virus 
every year, and the development of a universal vaccine 
is far from complete [13–15]. In addition, influenza 
vaccination as prophylaxis is challenging for people 
who are allergic to chicken eggs [16].

To date, several etiotropic, symptomatic, and 
specific drugs are used to treat influenza. Currently, 
many influenza virus strains have 95% resistance to 
derivatives of the adamantane series [17]. Certain 
circulating strains are also known to be resistant 
to fusion inhibitors (umifenovir) [18]. In different 
epidemic seasons, the sensitivity of influenza A 
and B virus strains varied dramatically in relation 
to neuraminidase inhibitors. In 2008–2009, all 
circulating influenza A (H1N1) viruses were resistant 
to oseltamivir, but in 2018 they were fully susceptible 
to oseltamivir, peramivir, and zanamivir [19–21]. 
Thus, despite the widespread knowledge of biological 
function, structural organization, and pathogenesis of 
the influenza virus, no effective means of therapy and 
prevention exist as of yet [11, 12]. 

https://doi.org/10.32362/2410-6593-2021-16-6-486-489
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RNA interference (RNAi) is a sequential regulatory 
reaction in eukaryotic cells caused by an exogenous 
double-stranded RNA molecule [22]. A. Fire and 
C. Mell discovered RNAi in 1998 in the nematode 
Caenorhabditis elegans. They put forward several 
provisions on the properties of RNAi: mRNA degrades 
with it; the efficiency of double-stranded RNA 
(dsRNA) fragment, which determines the recognition 
of the complementary region of the target messenger 
RNA (mRNA), is higher than that of single-stranded 
RNA (ssRNA); a short dsRNA fragment is required to 
suppress gene expression [23]. 

The mechanism of RNAi is to cleave exogenous 
double-stranded RNA into small sequences ranging in 
size from 21 to 25 base pairs; small interfering RNAs 
(siRNAs). The size of the resulting siRNAs is small 
based on the fact that larger siRNAs increase the 
chance of interferon production. After the formation 
of siRNA, it binds to the RISC (RNA-induced 
silencing complex) complex, which consists of three 
proteins: AGO2, PACT, and TRBP. The resulting 
complex recognizes and cleaves the target mRNA 
[24–26].

 Several antiviral drugs based on the RNAi 
mechanism are currently known and are at different 
stages of clinical trials, namely: Miravirsen, hepatitis 
C (Santaris Pharma); ALN-RSV01, respiratory 
syncytial viral infection (Alnylam Pharmaceuticals); 
and pHIV7-shITAR-CCR5RZ, HIV infection (City of 
Hope Medical Center) [27, 28]. Patisiran and Givosiran 
(Alnylam Pharmaceuticals) were also approved for 
clinical use to treat amyloid polyneuropathy and 
acute hepatic porphyria, respectively1 [29].

A critical factor that compromises the efficiency 
of RNA interference might be the development 
of resistance to the siRNAs directed against viral 
genes [30]. To overcome the drug resistance ability 
of the influenza virus, the search for novel antiviral 
siRNAs with antiviral activity and targeted to host 
cell components is required for the replication of the 
virus.

This study has shown that using siRNAs directed 
to the cellular FLT4, Nup98, and Nup205 genes can 
inhibit the reproduction of the influenza A virus in 
the A549 lung cancer cell line. Here the cellular gene 
FLT4 plays a vital role in the process of endocytosis in 
the virus. While Nup98 and Nup205 encode proteins 
of the nuclear pore complex that are involved in the 
import and export of viral RNA segments into the 
nuclear cavity.

MATERIALS AND METHODS

Selecting target genes for suppressing 
viral reproduction

In this study, the criteria used to select genes that 
encode the expression of cellular factors necessary 
for viral reproduction are as follows: (i) genes 
reported as a potentially successful target for siRNA 
in publications related to siRNA screening; (ii) genes 
reported as effective in early independent studies; 
and (iii) genes showing low cytopathic effect from 
the temporary suppression their expression [26–28].

siRNA
The siRNA was selected from the web-based 

software, siDirect 2.02. All oligonucleotides were 
synthesized by Syntol (Russia). Oligoribonucleotides 
were diluted with water to a concentration of 100 pmol/μL. 
Then, complementary oligonucleotides were mixed, 
incubated in a thermostat at 60℃ for 1 min, and then 
cooled to room temperature. Prepared RNA duplexes 
were stored at –80℃. All work with finished duplexes 
was carried out using a cold tripod. The sequences of the 
siRNAs are presented in Table 1. As a nonspecific control, 
we used siRNA L2, specific to the firefly luciferase gene 
and not affecting the life cycle of A549 cells.

Evaluation of the suppression of cellular gene 
expression

The expression level of the target genes was 
determined after siRNA transfection. The cells were 
treated with a lysis solution, and then cellular RNA 
was isolated using the MagnoSorb kit (Interlabservice, 
Russia), 24 h post-transfection. OT-1 reagent kit 
(Syntol, Russia) was used to set up the reverse-
transcription reaction. Changes in gene expression 
dynamics were monitored using quantitative real-
time PCR with a set of primers for the FLT4, Nup98, 
Nup205, and GAPDH genes [32]. To assess the effect 
of siRNAs on target genes, the relative expression 
level of the FLT4, Nup98, and Nup205 genes was 
calculated according to the standard 2-∆∆CT method.3  
For each siRNA, primers were synthesized according 
to the gene regions affected by siRNA. Primers were 
selected using Integrated DNA Technologies website4 
and synthesized by Syntol (Table 2).

Virus
The influenza virus used in this study is A/WSN/33 

(H1N1) (St. Jude Children’s Research Hospital, 
USA). Cultivation and determination of the virus titer 
were carried out on the culture of canine kidney cells 
(Madin-Darby Canine Kidney (MDCK)).

1 Multi-Discipline Review. Center for Drug Evaluation and 
Research. Appl. No. 212194Orig1s000. 167 р. URL: https://
www.accessdata.fda.gov/drugsatfda_docs/nda/2019/212194O
rig1s000MultidisciplineR.pdf (Accessed August 24, 2021).

2 http://sidirect2.rnai.jp/ (Accessed February 02, 2021).
3 Bradburn S. How to Perform the Delta-Delta Ct Method. 
URL: https://toptipbio.com/delta-delta-ct-pcr/ (Accessed 
August 27, 2021).
4 https://eu.idtdna.com/ (Accessed March 02, 2021).

https://www.accessdata.fda.gov/drugsatfda_docs/nda/2019/212194Orig1s000MultidisciplineR.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2019/212194Orig1s000MultidisciplineR.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2019/212194Orig1s000MultidisciplineR.pdf
http://sidirect2.rnai.jp/
https://toptipbio.com/delta-delta-ct-pcr/
https://eu.idtdna.com/


Knockdown of FLT4, Nup98, and Nup205 cellular genes as a suppressor for the viral activity ...

480

Тонкие химические технологии = Fine Chemical Technologies. 2021;16(6):476–489

Cell culture
MDCK cells (Institut Pasteur, France) and 

A549 human lung adenocarcinoma cells were used 
(ATCC® CCL-185, USA) in this study. MDCK cells 
were grown in minimum essential medium (MEM) 
(PanEco, Russia), supplemented with 5% fetal 
bovine serum (Gibco) (ThermoFisher Scientific, 
USA), 40 μg/mL gentamicin (PanEco), and 300 μg/mL 
L-glutamine (PanEco) at 37℃ in a CO2-incubator. 
A549 cells were grown in Dulbecco’s modified 
Eagle’s medium (DMEM) (PanEco), supplemented 
with 5% fetal bovine serum (Gibco), 40 μg/mL 
gentamicin (PanEco), and 300 μg/mL L-glutamine 
(PanEco) at 37℃ in a CO2-incubator. 

MTT assay
The cell viability of A549 cells treated with siRNA 

was assessed with the MTT (methylthiazolyltetrazolium 
bromide) assay. On days 1, 2, 3 after transfection, 20 μL 
of MTT solution, 5 mg/mL (PanEco), was added to 
the wells containing cells in a 96-well plate and 
incubated at 37℃ in a 5% CO2 incubator for 2 h. 
Further, the supernatant and 100 μL of dimethyl 
sulfoxide (Sigma-Aldrich, cat. # D4540-1L) was 
added to each well. The optical density values were 
determined at 530 nm using a microplate reader 
Varioscan (Thermo Fisher Scientific, USA), with the 
background values set at 620 nm. 

Transfection of siRNA cells 
with subsequent infection

For siRNA transfection, A549 cells were plated 
on 12-well plates at a density of 1 × 105 cells/mL. 
After achieving 80% confluence, the cells were 
washed with phosphate-buffered saline and serum-free 
Opti-MEM medium (Thermo Fisher Scientific, USA). Then 

Table 1. siRNA sequences

siRNA Sequence

FLT4.1 AAUGACAUCUGAAUCUCAGdGdG
CUGAGAUUCAGAUGUCAUUdTdA

FLT4.2 UGAAGUUCUGUUGAAAAAGdAdC
CUUUUUCAACAGAACUUCAdCdA

Nup98.1 AGUCUUUGUUUCAGAAAGCdGdC
GCUUUCUGAAACAAAGACUdCdA

Nup98.2 UCCAAAUGUUGAAGUUGUGdCdC
CACAACUUCAACAUUUGGAdCdA

Nup205 UCAAAAUCUUAUCAAGAAGdGdT
CUUCUUGAUAAGAUUUUGAdAdG

L2 (nonspecific siRNA) UUUCCGUCAUCGUCUUUCCdTdT
GGAAAGACGAUGACGGAAAdTdT

a mixture of 24 μL Lipofectamine 2000 (Thermo 
Fisher Scientific) and 600 μL Opti-MEM (Thermo 
Fisher Scientific) was added to a solution of siRNA in 
Opti-MEM medium and incubated at room temperature 
for 20 min. The siRNA concentration required for 
gene knockdown was 40 pmol/μL per well. After 
incubation, the complexes were added to the wells. 
siRNA L2 was used as a nonspecific control. The cells 
were then incubated at 37℃ in a CO2 incubator. Four 
hours later, the culture medium was removed from all 
wells, except for the negative control, and 1 mL of viral 
liquid consisting of DMEM, 0.001% chymotrypsin 
inhibitor (Tosyl phenylalanyl chloromethyl ketone 
(TPCK)) (Sigma-Aldrich, Germany), and 40 μg/mL 
gentamicin was added with a MOI of 0.1. After that, 
the cells were again placed in the CO2 incubator. Over 
the next three days, supernatant samples were taken 
for the subsequent staging of the hemagglutination, 
titration, and Reverse Transcription Polymerase 
Chain Reaction (RT-PCR). 

Detection of viral RNA
Viral RNA (vRNA) was isolated from the selected 

supernatants using the High Pure RNA Isolation Kit 
(Roche, Germany). OT-1 reagent kit (Syntol, Russia) 
was used to set up the reverse-transcription reaction. 
The concentration of viral RNA in the culture was 
measured using quantitative real-time RT-PCR with 
a set of primers and probes for the hemagglutination 
assay (HA) M-gene [33]. For real-time PCR, a reagent 
kit containing EVA Green dye, a reference ROX dye 
(Syntol), and a 2.5-fold reaction mixture (Syntol) 
were used. The working concentration of primers and 
probes was 10 and 5 pmol/μL, respectively. The real-
time PCR reaction was carried out in a DT-96 thermal 
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cycler (DNA-Technology, Russia). The temperature-
time regime for real-time PCR was as follows: 95°С–5 min 
(1 cycle); 62°С–40 s; 95°С–15 s (40 cycles). Table 2 
shows primers and probes synthesized by Syntol.

Determination of HAV hemagglutinating titer
Saline (50 μL) was added to each well of a 96-well 

round-bottom plate. Then, 50 μL of samples were added 
to the wells, and subsequent 2-fold dilutions were made. 
After that, 50 μL of 0.5% erythrocyte mixture was added 
to the wells and left at room temperature for 40 min. The 
viral titer was expressed in agglutinating units.5 

Virus titration at the endpoint 
of the cytopathic effect

The viral titer was determined using the endpoint 
assay to assess the cytopathic effect in the MDCK cells. 
MDCK cells were seeded in 96-well plates at a density 

5 MU 3.3.2.1758–03 Methods for determining the quality indicators of immunobiological drugs for the prevention and diagnosis of 
influenza. https://www.rospotrebnadzor.ru/documents/details.php?ELEMENT_ID=4727 (Accessed August 27,2021).
6 https://www.psychol-ok.ru/statistics/mann-whitney/ (Accessed August 05, 2021).

Table 2. Primers for real-time RT-PCR for the IAV M-gene

Primer Sequence

FLT4.1F AAUGACAUCUGAAUCUCAGdGdG

FLT4.1R CUGAGAUUCAGAUGUCAUUdTdA

FLT4.2F UGAAGUUCUGUUGAAAAAGdAdC

FLT4.2R CUUUUUCAACAGAACUUCAdCdA

Nup98.1F UGAGUAUGUUAGACUAUUGdAdT

Nup98.1R CAAUAGUCUAACAUACUCAdCdC 

Nup98.2F AUUAAGGUUCUUCAAAACCdAdA

Nup98.2R GGUUUUGAAGAACCUUAAUdAdA

Nup205F UUAUUCACAUCAAUCUGUGdAdC

Nup205R CACAGAUUGAUGUGAAUAAdTdG

IAV M F: GGAATGGCTAAAGACAAGACCAAT 

IAV M R: GGGCATTTTGGACAAAGCGTCTAC

IAV M Pr: FAM AGTCCTCGCTCACTGGGCACGGTG-BHQ1

GAPDH F AGCCACATCGCTCAGACAC

GAPDH R GCCCAATACG ACCAAATCC

of (1 × 104 cells/mL). After 2 days, the nutrient medium 
was removed from the wells; 10-fold serial dilutions of 
viral samples were added in a support medium without 
trypsin and incubated for 4 days in a CO2 incubator at 
37°C. On the fourth day, the titration results were visually 
recorded under a microscope for the presence of a 
specific cytopathic effect for the influenza virus (change, 
deformation, detachment of dead cells from the bottom 
of the well). The viral titer was calculated according to 
the method described in [34] and was expressed as the 
logarithm of tissue cytotoxic doses—TCD50/mL. 

Statistical data processing
The statistical significance of the results obtained 

was assessed using the Mann-Whitney test. The 
difference was considered significant if 0.01 ≤ p ≤ 0.05. 
Reliability indicators were calculated using Psychol-ok6.

https://www.rospotrebnadzor.ru/documents/details.php?ELEMENT_ID=4727
https://www.psychol-ok.ru/statistics/mann-whitney/
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Fig. 1. Influence of siRNA on the expression 
of genes FLT4, Nup98, and Nup205.

7 Bradburn S. How to Perform the Delta-Delta Ct Method. 
URL: https://toptipbio.com/delta-delta-ct-pcr/ (Accessed 
August 27, 2021).

 RESULTS

Justification for the choice of siRNA targets
Three target genes were selected for siRNA 

experiments. All three genes actively interact with the 
influenza virus at several stages of its reproduction. The 
FLT4 gene encodes the Epidermal Growth Factor (EGF) 
receptor protein of the tyrosine kinase receptor. According 
to Eierhoff, the EGF protein is actively involved in the 
process of viral endocytosis [35]. Proteins Nup98 and 
Nup205 (encoded by genes of the same name) import 
and export viral mRNA from nucleoplasm [36, 37].

We tested the ability of the synthesized siRNAs to 
suppress the expression of their target genes. Compared 
to cells treated with nonspecific siRNA L2, gene 
expression decreased by more than 80% on the first day 
for each of the five siRNAs. Figure 1 shows the efficiency 
of mRNA knockdown in A549 cells. Evaluation of the 
suppression of gene expression was carried out using the 
2-∆∆CT method.7 

Influence of siRNA on the survival 
of transfected cells

The survival rate of A549 cells transfected with 
siRNA was measured within three days (Table 3). The 
survival threshold was set at 70%, according to a similar 
study [26]. After 24 h, the viability of cells treated 
with siRNA remained practically unchanged. On the 
second day, the survival rate of cells treated with all 
siRNAs, except for Nup205 and siRNA L2, decreased 
by 14–21%. The survival rate of untransfected cells 
was taken as 100%. All values were normalized to the 
mean optical density of untransfected cells at each time 
interval following transfection. Treatment of cells with 
siRNA did not decrease cell survival compared with the 
negative control.

Influence of siRNA on hemagglutinating activity
Table 4 shows the changes in the hemagglutinating 

titer of the influenza virus on day 3 in the 
hemagglutination assay (HA). The hemagglutinating 
activity in cells treated with siRNAs Nup205 and 
FLT4.2 decreased 16 times compared to 8 times in cells 
treated with siRNAs FLT4.1, Nup98.1, and Nup98.2.

Influence of siRNA on the titer of the virus
The next step was to determine whether the change 

in the infectious titer of the virus was due to the siRNA’s 
effect on the target genes. Within three days after 
transfection, the supernatant was removed and then 
titrated on a monolayer of MDCK cells in 96-well plates. 
It was found that the use of all siRNAs at MOI = 0.1 led 
to a significant decrease in viral reproduction compared 
to siRNA L2. As seen in Fig. 1, virus titers increased 

with time in nontransfected cell culture, reaching peak 
values at 48 and 72 hours. The same was observed in cells 
transfected with nonspecific siRNA L2. When the FLT4 
gene expression was suppressed using FLT4.1 siRNA, 
the viral titer decreased by about 0.9–1.0 lg TCD50/mL 
compared to the control on the first, second, and 
third day. With siRNA FLT4.2, there was a decrease 
by 1.0 lg TCD50/mL on the first day; however, there 
was a decrease by 2.2 lg TCD50/mL on the second and 
third day, compared to the control groups. Upon 
transfection of siRNA to the Nup205 gene, the viral 
titer decreased by 1.0 lg TCD50/mL on the 1st day 
and by 2.3 lg TCD50/mL on the next day relative to 
the control and nonspecific control. In cells treated 
with Nup98.1 siRNA, a significant decrease in the 
virus titer was observed (2.3 lg TCD50/mL) on the 2nd 
day compared to the controls, while for Nup98.2, it 
was 2.2 lg TCD50/mL on the 3rd day, compared to the 
controls. The dynamics of changes in the viral titer 
are shown in Fig. 2.

Influence of siRNA on the concentration 
of viral RNA

The effect of siRNA on the concentration of viral 
RNA is shown in Fig. 3. On the first day, a decrease 
in the concentration of viral RNA was observed with 
Nup98.1 siRNA (up to 190 times) and Nup205 siRNA 
(up to 30 times) during real-time RT-PCR. A 29-fold 
decrease in the vRNA concentration for Nup205 and 
26-fold for Nup98.1 was noted on the second day. 
While on the third day, the vRNA concentration 
decreased by 6 and 30 times for Nup98.1 siRNA and 
Nup205 siRNA, respectively. For FLT4.2 siRNA, 
the viral RNA concentration decreased by 23, 18, 
and 16 times on the first, second, and third day, 
respectively. In contrast, there was no significant 
decrease in the concentration of viral RNA using 
FLT4.1 siRNA on the first, second, and third days.

https://toptipbio.com/delta-delta-ct-pcr/
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DISCUSSION

Influenza is an acute infectious respiratory 
disease caused by viruses of the Orthomyxoviridae 
family. Diseases caused by the influenza virus are one 
of the most pressing global public health problems 
today. The search for new anti-influenza medication 
is relevant because the influenza virus rapidly 
develops resistance to known specific anti-influenza 
drugs [38].

In this work, we performed a series of cell culture 
experiments to assess the anti-influenza activity of 
small interfering RNAs directed at FLT4, Nup98, 
and Nup205 genes. A pronounced antiviral activity 
of siRNAs directed to the mRNA of these genes was 
observed, and consistent data were obtained on the 

Table 3. Cell survival after siRNA transfection in percentage, %

siRNA 1st day 2nd day 3rd day

FLT4.1 96 81 74

FLT4.2 94 80 81

Nup98.1 100 79 79

Nup98.2 97 86 87

Nup205 94 95 94

L2 94 99 99

K-(untranslated) 100 100 100

Table 4. Viral reproduction on the 3rd day according to HA data

siRNA
Viral reproduction to HA (log2)

A/WSN/33 (MOI = 0.1)

FLT4.1 1:8

FLT4.2 1:4

Nup98.1 1:8

Nup98.2 1:8

Nup205 1:4

K-(L2) 1:64

K-IAV 1:64

correlation between the expression of cellular genes and 
viral reproduction, assessed by different methods (virus 
titration by cytopathic effect, real-time RT-PCR, HA).

An important factor for the successful use of 
siRNA is that the knockdown of the target gene should 
not affect the vital activity of cells. siRNAs targeting 
the genes FLT4, Nup98, and Nup205 did not decrease 
cell viability below the threshold level of 70%, by 
analogy with the paper [26]. 

The use of siRNAs to suppress the expression 
of cellular genes to reduce viral reproduction has an 
advantage over siRNAs directed to the whole viral 
genome. This is due to the fact that influenza viruses have 
a higher tendency for mutational variability that often 
leads to substitutions of nucleotide sequences in their 
genome [39]. This can cause siRNA to be ineffective 
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Fig. 2. Effect of siRNAs directed to the FLT4, Nup98, and Nup205 genes on the reproduction of the influenza virus (MOI = 0.1). 
(а) 1st day post infection (p.i.), (b) 2nd day p.i., and (c) 3rd day p.i.

b

c

а

Fig. 3. The effect of siRNA on the concentration of viral RNA. 
(а) 1st day post infection (p.i.), (b) 2nd day p.i., and (c) 3rd day p.i.

b

c

а
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toward the virus since even a single substitution in the 
target RNA sequence can completely neutralize the 
action of siRNA [43]. For example, the ability to elude 
the action of siRNA was experimentally demonstrated 
in a model of HIV-1 infection, where nucleotide 
substitutions occurred in the tat, nef, int, and att genes 
[41]. In view of this, A. Karlas and M. Lesch suggest 
that using siRNAs directed at the cellular genome is 
more justified since the possibility of an alternate viral 
reproduction pathway is very low [30]. The promise of 
this approach—based on the suppression of the activity 
of cellular genes necessary for the reproduction of the 
influenza virus—has been shown in several independent 
studies [26, 30, 42, 43]. 

CONCLUSIONS

Currently, there remains a need to create highly 
effective drugs to treat influenza and its complications. 
The present study shows that siRNAs directed to cellular 
genes that play essential roles in viral endocytosis and 
nuclear import and export of vRNA significantly reduce 

the reproduction of the influenza virus in vitro. These 
data confirm that the investigated human genes FLT4, 
Nup98, and Nup205 are promising targets for developing 
anti-influenza drugs. The findings of this study give hope 
that siRNA medication will be implemented in the future.
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СИНТЕЗ И ПЕРЕРАБОТКА ПОЛИМЕРОВ 
И КОМПОЗИТОВ НА ИХ ОСНОВЕ

SYNTHESIS AND PROCESSING OF POLYMERS
AND POLYMERIC COMPOSITES

Influence of emulgator nature on dispersity and stability 
of artificial polymer suspensions based on polycarbonate 
and polymethyl methacrylate
Aleksandr N. Stuzhuk@, Aleksandr V. Shkolnikov, Pavel S. Gorbatov, 
Inessa A. Gritskova

MIREA – Russian Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies), 
Moscow, 119571 Russia
@Corresponding author, e-mail: aleksandr-stuzhuk@mail.ru

Abstract

Objectives. To create stable artificial polymer suspensions with a positive charge of particles 
based on polycarbonate and polymethyl methacrylate using cationic surfactants and organosilicon 
surfactants.
Methods. The size of droplets and polymer suspension particles was determined by photon 
correlation spectroscopy (dynamic light scattering) using a Zetasizer NanoZS laser particle 
analyzer (Malvern, UK).
Results. Domestic cationic surfactants Katamin-AB and Azol-129 were found to be capable of 
producing stable artificial polycarbonate and polymethyl methacrylate suspensions. Based on 
the polymer, the optimal surfactant concentration was 6 wt %. The effect of polymer concentration 
in solution on the stability and particle size of final polymer suspensions was shown. It was 
determined that the polymer concentration in the solution should not exceed 10%. When obtaining 
a highly dispersed suspension during dispersion, a higher concentration causes an increase in 
the viscosity of emulsions. As a result of a synergistic effect formation, we used mixtures of 
cationic surfactants (Katamin-AB/Azol-138 and Azol-129/Azol-138) to enhance the stability of 
the final polymer suspensions. The optimal surfactant ratio was 9:1. The total concentration of 
the mixture is 10 wt %, based on the polymer. Polymer suspensions were stabilized with each of 
2:1 mixtures of cationic surfactants Katamin-AB and Azol-129 withan organosilicon surfactant 
U-851. The total mixture concentration was 9 wt %, based on the polymer.
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НАУЧНАЯ СТАТЬЯ

Conclusions. New methods of producing artificial polycarbonate and polymethyl methacrylate 
suspensions in the presence of domestically produced cationic surfactants, as well cationic-
organosilicon surfactants mixtures, were proposed. The colloidal-chemical properties of the 
obtained polymer suspensions were considered. It was found that using a 2:1 mixture of cationic 
and organosilicon surfactants produces polymer suspensions that are stable during production 
and storage.

Keywords: organosilicon surfactants, artificial polymer suspension, cationic surfactants, 
polycarbonate, polymethyl methacrylate, structural and mechanical barrier
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Влияние природы эмульгатора и концентрации полимера 
на дисперсность и устойчивость искусственных полимерных 
суспензий на основе поликарбоната и полиметилметакрилата
А.Н. Стужук@, А.В. Школьников, П.С. Горбатов, И.А. Грицкова

МИРЭА – Российский технологический университет (Институт тонких химических технологий 
им. М.В. Ломоносова), Москва, 119571 Россия
@Автор для переписки, e-mail: aleksandr-stuzhuk@mail.ru

Аннотация

Цели. Создание агрегативно устойчивых искусственных полимерных суспензий с поло-
жительным зарядом частиц на основе поликарбоната и полиметилметакрилата с ис-
пользованием катионных поверхностно-активных веществ (КПАВ), а также их смесей с 
кремнийорганическим поверхностно-активным веществом (КОПАВ).
Методы. Размер капель и частиц полимерных суспензий определяли методом фотон-
ной корреляционной спектроскопии (динамического светорассеяния) с помощью лазерного 
анализатора частиц Zetasizer NanoZS (Malvern, Великобритания).
Результаты. Было установлено, что для получения устойчивых искусственных поли-
карбонатных и полиметилметакрилатных суспензий могут быть использованы отече-
ственные КПАВ Катамин АБ и Азол-129. Оптимальная концентрация ПАВ составила 
6 мас. % в расчете на полимер. Показано влияние концентрации полимера в растворе на 
устойчивость и размер частиц конечных полимерных суспензий. Определено, что кон-
центрация полимера в растворе не должна превышать 10%. Дальнейшее повышение 
концентрации приводит к повышению вязкости эмульсий при получении высокодисперс-
ной суспензии в процессе диспергирования. Использованы смеси КПАВ Катамин АБ/Азол-138 
и Азол-129/Азол-138 для повышения устойчивости конечных полимерных суспензий за 
счет образования синергетического эффекта. Оптимальное массовое соотношение ПАВ 
составило 9:1. Общая концентрация смеси 10 мас. % в расчете на полимер. Получены 
полимерные суспензии, стабилизированные смесями КПАВ Катамин АБ/КОПАВ U-851 
и КПАВ Азол-129/КОПАВ U-851 в соотношении 2:1 каждой смеси в расчете на полимер. 
Общая концентрация смеси составила 9 мас. % в расчете на полимер. 
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Выводы. Предложены новые способы получения искусственных поликарбонатных и по-
лиметилметакрилатных суспензий, полученных в присутствии КПАВ отечественного 
производства, а также их смесей и смесей КПАВ с КОПАВ. Рассмотрены коллоидно-хи-
мические свойства полученных полимерных суспензий и показано, что при использовании 
смеси КПАВ и КОПАВ, взятых в объемном соотношении 2:1, образуются устойчивые в 
процессе получения и хранения полимерные суспензии.

Ключевые слова: кремнийорганические ПАВ, искусственная полимерная суспензия, 
катионные ПАВ, поликарбонат, полиметилметакрилат, структурно-механиче-
ский барьер

Для цитирования: Стужук А.Н., Школьников А.В., Горбатов П.С., Грицкова И.А. Влияние природы эмульгатора и 
концентрации полимера на дисперсность и устойчивость искусственных полимерных суспензий на основе поликарбоната 
и полиметилметакрилата. Тонкие химические технологии. 2021;16(6):490–501. https://doi.org/10.32362/2410-6593-2021-16-
6-490-501

INTRODUCTION

Recently, artificial polymer suspensions have 
become increasingly important because they are used in 
a wide range of industries, including the rubber industry 
(films, coatings, gloves, rubber threads, etc.), light 
industry (adhesives and textile materials), food industry 
(protective coatings on food), pulp and paper industry, 
construction industry (binders, sealants, compounds), 
agricultural industry (soil protection against erosion), 
and other industries.

Artificial polymer suspensions (artificial latexes) 
are obtained by emulsifying polymer solutions in an 
organic solvent in the presence of different surfactants, 
followed by replacing the organic phase with an 
aqueous phase, solvent distillation, and concentration to 
attain the required polymer content. In the preparation 
process, it is essential to maintain stability at all stages. 
For this, cationic surfactants of various structures 
are used. It is well established in the literature that 
combining different types of surfactants is the best 
way of obtaining stable polar polymer suspensions. 
The preparation of artificial polymer suspensions has 
not been described in the literature. It was best to rely 
on the fact that synthetic polar polymer suspension 
stability is characterized by high stability when using a 
mixture of different surfactants.

In this work, mixtures of different surfactants 
were used to enhance polymer suspension stability. 
This ensured the formation of structural-mechanical 
and electrostatic stabilization barriers, according to 
Rebinder [1].

This study aims at obtaining stable artificial 
polycarbonate and polymethyl methacrylate 
suspensions with a positive particle charge in the 
presence of cationic surfactants and their mixtures with 
other surfactants.

MATERIALS AND METHODS

The feedstocks selected were granular 
polycarbonate from the Makrolon brand (Bayer, 
Germany) and polymethyl methacrylate from 
the Acrypet VH 001 brand (Mitsubishi Chemical 
Corporation, Japan).

Without additional purification, chloroform 
(reagent grade) was used as a solvent.

The surfactants used were cationic surfactants 
synthesized at Kotlas Chemical Plant: Katamin AB 
(alkyldimethylbenzylammonium chloride, where alkyl 
is a mixture of normal C10–C16 alkyl radicals); Azol-129 
(quaternary ammonium base of coconut oil tert-alkylamine 
acids and benzyl chloride with a hydrocarbon radical of 
coconut oil fatty acids C8–C14 as a substituent; active 
substance content is 75%); Azol-138 (N,N,N-trimethyl-
-N-(alkyl 12–14) ammonium methyl phosphite);  
Azol-139 (quaternary ammonium base from dicoco-
alkyldimethylamine and dimethyl phosphonate with a 
hydrocarbon radical of coconut oil fatty acids C12–C14). 
We also used an organosilicon surfactant (U-851 α,ω-bis[3-
-methylsiloxy]polydimethylmethyl-(10-carboxydecyl)
siloxane) synthesized at the N.S. Enikolopov Institute of 
Synthetic Polymeric Materials of the Russian Academy of 
Sciences.
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The size of droplets and polymer suspension 
particles was determined by photon correlation 
spectroscopy (dynamic light scattering) using a 
Zetasizer NanoZS laser particle analyzer (Malvern, 
UK) [2].

Dynamic light scattering (DLS) is a combination 
of the following phenomena: a change in frequency 
(Doppler shift) and an intensity and in motion direction 
of light transmitted through a medium of moving 
(Brownian) particles. It is a method for measuring 
particles that are up to 6 µm in diameter. The Brownian 
motion of particles is measured by DLS and correlated 
with their size. Elastic (Rayleigh) scattering occurs 
when a light beam passes through a suspension. In DLS, 
coherent and monochromatic laser radiation is used. 
The autocorrelation function, which is determined from 
the time variation of scattered radiation intensity, is the 
quantity being measured:

G(td) = 1/N ∑iI(ti)I(ti − td) = (I(t)I(t − td)), 

where G(td) is the autocorrelation function; N is the 
number of measurements performed at time ti; I(ti − td) 
is the light scattering intensity after a certain delay 
time td.

Suspensions were prepared by combining a 
hydrocarbon phase (a polymer dissolved in a solvent) 
with a surfactant aqueous solution in a 1:1 ratio. The 
first stage involved using a magnetic stirrer to prepare 
a low-dispersed emulsion. The droplet size ranged 
from 20 to 100 μm. The second stage involves using 
a rotor-stator homogenizer DIAX-900 (Heidolph, 
Germany) to disperse a low-dispersed emulsion 
to obtain a highly dispersed emulsion. Dispersion 

speed: 24000 rpm, dispersion time: 7–10 min. A rotary 
evaporator RV 10 (IKA, Germany) was used to distill 
the solvent.

RESULTS AND DISCUSSION

According to the published data, the emulsion 
dispersity (expressed by the polydispersity index, 
PdI), average particle diameter (dav), and charge 
(ζ-potential) are the main parameters that determine 
suspensions stability [3–5].

Investigations began with the study of the 
colloidal-chemical properties of the polycarbonate 
(PC) and polymethyl methacrylate (PMMA) 
suspensions obtained in the presence of different 
cationic surfactants.

Artificial polymer suspensions were obtained 
using a 5% polymer solution. For the polymer, the 
concentration of the surfactant was 6 wt %.

Tables 1 and 2 and Figs 1 and 2 show the 
colloidal-chemical properties of the polycarbonate 
and polymethyl methacrylate suspensions obtained 
using Katamin AB and Azol-129 in different 
concentrations.

Table 1 and Fig. 1 show the number-average 
particle diameters of polycarbonate artificial 
polymer suspensions determined using Katamin AB, 
Azol-129, Azol-138, and Azol-139. The polymer 
suspension sample obtained using Katamin AB as a 
stabilizer had great stability, a narrow particle size 
distribution, and particle diameters ranging from 500 nm 
to 700 nm (80% of the particles by number). The 
samples stabilized with Azol-129 and Azol-138 had 
the largest diameter and particle size distribution. In 
the presence of Azol-139, it is impossible to obtain 
stable artificial polymer suspensions. A significant 

Table 1. Comparative analysis of the colloidal-chemical properties of artificial polycarbonate 
polymer suspensions stabilized by Katamin AB, 

Azol-129, Azol-138, and Azol-139, taken at different concentrations

Polymer Surfactant dav, nm PdI ζ-potential, mV Coagulum, wt %

PC

Katamin AB 620 0.140 +30 –

Azol-129 830 0.290 +24 –

Azol-138* 1050 0.330 +25 10

Azol-139 – – – 100

*The size of the coagulum-free polymer suspension.
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Table 2. Comparative analysis of the colloidal-chemical properties of artificial 
polymethyl methacrylate PS stabilized by Katamin AB, 

Azol-129, Azol-138, and Azol-139

Polymer Surfactant dav, nm PdI ζ-potential, mV Coagulum, wt %

PMMA

Katamin AB 260 0.270 +39 –

Azol-129 300 0.359 +28 –

Azol-138 310 0.375 +23 –

Azol-139 – – – 100

а b

Fig. 1. The number-average particle size distributions of polycarbonate artificial polymer suspensions when used 
in the production process as a surfactant: (a) Katamin AB, (b) Azol-129.

part of the polymer coagulated when the solvent was 
removed under vacuum. This could be due to the poor 
stability of the particles in the presence of the atypical 
cationic surfactant with two alkyl radicals with a 
chain length of C12–C14 in the hydrophobic part of 
the surfactant molecule. The most stable suspensions 
were obtained using Katamin AB. The fact that it has 
a higher surface activity than the other stabilizers 
presented [6] explains this outcome.

Data on the stability of the polymethyl 
methacrylate polymer suspensions using different 
surfactants revealed that Katamin AB allows for the 
narrowest particle size distribution (Table 3 and Fig. 2).

The polymer concentration effect in the initial 
chloroform solution at all the preparation stages was 
evaluated using the final properties of the polymer 
suspensions. The polymer concentration in the solution 
was varied from 5% to 20% (Table 4).

As shown, the suspensions obtained using 
polymer solutions with concentrations of 5% and 
10% are stable. The average particle diameters and 
PdI increase as polymer concentration increases.

The viscosity of solutions with a polymer 
concentration of more than 10% was high. As a result, 
polymer suspension emulsification, degassing, and 
concentration was difficult.

According to the literature, a synergistic effect, 
which significantly affects the colloidal-chemical 
properties of polymer suspensions, can occur when 
using mixtures of surfactants in a certain volume ratio of 
components [6].

Azol-129/Azol-138 and Katamin AB/Azol-138 
were selected as the surfactant mixtures. The colloidal-
chemical properties of the polymer suspensions obtained 
in the presence of these mixtures are presented in 
Tables 5 and 6 and Fig. 4.
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а b

c
Fig. 2. The number-average particle size distributions of polymethyl methacrylate artificial polymer 

suspensions when the following surfactants were used in the production process: 
(a) Katamin AB, (b) Azol-129, and (c) Azol-138.

Table 3. The stability of artificial polycarbonate and polymethyl methacrylate polymer 
suspensions depending on the polymer concentration

Polymer concentration in solution
Stability in time

PC PMMA

5 + +

10 + +

20 +/− +/−

The conducted study reveals that it is necessary 
to use a mixture of surfactants Azol-129/Azol-138 and 
Katamin AB/Azol-138 in a ratio of 9:1, respectively, 
to achieve the maximum effect (to reduce the particle 
diameter). When using Azol-129/Azol-138 and 
Katamin AB/Azol-138 mixtures, there is a significant 
increase in stability compared to polymer suspensions 
where these surfactants are used separately. 

Polymer suspensions stabilized with Azol-129 were 
characterized by low stability and an average particle 
diameter of about 800 nm. By adding one mass part 
of Azol-138 to the system, the polymer suspension 
stability was greatly improved, and the particle 
diameter was reduced to 580 nm. The addition of AB 
Azol-138 to Katamin AB allowed for a reduction in 
the average diameter (from 620 nm to 400 nm).
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Table 4. Colloidal-chemical properties of polycarbonate suspensions stabilized using 
Katamin AB and obtained at various polymer concentrations in solution

Concentration, % dav, nm PdI Coagulum, wt %

5 620 0.140 –

10 1260 0.330 –

20 840 0.270 50

a

c
Fig. 3. Numerical distributions of particle size in polymer suspensions for the suspensions 

presented in Table 3: (a) 5%, (b) 10%, and (c) 20%.

b

Table 5. Colloidal-chemical properties of polycarbonate polymer suspensions obtained 
using varied ratios of the surfactants Azol-129/Azol-138

Surfactants Surfactants ratio dav, nm PdI ζ-potential, mV Coagulum, wt %

Azol-129/Azol-138 9:1 588 0.101 +22 нет
no

Azol-129/Azol -138 3:1 770 0.331 +16 –

Azol-129/Azol -138 2:1 1510 0.255 +6 10
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Table 6. Colloidal-chemical properties of polycarbonate polymer suspensions 
stabilized with Katamin AB/Azol-138 in different mass ratios

Surfactants Surfactants ratio dav, nm PdI ζ-potential, mV Coagulum, wt %

Katamin AB/Azol-138 9:1 402 0.136 +32 no

Katamin AB/Azol-138 3:1 607 0.320 +13 5

Katamin AB/Azol-138 2:1 694 0.382 +7 10

a

c

Fig. 4. Numerical distributions of polymer suspension particle size for suspensions 
presented in Table 4: (a) 9:1, (b) 3:1, and (c) 2:1.

b

Recently, there have been interests in water-
insoluble organosilicon surfactants, owing to the 
possibility of obtaining aggregate-stable polymer 
suspensions through the polymerization of vinyl 
monomers [7, 8]. 

The formation of an interfacial adsorption layer 
on particle surfaces in their presence was found to be 

different from that observed in the presence of water-
soluble surfactants.

This difference is due to the formation of a thick strong 
interphase layer, which is due to the adsorption of a water-
insoluble surfactant from the monomer phase. These results 
were demonstrated when studying the colloidal-chemical 
properties of different organosilicon surfactants [9–16].
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Carboxyl-containing organosilicon surfactant 
α,ω-bis(trimethylsiloxy-oligodimethylmethyl-(10-
carboxydecyl)siloxane (U-851) and its mixture with the 
cationic surfactants Azol-129 and Katamin AB were used.

The surfactants mixture had a concentration of 
9 wt % calculated for the polymer, with a cationic 
surfactant/organosilicon surfactant ratio of 2:1. The 
concentration of U-851 was calculated to be 3 mass 
fractions for the polymer.

In these works, it was found that the formation of 
an interfacial adsorption layer on the surface of particles 
in their presence is fundamentally different from that 
observed in the presence of water-soluble surfactants [3,7].

To obtain stable polymer suspensions, we used a 
mixture of the cationic surfactants Katamin AB and 
Azol-129 with the carboxyl-containing organosilicon 
surfactant U-851.

The surfactants mixture had a concentration of 
9 mass fractions calculated for the polymer, with a 
cationic surfactant/organosilicon surfactant ratio of 
2:1. The concentration of the surfactant U-851 in 
the suspension stabilized only with it was 6 mass 
fractions calculated for the polymer.

The stability properties of the obtained 
suspensions and their colloidal-chemical properties 
are presented in Tables 7 and 8 and Fig. 5.

Table 7. Stability of polycarbonate suspensions over time when a mixture 
of a cationic surfactant and an organosilicon surfactant is used

Surfactant Stability over time

Katamin AB/U-851 + 

Azol-129/U-851 + 

U-851 – 

Table 8. Colloidal-chemical properties of artificial polycarbonate suspensions 
obtained using U-851 and its mixture with a cationic surfactant

Surfactant dav, nm PdI ζ-potential, mV Coagulum, wt %

Katamin AB/U-851 360 0.240 +32 –

Azol-129/U-851 410 0.287 +25 –

U-851 – – – 100

а b
Fig. 5. Numerical distributions of polycarbonate suspensions particle sizes 

depending on the choice of surfactant mixtures: (a) Katamin AB/U-851 and (b) Azol-129/U-851.
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Both suspensions were characterized by a rather 
narrow particle size distribution, with an average 
particle diameter of 360 nm and a charge of +32 mV 
for the Katamin AB/U-851 mixture, and an average 
particle diameter of 410 nm and a charge of 25 mV 
for the Azol-129/U-851 mixture.

CONCLUSIONS

The article proposed a methodology for obtaining 
stable artificial polycarbonate and polymethyl 
methacrylate polymer suspensions with a positive 
particle charge. It was shown that to obtain them, 
domestically produced cationic surfactants with a 
concentration of 6 wt % calculated for the polymer 
can be used. It is proposed to use a 9:1 mixture of 
surfactants: Azol-129 and Azol-138; Katamin AB 
and Azol-138, with a total surfactant concentration 
of 10 wt % calculated for the polymer to form a 
more durable electrostatic stability barrier in the 
interfacial adsorption layers. It is possible to increase 
stability over time using Katamin AB/U-851 and 
Azol-129/U-851 mixtures because of the formation 
of structural-mechanical and electrostatic stability 

barriers in the interfacial adsorption layers of polymer 
particles.
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Abstract 

Objectives. The study aimed to develop new methods for the synthesis of cobalt ferrite (CoFe2O4), 
which is a precursor for the synthesis of CoFe2O4-based functional materials, as well as to study 
the physicochemical properties of the obtained phases.
Methods. Two methods were used for the synthesis of CoFe2O4: (1) heterophase interaction 
of hydrated iron oxide with cobalt(II, III) oxide and (2) heterophase interaction of hydrated 
iron oxide with an aqueous solution of cobalt(II) sulfate (CCo = 0.147 mol/L, solid/liquid = 1:43). 
In both cases, the precursor was hydrated iron oxide (Fe2O3, 84.4 wt %), which was obtained 
by the heterophase interaction of iron(III) chloride with a concentrated ammonia solution 
(6.0–9.5 mol/L). The resulting intermediate products were subjected to thermal treatment at 750°C 
(synthesis 1) and at 900°C (synthesis 2) for 10–30 h in increments of 10 h. The synthesized 
phases and products of their thermolysis were studied by differential thermal analysis and 
differential thermogravimetry (DTA–DTG), X-ray diffraction analysis (XRDA), and granulometry.
Results. The hydrated iron oxide sample remained amorphous even up to the crystallization 
temperature of 445°C, which corresponds to the exothermic effect on the DTA curve. Further 
heating led to the α-modification of iron(III) oxide of the hexagonal system (a = b = 5.037 ± 0.002 Å; 
c = 13.74 ± 0.01 Å), which has an average particle size of 1.1 μm. XRDA results showed 
that a synthesis temperature of 750°C (synthesis 1) and a heat treatment duration of 30 h 
were sufficient for the formation of a single-phase cobalt ferrite (a = 8.388 ± 0.002 Å) with 
an average particle diameter of 1.9 μm. For synthesis 2, a higher temperature of 900°C was 
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НАУЧНАЯ СТАТЬЯ

used because sample weight loss (about 12.5%) was observed in the temperature range 
of 720–810°C based on the DTA results, which was due to the removal of SO2 and SO3. 
Moreover, when synthesis temperature and duration were at 900°C and 30 h, respectively, 
CoFe2O4 with a = 8.389 ± 0.002 Å was formed. The results of the granulometric analysis 
showed that particles of different diameters were formed. The smallest particle size (1.5 μm) of 
cobalt ferrite was obtained by the heterophase interaction of hydrated iron(III) oxide (Fe2O3, 
84.4 wt %) with an aqueous solution of cobalt sulfate with CCo = 0.147 mol/L.
Conclusions. Depending on the method used for the synthesis of cobalt ferrite, particles of 
different diameters are formed. The smallest particle size of cobalt ferrite was obtained from the 
heterophase interaction of hydrated iron(III) oxide with an aqueous solution of cobalt(II) sulfate.

Keywords: iron, cobalt, ferrite, oxides, thermal analysis, X-ray phase analysis, particle size 
analysis
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Аннотация 

Цели. Разработка новых методов синтеза феррита кобальта (CoFe2O4), являющегося 
предшественником для синтеза функциональных материалов на его основе, а также 
исследование физико-химических свойств полученных фаз.
Методы. Гидратированный оксид железа и феррит кобальта получали гетерофазным 
методом. Синтезированные фазы и продукты их термолиза изучали методами диффе-
ренциально-термического анализа и дифференциальной термогравиметрии (ДТА–ДТГ), 
рентгенофазового анализа (РФА) и гранулометрии.
Результаты. В статье изложены результаты двух методов синтеза феррита кобаль-
та (CoFe2O4) и исследования полученных фаз. В обоих случаях в качестве предшествен-
ника выступал гидратированный оксид железа(III) с содержанием Fe2O3 – 84.4 мас. %, 
полученный гетерофазным взаимодействием хлорида железа(III) с концентрированным 
раствором аммиака (6.0–9.5 моль/л). Первый способ заключался во взаимодействии ги-
дратированного оксида железа(III) с оксидом кобальта(II, III), второй – во взаимодействии 
гидратированного оксида железа(III) с водным раствором сульфата кобальта(II) с кон-
центрацией ССо = 0.147 моль/л (Т : Ж = 1 : 43). Получившиеся промежуточные продукты 
подвергали термической обработке при 750 °C (синтез 1) и 900 °C (синтез 2) в течение 
10–30 ч с шагом 10 ч.

https://doi.org/10.32362/2410-6593-2021-16-6-502-511
mailto:nikishina@mirea.ru
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Выводы. Феррит кобальта (CoFe2O4) получен двумя способами. С использованием 
комплекса методов (РФА, ДТА–ДТГ, гранулометрии) исследованы физико-химические 
свойства синтезированных образцов. Установлено, что гидратированный оксида же-
леза(III) вплоть до температуры кристаллизации (445 °C), соответствующей экзо-
термическому эффекту на кривой ДТА, остается рентгеноаморфным. Дальнейшее 
нагревание его приводит к образованию α-модификации оксида железа(III) гексагональ-
ной сингонии (a = b = 5.037 ± 0.002 Å; c = 13.74 ± 0.01 Å), средний размер частиц которой 
равен 1.1 мкм. Согласно данным РФА, в синтезе 1 при 750 °C и продолжительности 
термообработки 30 ч образуется однофазный феррит кобальта (a = 8.388 ± 0.002 Å) со 
средним диаметром частиц 1.9 мкм. В интервале температур 720–810 °C в образце 
наблюдается убыль массы (около 12.5%), связанная с удалением SO2 и SO3. Поэтому в 
синтезе 2 температуру нагревания увеличивали до 900 °C. Показано, что при 900 °C 
и продолжительности синтеза 30 ч также образуется феррит кобальта (CoFe2O4) 
(a = 8.389 ± 0.002 Å). Результаты гранулометрического анализа указывают на зависи-
мость диаметра образующихся частиц от способа получения феррита кобальта. Наи-
меньший размер частиц (1.5 мкм) обнаружен у феррита кобальта, полученного гете-
рофазным взаимодействием гидратированного оксида железа(III) (Fe2O3 – 84.4 мас. %) с 
водным раствором сульфата кобальта с концентрацией С(Со2+) = 0.147 моль/л.

Ключевые слова: железо, кобальт, феррит, оксиды, термический анализ, рентгенофазо-
вый анализ, гранулометрический анализ
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2021;16(6):502–511. https://doi.org/10.32362/2410-6593-2021-16-6-502-511

INTRODUCTION

Due to their unique properties, spinel-structured 
ferrites are widely used in various fields of science and 
technology. This class of magnetic ceramics is used in 
various applications, such as information storage systems, 
magnetic fluids, gas sensors, catalysts, rechargeable 
lithium batteries, magnetic cores, microwave absorbers, 
medical diagnostics and therapy, wastewater treatment, 
and biosensors [1–7].

The ferrite formula can be represented as AB2O4. 
It has a spinel structure (Fig. 1), where the tetrahedral 
A-position is occupied by ions in the oxidation state of 
+2 (e.g., Mg2+, Fe2+, Ni2+, Co2+, and Mn2+). The octahedral 
B-position is mainly occupied by Fe3+ ions, but they can 
be replaced by other ions in the oxidation state of +3 
(e.g., Al3+, Cr3+). If the A-position is occupied by ions 
in the +3 oxidation state and the B-position is equally 
populated by ions in the +2 and +3 oxidation states, the 
spinel structure is called reversed [8, 9].

Fig. 1. Ferrite spinel structure [9].

One of the representatives of this class of materials 
is cobalt ferrite (CoFe2O4), a well-known magnetic hard 
material with a high coercive force associated with a small 
size of crystalline grains and strong magnetocrystalline 

https://doi.org/10.32362/2410-6593-2021-16-6-502-511
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anisotropy and moderate magnetization. It has an 
inverted spinel structure, where all or most of the Co2+ 
ions occupy an octahedral B-position and Fe3+ ions 
occupy both tetrahedral (A) and octahedral (B) positions. 

These properties, along with high chemical 
stability, make it possible to use cobalt ferrite in 
various applications, such as medicine, catalysis, 
magnetic data carriers in audio and video cassettes, 
high-density digital recording discs, various sensors, 
recording devices, and solar cells [10–13].The 
purpose of this work was to develop methods for the 
synthesis of cobalt ferrite, which is a precursor for 
the synthesis of CoFe2O4-based functional materials, 
as well as to study the physicochemical properties of 
the obtained phases.

MATERIALS AND METHODS

Iron(III) chloride hexahydrate, which was used 
as the starting material in the study, cobalt(II, III) 
oxide, and cobalt sulfate were supplied by Merck, 
Germany, while aqueous ammonia was sourced from 
Himmed, Russia.

Hydrated iron(III) oxide was obtained by the 
heterophase interaction of iron(III) chloride with a 
concentrated solution of ammonia hydrate (6.0–9.5 mol/L).

Cobalt ferrite was synthesized using two 
heterophase synthesis methods.

Synthesis 1. Samples of hydrated iron(III) oxide 
and cobalt(II,III) oxide in the ratio of 1.5:1 were 
placed in a glass flask with a lapped stopper. The 
hydrated iron oxide to cobalt oxide ratio used was 
based on the oxide content of hydrated iron oxide 
and CoFe2O4. Distilled water was poured into the 
flask with the substance, and the flask containing the 
reaction mixture was shaken on a vibrating apparatus 
at roomtemperature (22 ± 2℃) for 10 h. The resulting 
suspension was transferred to a crucible and subjected 
to slow evaporation. Then, the intermediate product 
obtained was subjected to heat treatment at 750°C for 
10–30 h in increments of 10 h.

Synthesis 2. A suspension of hydrated iron(III) 
oxide was placed in a glass flask with a lapped 
stopper, to which a solution of cobalt(II) sulfate with 
CCo = 0.147 mol/L (solid/liquid = 1:43) was added. 
Then, the flask was shaken on a vibrating apparatus at 
room temperature for 10 h. The resulting suspension 
was transferred to a crucible and subjected to slow 
evaporation, and the intermediate product obtained 
was subjected to heat treatment at 900°C for 30 h in 
increments of 10 h.

The oxide content in hydrated iron(III) oxide 
was determined by gravimetric analysis.

Differential thermal analysis and differential 
thermogravimetry (DTA–DTG) of the samples 
was conducted on a Q-1500 D air derivatograph 
(MOM, Hungary) with simultaneous recording of 
four curves: differential (DTA), temperature (T), 
differential thermogravimetric (DTG), and integrated 
mass change (TG) curves using a hardware–software 
complex in LabVIEW 8.21 (National Instruments, 
USA). The temperature was measured with a 
platinum–platinum rhodium thermocouple (PP-1) 
with an error of ±5°C in the temperature range of 
20–1000°C, using α-Al2O3 as a standard.

X-ray diffraction analysis (XRDA) was 
carried out on a D8 Advance diffractometer 
(Bruker, Germany) under SiKα radiation with 
continuous rotation of the sample (1°/min, step-by-step 
2θ = 0.02°, exposure 0.5 s) and modes in the angle 
range 2θ = 5º–80°. An ICDD card file was used for 
phase identification.

Granulometric analysis (determination of the 
particle size distribution function) was performed 
using a DelsaNano laser particle analyzer (Beckman 
Coulter, USA). Specific surface area and pore size 
were measured using a SA 3100 analyzer (Beckman 
Coulter, USA). Surface area was calculated from 
adsorption isotherms using the Brunauer–Emmett–
Teller (BET) method. A nonporous sample ASX_1_4 
(specific surface area according to BET was 4.18 m2/g) 
GSO 9735_20101 (a set of standard samples of 
nanostructured aluminum oxide ASX_1) was 
used as a standard. The measurement range of the 
specific surface was 0.1–2000 m2/g. The resolution 
of the pressure sensor was 0.0062 kPa. The limit of 
the permissible relative error of the analyzer when 
measuring the specific surface was ±5%. Preliminary 
degassing of the samples was carried out for 1 h at 
t = 70°C and a pressure of 0.1 Pa.

Heat treatment of the samples was conducted 
in a TK-12.1250.N.1F laboratory furnace with a 
Thermomatic-N automatic temperature controller 
that has an error of ±1°C at nominal temperature.

RESULTS AND DISCUSSION

The heterophase synthesis of hydrated iron(III) 
oxide involves the interaction of solid ferric chloride 
with a concentrated ammonia solution (6.0–9.5 mol/L). 
The synthesis proceeded at a high rate at room 
temperature. Simultaneously, a well-filtered 
hydrated iron(III) oxide powder with a high content 
of Fe2O3 (84.4 wt %) was obtained, which was easily 

1 https://gsso.ru/wp-content/uploads/2016/08/catalog_
gso_2020_3.pdf

https://gsso.ru/wp-content/uploads/2016/08/catalog_gso_2020_3.pdf
https://gsso.ru/wp-content/uploads/2016/08/catalog_gso_2020_3.pdf


506

Тонкие химические технологии = Fine Chemical Technologies. 2021;16(6):502–511

Heterophase synthesis of cobalt ferrite

Fig. 2. Particle size distribution of hydrated 
iron(III) oxide.

washed off from impurities and retained a high 
reactivity. When obtaining hydrated iron(III) oxide, 
the prewashing operation is important, and it was 
conducted by the repeated treatment of the sediment 
with distilled water. Washing removes chloride ions in 
hydrated iron(III) oxide precipitate, thereby lowering 
its content to less than 0.05 wt %. Figure 2 shows the 
particle size distribution of hydrated iron(III) oxide. 
On the histogram (Fig. 2), there is a pronounced 
maximum corresponding to the maximum amount of 
powder particles with a size of 0.8–1.2 µm. Hence, 
it can be assumed that the hydrated iron(III) oxide 
was a relatively monodisperse powder. About 95% 
was accounted for by particles with a size of 0.7–2.0 µm. 

Fig. 3. Thermogravitogram of hydrated iron(III) oxide (Fe2O3, 84.4 wt %).

Studies have shown that the average particle size 
is 1.1 µm. The specific surface area of hydrated 
iron(III) oxide measured by the BET method was 
76.72 m2/g.

Thermolysis of hydrated iron(III) oxide was 
studied in the temperature range of 20–1000°C. 
Figure 3 shows the results of the DTA. It was 
found that the loss of the bulk of water in hydrated 
iron(III) oxide at temperatures as high as 200°C 
corresponds to the endothermic effect on the 
DTA curve (Fig. 3). The resulting phase remains 
amorphous, which was confirmed by the results 
of XRDA. With a further increase in temperature, 
there are no other endoeffects that could indicate 
a stepwise dehydration. The exoeffect at 445°C 
corresponds to the transition from an amorphous 
state to a crystalline state. Further heating above 
the specified temperature is accompanied by the 
formation of crystalline oxide Fe2O3. Figure 4 shows 
the diffractogram of the thermolysis products of 
hydrated iron(III) oxide at 500°C. Obviously, at 
500°C, a hexagonal α-modification of iron(III) 
oxide was formed. The parameters of the α-Fe2O3 
lattice  are as follows: a = b = 5.037 ± 0.002 Å and 
c = 13.74 ± 0.01 Å.

To establish the effect of the precursor on the phase 
composition of cobalt ferrite, two synthesis methods 
were conducted with hydrated iron(III) oxide acting 
as a precursor in both. Either cobalt oxide Co3O4 
(synthesis 1) was added to it, or an aqueous solution 
of cobalt(II) sulfate (CCo = 0.147 mol/L, synthesis 2).

Figures 5 and 6 show the results of the thermal 
analysis of the intermediate products obtained 
during syntheses after evaporation of suspensions. 
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Fig. 5. Thermogravitogram of the intermediate product obtained by the interaction 
of hydrated iron(III) oxide with cobalt(II, III) oxide (synthesis 1).

Fig. 4. X-ray diffraction pattern of the thermal decomposition product of hydrated iron(III) oxide, T = 500°C.

Thermogravitograms showed an endothermic effect 
associated with the dehydration processes (50–135°C, 
Fig. 5; 75–160°C and 275–330°C, Fig. 6) and with 
the removal of SO2 and SO3 (725–805°C and 
805–870°C [15], Fig. 6). In both cases, there was no 
exothermic effect at 445°C that corresponds to the 
crystallization of individual hydrated iron(III) oxide. 
On the thermogravitogram of the intermediate product 
obtained by the interaction of hydrated iron(III) oxide 
with cobalt(II, III) oxide (Fig. 5), an exoeffect was 
observed at 710–770°C, which can be associated with 
the formation of a compound of a given composition, 
but the sample annealed at 710°C was amorphous.

The resulting intermediates were subjected 
to heat treatment. In the case of synthesis 1, a 
temperature of 750°C was used, corresponding to the 

exothermic effect on the DTA curve (Fig. 5), and the 
synthesis duration was 10–30 h in increments of 10 h. 
In all cases, fine crystalline powder of CoFe2O4 (cubic 
syngony) was obtained, which is confirmed by the results 
of XRDA (ICDD 79-1744: a = 8.390 Å). However, in 
the case of 10-h annealing, the diffraction peaks of 
unreacted iron and cobalt oxides were observed on 
the diffractogram (Fig. 7). Annealing for 30 h turned 
out to be the most optimal—pronounced peaks of 
only one phase are present on the diffractogram, 
which is cubic (CoFe2O4, Fig. 8). The calculated 
lattice parameter of the synthesized cobalt ferrite is 
a = 8.388 ± 0.002 Å.

In synthesis 2, an annealing temperature of 
900°C was selected. This is due to the fact that up 
to a temperature of 870°C, there was a decrease in 
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Fig. 7. X-ray diffraction pattern of cobalt ferrite synthesized at 750°C 
and annealed for 10 h (synthesis 1).

Fig. 8. X-ray diffraction pattern of cobalt ferrite synthesized at 750°C 
and annealed for 30 h (synthesis 1).

Fig. 6. Thermogravitogram of the intermediate product obtained by the interaction of hydrated iron(III) oxide with 
a solution of cobalt(II) sulfate (synthesis 2).
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Fig. 9. X-ray diffraction pattern of cobalt ferrite synthesized at 900°C 
and annealed for 30 h (synthesis 2).

sample mass (about 12.5%, Fig. 6). The duration of 
annealing was 30 h. Figure 9 shows the diffractogram 
of the resulting product. The lattice parameter of the 
synthesized cobalt ferrite is a = 8.389 ± 0.002 Å.

The influence of the choice of precursors on 
the size of cobalt ferrite particles has been studied. 
Figure 10a shows the size distribution of cobalt 
ferrite particles (synthesis 1, 750°C, 30 h). On the 
histogram (Fig. 10a), there is a pronounced maximum 
corresponding to the maximum presence of powder 
particles with a size of 1.5–3.0 µm. The main fraction 
consisted of particles with a size of 1.0–5.0 µm 
(~85%) with an average diameter of 1.9 µm (for the 
initial hydrated iron(III) oxide, it was 1.1 µm).

Figure 10b shows the size distribution of cobalt 
ferrite particles (synthesis 2, 900°C, 30 h). In this 
case, it is obvious from the histogram that a maximum 

number of cobalt ferrite powder particles have a size 
of 1.2–3.0 µm, and the average particle diameter was 
1.5 µm.

As can be seen from the distributions, the smallest 
particles were formed in cobalt ferrite obtained by 
the heterophase interaction of hydrated iron(III) 
oxide (Fe2O3, 84.4 wt %) with an aqueous solution of 
cobalt(II) sulfate with CCo = 0.147 mol/L.

CONCLUSIONS

CoFe2O4 was synthesized in two ways. The 
first method is the heterophase interaction of 
hydrated iron(III) oxide with cobalt(II, III) oxide 
with subsequent thermal treatment at 750°C for 
30 h (synthesis 1), and the second method is the 
heterophase interaction of hydrated iron(III) oxide 

Fig. 10. Particle size distribution of cobalt ferrite: (a) synthesis 1, 750°C, 30 h; (b) synthesis 2, 900°C, 30 h.

a b
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(Fe2O3, 84.4 wt %) with an aqueous solution of cobalt(II) 
sulfate (CCo = 0.147 mol/L) with subsequent heat treatment 
at 900°C for 30 h (synthesis 2).

Using various methods (XRDA, DTA–DTG, and 
granulometry), the physicochemical properties of the 
synthesized samples were investigated. The results of 
the studies on hydrated iron(III) oxide showed that 
up to the crystallization temperature of 445°C, which 
corresponds to the exothermic effect on the DTA 
curve, the sample remained amorphous. Further heating 
led to the α-modification of iron(III) oxide hexagonal 
syngony (a = b = 5.037 ± 0.002 Å; c = 13.74 ± 0.01 Å), 
which has an average particle size of 1.1 µm.

Using the XRD method, it was found that in the 
case of synthesis 1, a temperature of 750°C and a heat 
treatment for 30 h were sufficient to form a single-
phase cobalt ferrite (a = 8.388 ± 0.002 Å) with an 
average particle diameter of 1.9 µm. The temperature 
used in synthesis 2 was increased to 900°C due to 
a decrease in sample mass (about 12.5%) observed 
during synthesis in the temperature range of 720–810°C 
based on the results of differential thermal analysis. 

Loss in sample mass was due to the removal of 
SO2 and SO3. Using a synthesis temperature and a 
synthesis duration of 900°C and 30 h, respectively, 
CoFe2O4 with a = 8.389 ± 0.002 Å was formed.

Depending on the synthesis method, cobalt ferrite 
particles of different diameters were formed. The 
smallest particle size of cobalt ferrite (1.5 µm) was 
obtained by the heterophase interaction of hydrated 
iron(III) oxide (Fe2O3, 84.4 wt %) with an aqueous 
solution of cobalt(II) sulfate with CCo = 0.147 mol/L.
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Abstract 

Objectives. To determine the ion mobility of N-methylimidazole, establish the structure of ions 
corresponding to characteristic signals, and determine the detection limit of N-methylimidazole 
on the ion-drift detector Kerber.
Methods. Ion mobility spectrometry was used to study the ionization processes. The enthalpies 
of the reactions of monomer and dimer ions were calculated in the ORCA 4.1.1 software by the 
B3LYP density functional method with a set of basic functions 6-31G (d, p).
Results. The drift time and ion mobility values of N-methylimidazole were determined. A method 
for mathematical processing of spectra and a program for its implementation was developed. 
The changing peculiarities of the ion mobility spectrum during measurement at a given time were 
studied. According to the interpretation of the spectrum signals, the structure of the generated 
ions was proposed, and the enthalpies of ion formation were determined.
Conclusions. The characteristic signal of the N-methylimidazole ion protonated at the nitrogen 
atom of the pyridine type was revealed. It was found that two signals in the ion mobility spectra 
of N-methylimidazole correspond to the presence of the monomer and dimer ions. The detection 
limit of N-methylimidazole on the ion-drift detector Kerber was determined, amounting to 3 pg.
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Аннотация 

Цели. Определение значений ионной подвижности N-метилимидазола. Установление 
строения ионов, соответствующих характерным сигналам. Определение предела обна-
ружения N-метилимидазола на ионно-дрейфовом детекторе Кербер.
Методы. Метод спектрометрии ионной подвижности был использован для исследова-
ния процессов ионизации. Энтальпии реакций мономерных и димерных ионов расчитаны 
в программе ORCA 4.1.1 методом функционала плотности B3LYP с набором базисных 
функций 6-31G(d,p).
Результаты. Определены значения времени дрейфа и ионной подвижности N-метили-
мидазола. Разработана методика математической обработки спектров и программа 
для ее реализации. Изучены особенности изменения характера спектра ионной подвиж-
ности в процессе измерения в данный момент времени. Предложено строение генерируе-
мых ионов в соответствии с интерпретацией сигналов спектра. Определены энтальпии 
образования ионов. 
Выводы. Выявлен характеристический сигнал иона N-метилимидазола, протонирован-
ного по атому азота пиридинового типа. Установлено, что два сигнала в спектрах ион-
ной подвижности N-метилимидазола соответствуют наличию мономерной и димерной 
формы ионов. Определен предел обнаружения N-метилимидазола на ионно-дрейфовом 
детекторе Кербер, составляющий 3 пг.
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INTRODUCTION

Ion mobility spectrometry is a promising fast 
modern method for analyzing chemical compounds 
in the gas phase [1, 2]. The method is promising for 
solving a wide range of analytical problems because 
of its speed, high sensitivity, lack of vacuum systems, 
and portability [3–9]. However, a large number of 
possible ion-molecular reactions take place in the 
drift space of an ion mobility spectrometer, as well as 
an incompletely studied mechanism of ion formation 
complicate the reliable interpretation of ion mobility 
spectra. Expanding the capabilities of the method is 
of great theoretical and practical interest.

Recently, the so-called “designer drugs” have 
become popular. Small changes in the chemical 
structure of legally controlled substances (homologs 
and small newly introduced functional groups) 
make it possible to circumvent existing bans and 
sell potentially hazardous substances disguised as 
legal drugs. Often the consequences of exposure 
to modified substances on the body cause the 
rapid development of physical and psychological 
dependence (addiction) to them, which turns out to 
be far more dangerous than the original drugs. Such 
compounds are difficult to detect because they are 
not included in the major databases of analytical 
instruments.

As a result, determining the characteristic signal 
of a whole class of compounds becomes important 
for detecting synthetic cannabinoids [10, 11].

Earlier, to develop conditions for the detection of 
synthetic cannabinoids based on imidazole by ion mobility 
spectrometry, a research on the behavior of imidazole 
was conducted on the ion-drift detector Kerber, which is 
already used by the Ministry of Internal Affairs, Federal 
Security Service, Ministry of Emergency Situations, 
and Federal Customs Service of the Russian Federation 
to detect main drugs and explosives [12–15]. It was 
discovered that the spectrum of the ion mobility of 

imidazole always contains two signals with ion mobility 
of  2.100 cm2/(V∙s) and  1.700 cm2/(V∙s), corresponding 
to the monomer and dimer ions, respectively. The 
effect of concentrations on the characteristics 
of the spectrum is investigated. An assumption 
was made about the structure of the dimer, and it 
was demonstrated that the interconversion of the 
monomer–dimer forms occurs during measurement, 
depending on the concentration of the sample.

According to the published data, imidazole can 
form dimers as well as long chains associated with 
water [16, 17]. However, in the range of spectrum 
registration, a multitude of signals of oligomeric 
chains was not recorded; instead only one signal of 
the dimer was recorded, therefore, it was assumed 
that it was this signal that was formed. Its structure 
was proposed considering the formation of a complex 
with water [1].

The results of the study of N-methylimidazole, 
which is not prone to the formation of stable dimer 
forms, are presented in this paper to obtain additional 
data on the nature of the ion mobility spectra of 
imidazole derivatives.

The goal of this work is to determine the 
characteristic signals of N-methylimidazole using 
ion mobility spectrometry, thereby confirming the 
proposed structure of ions formed during corona 
discharge ionization.

EXPERIMENTAL 

The studies were conducted on an ion-
drift detector (IDD) Kerber1 manufactured by 
Yuzhpolimetal-Holding Group of Companies (Russia). 
The characteristics of the device are given in Table 1.

Ion mobility spectra were obtained at atmospheric 
pressure using ambient air as the drift gas. Target 

1 Yuzhpolymetal Holding. Kerber-T portable ion-drift detector. 
http://www.analizator.ru/production/ims/kerber-t/. Accessed 
September 16, 2021.

Ключевые слова: спектрометрия ионной подвижности, характеристический сигнал, 
протонирование, гетероциклические соединения азота, пиридин, имидазол, 
N-метил имидазол

Для цитирования: Александрова Д.А., Меламед Т.Б., Баберкина Е.П., Фенин А.А., Осинова Е.С., Коваленко А.Е., 
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substances were registered using the software IDD 
Kerber in the “Spectrum” format. The measurement 
results were text files containing information about 
the parameters of the system, the detected target 
substances and the drift time. Ionograms were 
constructed according to the indicated data.

A sample of N-methylimidazole produced by 
Acros Organics (USA) with a purity of 99% was 
selected for the study. 

We used a balance of the brand A&D GR-120 (AND, 
Japan) with a discreteness of 0.0001 g.

A Lenpipet Light 1–10 µL dispenser (Thermo 
Scientific, USA) was used to prepare solutions of the 
required concentrations and to apply the substance to a 
sampling napkin. The sampling napkin is an aluminum 
foil with dimensions of 120 × 60 mm and a thickness of 
11–16 µm.

The enthalpies of reactions were calculated using 
the ORCA 4.1.1 program of the Max Planck Institute for 
Energy Conversion Chemistry (Germany) by the density 
functional method B3LYP with a set of basic functions 
6-31G (d, p).

POSITIVE ION FORMATION 
BY CORONA DISCHARGE

The method of ion mobility spectrometry is based 
on the ionization of the molecules of the investigated 
substance at atmospheric pressure. First, reactant ions 

Table 1. Specifications of IDD Kerber

Characteristic IDD Kerber value

Detection range of low-volatile organic substances 
by 2,4,6-trinitrotoluene (TNT), g from 1.0 × 10−11 to 2.0 × 10−7

Low-volatile organic matter detection limit for 2,4,6-trinitrotoluene (TNT)
– for solid particles, g
– in pairs, g/cm3

no more 1.0 × 10−11 
no more 1.0 × 10−14

Ionization method Pulsed corona discharge

Drift tube temperature, °С 100

Time of detection and identification for all detectable substances, s no more 5

The probability of a false alarm, % no more 1

Detector cleaning time in case of contamination with target substances within 
the detection range, s no more 180

H+(H2O)n are formed in the discharge chamber, whose 
concentration significantly exceeds that of the substances 
to be detected.

Reactant ions transfer charge to molecules of 
the target substances by the mechanism of chemical 
ionization presented below:

M+ + H+(H2O)n → MH+(H2O)n → MH+(H2O)(n-x)+ x H2O   (1)

where M—test compound molecule, H+(H2O)n—reactant 
ion, MH+(H2O)n—cluster ion, MH+(H2O)(n-x)—test 
compound ion.

In the process, product monomer and dimer 
ions can be formed, M2H

+(H2O)n, as well as other 
molecular ions. Product ions are associated with water 
molecules. Depending on the nature of the compound, 
the number of water molecules in the resulting cluster 
can vary from one to three [1, 2].

The drift time τd  (the arrival time of ions to the 
collector) is determined by the charge, mass, and 
effective cross-section of the formed ion. The drift 
time is proportional to the length of the drift chamber 
L(cm) and inversely proportional to the electric field 
gradient E: 

τd = 1/K × L/E                                                           (2)
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where K—mobility coefficient, cm2/(V∙s). Ion mobility 
depends on temperature and atmospheric pressure. 
To compare the values of ion mobility, the values of 
K obtained under different conditions lead to normal 
conditions and obtain the reduced mobility K0 (or 
reduced coefficient of mobility):

K0 = (K × P)/101325 × 273/T                                (3)

where T—temperature (Kelvin) and P—pressure 
(Pascal) of the gas atmosphere in which the ions 
move [2]. This work shows the values of the reduced 
ion mobility.

The results are presented in the form of a 
“spectrum” of ion mobility (ionograms).

METHODS

The spectrum of ion mobility of N-methylimid-
azole was obtained while passing through the drift 
chamber’s ionized molecules.The analyte sample was 
collected either at room temperature 22℃ or after 
heating the substrate to 100°C for some seconds. The 
spectrum was captured at a frequency of 1 s. This 
approach to the analysis of spectra made it possible 
to determine both the ion mobility of characteristic 
signals and the redistribution of their intensities, 
which characterizes the formation and interconversion 
of ions in the drift chamber of an ion-drift detector.

It was discovered that the ion mobility of 
N-methylimidazole is unaffected by temperature of 
the analyte sample. As a result, the sampling was 
carried out by heating to 100ºC to obtain a signal with 
a high value of the ion current.

For mathematical data processing, a program was 
developed that allows obtaining data and processing a 
large number of ion mobility spectra for the purpose 
of their subsequent study and analysis. The interpreted 
programming language Python 3.3 was used to create 
the program.

In general, the operation of the program can 
be described as follows. The program consists of 
three scripts, each with a specific task. In the first 
step, the list of source files is sorted alphabetically, 
as the os.walk() function returns filenames in no 
particular order. This operation is necessary in order 
to accurately reproduce the order of recording spectra 
on the Kerber IDD.

The presence of substance signals is considered 
relative to background signals, since the air always 
contains a certain amount of ions (impurities), and 
the spectrum of the background signal may change 
depending on the current concentrations of impurities 
in the air. Therefore, it is imperative that a “zero” 

or “background” measurement is performed first. 
Background data is also required when determining 
the detection limit of a sample. 

IDD Kerber of Classic and Next series saves 
spectra files in .dat and .spe formats, respectively. 
Depending on the format of the files in the directory, 
the program calls the corresponding function from 
the imported local modules imp_spe and imp_dat. 
Further processing is carried out by procedures 
described in the imp_dat and imp_spe modules. The 
reduced ion mobility is calculated at each moment 
of time, considering the conversion factor, which 
contains the values of temperature and atmospheric 
pressure during the measurement.

Next, the program requests data to remove 
noise signals. During the subsequent processing of 
the spectra, the values of the ion current signals of 
the ambient air background are subtracted from the 
values of the ion current signals of the sample, which 
increases the visibility of the spectrum. Before this 
operation is performed, the initial signal of the device 
is stored in adjacent columns; if necessary, it is 
possible to construct a spectrum with the initial data.

Further investigation of the ionization processes 
requires the calculation of the peak areas of the 
sample characteristic signal. In terms of mathematical 
analysis, all signals on the ionogram are curved 
trapezoids. Therefore, to obtain additional data on the 
structure and interconversion of analyte ions, the area 
of a curved trapezoid was calculated using the method 
of middle rectangles. The length of the rectangle 
was taken as 1/2 the sum of the values between the 
corresponding points along the ion current axis. 
The spectrum was used to determine the boundaries 
of the signal of the substance (along the abscissa) 
and the area of the peak (curvilinear trapezoid) was 
calculated by summing the corresponding values. The 
boundaries of the array to be summed for the formula 
=SUM(number1; [number2]; ...) were determined 
manually or using the formula =MATCH(search_value; 
lookup_array; [match_type]). Further, depending on 
the tasks of the user and the nature of the investigated 
substance, one can compare the intensity of signals, 
their changes, similarities and differences.

As a result of the mathematical processing, an 
Excel file was created that included all the selected 
data in both the positive and negative ionization 
regions.

Figure 1 illustrates the processing of the ion 
mobility spectrum using the program.

To determine the limit of detection of 
N-methylimidazole on the Kerber IDD, a method of 
serial dilution of the solution was developed. For this, 
a solution of N-methylimidazole in diethyl ether with 
a concentration of 0.0003 g/cm3 was used. One mm3 
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of the solution was applied with a dispenser onto 
a sampling tissue. After evaporation of the solvent, 
a sample weighing 3∙10−7 g was taken with heating 
for 5 s. As a result, a spectrum was obtained with 
an amplitude of 5000 analog-to-digital conversion 
units (a.u.). Then the analyte solution was diluted in 
order to decrease the concentration of the solution 
by one order of magnitude by adding a solvent, until 
a signal of the sample with a mass of 3 pg with an 
amplitude of 800 a.u. was obtained. The signal of 
the substance did not exceed the noise values with a 
decrease in the concentration of the solution by one 
more order of magnitude.

RESULTS AND DISCUSSION

Heterocyclic nitrogen compounds that have 
basic properties and an sp2-hybrid nitrogen atom of 
the pyridine type were selected for the studies. As a 
result of the research, a series of N-methylimidazole, 

а b

Fig. 2. Ionogram of N-methylimidazole (1), imidazole (2), and pyridine (3).

imidazole, and pyridine spectra were obtained. 
They were mathematically processed to identify the 
characteristic signals of ions (Fig. 2).

As seen from Fig. 2, in all spectra of ion 
mobility, a characteristic signal is observed in the 
range of 2.1 cm2/(V∙s), previously assigned to the 
protonated form of the monomer at the pyridine 
nitrogen atom, which is consistent with preliminary 
studies of other heterocyclic compounds [12, 14, 15]. 
This signal is the only characteristic in the spectrum 
of ion mobility of pyridine. The spectra of imidazole 
and N-methylimidazole (Fig. 1) also show stable 
signals with ion mobility of 1.7 and 1.6 cm2/(V∙s), 
respectively, preliminarily assigned to the protonated 
forms of their dimers. It should be noted that the nature 
of the spectra of imidazole and N-methylimidazole is 
identical in the number of signals obtained, which 
suggests the formation of an N-methylimidazole 
dimer, despite the presence of a methyl substituent on 
the pyrrole nitrogen atom.

Fig. 1. Ion mobility spectrum of N-methylimidazole before (a) and after (b) mathematical processing. 
(1) Background and (2) N-methylimidazole.



Ion mobility spectrometry of N-methylimidazole and possibilities of its determination

518

Тонкие химические технологии = Fine Chemical Technologies. 2021;16(6):512–525

Table 2. Monomeric ion reaction enthalpies of imidazole and N-methylimidazole

No. Ion structure Reaction enthalpy, kJ/mol

1 −247

2 −331

3 −265

4 −346

Table 3. Reaction enthalpies of dimeric and trimeric ions of imidazole and N-methylimidazole

No. Ion structure Reaction enthalpy, kJ/mol

1 −96.4

2 −112

3 −97.6

To establish the structure of generated ions, 
we calculated the enthalpies of specific reactions 
occurring during the formation of analyte ions (Table 2).

There have been several proposed structures for 
monomer and dimer analyte ions. The enthalpies of 
reactions were calculated in the ORCA 4.1.1 program 
using the B3LYP density functional method with a set 
of basis functions 6-31G (d, p). Based on the obtained 
data, the most probable structures of imidazole and 

N-methylimidazole ions were proposed. The structure 
of the monomers of the ions of imidazole No. 2 and 
N-methylimidazole No. 4 coincides, as evidenced 
by the enthalpies of the reaction processes and close 
values of the ion mobility. The presence of a water 
molecule in the structure of an analyte ion is in 
complete agreement with the data on the formation 
of ions during a corona discharge in the form of 
associates with water [1].
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No. Ion structure Reaction enthalpy, kJ/mol

4 −85.4

5 −84.1

Table 3. Continued

а b
Fig. 3. Ion mobility spectrum of N-methylimidazole with a mass of 3 ng and time dependence of the signal intensity: 

(a) dependence of the ion current on the ion mobility of N-methylimidazole (spectra were taken every 1 s after the start 
of measurement); (b) ion mobility change in the spectrum of N-methylimidazole: (1) monomer ion and (2) dimer ion.

Various structures were proposed for dimer ions 
(Table 3).

Since  imidazole tends to form chains under nor-
mal conditions and the enthalpy of formation of such 
a dimer is lower, the formation of dimer No. 2 is most 
likely. For N-methylimidazole, such a structure 
is impossible due to the substituent at the first 

atom; therefore, dimer No. 3 is formed. Signals 
corresponding to oligomer forms of ions were not 
observed in the spectrum.

To establish the limit of detection of 
N-methylimidazole, the ion mobility spectra were 
studied at various concentrations. The corresponding 
ionograms are shown in Figs. 3 and 4. 
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а b

Fig. 4. Ion mobility spectrum of N-methylimidazole with a mass of 0.3 ng and time dependence of the signal intensity: 
(a) dependence of the ion current on the ion mobility of N-methylimidazole (spectra were taken every 1 s after the start 

of measurement); (b) ion mobility change in the spectrum of N-methylimidazole: 
(1) monomer ion and (2) dimer ion.

The change in the peak areas completely 
correlates with the signal intensity and indicates the 
simultaneous presence of two ions. A simultaneous 
increase and then a decrease in the intensity of the 
signals of both peaks was observed, with the monomer 
peak having a higher amplitude than the dimer peak 
(Fig. 3).

With a decrease in the mass of the sample, the 
following changes occur in the spectrum (Fig. 4).

а b
Fig. 5. Ion mobility spectrum of N-methylimidazole in water solution and time dependence of the signal intensity: 

(a) dependence of the ion current on the ion mobility of N-methylimidazole (spectra were taken every 1 s after the start 
of measurement); (b) ion mobility change in the spectrum of N-methylimidazole: 

(1) monomer ion and (2) dimer ion.

The ion mobility of the monomer signal 
corresponds to the mobility of the 3-ng 
N-methylimidazole sample (Fig. 3). And the dimer 
peak is practically absent. With a decrease in the 
concentration of N-methylimidazole in the sample 
in the ion mobility spectrometer, the destruction of 
the dimer begins due to collision with gas molecules 
in the drift chamber, which is reflected in the ion 
mobility spectrum.
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а b

Fig. 6. Ion mobility spectrum of imidazole in water solution and time dependence of the signal intensity: 
(a) dependence of the ion current on the ion mobility of imidazole (spectra were taken every 1 s 

after the start of measurement); (b) ion mobility change in the spectrum of imidazole: 
(1) monomer ion and (2) dimer ion.

а b

Fig. 7. Ion mobility spectrum of N-methylimidazole with a mass of 0.3 pg and time dependence of the signal intensity: 
(a) dependence of the ion current on the ion mobility of N-methylimidazole (spectra were taken every 1 s after the start 

of measurement); (b) ion mobility change in the spectrum of N-methylimidazole: 
(1) monomer ion and (2) dimer ion.

The analysis of the ion mobility spectra of 
N-methylimidazole water solution is below. The obtained 
ionogram and the corresponding dependence of the 
change in signal intensity on time are shown in Fig. 5.

The dimer ion of N-methylimidazole shows 
non-stability and degrades within 4 s after the start of 
the measurement, while the monomer concentration 
decreases gradually. Due to the destruction of the dimer 
ion, the monomer concentration begins to increase 

again. Similar processes were observed for unsubstituted 
imidazole, which is demonstrated in Fig. 6.

For the limiting detection value of N-methyl-
imidazole with a mass of 3 pcg, a decrease in the 
intensity of the signal with an ion mobility of 2.1 to 
800 a.u. and a complete disappearance of the signal 
with a lower ion mobility attributed to the signal 
of the dimer ion are observed (Fig. 7). The nature 
of the ionogram is identical to the spectrum shown 
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for a sample weighing 0.3 ng. It is noteworthy that 
the detection limit for imidazole is 0.3 ng. The 
difference can be explained by the higher volatility of 
N-methylimidazole. 

CONCLUSIONS

It was discovered that the two signals in the ion 
mobility spectra of N-methylimidazole correspond to 
the presence of protonated monomer and dimer ions. 
It was also discovered that there was no redistribution 
of peak intensities as the analyte ions pass through the 
drift chamber. Nevertheless, the spectrum of the ion 
mobility of a solution of N-methylimidazole in water 
was characterized by an increase in the monomer 
concentration due to the decomposition of dimer ions. 
When the spectra of monomer ions were compared 
to the spectra of imidazole, it was discovered that the 
values of the ion mobility of monomer ions appear in a 
relatively narrow range.

The ion protonated at the pyridine nitrogen atom 
signal corresponds to ion mobility of 2.1 ± 0.7% cm2/(V‧s) 
and can be used to identify the pyridine nitrogen atom 
in the molecule. Moreover, the stability of dimer ions 
and the detection limits of compounds differ. The dimer 
ion is more stable for imidazole. The detection limit of 
N-methylimidazole was determined to be 0.3 pg.
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Thermal destruction of polymeric fibers 
in the theory of temporary dependence of strength
Eduard M. Kartashov
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Abstract

Objectives. This study mathematically describes the mutual influence of micro- and macrostages 
of the process of destruction of polymer materials and determines its main parameters and 
limiting characteristics. In addition, a relationship is established between molecular constants 
characterizing the structure of a material and those characterizing its macroscopic characteristics 
of strength. Finally, theoretical representations of the thermokinetics of the process of thermal 
destruction of polymer fibers from the standpoint of the kinetic thermofluctuation concept are 
developed, which makes it possible to predict the thermal durability of a sample under thermal 
loading.
Methods. The structural–kinetic thermofluctuation theory was used to describe the initial stages 
of the fracture process and to derive a generalized formula for the rate of crack growth. The 
mathematical theory of cracks is used to describe the thermally stressed state of a material in 
the vicinity of an internal circular crack under mechanical and thermal loadings of the sample.
Results. A theoretical formula for the full isotherm of durability in the range of mechanical 
stresses from safe to critical, as well as a theoretical relationship for the time dependence of the 
strength of polymer fibers under purely thermal loading in the full range of heat loads from safe to 
critical and at the stage of nonthermal crack growth, is given. The main parameters and limiting 
characteristics of durability under thermal loading are also indicated.
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НАУЧНАЯ СТАТЬЯ

Conclusions. A generalized structural–kinetic theory of the fracture of polymer fibers under 
purely thermal action on cracked specimens is presented. The developed theory combines 
three independent approaches: structural–kinetic (thermofluctuation theory), mechanical, and 
thermodynamic. The obtained theoretical relations are of practical interest for the development of 
methods for localization, intensification, and control of the crack growth kinetics.

Keywords: polymer fibers, time dependence of strength, thermal loads, durability at thermal 
dest
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Тепловое разрушение полимерных волокон 
в теории временной зависимости прочности
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Аннотация

Цели. Математически описать взаимное влияние микро- и макростадий процесса раз-
рушения полимерных материалов, определить его основные параметры и предельные 
характеристики, установить связь между молекулярными константами, характери-
зующими структуру материала с одной стороны и макроскопическими характеристи-
ками прочности с другой. Разработать теоретические представления термокинетики 
процесса теплового разрушения полимерных волокон с позиций кинетической термо-
флуктуационной концепции, позволяющей прогнозировать термическую долговечность 
образца при его тепловом нагружении.
Методы. Использована структурно-кинетическая термофлуктуационная теория для 
описания элементарного акта процесса разрушения и вывода обобщенной формулы ско-
рости роста трещины и математическая теория трещин для описания термонапря-
женного состояния материала в окрестности внутренней круговой трещины при меха-
ническом и тепловом нагружениях образца. 
Результаты. Приводится теоретическая формула полной изотермы долговечности в 
интервале механических напряжений от безопасного до критического, а также теоре-
тическое соотношение для временной зависимости прочности полимерных волокон при 
чисто тепловом нагружении в полном интервале тепловых нагрузок от безопасной до 
критической и на стадии атермического роста трещины. Указаны основные параметры 
и предельные характеристики долговечности при тепловом нагружении.
Выводы. Представлена обобщенная структурно-кинетическая теория разрушения по-
лимерных волокон при чисто тепловом воздействии на образцы с трещиной. Развитая 
теория объединяет три самостоятельных подхода: структурно-кинетический (термо-
флуктуационная теория), механический и термодинамический. Полученные теоретиче-
ские соотношения представляют практический интерес для разработки способов лока-
лизации, интенсификации и управления кинетикой роста трещины.
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One of the fundamental characteristics of 
polymer materials is their strength. Even in cases 
where other properties of polymers are directly used 
(e.g., optical, electrical, thermal, and magnetic), the 
material must have a certain minimum strength. In 
this regard, theoretical methods for assessing the 
strength of polymers without lengthy laboratory tests 
are of great importance. This problem is one of the 
most urgent challenges in the physics and mechanics 
of polymer strength, both in practical and scientific 
terms. Its solution is complicated by the need to 
consider the effect of various operational factors on 
the strength of polymers, especially when they act 
together. An important step in this direction is the 
construction of appropriate generalized models that 
allow describing the behavior of materials in a wide 
range of external influences. However, the general 
methodology for constructing such models is still far 
from complete, primarily to models describing the 
processes of thermal destruction of materials caused 
by the interaction of intense heat fluxes with solids. 
The direction of research is the content of the problem 
of thermal strength, whose relevance has grown 
especially in recent decades in connection with the 
creation of powerful energy emitters and their use in 
technological operations. New technological methods 
in various industries are based on intensive heating of 
materials by plasma flows, laser, or electron beams.

A huge number of publications have been 
accumulated describing these processes in nuclear 
power engineering, aircraft and rocket engineering, 
space technology, turbine engineering, and others 
[1–6]. The intensive development in these areas, as 
well as in microelectronics and electrical engineering, 
required the creation of structural especially polymer 
materials that are characterized by thermal shock 
resistance and thermal strength [7–11]. The issues 
of thermal destruction of materials have become 
especially relevant in connection with the practical 
requirements of modern technology [12–14].

Many aspects of this problem have been 
theoretically and experimentally developed [15–17]. 
At the same time, the issues of thermokinetics of 
the process of destruction of materials, especially 
polymer fibers, under purely thermal loading have 
not yet been sufficiently developed in the theory 
of thermal destruction from the standpoint of the 
kinetic theory within the framework of the time 
dependence of strength [18]. This article is devoted 
to the construction of this theory for polymer fibers 
and continues the research begun in [19] and [20]. 
The proposed theory combines three independent 
approaches, namely, structural–kinetic, mechanical, 
and thermodynamic, within the framework of 
mathematical modeling for the study of such complex 
phenomena. Of greatest interest are the cases of the 
steady-state thermal state T(x, y, z) in solids with a 
crack. Experimental data in [21] indicate that with a 
steady-state heat flow in a body with a crack, there is 
a significant increase in temperature stresses caused 
by a local increase in the value of the temperature 
gradient in a small vicinity of the crack fluctuation 
volume.

It can be assumed that thermoelastic expansion 
fields, like their mechanical analogs, increase the 
stress intensity at the crack tip, forcing it to grow. 
Experiments confirm this assumption [22]. A polymer 
sample in the form of a bar (final solid cylinder) with 
an internal disk-shaped axisymmetric crack was 
exposed to a heat flow along the sample symmetry axis 
orthogonal to the crack. As the sample was heated, 
the stress state of the sample changed: the stress 
concentration increased in the (small) circular vicinity 
of the crack, and after a while, the sample collapsed. 
Since the mechanical load remained unchanged during 
the experiment, the factor determining the fracture was 
the thermoelastic field. Thus, this case is of particular 
interest for the theory of thermal destruction from the 
standpoint of the kinetic thermofluctuation concept: 
it is necessary to describe the growth of the fracture 
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crack and calculate the corresponding durability, 
main parameters, and limiting characteristics of the 
thermal destruction process, depending on the type of 
thermal load, physicomechanical, and thermophysical 
characteristics of the material and its structure. This is 
important in order to develop methods of localization, 
intensification, and control of the kinetics of crack 
growth. It is obvious that knowledge, prevention, and 
control of this kind of process is an urgent task of 
materials science.

The corresponding model concepts are based 
on experimental data [18, 20] obtained on the basis 
of direct physical methods on the accumulation of 
violations in loaded samples (i.e., force perturbation 
and rupture of bonds in polymers), on submicroscopic 
cracks and their characteristics, on fractographic 
studies of rupture surface, on the kinetics of the growth 
of the main crack when the specimen is stretched with 
a uniform stress σ = const, and on temperature–time 
dependence of durability in the full range of stresses 
σ0 ≤ σ ≤ σcr from safe to critical.

MAIN APPROACHES IN STUDYING 
THE STRENGTH OF SOLIDS

To date, studies of the problem of brittle fracture 
of solids (in particular, polymer materials) are 
developing in two main directions: mechanical and 
kinetic approaches. The first direction is associated 
with calculating the strength of defective bodies by 
methods of fracture mechanics. It is based on the 
difference between theoretical and real values of 
strength, which is interpreted in terms of the classical 
elastic model of Griffith [23]. The mechanical 
approach uses the concept of a limiting state as a 
fracture criterion, upon reaching which fracture 
occurs. The second direction is associated with 
the development of the kinetic thermofluctuation 
concept based on the ideas of Frenkel [24] on thermal 
motion in solids. In the kinetic approach, main 
attention is paid to the atomic–molecular process of 
destruction, and the rupture is considered as the result 
of the gradual development and accumulation of 
microdestructions or as the process of development 
of a microcrack. In this concept, the durability of the 
body under load is taken as a fundamental quantity 
that determines the strength and is the basis for the 
kinetic thermofluctuation theory of fracture, which 
finds its natural expression in the equations of the time 
dependence of strength τ = (σ, T) [19]. Both aspects 
should be included in a complete description of the 
polymer degradation process in order to construct 
a generalized theory of strength that considers the 
structural features of polymer materials. The first 
results in this direction are presented in an author’s 
survey [21] and in a book [20].

The urgent need for generalized approaches to 
solve the problem of the strength of solids is now 
generally recognized. According to the authors [18]: 
“For further progress in the theory of fracture, it is 
necessary to develop both physical research and 
phenomenological, mechanical theories of fracture. 
The connection between both approaches can be seen 
primarily in the further development of the concept 
of damage accumulation at different levels (from the 
molecular level to the propagation of main cracks). 
It is necessary to compare the fracture models with 
the results of direct experiments, where the damage 
parameters are directly measured.”

Temperature–time dependence of strength
A characteristic feature of the durability 

depending on lgτ (σ, T) at different temperatures 
is the presence of a linear section described by the 
Zhurkov equation [18]:

,                                                     (1)

where τ0, U0, and γ are material constants, which can be 
considered constant in a certain range of stresses and 
temperatures, corresponding to a certain mechanism 
of destruction [20, 25]. Equation (1) has certain limits 
of applicability. The lower limit of its applicability 
is the safe stress, and the upper (maximum) limit is 
the critical stress σcr. Experiments have confirmed 
the existence of safe and critical voltages. Thus, in 
the region of small values of σ for the brittle state, 
where deformation processes in polymers are weakly 
expressed, a deviation of the dependence lgτ (σ, T) 
from linear is observed and a sharp rise in the life 
curve occurs. The curve asymptotically approaches 
the vertical σ = σ0:

,                                               (2)

corresponding to the safe stress σ0. In quasi-brittle 
fracture, the deflection is smoother, which is 
associated with the relaxation properties of polymers; 
however, in this case, condition (2) also holds. 
According to the authors of [26], there is a certain 
limit for solids, below which, in the absence of 
aggressive media, destruction does not occur. In the 
region of high stress intensity (σ ≥ σcr), a transition to 
the limiting value τcr is also experimentally observed, 
associated with the existence of the maximum growth 
rate of the fracture crack νcr. Thus, Kerkhoff [27] 
showed the tendency of the fracture crack velocity 
in the region of high stresses to the value νcr = const. 
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Experiments carried out on glass and rosin [28] 
showed that νcr does not depend on temperature and 
practically on voltage, indicating that it is a nonthermal 
value. With a sample width of L = 3 mm and a value of 
νcr = 700–800 m/s characteristic of polymers, the τcr 
value is 10−6 to 10−5 s. The existence of a segment 
of the curve lgτcr = const for σ ≥ σcr was theoretically 
predicted in [29] and later experimentally confirmed in 
[30]. On the lgτ (σ, T) graph, this case corresponds 
to the bend of the curve toward constant values of 
durability, which is associated with the transition to 
the nonthermal mechanism of destruction. Analyzing 
the state of the matter, the author of [20] comes to 
the following conclusion: the dependence lgτ (σ, T) 
has the form shown in Fig. 1. In the range of stresses 
(σ0, σcr), not too close to the safe and critical, the 
dependence lgτ (σ, T) is linear. In the vicinity of σ0 
and σcr, the indicated curve bends to the vertical and 
horizontal asymptotes, respectively, based on the 
fulfillment of the limit relation (2), as well as on the 
following condition:

.                                                     (3)

Shown in Fig. 1 is the graphical dependence lgτ (σ, T) 
in the full range of stresses [σ0, σcr], which is called 
the complete isotherm of durability. The graph shows 
four areas of manifestation of the thermofluctuation 
mechanism of destruction: I (σ ≤ σ0) and IV (σ ≥ σcr) 
are the boundary areas of the safe and nonthermal 
mechanisms, II (σ0 < σ < σcr) is the area of pure thermal 
fluctuation mechanism, and III (σf < σ < σcr) is the 
transition region, where the nonthermal mechanism 
begins to appear.

Fig. 1. Temperature–time dependence of strength 
in the full stress range.

Ideological research scheme
Registration of submicroscopic cracks in real 

polymer fibers made it possible to establish their disk-
like shape, their location within the sample volume 
perpendicular to the loading axis, and very small sizes of 
microcracks (900–3000 Å) with a 2R• sample diameter 
of several millimeters. It was also established that the 
critical crack length Rcr is independent of the sample 
cross-section. Thus, for the characteristics of the crack, 
there is a very important relation: 

,                              (4)

where R0 is the initial radius of the crack, R(t) is the 
current value of the radius, τ is the sample lifetime, and 
λ is the fluctuation propagation of the crack. A direct 
study of the kinetics of the fracture process in each 
specific case of loading a polymer sample (e.g., thermal, 
mechanical, and electrical) is carried out on the basis 
of the analytical formula for the rate of crack growth 
as a function of its current radius R(t), stress field σ• in 
the defect region Va (fluctuation volume), temperature 
T in the circular vicinity of the crack, and molecular 
constants characterizing the polymer structure, as well 
as the elementary act of breaking strained bonds:

                                              (5)

where U is the activation energy of the bond-breaking 
process in the fluctuation volume. The main problem in 
this case is to obtain a specific expression for (5), taking 
into account the basic physical laws of the kinetics of 
the destruction process, which were experimentally 
revealed for this case, and their influence on the 
elementary act of destruction in the volume Va. Local 
stress in (5) σ• = φ(σ, β, R…) is one of the most 
important strength characteristics. The value of σ• 
depends on the external stress σ applied to the sample, 
current radius of the crack R = R(t), geometry of the 
sample, configuration of the crack and its location 
in the sample, and stress concentration factor β. 
The value σ• is calculated by the methods of brittle 
fracture mechanics based on the solution of boundary 
value problems of the mathematical theory of cracks. 
In fact, on the basis of (5), the mutual influence of 
the macro- and microstages of the fracture process is 
studied. Using (5), the main parameters and limiting 
characteristics of the fracture process are determined, 
a connection is established between the molecular 
constants characterizing the structure of materials 
and the macroscopic characteristics of strength, and 
finally a methodology for calculating the durability 
of a specimen under various test conditions is being 
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developed. Thus, within the framework of this 
research scheme, three approaches are combined: 
structural–kinetic approach (thermal fluctuation 
theory for describing the initial stages of the of the 
destruction process, which is associated with the 
derivation of (5)), mechanical approach (methods of 
brittle fracture mechanics for describing local stress 
at the crack tip under conditions of a certain specimen 
loading mode), and thermodynamic approach (to 
calculate the value of the safe voltage).

The durability of the specimen τ = τ(σ, T) (T is 
the test temperature, which is generally different 
from the temperature Tt at the crack tip) is the 
sum of the times of the rupture process at the first 
(fluctuation) stage τf(σ, T) when the crack grows 
at a rate (5) from the initial radius R0 to the critical 
radius Rcr and the second (nonthermal) stage σcr with 
the limiting velocity of fracture propagation in a solid 

 (Roberts–Wells formula), where E is 
Young’s modulus and ρ is the material density:

.                      (6)

STRESS INTENSITY COEFFICIENTS 
IN THE REGION OF A CIRCULAR CRACK

Calculation of the magnitude of the local stress 
σ• is fundamental in the development of this theory 
of fracture. Based on (4), a fiber-like sample is 
interpreted as an elastic space (x, y, z) with an internal 
circular axisymmetric crack 0 ≤ r ≤ R(r2 = x2 + y2) 
in the plane z = 0. Considering that the fracture of 
brittle polymers is localized in a small vicinity of a 
crack in the volume (Va), for the mathematical theory 
of cracks, it is of interest to study the asymptotic 
distribution of stresses near the crack front in a 
homogeneous, elastic, and isotropic continuum. 
The problem is to find the stress intensity factors 
K(M) of mechanical and K(T) thermal loads in the 
asymptotic representation of axial (breaking bond) 
stress from the basic 
equations of thermomechanics. It should be noted 
that the approach proposed below for finding the 
asymptotic solution of the problem is of independent 
interest for the mathematical theory of cracks.

In a cylindrical coordinate system (r, φ, z) under 
the conditions of symmetry about the z axis, as well 
as symmetry about the plane z = 0, the formulated 
problem is reduced to solving a thermoelastic 
axisymmetric problem for a half-space z ≥ 0, 
consisting of the equilibrium (7), geometrical (8), and 
physical (9) equations:

             (7)

                                          (8)

                 (9)

Here, σij = σij(r, z), σij = σij(r, z) are the components 
of the stress tensor and strain tensor (i, j = r, φ, z), 
respectively; U = U(r, z) and W = W(r, z) are the 
components of the displacement vector in the radial 
and axial directions; T = T(r, z) is the temperature 
function, ν is Poisson’s ratio, G is the shear modulus, 
αT is the coefficient of linear thermal expansion, and 
e is the volumetric deformation:

                                             (10)

The boundary conditions for the problem posed are 
as follows:

,                                                          (11)

,                                                 (12)

,                                                   (13)

(14)
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The temperature function included in (5) is a 
solution to the heat problem:

 z > 0, r > 0,                           (15)

                                   (16)

                                                     (17)

                                                 (18)

where λT is the thermal conductivity of the material 
and qT is the value of the heat flux entering the sample 
through a unit of area per unit of time. In (15)–(18), 
for the convenience of the solution, which does not 
affect the final result, the heat problem is written with respect 
to the reduced function T(r, z) = T(r, z)* + (qT / λT)z, where 
T*(r, z) is the temperature function, corresponding 
to the initial experiment when the heat flow enters 
the sample through its end (∂T*/ ∂z)│z=+∞ = –(qT / λT). 
Furthermore, it is assumed that the flow does not go 
(  and the transfer of heat by 
radiation through the crack can be neglected, which is 
true for not too high temperatures.

A similar problem in the presence of only 
mechanical loads and only surface temperature of the 
crack was studied by Sneddon and by Sheil, respectively. 
Borodachev considered both cases in the original setting, 
generalizing at the same time the dependences reported 
by Goodyear and Florence as well as those of Sneddon 
and Lovengrub [20, 31, 32]. Below is a different approach 
to solve the problem that is more rational from the point 
of view of the generality of the results obtained.

Let us introduce the thermoelastic potential of 
displacements Ф(r, z) by the following relations [33]:

.                   (19)

If we substitute (9) in (7) and then (8) into the 
obtained relation, then equalities (7)–(9) can be written 
in displacements:

         (20)

Substituting relation (19) into (20) and integrating 
the first of them over r and the second over z, we find the 
following equation:

.                                     (21)

If any particular solution of (21) is found, then 
strains and stresses can be calculated based on this 
solution as follows:

             (22)

  (23)

In the Hankel expression

                                           (24)

the general solutions of (15) and (21) have the following 
forms, respectively:

                                            (25)

  (26)

The unknown functions of ξ entering into (26) are 
found from boundary conditions (11) and (13) and from 
relations (19) for  This leads to a 
dual integral equation

                      (27)

where the following labels are made: 
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             (28)

here, T0(r) = T (r, 0). The author of this article has 
previously developed extensive tables of dual integral 
equations and paired summation series [34]. We find 
from the tables the solution of the dual integral (27):

                                 (29)

where from (28), we find in the space of originals

 (30)

Relation (30) refers to the case when either the 
temperature (then at r > R, the value is ), 
or heat flow is set.

According to Irwin [18], the asymptotic behavior 
of the voltage  in the region of the circular crack is 
expressed as

                             (31)

where K(σ, R) is the stress intensity factor, i.e., parameter 
reflecting the redistribution of stresses in the body due to 
the presence of a crack: 

                   (32)

In (30), we sequentially consider the cases of 
only mechanical loading at a constant test temperature 
(T0(r) = 0) and only thermal loading in the absence of 
mechanical stress. From (32) in the first case, we have 

 and from relation (31), the maximum 
tensile stress in the vicinity of a circular crack, attained 
in the plane of the crack, is expressed as follows: 

                                     (33)

Direct experiments by IR spectroscopy to 
measure stresses on individual chemical bonds for 

solid polymers [18] showed that as the crack front 
approaches the maximum stress bonds, the load increases 
up to a certain value, after which it remains constant and 
exceeds the average stress on bonds in sample volume 
by several orders of magnitude. Such bonds are highly 
deformed and break in the first place. Their rupture is due 
to the stress applied to the bond, which is spaced from 
the crack tip at the distance of its fluctuation advance. 
Thus, the sought local stress in the vicinity of a circular 
crack can be written as  , but in the 
final form, it is expressed as follows:

,                                                 (34)

where R = R(t) is the variable radius of the growing 
crack, 2R0 is the diameter of the initial (in the sample) 
circular microcrack, and β(R0) is the stress concentration 
factor for an internal circular crack defined as

.                                                    (35)

In experiments on creep (σ = const) [18], it was 
shown that the coefficient β practically does not change 
during the lifetime of the sample and is determined only 
by the initial dimensions of the defect in the sample. 
From (35), we find an estimate of the diameter of the 
initial microcrack in polymer fibers:

                                                                       (36)

According to [18], for oriented fibers (e.g., 
polyethylene, polypropylene, and polycaproamide) 
λ = 4 Å, β = 4–7, the value from (36) is the radius of 
the initial microcrack R0 = (10−8–10−7) m, which is 
experimentally confirmed.

Let us further find the local stress with only thermal 
loading in the modes (15)–(18), for which it is necessary 
to find the value T(r, 0). In the Hankel expression (24), 
the solution of (15) with boundary conditions (16)–(18) 
is reduced to a dual integral equation: 

           (37)
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where, according to the tables in [34], we find the 

equation , as well as the 
original

              (38)

As a result, from (30)

           (39)

               (40)

From (32) and (39)–(40), we find K(T) = (A / 2)R3/2 and, 
at the same time, the desired local stress in the vicinity of 
a circular crack under thermal loading of the sample in 
the framework of the thermal problems (15)–(18):

                                              (41)

 ; .                  (42)

The resulting ratio for σT in (42) is a fundamental 
result for the theory of thermal destruction of 
polymer fibers: σT is a mechanical analog of thermal 
loading and connects the thermophysical, elastic, and 
structural characteristics of polymers, which makes 
it possible to trace the influence of each factor on the 
thermal reaction of a polymer material from the initial 
circular microcrack. As the temperature Tt included 
in (5), we take the average integral temperature in 
the ring R ≤ r < R + λ with a fluctuation increase in 
the radius of the circular crack by λ. This gives the 
following estimate for the value of Tt:

.                                                           (43)

Here, as well as in (42), the relationship between the 
macro- and microparameters and their influence on the 
thermal state of the polymer material in the vicinity of 
the circular crack is traced.

Thus, all quantities included in (5) and (6) have 
been calculated, which makes it possible to describe 
the thermokinetics of the growth of a circular crack in 
polymer fibers and calculate the corresponding durability, 
both under mechanical and thermal loads.

To complete the solution of the thermoelastic 
problems (7)–(18), it is necessary to return to boundary 
condition (12). Since the stresses σrz(r, z) determined in 
(23) using the thermoelastic potential may not satisfy 
condition (12), then solution of (20) should be imposed 
on the resulting solution at T = 0 so that condition (12) is 
satisfied. To do this, we use the Love movement function 
L(r, z) as follows [1]:

       (44)

                      (45)

Moreover, the function L(r, z) is in accordance with 
the biharmonic equation as follows:

                                        (46)

If the function L(r, z) is defined, then the total 
stresses amount to the following equation:

.             (47)

In this case, the movements are always unambiguous. 
Using the above relations, let us calculate σrz(r, 0):

       (48)

where 

                      (49)
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If the following condition is required

                                   (50)

                                                  (51)

then all boundary conditions (11)–(14) will be satisfied. 
In the Hankel expression, the bounded solution to 

(44) has the following form:

                            (52)

To determine the constants in (52) from boundary 
conditions (50)–(51), we write the following equations 
using (45) and (52):

     (53)

       (54)

Equations (51), (52), and (54) give

                                                   (55)

Equations (49), (50), (52), and (53) give: 

                                (56)

which concludes in finding the desired solution for 
(7)–(18).

MAIN PARAMETERS, LIMITING 
CHARACTERISTICS AND DURABILITY 

UNDER THERMAL STRESS

Thermofluctuation processes of destruction at the 
atomic–molecular level are described using the model 
of weakly coupled harmonic oscillators, where the 
elementary act of destruction is interpreted as a classical 
transition through a potential barrier. At the atomic–
molecular model, taking into account the frequencies of 
rupture and restoration of chemical bonds at the crack 
tip, the average rate of crack growth is described by the 
following expression [1]:

,          (57)

where λ is the fluctuation crack propagation upon 
breaking one or a group of bonds; v0 is the frequency 
of thermal vibrations of the kinetic units involved 
in breaking and restoring bonds (ν0 ~ 10−13 s−1); k is 
Boltzmann’s constant; U = U0 – qTt is the activation 
energy of the destruction process, which linearly 
decreases with increasing temperature; U0 is the 
fracture activation energy extrapolated to absolute 
zero; q is the coefficient of temperature dependence 
of activation energy (for polymer (organic) glasses 
q ~ 15–20 J/(mol∙K); and σ0 is the thermal fluctuation 
fracture threshold (safe overvoltage at the crack 
tip). For stresses σ that are not too close to and do 
not exceed the safe critical intensities (σ0 < σ < σcr), 
respectively, the probability of bond recovery at the 
crack tip is negligible compared to the probability of 
their breaking. If we neglect the bond recombination 
process in the vicinity of the crack tip, the rate of its 
growth will take on a simpler form:

.                            (58)

In our case, we have

                         (59)

where all basic values are calculated. Calculating 
integral (6), we obtain the desired expression for the 
durability τ = τf + τcr under purely thermal loading of 
a specimen with an internal circular crack within the 
thermal models (15)–(18):

                     (60)

where α = Vaβ / kTt. Several important parameters and 
limiting characteristics of the fracture process should 
also be added to these ratios. The characteristic of σ0 
corresponds to the voltage at which a sharp rise in the life 
isotherm curve is experimentally observed to the region 
of arbitrarily long-time values. In the kinetic theory, this 
quantity is introduced by the following relation:
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                                                            (61)

where αs is the free surface energy of material (in a 
vacuum) and λm is the pre-breaking bond lengthening. 
The value from (61) is the safe voltage. It should be 
emphasized that the question of the existence of a safe 
stress has been controversial for many decades. Only 
recently when investigating the true meaning of the 
Griffith energy criterion for brittle polymers, this article 
has shown [35] that the value σ0 coincides with the 
Griffith (safe) fracture threshold for a disk-shaped crack:

                                                    (62)

Critical stress is expressed as follows:

                                                               (63)

The main external factor causing the growth of a 
crack at a rate (59) is the heat load with power qT, which 
is one of the stress components in (42). Relationships 
(61) and (62) (at T = Tt) determine the range of stresses   
from safe  to critical  , which makes it possible 
to identify the corresponding values of external thermal 
stress from safe (64) to critical (65):

;                                      (64)

 .                        (65)

Thus, the reduced interval of external thermal 
loading (  determines the time dependence of 
strength (60). For values  the time 
dependence (60) ceases to be fulfilled, and the crack 
grows with a maximum speed νcr. The latter means that 
the dependence (lgτ, σT) or (lgτ, qT) is parallel to the 
stress axis σT or the heat load axis qT.

Figure 2 shows the curve of durability for a sample 
in the form of a monofilament made of organic glass, 
which was calculated from the following obtained ratios: 
αs = 39·10–3 J/m2, αT = 8·105 grad−1, λT = 0.197 W/(m·К), 
ν0 = 10−13 s–1,  λ = 12·10−4 μm,  = 210 W/mm2, 

 = 1700 W/mm2, R0 = 10−7 m,  U0 = 133 kJ/mol, 
β = 9, q = 8.2 J/(mol·К), Va = 1.4·10–28 m3, R* = 10–3 m, 
νcr = 800 m/s, Е = 3.93·109 N/m2, ρ = 1.2·103 kg/m3, 
σ0 = 21 MPa, and σcr = 168 MPa.

Fig. 2. Life curve for the plexiglass 
monofilament sample.

The resulting curve gives a clear idea of the possibility 
of predicting the time dependence of the “thermal” 
durability of a sample under its thermal loading within the 
framework of the above thermal model. The calculated 
relations of dependence (60) contain a complex of 
physicomechanical, thermophysical, and structural 
characteristics of a material with a crack, which makes 
it possible to evaluate their individual influence on the 
thermokinetics of crack growth and possible control of 
the process of thermal destruction. Similarly, one can 
consider other cases of thermal loading of a polymer 
sample with an internal circular crack, as well as more 
general ones, when thermal fields are simultaneously 
coupled with fields of different physical nature, 
including relaxation processes at the initial stages of heat 
propagation [36].

CONCLUSIONS

Modern structural and functional polymer materials, 
which are a set of micro- or nanostructures, have unique 
mechanical and thermophysical properties that allow 
them to be used in structures subject to various external 
influences. An important stage in the creation and use 
of these materials is the development of appropriate 
mathematical models to describe their behavior in a wide 
range of changes in the presence of external operating 
factors. First, this refers to models describing the 
thermokinetics of the process of destruction of polymer 
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