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Abstract: The modification of the silicone compound with carbon nanotubes (CNTs) resulted in composites with 
improved physical properties and thermal stability. The carbon nanotubes were functionalized with  
3-aminopropyltriethoxysilane for a more uniform distribution in the matrix. Initial and pre-oxidized CNTs containing 
different amounts of carboxyl groups were subjected to silanization. From 0.5 to 3 wt. % of the initial or functionalized 
CNTs were injected into Silagerm 2111 silicone compound. The obtained samples were characterized by FTIR and Raman 
spectroscopy and TG/DSC analysis. The silicon content in the silanized CNTs was determined by X-ray fluorescence 
spectroscopy. It was shown that the pre-oxidation of CNTs slightly affects the silicon content in the silanized nanotubes, 
which is up to (7.69 ± 0.92) wt. %. According to Raman mapping of the surface of silicone composites, the silanized CNTs 
are more uniformly distributed in the surface layer of the material than the original nanotubes. This effect has a positive 
effect on the physical-mechanical properties of the composites. CNTs functionalized by 3-aminopropyltriethoxysilane are 
1.5 times more effective in increasing the electrical conductivity than the original CNTs. The resulting composites retain 
their mechanical characteristics after thermal exposure and can be operated over a wider temperature range than the 
original silicone compound. 
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Аннотация: В результате модифицирования силиконового компаунда углеродными нанотрубками (УНТ) 
получены композиты с улучшенными физическими свойствами и термической стабильностью. Для более 
равномерного распределения в матрице углеродные нанотрубки подвергались функционализации  
3-аминопропилтриэтоксисиланом. Силанизации подвергались исходные и предварительно окисленные УНТ, 
содержащие различное количество карбоксильных групп. От 0,5 до 3 масс. % исходных или функцио-
нализированных УНТ вводили в силиконовый компаунд марки «Силагерм 2111». Полученные образцы 
охарактеризованы методами ИК-Фурье и КР-спектроскопии, ТГ/ДСК-анализа. Содержание кремния  
в силанизированных УНТ определялось методом рентгенофлуоресцентной спектроскопии. Показано, что 
предварительное окисление УНТ незначительно влияет на содержание кремния в силанизированных нанотрубках, 
которое составляет до (7,69 ± 0,92) масс. %. По данным рамановского картирования поверхности силиконовых 
композитов, силанизированные УНТ распределяются в поверхностном слое материала более равномерно, чем 
исходные нанотрубки. Функционализация способствует более равномерному распределению УНТ  
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в поверхностном слое материала. Данный эффект положительно сказывается на физико-механических свойствах 
композитов. Функционализированные 3-аминопропилтриэтоксисиланом УНТ в 1,5 раза более эффективно 
увеличивают электропроводность, чем исходные УНТ. Полученные композиты сохраняют механические 
характеристики после термического воздействия и могут эксплуатироваться в более широком интервале 
температур, чем исходный силиконовый компаунд.  
 
Ключевые слова: наноматериалы; углеродные нанотрубки; нанокомпозиты; полимеры; силикон; функционализация. 
 
Для цитирования: Khrobak AV, Dyachkova TP, Chapaksov NA, Poluboyarinov DA. Effect of modification of carbon 
nanotubes by 3-aminopropyltriethoxysilane on the properties of silicone nanocomposites. Journal of Advanced Materials 
and Technologies. 2023;8(2):092-102. DOI: 10.17277/jamt.2023.02.pp.092-102 
 

1. Introduction 
 

One-dimensional carbon nanostructures are 
often used as fillers that impart strength [1], thermal 
stability [2, 3], thermal conductivity [4] and electrical 
conductivity [5] of polymer composites, which can 
subsequently be used in various fields of technology. 
The advantages of carbon nanotubes (CNTs) and 
nanofibers as a modifying additive are, in addition to 
outstanding characteristics, a low specific gravity [6], 
due to which structures made with their use are very 
light. 

The regularities of the formation of polymer 
nanocomposites based on CNTs have been studied in 
[7, 8]. It is noted that the strength properties of 
composites largely depend on the quality of the fiber-
matrix interface, which determines the efficiency of 
stress transfer between carbon nanotubes and the 
polymer matrix [9, 10], and also that the nonpolar and 
smooth surface of CNT graphene layers often cannot 
provide the required interfacial interactions with the 
polymer matrix [11]. In addition, CNTs, like other 
nanomaterials, are prone to aggregation in various 
media, which significantly reduces the efficiency of 
their use in composites [12]. 

Functionalization of the nanotube surface is 
most often used to enhance the interaction of CNTs 
with polymer matrices and facilitate the dispersion of 
nanotubes in the bulk of the material. In the works of 
scientists, numerous methods are presented for 
grafting functional groups to the surface of CNTs, for 
example, by means of plasma treatment [13], 
electrochemical methods, liquid-phase oxidation  
[14–17], and treatment in vapors of various 
substances [18]. In [19], the regularities of covalent 
functionalization of CNTs by oxygen-containing 
groups are presented and the behavior of oxidized 
nanotubes when combined with polysulfone and 
polyaniline is shown. The authors noted that oxidized 
CNTs are capable of electrostatic interaction with 
polymer macromolecules, which changes the 
structure of the polymer layer adjacent to the 
nanotube surface. 

In various studies, to modify silicone matrices, 
CNTs were preliminarily combined with 

molybdenum dioxide [20], carbon black [21, 22], 
graphene [23, 24], branched alumina [25], and 
titanium dioxide [26]. It was shown in [27] that the 
dispersibility of CNTs plays a decisive role in the 
thermal stability of CNT/silicone rubber composites. 
In addition, the material containing evenly distributed 
nanotubes retains elasticity after holding at 280 °C 
for 7 days. For deagglomeration of nanotubes, long-
term ultrasonic treatment in combination with jet 
milling was used in the study. 

In addition, oxidized CNTs [28] functionalized 
with polysiloxane [29], dopamine [30], and 
aminosilanes [31–33] were used in composites with 
silicone. 

The latter type of modifier is much better studied 
in the preparation of epoxy composites. It was shown 
in [20] that CNTs functionalized with 3-amino-
propyltrimethoxysilane improve the mechanical 
properties of the epoxy polymer to a greater extent 
than the original nanotubes. 

In [7], preoxidized CNTs were modified with  
3-aminopropyltriethoxysilane. It is shown that 
surface-modified CNTs caused an increase in the 
elastic modulus and tensile strength of nano-
composites by 18 and 15.8 %, respectively, better 
than oxidized CNTs. 

The efficiency of aminosilanes is explained by 
their ability to participate in the curing of the epoxy 
matrix (by amino groups), which promotes the 
formation of covalent bonds between functionalized 
CNTs and the epoxy network and improves the 
properties of the material [22–25]. The efficiency of 
silanized CNTs in silicone composites is due to the 
closeness of the chemical nature of the matrix and 
functional groups on the surface of nanotubes. 

This study aims to investigate the effect of CNTs 
functionalized with 3-aminopropyltriethoxysilane on 
the properties of the Silagerm-2111 silicone 
compound, as well as to establish the dependence of 
the effect of using silanized CNTs on the conditions 
of preliminary oxidation of nanotubes with nitric 
acid. 



 

Khrobak A.V., Dyachkova T.P., Chapaksov N.A., Poluboyarinov D.A. 

Journal of Advanced Materials and Technologies. 2023. Vol. 8, No. 2  

94

2.  Materials and Methods 
 

2.1. Characteristics of starting materials  
and reagents 

 

In this paper, we used Taunit-M carbon 
nanotubes manufactured by LLC Nanotechcenter 
(Tambov) with a diameter of 10–30 nm and a length 
of more than 3 μm, obtained by the CVD method 
from a propane-butane mixture at a Co/Mo/Mg 
catalyst./Al [34]. 

For the oxidation of CNTs, nitric acid of 
chemically pure grade was used. (Khimmed, Russia). 
For CNT silanizationwe used: 1) 3-aminopropyl-
triethoxysilane C9H20O5Si (98 % purity) provided by 
Nanjing Genesis Chemical Auxiliaries Co., Ltd. 
(Nanjing, China); 2) glacial acetic acid (Component-
Reaktiv LLC, Russia); 3) isopropyl alcohol of 
chemically pure grade (CJSC Laverna, Russia). 

Silicone compound Silagerm 2111 (Technology-
Plast Production Association, Russia) was used as  
a composite matrix. 

 
2.2. CNTs functionalization method 

 

A portion of carbon nanotubes weighing 0.5 g 
was dispersed in 95 mL of a solution of dilute acetic 
acid with pH = 5.2 for 10 min using an ultrasonic 
homogenizer. 3-aminoprolyltriethoxysilane was 
added to the resulting suspension. The mass ratio of 
CNTs/3-aminoprolyltriethoxysilane was 1:10.  
The resulting mixture was kept in a flask under reflux 
at 80 °C for 4 hours with constant stirring at a speed 
of 100 rpm. At the end of the process, the CNTs were 
washed with distilled water to neutral pH and then 
dried in a heating cabinet at 80 °С. 

In a number of cases, CNTs preliminarily 
oxidized with nitric acid were subjected to 
silanization. To do this, CNTs were boiled in 
concentrated nitric acid (1 g of CNTs per 50 mL of 
acid) in a flask under reflux for 2, 5, and 10 hours, 
after which they were washed on a filter with distilled 
water to neutral pH. The resulting aqueous paste was 
dried in a Scientz-10N Freeze Dryer (Scientz, China). 

 
2.3. Nanocomposite preparation method 

 

The original and silanized CNTs were 
introduced into the silicone compound so that the 
mass fraction of nanotubes in the composite was 0.5, 
1, or 3%. The resulting mixture was stirred for  
3 minutes at a stirrer speed of 250 rpm. Next, the 
suspension was subjected to evacuation. Vulcanization 
took place at room temperature for 24 hours. 

2.4. Characterization of CNTs samples  
and composites based on them 

 

The degree of functionalization of oxidized 
CNTs with carboxyl, lactone, and phenol groups was 
determined titrimetrically according to the Boehm 
method [35]. 

The silicon concentration in functionalized 
CNTs was determined by energy dispersive X-ray 
fluorescence analysis on an ARL QUANTX 
spectrometer (Thermo Fisher Scientific, Switzerland). 

The IR spectra of carbon nanotubes were 
recorded in the range from 500 to 4000 cm–1 with  
a resolution of 4 cm–1 on an FT/IR 6700 spectrometer 
(Jasco, Japan) equipped with an ATR attachment 
with a zinc selenide prism. 

The Raman spectra of the samples with  
a resolution of 5 cm–1 were obtained at an exciting 
laser wavelength of 532 nm on a DXR Raman 
Microscope (Thermo Scientific, USA). Raman maps 
of silicone nanocomposites with a step of 10 × 10 µm 
were recorded on the same device. The OMNIC™ 
Atlµs software was used to analyze Raman 
spectroscopy and Raman mapping data. 

The TG and DSC curves of the samples in air 
and argon were obtained on an STA 449 F3 Jupiter 
synchronous thermal analysis instrument 
(NETZSCH-Feinmahltechnik GmbH – Selb, 
Germany). The temperature program included 
holding at 30 °C for 10 minutes and heating from  
30 to 900 °C at a rate of 10 °C⋅min–1. 

The electrical resistance of silicone 
nanocomposites was measured using an E6-13A 
teraohmmeter (Punane RET, Estonia). Raman spectra 
were obtained on a DXR Raman Microscope 
(Thermo Fisher Scientific, USA) with an excitation 
laser wavelength of 532 nm. 

 
3. Results and Discussion 

 

3.1. Finding the parameters of oxidized  
and silanized CNTs 

 

According to the data of titrimetric analysis 
(Table 1), the composition of CNTs oxidized at 
various durations of treatment in HNO3 differs 
insignificantly. CNTs after 2 hours of treatment 
contain the maximum amount of phenolic groups, 
and CNTs after 10 hours of treatment are 
characterized by a higher content of carboxyl groups. 
The patterns of changes in the chemical composition 
of functional groups upon oxidation in HNO3 
generally correspond to the data presented in [36]. 
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Table 1. The content of acidic groups  
in oxidized CNTs 

 

Duration  
of oxidation, h 

Content of functional groups,  
mmol⋅g–1 

phenolic lactone – COOH 

2 0.3 0.3 0.5 

5 0.2 0.4 0.5 

10 0.2 0.4 0.6 

 
According to [37], phenolic groups play the 

greatest role in the functionalization of oxidized 
CNTs with aminosilanes. It is in their place that  
Si–O–C bonds are formed. It is also possible to form 
hydrogen bonds between the C=O groups and the 
hydrolyzed silane. 

According to the data of energy dispersive X-ray 
fluorescence analysis (Table 2), the content of silicon 
in samples of silanized CNTs differs insignificantly. 
However, oxidized CNTs interact with 3-amino-
propyltriethoxysilane somewhat more efficiently than 
the original ones. The CNTs subjected to silanization 
after 2-h oxidation of CNTs with nitric acid are 
characterized by the highest Si content. Recall that 
these CNTs contained more OH groups than other 
types of oxidized CNTs. 

Figure 1 shows typical IR spectra of the original, 
oxidized, and silanized CNTs. The original CNTs 
contain alkyl groups, which correspond to bands at 
2920 and 2850 cm–1 [38]. The broad band at about 
3450 cm–1 refers to the stretching vibrations of the 
O–H bonds of water molecules [39], which can be 
sorbed on the CNT surface. According to [40], the 
peaks near 1618 and 1385 cm–1 are due to vibrations 
of the C=C and C–H bonds. 

During oxidation, due to an increase in the 
hydrophilicity of the CNT surface, the intensity of the 
band at 3450 cm–1 increases. In addition, a low- 
intensity peak appears at 1740 cm–1 due to vibrations 
 

Table 2. Silicon content in samples  
of silanized CNTs according to energy dispersive  

X-ray fluorescence analysis 
 

CNT pre-treatment conditions Silicon content, wt. % 

Without pretreatment 6.26 ± 0.75 

2 hour oxidation 7.69± 0.92 

5 hour oxidation 6.64 ± 0.80 

10 hour oxidation 6.70 ± 0.80 

of C=O bonds in carboxyl groups, the number of 
which was previously analyzed based on titration 
data. According to [41], the peak at 1136 cm–1 in the 
spectrum of oxidized and silanized CNTs is due to 
vibrations of C–O bonds. 

In the IR spectrum of CNTs treated with  
3-aminopriyltriethoxysilane without preliminary 
oxidation, the band at 1385 cm–1 takes the form of a 
narrow peak, which, according to [40], can be 
explained by vibrations of C–H bonds in the alkyl 
groups of the modifying reagent. In addition, a group 
of peaks is found in the region of 880–1262 cm–1, 
which, according to [42], are characteristic of 
silanized CNTs. A more detailed explanation is given 
in [43], where it is shown that the peaks at 880, 950, 
and 1262 cm–1 are caused by vibrations of the  
Si–OH, Si–O–Si, Si–O–C, and Si–CH3 bonds.  
It should be noted that there is no peak at 1385 cm–1 
in the spectra of CNTs silanized after preliminary 
oxidation, which may indicate a different nature of 
the interaction of 3-aminopriyltriethoxysilane with 
the surface of oxidized CNTs. 

There is some difference in the IR spectra of 
CNT samples silanized before and after oxidation. In 
the case of pre-oxidized CNTs, the peak at 1384 cm–1 
is weak or absent, which can be explained by a 
change in the nature of the interaction between CNTs 
and aminosilane. In the case of unoxidized ones, a 
modifier layer is formed that does not form covalent 
bonds with the CNT surface. When oxidized CNTs 
are used, the OH groups of the hydrolyzed silane are 
involved in the formation of covalent and hydrogen 
bonds with the oxygen-containing groups of the 
nanotubes. 

The Raman spectra (Fig. 2) of various types of 
CNTs used in the work show characteristic peaks  
G (∼1570 cm–1), D (1350 cm–1), D + G (∼2920 cm–1) 
and 2D (2700 cm–1). According to [44], the G peak 
dominates in the spectra of highly crystalline 
graphite, while the D peak is due to the presence of 
amorphous carbon. The integral intensity ratio D/G  
is usually used to characterize the number of defects 
in carbon materials [45]. Peaks 2D and D + G are 
overtones of the main peaks. 

The results of processing the Raman spectra are 
presented in Table 3. Peak G in the Raman spectra of 
oxidized CNTs is shifted to higher wavenumbers 
compared to the same value for the original CNTs.  
In this case, the values of the D/G and 2D/G ratios for 
oxidized and silanized CNTs are practically the same 
as for the original CNTs. Consequently, functional 
groups are formed during oxidation at the site of 
defects in the original nanotubes, and new defects are 
formed to an extremely small extent. 
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Fig. 1. IR spectra of the original (1) oxidized with nitric acid for 2 hours (2),  
silanized without pre-oxidation (3) and after pre-oxidation for 2 (4) and 10 (5) hours 

 

 
 

Fig. 2. Raman scattering spectra of CNTs: original (1); silanized without preliminary preparation (2);  
oxidized for 2 (3), and 10 (4) hours; silanized after preliminary oxidation for 5 (5) hours 

 
In some cases, silanization contributes to an 

increase in the value of 2D/G due to the formation of 
a modifying layer of silanes or functional groups 
containing alkyl fragments. 

The data of TG/DSC analysis (Fig. 3) shows that 
the nature of the interaction between CNTs and  
3-aminopropyltriethoxysilane and the behavior of the 
modified form upon thermal treatment depend on the 

duration of the preliminary oxidation of CNTs.  
The behavior of the original CNTs (Fig. 3a, curves 1) 
is typical and was previously explained in detail in 
other papers [19]. 

Silanization in some cases contributes to an 
increase in the value of 2D/G due to the formation of 
a modifying layer of silanes or functional groups 
containing alkyl fragments. 
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Table 3. Results of processing of Raman spectra of original, oxidized and silanized CNTs 
 

Sample G Peak position, cm–1 D/G 2D/G 

Original CNTs 1584 0.85 1.69 

CNTs oxidized for 2 hours 1599 0.84 1.68 

CNTs oxidized for 5 hours 1592 0.85 1.69 

CNTs oxidized for 10 hours 1610 0.84 1.67 

CNTs silanized without pre-oxidation 1586 0.85 1.69 

CNTs silanized after oxidation for 2 hours 1593 0.85 1.69 

CNTs silanized after oxidation for 5 hours 1584 0.85 1.70 

CNTs silanized after oxidation for 10 hours 1593 0.85 1.69 

 

 
 

Fig. 3. TG and DSC-curves in air of original (a) and oxidized CNTs for 2 (b), 5 (c) and 10 (d) hours before (1)  
and after (2) silanization 

 
The data of TG/DSC analysis (Fig. 3) show that 

the nature of the interaction between CNTs and  
3-aminopropyltriethoxysilane and the behavior of the 
modified CNTs upon thermal treatment depend on 
the duration of the preliminary oxidation of CNTs. 
The behavior of the original CNTs (Fig. 3a, curves 1) 
is typical and was previously explained in detail in 
other studies [19]. 

The TG/DSC curves of the sample obtained by 
silanization of the original CNTs (Fig. 3a, curves 2) 

contain 2 separate regions corresponding to the 
decomposition of CNTs and 3-aminopropyl-
triethoxysilane. The silanized CNTs are noticeably 
more thermally stable than the original ones; 
however, it can be assumed that in this case the 
modifier (3-aminopropyltriethoxysilane) does not 
form covalent bonds with the nanotube surface, but 
non-covalent modification takes place. 

As a result of silanization of oxidized CNTs, we 
obtained materials whose intense thermal 
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decomposition begins 100–150 °C later than the 
corresponding nanotubes before modification  
(Fig. 3b–d). The change in the nature of the TG/DSC 
curves indicates a change in the nature of the 
interaction between CNTs and 3-aminopropyl-
triethoxysilane and the formation of chemical bonds 
between them. The best thermal stability is shown by 
the sample obtained by silanization of CNTs 
preliminarily oxidized for 5 hours. 
 

3.2. Investigation of the properties  
of silicone nanocomposites 

 

To find out the nature of the distribution of 
CNTs in the silicone matrix, Raman maps of 
nanocomposites were recorded (Fig. 4) and the 
intensity of the G-peak signal at different points of 
the surface was analyzed. 

There is no G-peak signal on the Raman map of 
the surface of the nanocomposite obtained by adding 

0.5 wt. % of the original CNTs to silicone (Fig. 4a). 
This indicates that the nanotubes are located in the 
bulk of the polymer matrix, at a considerable distance 
from the surface layer. 

Regions up to 20 × 20 µm in size with a high 
intensity of the G-peak signal are found on the 
Raman map of the sample obtained by introducing 
the same amount of silanized CNTs into silicone  
(Fig. 4b). This indicates the tendency of this type of 
CNT to be localized in the surface layer of the 
composite. 

A comparison of the Raman maps of samples 
containing 1 wt. % of the original (Fig. 4c) and 
silanized (Fig. 4d) CNTs shows that in the second 
case, the surface layer of the nanocomposite contains 
a larger amount of CNTs. As in the previous case, 
they form “islands” with transverse dimensions up to 
20 µm. 

 

 
 

Fig. 4. Raman maps of the surface of silicone nanocomposites containing 0.5 (a, b), 1 (c, d) and 3 (e, f) original (a, c, e) 
and silanized (b, d, f) CNTs and the G-peak signal intensity scale (g) 
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When comparing the composition of the surface 
of composites containing 3 wt. % of original (Fig. 4e) 
and silanized (Fig. 4f) CNTs, it can be concluded that 
the area of areas without CNTs in the second case is 
noticeably smaller. 

Thus, silanization contributes to a more uniform 
distribution of CNTs in the surface layer of silicone 
composites. 

Figure 5 shows the TG curves of the original 
silicone and nanocomposites containing 0.5–3 wt. % 
silanized CNTs. It should be noted that the original 
Silagerm 2111 silicone compound is quite thermally 
stable. Up to 300 °С, its weight remains unchanged, 
and intensive destruction begins after 400 °С.  
The introduction of silanized CNTs practically does 
not change the behavior of the material in the 
temperature range up to 300 °C, but makes it 
somewhat more stable at temperatures above 400 °C. 
It should also be noted that the original silicone after 
holding at a temperature of 300 °С for 3–4 hours, 
according to visual observations, loses its elasticity, 
becomes brittle, and crumbles, while the appearance 
and mechanical characteristics of the nanocomposites 
remain unchanged. A similar effect was previously 
described in [46]. 

Also, by the TG curves, one can notice a 
significant difference in the residual mass of the 
composites and the original silicone. Given that the 
composites contain no more than 3 wt. % CNTs, the 
residual mass of these materials should not differ 
from the corresponding parameter of the unmodified 
material by almost 20 wt. %. It can be assumed that 
the introduction of silanized CNTs form chemical 
bonds with the silicone matrix, contributing to the 
formation of a material with a much higher thermal 
stability in an inert atmosphere. 
 

 
 

Fig. 5. TG curves in argon of the original silicone (1)  
and nanocomposites containing 0.5 (2), 1 (3)  

and 3(4) wt. % silanized CNTs 

 
 

Fig. 6. Electrical resistance of nanocomposites containing 
original and silanized CNTs 

 
Figure 6 shows data on the electrical resistance 

of the obtained nanocomposites. All obtained 
materials are dielectrics. According to [47], to 
achieve the percolation threshold and a noticeable 
increase in the electrical conductivity, more than  
5 wt. % CNTs should be introduced into various 
polymer matrices. Possibly, in this case, too, a larger 
amount of conductive filler should have been 
introduced. We plan to obtain and study such 
nanocomposites in the future. However, a number of 
effects should also be noted here. 

Thus, due to the significant agglomeration of the 
original CNTs in the silicone matrix, an increase in 
their concentration, contrary to expectations, leads 
not to a decrease, but to an increase in the electrical 
resistance of the material. Nanocomposites 
containing silanized CNTs, in general, have a lower 
resistance value than materials of a similar 
composition with original CNTs. With an increase in 
the concentration of silanized CNTs, there is a trend 
towards an increase in the electrically conductive 
properties of the nanocomposite due to the saturation 
of its surface layer with a conductive component.  
As a result, the electrical resistance of the 
nanocomposite containing 3 wt. % silanized CNTs is 
1.5 times lower than that of the composite containing 
the same amount of original nanotubes. 

 
4. Conclusion 

 

The functionalization of the original and 
preliminarily oxidized carbon nanotubes with 
concentrated nitric acid for various times with  
3-aminopropyltriethoxysilane was carried out.  
It is shown that the content of silicon in 
functionalized samples weakly depends on the 
oxidation conditions; however, CNTs containing the 
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largest amount of phenolic groups are silanized more 
efficiently. The presence of silanol groups in the 
composition of modified CNTs is proved by IR 
spectroscopy data. According to TG/DSC analysis,  
3-aminopropyltriethoxysilane is not chemically 
bonded to the surface of unoxidized CNTs, while 
covalent bonds are formed with oxidized nanotubes. 
Raman mapping of the surface of silicone 
nanocomposites made it possible to establish that 
silanization contributes to a more uniform 
distribution of CNTs in the surface layer of the 
material. Introduction 0.5–3.0 wt. % silanized CNTs 
with silicone compound Silagerm 2111 contributed to 
an increase in its thermal stability and retention of the 
mechanical properties of the binder after exposure at 
a temperature of 300 °С. The resulting 
nanocomposites were dielectrics; however, 
composites containing 3 wt. % silanized CNTs had  
a 1.5 times higher electrical conductivity compared to 
composites containing a similar amount of original 
CNTs. The studies performed have shown the 
promise of using silanized CNTs as part of silicone 
nanocomposites in order to expand the operating 
temperature range, maintain mechanical properties 
after thermal exposure, and increase electrical 
conductivity. 
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Abstract: The digital light processing method (DIGITAL LIGHT PROCESSING or DLP) is one of the most affordable 
3D printing methods, which allows you to obtain high-precision products, which, however, are inferior in their 
characteristics to products obtained by other 3D printing methods. Due to their high characteristics, graphene 
nanostructures can solve this problem by acting as effective modifying additives. However, despite all the promise of this 
approach, the introduction of graphene nanostructures into actual practice has not yet occurred due to their high cost due to 
the imperfection of the methods of their synthesis. The paper considers the effectiveness of using few-layer graphene 
synthesized according to the author's method under conditions of self-propagating high-temperature synthesis from 
cellulose as a modifying additive to improve the complex strength and thermophysical properties of products from 
photopolymer resins obtained by DLP 3D printing. It was found that adding few-layer graphene makes it possible to 
increase Brinell hardness up to 1.8 times, bending strength up to 1.5 times, and thermal conductivity up to 2.2 times 
compared to the original polymer when using no more than two wt. % few-layer graphene.The data obtained indicate the 
high efficiency of the synthesized few-layer graphene as a modifying additive in creating products from photopolymer 
resins using the DLP 3D printing method. 
 
Keywords: polymer composites; digital light processing; few-layer graphene; hardness; bending strength; thermal 
conductivity; heat capacity. 
 
For citation: Vozniakovskii  AA, Kidalov  SV, Voznyakovskii  AP, Podlozhnyuk  ND, Titova  SI, Auchynnikau  EV. 
Influence of few-layer graphene on the complex of strength and thermophysical properties of polymer composites obtained 
by DLP by 3D printing. Journal of Advanced Materials and Technologies. 2023;8(2):103-110. DOI: 
10.17277/jamt.2023.02.pp.103-110 

 
 

Влияние малослойного графена на комплекс прочностных  
и теплофизических свойств полимерных композитов,  

полученных DLP-методом 3D-печати 
 

© А. А. Возняковскийa , С. В. Кидаловa, А. П. Возняковскийb,  
Н. Д. Подложнюкa, С. И. Титоваа, Е. В. Овчинниковc 

 

a Физико-технический институт им. А.Ф. Иоффе РАН,   
ул. Политехническая, 26, Санкт-Петербург,194021, Российская Федерация, 

b  Научно-исследовательский институт синтетического каучука имени академика С. В. Лебедева,  
ул. Гапсальская, 1, Санкт-Петербург, 198035, Российская Федерация, 

c Гродненский государственный университет им. Янки Купалы, 
 ул. Элизы Ожешко, 22, Гродно, 230023, Республика Беларусь 

 
  alexey_inform@mail.ru 

 
Аннотация: Рассмотрена эффективность применения малослойного графена (число слоев не более 5), 
синтезированного по авторской методике в условиях самораспространяющегося высокотемпературного синтеза из 
целлюлозы в качестве модифицирующей добавки для повышения комплекса прочностных и теплофизических 
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свойств изделий из фотополимерных смол, полученных методом DLP 3D-печати. Несмотря на высокие 
характеристики графеновых наноструктур, к которым относится и малослойный графен, данный класс материалов 
до сих пор не применяется в промышленности из-за невозможности синтеза больших объемов материала 
высокого качества и с приемлемой себестоимостью. Предложенный метод синтеза позволяет получать большие 
объемы малослойного графена, не содержащего в своей структуре дефекты Стоуна–Уэйлса. Установлено, что 
добавление малослойного графена позволяет добиться роста твердости по Бринеллю до 1,8 раз, прочности на 
изгиб до 1,5 раз и теплопроводности до 2,2 раз по сравнению с исходным полимером при использовании не более 
2 масс. % малослойного графена. Дальнейшее увеличение концентрации малослойного графена не привело  
к дальнейшему росту свойств конечного композита. Полученные данные свидетельствуют о высокой 
эффективности синтезированного малослойного графена в качестве модифицирующей добавки при создании 
изделий из фотополимерных смол методом DLP 3D-печати. 
 
Ключевые слова: полимерные композиты; DLP; малослойный графен; твердость; прочность на изгиб; 
теплопроводность; теплоемкость. 
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1. Introduction 
 

Over the past 10 years, 3D printing as a 
technique for creating finished polymer products has 
come a long way in development and has become 
available to a wide range of both researchers and 
ordinary consumers [1]. One of the varieties of  
3D printing technique is the digital light processing 
method (DIGITAL LIGHT PROCESSING or DLP). 
This technique is based on the layer-by-layer 
polymerization of resins under the influence of light 
[2]. Compared to other 3D printing techniques, such 
as Fused Deposition Modeling (FDM), DLP produces 
end products with precise dimensions and shapes. 
Also, this method is more productive (has a higher 
printing speed) [3]. 

The main disadvantage of the DLP method is the 
relatively low strength of the final products compared 
to products obtained, for example, by the FDM 
method. One of the most promising ways to solve this 
problem is the creation of composite materials using 
graphene nanostructures as filler. The reason for this 
is their superior performance. Considering the 
properties of single-layer graphene, it should be noted 
that its thermal conductivity is up to 5000 W⋅(m⋅K)–1 
[4], Young's modulus is up to 1 TPa [5], while its 
specific surface is estimated at 2630 m2⋅g–1 [6]. 
However, obtaining a “true” single-layer graphene in 
the form of a powder, even in gram quantities, is an 
extremely difficult task; therefore, the so-called 
graphene nanostructures, which are particles 
consisting of 2–10 layers of graphene [7]. Despite the 
fact that the properties of graphene nanostructures 
decrease with an increase in the number of graphene 
layers [8], many studies, including [9–11], noted the 
high efficiency of graphene nanostructures when 
creating products from polymer composites using 
DLP 3D printing. At the same time, graphene 

nanostructures make it possible to obtain a higher 
increase in properties at the same concentrations 
compared to classical fillers such as carbon black  
[12, 13] or graphite [14]. For example, in [15], the 
authors noted that the addition of even large volumes 
of carbon black (up to 50 wt. %) does not lead to  
a significant increase in the thermal conductivity of 
the polymer matrix at temperatures up to 70 °C. 

However, the researchers also note that the 
experimental results of using graphene nanostructures 
do not match the theoretical estimates. The main 
reasons for this discrepancy include the presence of 
various structural defects in graphene nanostructures, 
which can significantly reduce their characteristics 
[16]. One of the types of structural defects in 
graphene nanostructures are the Stone-Wales defects. 
The Stone-Wales defect, which occurs due to a 90° 
rotation of adjacent carbon atoms about their center, 
is a connected carbon ring with five and seven carbon 
atoms. It was shown in [17] that such defects reduce 
the efficiency of using graphene nanostructures in 
polymer composites. 

In previous papers [18, 19], we described the 
developed procedure for the synthesis of few-layer 
graphene (FLG), containing no more than 5 graphene 
layers in its structure, from cyclic biopolymers under 
conditions of self-propagating high-temperature 
synthesis (SHS). At the same time, such MGs were 
devoid of Stone–Wales defects in their structure [20]. 
In [21], we showed that synthesized FLG can 
significantly improve the complex of strength and 
thermal properties of nitrile butadiene rubber. 

The purpose of this paper is to study the effect of 
FLG synthesized from cellulose under SHS 
conditions on the complex of strength and 
thermophysical properties of products made of 
polymer composites based on photopolymer resins 
obtained by DLP 3D printing. 
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2. Materials and Methods 
 

2.1. Materials 
 

A commercial photopolymer resin of the 
Anycubic brand (405 nm, Anycubic, China) was 
taken as the starting material for the creation of 
polymer composites. FLG synthesized from cellulose 
under the conditions of the SHS process was taken as 
a modifying additive. The procedure for synthesizing 
FLG was described in detail in [18]. 

 
2.2. Methods 

 

2.2.1. Synthesis of polymer composites 
 

Powdered portions of FLG were added to the 
original photopolymer resin with constant stirring 
(500 rpm) using an overhead stirrer. Samples were 
added in portions of 1/10 of the mass of the entire 
sample. The FLG concentration was 0.25–4.00 wt. %. 
After adding the entire sample, the resulting 
suspension was additionally stirred for 30 minutes at 
1000 rpm and the resulting suspensions were treated 
in the ultrasonic field (ultrasonic bath, 22 kHz) for 30 
minutes. From the resulting suspensions, samples 
were printed using the DLP 3D printing method 
(Anycubic Photon S printer, China). The thickness of 
each of the successive layers subjected to irradiation 
for curing was 0.1 mm, exposure time 8 seconds. 
Figure 1 shows various variants of the samples 
obtained in the study. 

 

 
 

Fig. 1. The appearance of products made of polymer 
composites based on photopolymer resins obtained  

by DLP by 3D printing: 1 – obtained from unmodified 
resin (transparent samples); 2 – from modified resin  
at an FLG concentration of 2 wt. % (blacksamples) 

The resulting samples after 3D printing were 
additionally processed with a UV lamp with  
a wavelength of 405 nm for 30 minutes (UV radiation 
power 50 W). This exposure time was due to the 
cessation of changes in the properties of the samples 
at a longer exposure. 
 

2.2.2. Study of few-layer graphene parameters 
 

Electronic images of FLG were obtained with  
a Tescan Mira 3M scanning electron microscope (SEM) 
(Tescan, Brno, Czech Republic). The accelerating 
voltage was 20 kV. The diffraction pattern of the 
FLG sample was obtained on an XRD-7000 X-ray 
diffractometer (Shimadzu, Kyoto, Japan). The 
shooting speed was 0.5 degrees/min, CuKα =  
= 0.154051 nm. The Raman spectrum (RSS) of FLG 
was obtained on a Confotec NR500 instrument (SOL 
Instruments, Minsk, Belarus). The laser length was 
532 nm. The dispersion of FLG particles was 
measured by laser diffraction using a Malvern 
Mastersizer 2000 instrument (Malvern Instruments, 
Malvern, UK). For measurements, a sample of FLG 
(0.25 wt. %) was dispersed in water by ultrasonic 
treatment (ultrasonic bath, 22 kHz) for 30 minutes. 
 
2.2.3. Study of the properties of polymer composites 

 

Hardness measurements were carried out by the 
Brinell method on an ITB 3000 AM hardness tester 
(Metrotest, Neftekamsk, Russia). For measurements, 
a ball of 2.5 mm was used; the load was 62.5 kgf,  
in accordance with Russian Standard 23677-79.  
The samples were disks 5 mm thick and 20 mm in 
diameter. The measurement error was 5%. 
Measurements of bending strength were carried out 
on a hydraulic press PM-FLG4 (Stroypribor, 
Chelyabinsk, Russia) in accordance with Russian 
Standard 4648-2014. The samples were plates 80 mm 
long, 10 mm wide and 3 mm thick. The measurement 
error was 6%. The thermal conductivity and heat 
capacity were measured by the monotonic cooling 
method on a KITT Polymer instrument (Teplofon 
Design Bureau, Novomoskovsk, Russia) in accordance 
with Russian Standard 23630.1-79. The samples were 
disks 10 mm in diameter and 2 mm thick. 
 

3. Results and Discussion 
 

Figure 2 shows a micrograph of the FLG surface 
obtained by SEM. As can be seen from Fig. 2, the 
few-layer graphene used as a modifying additive 
consisted of aggregates of flat particles with linear 
sizes up to several tens of microns, which is 
confirmed by the results of measuring the dispersion 
presented in Fig. 3. 

1 2
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Fig. 2. Electronic image of few-layer graphene. 
Linearscale – 10 µm 

 

 
 

Fig. 3. Results of particle dispersion measurement:  
a particle dispersion distribution by volume;  

b particle dispersion distribution by the number of particles 
 

As can be seen from Fig. 3, despite the fact that 
the sample contains particles with a dispersion of up 
to several tens of microns, the number of such 
particles is small, and most of the particles have a 
dispersion of 1–5 microns. 

Figure 4 shows the results of the FLG study by 
Raman spectroscopy. 

As can be seen from Fig. 4, the FLG sample 
spectrum contains peaks D 1391 cm–1, G 1586 cm–1 
typical for graphene nanostructures and a region 
2250–3250 cm–1 (2D region) with a superposition of  
 

 
 

Fig. 4. Raman spectrum of FLG sample 
 
 
many peaks characteristic of graphene structures  
(D*, 2D, D+D' and 2D') [22]. As noted in [23], such 
Raman spectra are characteristic of graphene 
nanostructures with various folds, which are not point 
defects. Since, due to the broadening of the  
2D region, it is impossible to determine the number 
of layers in the sample based on the position and 
shape of the 2D peak [24], we additionally conducted 
FLG studies using the X-ray diffraction method. 

Figure 5 shows the diffraction pattern of the 
FLG sample in the 2θ range of angles from 10  
to 35 degrees. 

Based on the position of the 002 peak, as well as 
the FWHM of the 002 peak, the crystallite size (L) 
was calculated using the Scherrer formula [25], 
which, together with the data on the interplanar 
distance (d), made it possible to determine the 
number of layers in the synthesized sample (N) using 
the formula L = N/d (Table 1). 

 

 
 

Fig. 5. Diffraction pattern of the few-layer graphene 
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Table 1. Results of calculating the number of layers 
 

Crystallite size 
L, nm 

Interplanar 
spacing d, nm 

Number  
of layers N 

1.50 0.38 4 

 
As can be seen from Table 4, the synthesized 

FLG particles consist of no more than 4 layers of 
graphene. 

We consider the FLG influence on the complex 
of strength and thermophysical properties of final 
polymer composites. 

Figures 6 and 7 show the results of a study of 
Brinell hardness and bending strength of synthesized 
polymer resin samples. 

As can be seen from Figs. 6 and 7, the 
introduction of FLG in small amounts makes it 
possible to increase the Brinell hardness up  
to 1.8 times and the bending strength up to 1.5 times 
at a FLG concentration of not more than 2 wt. %. 

Figure 8 shows the thermal conductivity 
measurements and specific heat capacity of polymer samples. 

 

 
 

Fig. 6. Dependence of sample hardness  
on FLG concentration 

 

 
Fig. 7. Dependence of the flexural strength  

of samples on the concentration of FLG 

 
 

Fig. 8. Dependence of thermal conductivity (a) and 
specific heat (b) of samples on the concentration of FLG 

 
As can be seen from Fig. 8, the introduction of 

FLG in small amounts makes it possible to increase 
the thermal conductivity of the samples up  
to 2.2 times compared to the initial polymer. 

At the same time, the specific heat capacity of 
the samples is practically independent of the FLG 
concentration (change within the measurement error). 

The increase in the strength and thermophysical 
properties of polymer composites with the addition of 
graphene nanostructures is primarily due to the high 
properties of graphene nanostructures, which is 
clearly demonstrated by the results of measuring the 
properties of the composite. As noted earlier, the 
thermal conductivity of graphene can reach up to 
5000 W⋅(m⋅K)–1, 5 which leads to an increase in 
thermal conductivity (Fig. 8a). However, the specific 
heat capacity of graphene is about 700 J⋅(kg⋅°C)–1  
[26], so that the addition of FLG has almost no effect 
on the specific heat capacity of the polymer 
composite at relatively low (up to 4 wt. %) 
concentrations of the additive (Fig. 8b). 

However, despite a significant increase in the 
properties of the final composites, the obtained values 
are still significantly inferior to the theoretically 

Specific heat,
J⋅(kg⋅°C)–1    

FLG, wt. %

(a)

(b)

FLG, wt. . %

Thermal conductivity,
W⋅(m⋅K)–1  

FLG, wt. %    

Flexural strength, MPa  

FLG, wt. %

Hardness, HB
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expected results. In review [27], the authors note that 
the efficiency of using graphene nanostructures is 
greatly reduced when they are used in the form of 
powders (i.e., aggregates of particles), as well as 
under the influence of other factors such as the 
defectiveness of particles, the degree of their 
interaction with the polymer matrix, etc. Since FLG 
particles are actually distributed throughout the 
polymer in the form of aggregates (see Figs. 2 and 3), 
their efficiency is much lower than the expected 
theoretical assumptions. A similar mechanism was 
observed in [20]. 

It should also be noted that with an increase in 
the FLG concentration in the composite from 2  
to 4 wt. %, no further increase in the properties of the 
composite is observed, and even a slight drop in 
characteristics occurs. This fact may be due to the 
fact that at 4 wt. % due to the large number of FLG 
particles, they interact with each other with the 
formation of secondary aggregates, which negatively 
affects the properties of the composite [28]. 
 

4. Conclusion 
 

A few-layer graphene synthesized from cellulose 
under the conditions of the SHS process has shown 
its high efficiency as a filler for increasing the 
complex of strength and thermophysical properties 
when creating composite products from polymer 
resins using the DLP 3D printing method. It was 
found that the addition of low-layer graphene makes 
it possible to achieve an increase in Brinell hardness 
up to 1.8 times, bending strength up to 1.5 times and 
thermal conductivity up to 2.2 times compared to the 
original polymer when using no more than 2 wt. % 
low-layer graphene. A further increase in the 
concentration of few-layer graphene did not lead to a 
further increase in the properties of the final 
composite, which may be due to the formation of 
secondary aggregates. However, in order to fully 
exploit the potential of using FLG as a builder in 
polymer resins, it is necessary to further improve the 
methods for dispersing FLG in the original polymer 
resin in order to avoid secondary aggregation of FLG 
particles. 
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Abstract: In this paper, the properties of electrochemical sensor made of screen-printing technology application with 
graphite-base paste were investigated. The main electrically conductive component in the original paste developed in this 
study is exfoliated graphite. The electrodes were studied using optical and scanning electron microscopy methods to 
confirm the quality and integrity of the screen-printing process results. Electrochemical measurements 
(chronoamperometry and cyclic voltammetry) of printed electrodes show that the performance of this exfoliated graphite-
based paste is similar to that of a commercially available graphite paste despite the radically lower content of carbon.  
The biosensor prototype manufactured in this work is characterized by anisotropic surface morphology formed by mixed 
carbon black with milled carbon particles (exfoliated graphite and microcrystalline graphite). This prototype has a very 
good linearity of response to glucose in a wide range from 1 to 40 mM, while manifesting the values of currents and 
sensitivity comparable to a commercially available analogue. 
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1. Introduction 
 

Graphite pastes are used for screen-printing and 
are the main material for the manufacture of 
electrodes in biosensors [1–4]. The search for 
inexpensive and reliable solutions to meet the 
growing demand for electrochemical biosensors with 
which quantitative measurement of glucose 
concentration in human blood can be carried out 
quickly remains relevant. Over the years, a large 
number of different materials have been tested in 
graphite paste formulations for screen-printing. 
However, only a few compositions have been 
partially disclosed and presented in the public 
domain. 

There are several manufacturers in the research 
area reporting successful implementation of 
commercial graphite pastes: Acheson Colloids 
Company (UK), Gwent Electronic Materials (UK), 
DuPont (USA), Ercon (USA) and Nippon Graphite 
Industries Ltd (Japan). As found in the literature, the 
products of Gwent Electronic Materials demonstrate 
good reproducibility of the electrical conductivity of 
the electrodes and the best characteristics of 
sensitivity to a wide range of detectable substances 
[5–7], in particular, to glucose[8, 9]. This is often 
used as a reference in the research related to the 
creation of the original formulations of graphite paste 
and printed electrodes based on it. 

Most of the recent works are devoted to 
modification of a commercially available graphite 
paste by adding various materials to its composition 
[10–12]. These modifications can change rheological 
behavior of a graphite paste and improve 
physicochemical properties of printed electrodes.  
For example, such modification may increase 
electrode surface area or sensitivity; it may also 
influence the kinetics of electronic transport. The 
most common nonmetallic conductive fillers of 
conductive pastes are carbon black, glassy carbon, 
graphite, carbon nanotubes and graphene [13–17]. 

From this point of view, exfoliated graphite 
(EG) is a promising material for the manufacture of 
graphite electrodes obtained by screen-printing [18]. 
EG is characterized by low electrical resistivity, 
thermal stability and chemical inertness [19, 20]. 
However, due to the low density of EG, it is difficult 
to maintain the high-quality level of printed 
electrodes. A solution to this problem may be the co-

introduction of additional carbon materials into the 
EG-based paste, such as microcrystalline graphite 
(MG) and carbon black (CB) [21]. 

The purpose of this work is to develop, 
manufacture and investigate the properties of EG-
based printed electrodes for electrochemical 
biosensors for determining glucose concentration. 

 
2. Materials and Methods 

 

2.1. Source materials 
 

Suspension polyvinyl chloride (PVC) grade  
C-7059 M (CAUSTIC, Russia), 1,2,3,4-tetra-
hydronaphthalene (THN) (qualification "Purified", 
LLC "VitaChem Kazan", Russia), N-methyl-
pyrrolidone (N-MP) (qualification "Purified", ECOS-
1, Russia), 3-glycidoxy-propyltrimethoxy-silane 
(LT560, Jiangxi Chenguang New Materials Co., Ltd., 
China) were used to prepare the polymer base for 
exfoliated graphite paste (referred to as EGP below in 
the text). The main electrically conductive component 
is EG (UNICHIMTEK, Russia). Additional carbon 
materials were also used: MG grade "MG-1" 
(NIIgrafit, Russia) and CB brand "N375" ("YATU 
named after V.U. Orlov", Russia). 

The EGP has been tested in comparison with the 
commercially available analogue of GWENT 
C2130814D2 (referred to as CGP below in the text) 
(Gwent Electronic Materials, UK). 

 
2.2. Production of graphite paste 

 

The use of a screen mesh when printing graphite 
electrodes imposes a limit on the size of the solid 
components of the paste. In this work, their size 
should not exceed 40 μm, so the original carbon 
materials were ground. The grinding of EG particles 
was carried out using an Ultrasonic Disperser 
Vibracell VCX750 (Sonics & Materials, Inc., USA) 
in acetone medium. A PULVERISETTE 7 premium 
line planetary ball mill (FRITSCH GmbH, Germany) 
was used to grind MG. The CB consists of nanoscale 
particles (~50 nm), so it does not require pre-
grinding. The finished carbon components were 
introduced into a liquid polymer base and stirred until 
a visually homogeneous mass was obtained.  
The mass content of solid and liquid components of 
graphite pastes is presented in Table 1. 
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Table 1. Solid and liquid components  
of graphite pastes 

 

Component, wt. % CGP EGP 

Solid components, total 34–38 16 

Liquid components, total 62–66 84 

 
Manufacture of graphite electrodes 
The screen printing of the studied graphite pastes 

was carried out on an automatic machine WSC-160 B 
(WINON Industrial Co., Ltd., China). Sheets of 
polyethylene terephthalate (PET) were used as a 
substrate. The heat treatment conditions of graphite 
electrodes in the drying oven for their fixation on the 
PET substrate for EGP were 90 °C for 45 min, CGP – 
100 °C for 3 h. The conditions are selected so as to 
minimize the effect of temperature on the original 
shape of the substrates. Geometric parameters of the 
finished electrodes: length – 38 mm, width – 1 mm, 
thickness – 11 μm. 

 
2.3. Preparation and characterization of biosensors 

 

The morphology and surface defects of the 
graphite electrodes, as well as the size of the 
conductive particles, were investigated by scanning 
electron microscopy (SEM) using a TESCAN Vega 3 
electron microscope (TESCAN, Czech Republic). 
Print quality control (geometry of the pattern, through 
pores, etc.) was carried out by high-resolution optical 
microscopy using an Olympus BX-51M optical 
microscope (Olympus Corporation, Japan). 

The thickness of printed electrode was evaluated 
based on the average of five measurements by 
MITUTOYO digital indicator ID-F125E with stand 
(MITUTOYO, Japan). 

The electrode resistivity was evaluated by means 
of a four-probe method on a Keithley 2400 Standard 
Series Source Measuring Unit instrument (Keithley 
Instruments Inc., USA) at room temperature (~300 K). 

Electrochemical measurements were performed 
according to a three-electrode circuit using printed 
graphite electrodes. EmStat3 potentiostat (PalmSens 
BV, Netherlands) was used to register electrode 
signals. Buffer and aqueous solutions were prepared 
using pure deionized water purified at Milli-Q 
(Millipore, USA). 

Cyclic voltamperograms (CV) were recorded in 
a potassium-phosphate buffer solution (pH 7.4) with 
a potential scanning rate of 40 mV⋅s–1 in the range 
from –0.40 to 0.75 V. The printed electrode of the 
sample under study was used as a working electrode, 
a silver chlorine electrode was used as a reference 
electrode (Ag/AgCl), a graphite rod was used as an 

auxiliary electrode. All electrodes were immersed in 
glass containing a working solution. The area of the 
submerged part of the working electrode was  
0.07 cm2. To verify the reproducibility, measurements 
were made on at least two independently printed 
electrodes. 

Chronoamperograms (CA) were recorded at a 
potential of 0.3 V in a potassium-phosphate buffer 
solution with the addition of sodium chloride (10 mM 
KH2PO4, 40 mM K2HPO4, 184 mM NaCl, pH 7.4) 
containing glucose at concentrations 0.6 to 50.0 mM. 
A printed graphite working electrode, an auxiliary 
electrode and a reference electrode were used to 
detect currents. The enzyme immobilization was 
carried out in such a way: an aqueous solution  
(0.9 μL) of glucose oxidase (10 mg⋅mL–1) and 
potassium hexacyanoferrate (III) (113 mg⋅mL–1) were 
placed to the working area by means of microdozer 
and then left to stabilize at a room temperature.  
The printed electrodes with a substrate were fixed 
horizontally and a portion of the working electrolyte 
with a volume of 2 μL was applied to the working 
area using a microdozer. At least three CA were 
recorded for each glucose concentration, a new 
printed electrode was used for each measurement. 

 
3. Results and Discussion 

 

The original EG powder consisted of 
macroparticles of various shapes and sizes formed 
from interconnected ~150–250 μm graphite plates. 
Ultrasonication of the original EG led to their 
destruction to separate, predominantly flat particles of 
irregular shape. By the means of SEM method the 
particle sizes of the EG after the US was estimated 
(Fig. 1). 

According to Fig. 1, based on the established 
parameters of the screen mesh of 40 μm, 84 % of the 
EG particles pass threshold. The size of a third of all 
particles after ultrasonication (33 %) is 20 – 25 μm. 

 

 
Fig. 1. Distribution histogram  

of the EG particle size after ultrasonication 
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                                                   (a)                                                                     (b) 
 

 
 

                                                   (c)                                                                     (d) 
 

Fig. 2. SEM micrographs of the EG particles: (a, b) initial particles; (c, d) particles after ultrasonication 
 

The result of the ultrasonication of the original 
EG powder is presented in Fig. 2.  

The original MG powder consisted of individual 
particles ranging in size from 0.1 to 2.0 mm. As a 
result of grinding in a planetary mill, the size of most 
MG particles (91 %) did not exceed 40 μm, while 
particles ranging in size from 5 to 15 μm made up the 
main share (67 %) (Fig. 3). 

 

 
 

Fig. 3. Distribution histogram of the MG particles size 
after grinding in a planetary mill 

The SEM micrographs for the MG powder before 
and after grinding in a ball mill are presented in Fig. 4. 

The physical properties of the graphite electrode 
depend on the number of defects that can emerge 
during the process of screen-printing or be formed 
due to the incompatibility of the materials that make 
up the graphite paste with each other. The most 
common defects of printed electrodes are uneven 
thickness, unfilled areas due to blockage of mesh 
cells, lack of reproducibility when measuring 
electrical resistance, and breakdowns between the 
working, auxiliary, and reference electrodes due to 
the spread of the paste immediately during printing. 

According to the passport data, CGP graphite 
paste contains 34–38 wt. % of solid components  
(Table 1). Fig. 5 shows the results of optical 
microscopy and SEM of CGP paste-based printed 
graphite electrode. 

As can be seen from the microphotographs, the 
electrode surface is uniformly smoothed and 
completely filled with carbon particles (Fig. 5b). 
There is almost no separation of the polymer base 
(Fig. 5a) along the entire perimeter of the electrode, 
and there are no spreads either. The boundaries of the 
electrode have a clear shape, close to rectangular, but 
its contour is slightly blurred. 
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Fig. 6. (a) printed graphite electrode, (1) auxiliary, (2) 
reference and (3) working electrodes;  

(b) scanning electron micrograph of the EGP surface; (c) 
optical micrograph of the EGP edge 

 
of the CGP and EGP are different but similar to each 
other (Table 2). 

Compared to CGP graphite paste, the use of EG 
as the main electrically conductive component of 
EGP can reduce the content of solid components by 
almost two times (see Table 1). It was found that the 
reduction in the specific electrical resistance of 
graphite electrodes was influenced by the use of 
nanoscale CB in the paste [22]. The addition of 
crushed MG facilitated the passage through the 
screen mesh of more EG particles up to 40 μm in size 
(Fig. 7). Corresponding EGP paste volume resistivity 
value is performing at the same level as EtOH1-5, 
HMP1-5 and PVP1-5 graphite ink samples with  
35 wt. % conductive carbon components, it should be 
noted that comparable samples may have a lower 
roughness as in this work it was not investigated [21]. 

 
Table 2. Physical characteristics  

of graphite electrodes 
 

Paste 
Electrode 
thickness, 

μm 

Electrical 
resistance  

of the working 
electrode, Ω 

Specific 
electrical 

resistance, 
(Ω×mm2)⋅m–1 

CGP 10 1000 270 

EGP 11 1500 440 

 
 

Fig. 7. Histogram of particle size distribution in EGP 
sample after screen-printing 

 
 

The chosen ratio between EG, MG and CB in 
graphite paste led to the formation of an effective 
electrically conductive network in the printed 
electrodes. 

To compare the electrochemical characteristics 
of the printed electrodes, voltamperometric and 
chronoamperometric studies were carried out. 

Figure 8 shows the CV of graphite electrodes 
based on CGP and EGP. 

In both cases the CV have a smooth shape 
without ohmic defects and do not contain extraneous 
redox peaks. CV are reproduced uniformly for all the 
printed electrodes. In the case of CGP-based 
electrodes, the CV is slightly more symmetric and has 
a slightly wider dual electric layer recharge region 
than for EGP-based electrodes. 

Figures 9 and 10 show the calibration 
dependencies obtained from the corresponding CA of 
the samples under study. 

 
 

 
 

Fig.  8. CV of printed electrodes:  
graphite electrode based on CGP (purple line);  

graphite electrode based on EGP (pink line) 

(a) 

(c)

(b)
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Fig. 9. Calibration dependencies 
“current – glucose concentration” for graphite electrodes:  

■ – CGP; □ – EGP 

As it shown in Fig. 10, printed electrodes based 
on both graphite pastes exhibit a quasi-linear 
response to glucose under different concentration 
levels. Each graph point is an average value of 
current measurements for three same graphite 
electrodes at corresponding conditions. In case of 
glucose concentrations up to 20 mM measurement 
error ranges are too small, which means good 
measurement reproducibility. The reproducibility of 
currents on three independently printed electrodes is 
good at low glucose concentrations (up to 10 mM). 
At higher concentrations, reproducibility is impaired 
in the case of both pastes (to a greater extent in the 
case of EGP-based paste), which may be due to both 
different contribution of the ohmic potential drop 
because of local differences in the electrical 
conductivity of the printed electrodes and to some 
heterogeneity of the available surface. The calibration 
dependencies parameters are presented in Table 3. 

 

 
                                                  (a)                                                                           (b) 
 

Fig. 10. Chronoamperometry results at different glucose concentrations for graphite electrode based on (a) CGP; (b) EGP 
 

Table 3. Calibration dependency parameters for electrodes based on CGP and EGP pastes 
 

Paste Sensitivity at 30 mM, μA/mM Current density at 30 mM, mA/cm2 Linear range, mM 

CGP 1.50 0.7 
1–40 

EGP 1.30 0.6 

 
The studied electrodes manifest similar currents 

and current densities at glucose concentrations of up 
to 30 mM, as well as the same linear range and 
similar sensitivity (Table 3). It can be concluded that 
with the enzymatic oxidation of glucose on printed 
electrodes based on EGP are not inferior to electrodes 
obtained on the basis of CGP. It should be noted that 
such a wide linear range of glucose detection is not 
presented among chemical sensors screen-printed by 
nanomaterials based inks, which are better suited for 
low concentration glucose detection [4]. 

4. Conclusion 
 

The EG-based graphite paste studied in this 
research is suitable for creating electrochemical 
biosensors manufactured by screen-printing 
technology. The EG addition into the graphite paste 
allows the content of carbon-conductive particles to 
be reduced by up to 16 wt. %, maintaining a low 
sheet resistivity of the resulting electrodes, and thus 
reducing the cost of its manufacture. Analysis of the 
electrode surface by optical microscopy and SEM, as 
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well as the results of electrochemical tests on the 
enzymatic oxidation of glucose, shows that the EG- 
based paste with basic properties is not inferior to the 
commercially available analogues and is suitable for 
screen-printing of electrodes that work as a biosensor 
for glucose quantitative determination in a wide 
linear arrangement with good reproducibility. 
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Abstract: Solid solutions of Ca10(PO4)6(OH)2–xFx, x = 0.0; 0.2; 0.5; 1.0; 1.5; 2.0 were obtained by reacting 
Ca10(PO4)6(OH)2, Ca3(PO4)2 and СаF2 in the course of a solid-state synthesis reaction at 1200 °C for 3 h in air. Synthesis 
products were identified using X-ray phase and X-ray fluorescence analysis, infrared and impedance spectroscopy. 
According to the results of X-ray phase analysis, the synthesized solid solutions had the structure of hexagonal apatite, the 
extreme members of the series of solid solutions corresponded to the JCPDS standards (Ca10(PO4)6(OH)2 – No. 9-0432; 
Ca10(PO4)6F2 – No. 00-003-0736). Vibrational spectra of solid solutions corresponded to the apatite structure with 
characteristic absorption bands of tetrahedra of РО4

3–, ОН– groups. An increase in the fluorine content in solid solutions 
was accompanied by a typical shift of the 631 cm–1 band to the region of large values of wave numbers, and its intensity 
successively decreased. With an increase in the fluorine content in solid solutions at a frequency of 1 kHz, the dielectric 
loss tangent did not undergo significant changes, and the permittivity slightly decreased. Based on the results of 
physicochemical analysis, the fundamental relationships “composition – structure – properties” for the studied synthesis 
products were determined. The influence of the composition and synthesis conditions on the crystallographic (elementary 
cell parameters) and electrical (dielectric permittivity, dielectric loss tangent, conductivity) characteristics of the 
synthesized solid solutions was assessed. Solid solutions of fluorine-substituted calcium hydroxyapatite are promising for 
use in medical practice. 
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Аннотация: Твердые растворы фторзамещенного гидроксиапатита кальция составов Ca10(PO4)6(OH)2–xFx, x = 0,0; 
0,2; 0,5; 1,0; 1,5; 2,0 получены при взаимодействии Ca10(PO4)6(OH)2, Ca3(PO4)2 и СаF2 в ходе твердофазной 
реакции синтеза при 1200 °С в течение 3 ч на воздухе. Продукты синтеза идентифицировали с использованием 
рентгенофазового и рентгенофлуоресцентного анализов, инфракрасной и импедансной спектроскопии.  
По результатам рентгенофазового анализа синтезированные твердые растворы обладали структурой 
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гексагонального апатита, крайние члены ряда твердых растворов отвечали стандартам JCPDS (Ca10(PO4)6(OH)2 – 
№ 9-0432; Ca10(PO4)6F2 – № 00-003-0736). Колебательные спектры твердых растворов соответствовали структуре 
апатита с характерными полосами поглощения тетраэдров РО4

3–, ОН–-групп; рост содержания фтора в твердых 
растворах сопровождался типичным смещением полосы 631 см–1 в область больших значений волновых чисел,  
а интенсивность ее последовательно снижалась. С ростом содержания фтора в твердых растворах на частоте 1 кГц 
тангенс угла диэлектрических потерь не претерпевал значительных изменений, а диэлектрическая проницаемость 
незначительно снижалась. На основе результатов физико-химического анализа определены фундаментальные 
взаимосвязи «состав – структура – свойства» для исследованных продуктов синтеза, проведена оценка влияния 
состава и условий синтеза на кристаллографические (параметры элементарной ячейки) и электрические 
(диэлектрическая проницаемость, тангенс угла диэлектрических потерь, проводимость) характеристики 
синтезированных твердых растворов. Твердые растворы фторзамещенного гидроксиапатита кальция 
перспективны для использования в медицинской практике. 
 
Ключевые слова: гидроксиапатит; фторапатит; твердые растворы; твердофазный синтез; свойства; 
характеризация. 
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1. Introduction  
 

Calcium phosphates (CPs) are an inorganic 
component of mineralized bone and dental tissues of 
mammals [1]. The growing interest in biocompatible 
CPs in recent years is largely due to their 
characteristics of biocompatibility, bioactivity, and 
the absence of toxic and allergenic properties.  
This opens up broad prospects for the use of such 
compounds as materials for medical preparations: 
implants, dental materials, drug delivery systems, etc. 
Practice has already proven the effectiveness of using 
such materials in orthopedics and reconstructive 
medicine, for coating implants, as composite 
components, bone cements in maxillofacial and 
orthopedic surgery and dental preparations in the 
form of toothpastes and mouth rinses [2–4]. 

The use of synthetic CPs was first shown for the 
regeneration of bone tissue defects in experimental 
animals in 1920 [2]. Later, CP-based bioceramics 
were successfully used for the reconstruction of bone 
defects in medicine [3]. Biocompatible synthetic CPs 
with an apatite structure are a crystal-chemical 
analogue of the inorganic component of mineralized 
tissues of mammals and form a large group of 
crystalline and amorphous compounds [5–7]. Typical 
representatives of this group of compounds are 
calcium hydroxyapatite Ca10(PO4)6(ОН)2 (HA) and 
calcium fluorapatite Ca10(PO4)6F2 (FA). 

Fluorine is an important constituent element in 
the human diet, essential for the growth of bones and 
teeth [8–10]. The mineralized phase of native hard 
tissues contains a certain amount of fluorine, which 
replaces OH groups in the apatite structure (Fig. 1) 
[11]. FA is characterized by properties of 

biocompatibility, bioactivity, antibacterial behavior, 
high stability, and good strength characteristics  
[12–16]. The substitution of OH- groups of HA for 
fluorine ions F increases the strength of the ceramic 
material, reduces the rate of its dissolution, increasing 
the stability in the biological environment [17–19]. 
The presence of fluorine in bone tissue and tooth 
enamel, saliva and blood plasma has been proven 
[20]. The incorporation of fluorine into the HA 
composition in mineralized tissues has a positive 
effect associated with an increase in the response of 
osteoblasts, promotes their differentiation and 
proliferation [18, 19], and accelerates the process of 
biomineralization and growth of bone tissue [16, 17]. 
At the same time, fluorine ions, showing 
extraordinary chemical and biological activity, are 
able to easily penetrate into various types of body 
cells, cause metabolic disorders, leading to the 
destruction of liver, kidney, and brain tissues [10]. 

There is a continuous series of 
Ca10(PO4)6(ОН)2–хFx (FHA) solid solutions [21], 
which can be synthesized using various processes 
[22]. A number of methods for the synthesis of FHA 
are known, including precipitation from aqueous 
solutions, hydrolysis, hydrothermal, sol-gel, etc.  
[23–26]. At the same time, the problem of finding 
effective methods with reproducible results that allow 
scaling up the production of FHA-based materials for 
medical use is still relevant.  

In this paper, we present the results of using the 
solid-phase synthesis of FHA solid solutions and 
analyze the relationships between composition, 
synthesis conditions, structure, and properties for 
materials of this type. 
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Fig. 1.  X-ray reflections of solid solutions of composition Ca10(PO4)6(OH)2–xFx,  
x = 0.0 (1); 0.2 (2); 0.5 (3); 1.0 (4); 1.5 (5); 2.0 (6) 

 
2. Materials and Methods  

 

2.1. Materials, synthesis, sample preparation 
 

Са(ОН)2, Са3(РО4)2 and СаF2 (crystalline) of 
analytical purity (Merck, Germany), Н3РО4, and 
distilled water were used as starting reagents for FHA 
synthesis. The reagents Са(ОН)2, Са3(РО4)2 were 
preliminarily dried (200 °C, 1 h), the СаF2 
preparation underwent the procedure of additional 
grinding. HA was obtained in accordance with the 
neutralization reaction 
 

5Са(ОН)2 + 3Н3РО4 → Са5(РО4)3(ОН)↓ + 9Н2О 
 

in air conditions at 37 °C according to previously 
described procedures [21]. The precipitate was kept 
for 1 day and then filtered off with a Buchner funnel. 
The resulting HA powder was dried in air (room 
temperature, 12 h), then calcined at 900 °C for 1 h 
and left to cool in an oven. 

Fluorine-substituted FHA of Ca10(PO4)6(ОН)2–

хFx, x = 0.0; 0.2; 0.5; 1.0; 1.5; 2.0, designated as 
FHA00, FHA10, FHA25, FHA50, FHA75 and 
FHA100, respectively, were obtained from a mixture 
of uniaxially compressed mixtures of preformed HA, 
Са3(РО4)2 and СаF2 during the synthesis reaction 

(1 – x) Ca5(PO4)3(OH) + 1.5x Ca3(PO4)2 + 
 

+ 0.5x CaF2 → Ca5(PO4)3(OH)1−xFx 
 
in air conditions at a temperature of 1200 °C for  
3 hours. Reagents for a sample with a total weight of 
8 g were calculated for each degree (x) of 
fluorination. The sintered synthesis products were 
cooled together with the furnace, then crushed to 
obtain samples for physicochemical analysis. 

 
2.2. Methods of analysis  

and characterization 
 

X-ray phase analysis and determination of 
crystallographic characteristics were performed using 
a DRON-4 automatic diffractometer (LNPO 
Burevestnik, RF) (CuKα-radiation, graphite 
monochromator). X-ray diffraction of powders was 
observed in the range of angles 2θ = 20 – 85° with  
a step of 0.02 degrees and a counting time of 1 s for 
each step. 

Spectroscopic data in the IR region 400–4000 cm–1 
on powdered samples in suspension in paraffin oil at 
room temperature were obtained using a SPECORD-
80M spectrometer (Karl Zeisse, Germany). 
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The chemical analysis of the synthesized 
samples was carried out using the X-ray fluorescence 
method, VRA-33 spectrometer (Karl Zeisse, 
Germany). 

Dielectric permittivity (ε), dielectric loss tangent 
(tgδ), and electrical conductivity (σ) of the 
synthesized samples were measured in air in the 
dynamic mode with a temperature change at a rate of 
~0.5 deg⋅s–1 and a measuring voltage of < 15 V using 
an automatic AC bridge. For research, the samples 
were prepared in the form of cylindrical tablets 
without adding a binder during uniaxial pressing of 
powdered synthesis products. The tablets were fired 
in air at a temperature of ~ 800 °C. Measuring 
electrodes were applied by burning silver paste at 
600 °C. 

 
3. Results and Discussion  

 

The diffraction patterns of the synthesized 
samples corresponded to the structural type of apatite 
(see Fig. 1). The presence of foreign phases (СаСО3, 
СаО, Са3(РО4)2)  in the obtained synthesis products 
was not detected. The synthesis at elevated 
temperatures provided the synthesis products with a 
high degree of crystallinity. An increase in the 
content of fluorine ions in the composition of solid 
solutions Ca10(PO4)6(ОН)2–хFx was accompanied by 
a decrease in the values of the unit cell parameters a 
and c (Table 1). This decrease was not linear (Fig. 2): 
up to x = 1.6, the unit cell parameters a and c 
remained at the level of the values for HA (x = 0), 
decreasing to lower values only for FA (x = 2.0).  
The Ca/P ratio in the synthesis products changed 
insignificantly (Table 2) and corresponded to the 
values given in [28] for stoichiometric HA, FA, and 
bone tissue apatite (Table 3). 

The deviation from the linear behavior of the 
lattice parameters a and c of the apatite structure  
(Fig. 2) can be associated with the effect of 
carbonization during synthesis at high temperatures. 
In this case, the formation of a francolite type phase 
(Ca, Mg, Na, K)5 [(P, C)O4]3(F, OH) is possible  
(Fig. 3) [29]. This assumption is supported by the 
presence in the X-ray diffraction patterns of FHA 
solid solutions (x = 0.5; 1.0) of reflections that are not 
characteristic of the apatite structure. The formation 
of the francolite phase seems to be characteristic of 
solid-phase synthesis at elevated temperatures and 
does not take place during the synthesis during 
precipitation from aqueous solutions [22]. In the 
structure of francolite, B-type substitutions are most 
likely, associated with the substitution of РО4

3– 

groups by СО3
2– ions and leading to a decrease in the 

a/c ratio of the apatite lattice parameters. 

Table 1.  The unit cell parameters of the synthesized 
solid solutions of Ca10(PO4)6(OH)2–xFx,  

x = 0.0; 0.2; 0.5; 1.0; 1.5; 2.0 
 

Composition Unit cell parameters, Å 

х a c 

0.0 9.420(6) 6.892(9) 

0.2 9.383(7) 6.876(7) 

0.5 9.440(4) 6.903(6) 

1.0 9.432(5) 6.927(7) 

1.5 9.381(7) 6.896(10) 

2.0 9.341(5) 6.865(8) 
 

 
 

Fig. 2. Unit cell a parameters of the synthesized 
Ca10(PO4)6(OH)2–xFx,  x = 0.0; 0.2; 0.5; 1.0; 1.5; 2.0 

 
Table 2. Content of elements (experimental, 

calculated) in Ca10(PO4)6(OH)2–xFx solid solutions 
according to X-ray fluorescence analysis data 

 

Composition Content of elements in 
Ca10(PO4)6(OH)2-xFx,  wt. % 

х 
Са Р 

exp. calc. exp. calc. 

0.0 39.9 39.89 18.5 18.50 

0.2 39.9 39.88 18.9 18.49 

0.5 39.6 39.86 18.9 18.48 

1.0 40.0 39.82 18.9 18.46 

1.5 39.8 39.78 18.6 18.44 

2.0 39.4 39.74 18.4 18.43 
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Table 3. Composition and parameters of unit cells of native and synthesized calcium phosphates 
 

Lattice 
Composition/Parameters Dimension 

Type of material 

Bone [28] Stoichiometric 
HA FA 

Calcium (Са) wt. % 34.80 –36.60 39.6 39.4 
Phosphorus (Р) 15.2 – 17.10 18.5 18.4 
Lattice Parameters 

Å 

   
a 9.410 9.421 9.342 
c 6.890 6.892 6.866 

JCPDS data    
No. 9-432, 
Ca10(PO4)6(OH)2 

   

a  9,418  
c  6,884  

No. 15–0876 
Ca10(PO4)F2 

   

a   9.368 
c   6.884 

 

 
Fig. 3. Content of elements (F, Ca, P)  

in solid solutions Ca10(PO4)6(OH)2–xFx,  
 x = 0.0; 0.2; 0.5; 1.0; 1.5; 2.0  according  

to X-ray fluorescence analysis 

Vibrational spectra in the IR range of the 
synthesized solid solutions were typical of 
compounds with the apatite structure [30] (Table 4, 
Fig. 4). In the region of 3573 cm–1, there was a band 
of stretching vibrations of the OH– hydroxyl group, 
the intensity of which decreased as the content of 
fluorine ions in Ca10(PO4)6(OH)2–xFx solid solutions 
increased (Table 4). It was absent in the vibrational 
spectra of FHA100, which agrees with the literature 
data for FHA100 [31, 32]. The vibrational spectra in 
the range of 500–800 cm–1 are characterized by two 
strong bands in the range of 571 and 601 cm–1, which 
belong to the ν4 mode of the РО4

3–  tetrahedron of the 
apatite. The band at 631 cm–1 corresponds to the 
libration mode of OH– groups in Ca-channels.  
The position and intensity of this band depend on the 
degree of incorporation of fluorine ions into linear 
OH– chains [33]. With an increase in the fluorine 
content, this band shifted to the region of high wave 
numbers, and its intensity successively decreased. 

Specific values of the electrical characteristics 
(permittivity ε, dielectric loss tangent tan δ, electrical 
conductivity σ) of the studied samples of FHA solid 
solutions could vary slightly depending on the 
conditions of sample preparation. However, the 
general nature of the dependences on the composition 
and frequency of the electromagnetic field, which is 
determined by the structural characteristics, 
composition, and typical types of defects that arise 
during the preparation of FHA samples, was 
generally repeated. 

The analysis of the results of electrical 
measurements (Figs. 5 and 6) seems to be possible on 
the basis of the crystal structure, composition, and 
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Table 4. Wave numbers (cm–1) and assignment of absorption bands of IR spectra of synthesized apatites  
with compositions Ca10(PO4)6(OH)2–xFx, x = 0.0 (FHА0); 1.0 (FHА50); 2.0 (FHА100) 

 

Assignment [31] 
Apatite (wave numbers cm–1) 

HА FHА50 FА 

ОН– (libration) 744 741 – 

ОН– (stretching) 3546 3546 – 

ν3 РО4
3– (stretching) 1040 1048 1048 

ν1 РО4
3– (stretching) 966 970 971 

ν4 РО4
3– (bending) 568,  

606 
568,  
606 

571,  
606 

СО3
2– 1473 1470 1470 

 

 
 

Fig. 4.  Infrared spectra of solid solutions  
of composition Ca10(PO4)6(OH)2–xFx,  

x = 0.0 (1); 0.2 (2); 0.5 (3); 1.0 (4); 1.5 (5); 2.0 (6) 

emerging defects in the structure of the investigated 
FHA solid solutions. In accordance with the 
structural data [34], the features of the dependences 
of ε, tgδ, and σ on the FHA composition and the 
frequency of the electromagnetic field are determined 
to the greatest extent by the presence in the HA 
structure of weakly bound hydroxyl OH– groups 
located perpendicular to the Ca-triangles that form 
channels in the apatite structure. [34]. With an 
increase in the content of fluorine ions in the FHA 
composition, conditions for easier reorientation of 
OH– groups are created in the apatite structure, which 
leads to a decrease in the dielectric permittivity ε of 
FHA solid solutions. For FHA100 ε have the smallest 
values. 

A slight change in ε at a frequency of 1 kHz 
(Fig. 5) in the course of changing the FHA 
composition was not accompanied by a change in 
dielectric losses. The values of tgδ throughout the 
range of changes remained practically unchanged.  

 

 
 

Fig. 5.  Dependences of permittivity ε (1), dielectric loss 
tangent tgδ (2), and conductivity σ (3) at a frequency  

f = 1 kGh on the composition of solid solutions 
Ca10(PO4)6(OH)2–xFx,  x = 0.0; 0.2; 0.5; 1.0; 1.5; 2.0 
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Fig. 6. Frequency dependences f of permittivity ε, 

dielectric loss tangent tgδ, and conductivity σ of solid 
solutions Ca10(PO4)6(OH)2–xFx compositions FHA100  

(х = 2.0) (1), FHA50 (х = 1.0) (2) 
 
Only the conductivity σ of FHA solid solutions 
underwent a rather significant change. In the range of 
x = 1.0, FHA50 had a conductivity maximum (Fig. 5). 

The general mechanism of conduction in HA 
and its solid solutions is still not fully elucidated. So 
far, only the fact that Са2+ ions do not contribute to 
the conductivity seems quite certain [35, 36].  
It is assumed [37] that the electrical conductivity in 
HA-based materials may be due to the migration of 
ОН- groups in the center of the Са2+ triangles along 
the c-axis. 

Measurements in an alternating electric field 
give grounds to assume that the charge carriers are 
ОН– groups [36]. However, a number of authors [38] 
suggest a protonic (H+) character of conduction along 
OH– chains in the apatite structure, as well as 
participation of О2+ ions in the conduction processes. 
The validity of the first of the listed assumptions is 
confirmed, for example, by the sensory moisture 

characteristic of HA. Proton conductivity between 
neighboring ОН– ions is considered [39, 40] 
according to the scheme OH– + OH– → O2– + HOH 
or as proton jumps between ОН– groups through 
neighboring РО4

3– ions. In this case, since the 
distance between neighboring ОН– ions seems to be 
too large (0.344 nm) [35, 38], proton interaction with 
neighboring РО4

3– ions is preferable (0.307 nm). 
The character of conductivity is influenced to a 

certain extent by the prehistory of the samples.  
In particular, the dehydroxylation and 
nonstoichiometry of HA that occur during thermal 
treatment during the synthesis of FHA and form 
vacancies at the hydroxyl position as a result of the 
reaction in accordance with the equation [38]: 

 

Ca10(PO4)6(OH)2 →  
 

→ Ca10(PO4)6(OH)2–2xOx(□)x + xH2O (g)↑, 
 

where х < 1, □ – vacancy. 
In a number of cases [41], both Н+ and ОН– ions 

were considered responsible for the conductivity in 
different temperature ranges. Thus, the conductivity 
at room temperature was assumed to be due to the 
migration of Н+ from adsorbed water, and ОН– ions 
contributing at an elevated temperature. In particular, 
ОН– vacancies formed during dehydration can 
prevent Н+ conduction and facilitate conduction at 
the expense of ОН– [35]. 

Accounting for these factors greatly complicates 
the unambiguous interpretation of the frequency 
dependences of the electrical characteristics of the 
FHA (Fig. 6). In accordance with the results obtained, 
FA does not show significant changes in ε with 
frequency. To the greatest extent, the effect of the 
electric field frequency affects ε in FHA50. 

Samples FHA50 and FHA100 showed dielectric 
losses with a maximum in the region of f = 5 kHz. As 
the field frequency increased to 50 kHz, the FHA50 
and FHA100 losses began to decrease after f = 5 kHz 
(Fig. 5). In this case, the conductivity of both samples 
(FHA50, FHA100) with an increase in the frequency 
of the applied electric field increased at first not very 
significantly in the frequency range f = 1–10 kHz, 
then it increased significantly in the range from 10 to 
50 kHz. 

The obtained results of electrical measurements 
of FHA solid solutions, among other applications, can 
be used, for example, to identify materials based on 
FHA solid solutions and implants based on them, as 
well as to determine the optimal modes of electrical 
stimulation of the implantation processes. 
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4. Conclusion  
 

Under the conditions of solid-phase synthesis 
(1200 °C, 3 h) by the interaction of Ca10(PO4)6(OH)2, 
Са3(РО4)2 and СаF2, solid solutions of the 
compositions Ca10(PO4)6(ОН)2–хFx (FHA), x = 0.0; 
0.2; 0.5; 1.0; 1.5; 2.0 (designation: FHA00, FHA10, 
FHA25, FHA50, FHA75 and FHA100). 

The X-ray diffraction patterns of the synthesized 
FHA corresponded to the structural type of apatite; 
there were no foreign phases in the synthesis 
products. The structural characteristics of the 
obtained hydroxyapatite (FHA00) and fluorapatite 
(FHA100) corresponded to the data of JCPDS nos. 
09-0432 (HA) and 15-0876 (FA), respectively. 

The results of vibrational IR spectroscopy are 
consistent with X-ray data and correspond to the 
structural type of apatite; all the bands characteristic 
of apatite (РО4

3–, ОН–, СО3
2–) were present in the 

FHA spectra. 
In the frequency range of an electromagnetic 

field of 1 kHz, the dielectric loss tangent tgδ with an 
increase in the content of fluorine ions F- in FHA 
solid solutions remained practically unchanged, the 
values of the permittivity ε decreased in the region 
x > 1.0, and the electrical conductivity σ at x = 1.0 
had a maximum, decreasing then with increasing 
values of x up to x = 2. 

In the frequency range of the electromagnetic 
field up to 100 kHz, for the compositions of the 
FHA100 (x = 2) and FHA50 (x = 1) solid solutions, 
there is a slight decrease in the permittivity ε and  
a multiple increase in the conductivity σ.  
The frequency value of 60 kHz corresponds to 
anomalies in the behavior of the frequency dependence 
of the dielectric loss tangent tgδ: for FHA50 this is  
a characteristic maximum, and for FHA100 it is  
a break in the frequency dependence of tgδ. 

The results obtained can be used for directed 
synthesis of FHA solid solutions for medical use, 
identification of synthesis products, and selection of 
conditions for electrical action on such materials in 
the composition of medical preparations. 
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Abstract: In the article, the purpose of the research was to determine the important parameters of the organic compounds 
sorption – synthetic dyes methylene blue (MB) and malachite green (MG), on mesoporous carbon (MPC) from aqueous 
solutions in a limited volume. For the sorbent used, the elemental composition and the BET surface area were determined 
by nitrogen adsorption, which amounted to 2360 m2⋅g–1. Absorption mechanisms were analyzed using kinetic dependences 
and sorption isotherms, for which empirical equations of pseudo-first and -second order, the Elovich equation and the 
intraparticle diffusion equation, as well as Langmuir, Freindlich, Dubinin-Radushkevich equations were used. In the 
course of kinetic studies, it was found that equilibrium occurs after 15 min of extraction with an adsorption capacity of 
2446.6 mg⋅g–1 for MB and 2043.1 mg⋅g–1 for MG. It should be noted that the extraction of dye molecules proceeded 
predominantly by a mixed-diffusion mechanism and was controlled by a second-order reaction by a pseudo-second order 
model. The activation energy was 0.016 kJ⋅mol–1 for MG molecules, and 0.013 kJ⋅mol–1 for MB ones, which confirmed 
the physical mechanism of dye uptake. Thus, in the course of experimental studies, the high efficiency of the developed 
sorbent for the purification of aqueous systems from organic compounds was confirmed. 
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Аннотация: В статье целью исследований являлось определение важных параметров сорбции органических 
соединений – синтетических красителей метиленового синего (МС) и малахитового зеленого (МЗ), на 
мезопористом углероде (МПУ) из водных растворов в ограниченном объеме. Для используемого сорбента 
определены элементный состав и площадь поверхности по БЭТ по адсорбции азота, которая составила 2360 м2/г. 
Проведен анализ механизмов поглощения с помощью кинетических зависимостей и изотерм сорбции, для чего 
применялись эмпирические уравнения псевдо-первого и псевдо-второго порядка, Еловича и внутричастичной 
диффузии, а также уравнения Ленгмюра, Фрейндлиха, Дубинина–Радушкевича. В ходе кинетических 
исследований установлено, что равновесие наступает после 15 мин извлечения при величине адсорбционной 
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емкости 2446,6 мг/г по МС и 2043,1 мг/г по МЗ. Следует отметить, что извлечение молекул красителей проходит 
преимущественно по смешанно-диффузионному механизму и контролируется реакцией второго порядка согласно 
модели псевдо-второго порядка. Энергия активации имеет значение 0,016 кДж/моль по молекулам МЗ и 
0,013 кДж/моль для МС, что подтверждает физический механизм поглощения красителей. Таким образом, в ходе 
экспериментальных исследований подтверждена высокая эффективность разработанного сорбента для очистки 
водных систем от соединений органической природы. 
 
Ключевые слова: углеродные нанотрубки; мезопористый углерод; синтетические красители; метиленовый 
синий; малахитовый зеленый; адсорбция; кинетика; изотермы. 
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1.  Introduction 
 

Water pollution is a serious environmental 
problem, which has reached an alarming level as a 
result of industrial development [1, 2]. Organic 
contaminants include dyes, which have a high 
solubility, thereby complicating the process of their 
removal from water [3]. In addition, due to the 
difficulty of biodegradation, water-soluble pigments 
are highly toxic and carcinogenic compounds, 
causing a serious environmental impact with serious 
problems for animals, plants and human health.  
On the other hand, textile, paper-printing, paint and 
varnish, leather, food and cosmetic factories are the 
largest consumers of dyes, since dye production is 
estimated at one million tons per year [4, 5]. Among 
these dyes, methylene blue (MB) as a cationic dye 
causes many health problems such as: allergic 
dermatitis, skin irritation, cancer, and mutations  
[6, 7]. Malachite green (MG) belongs to the same 
group of triphenylmethane dyes as crystal violet, 
which has been shown to be carcinogenic, so it can be 
assumed that MG also has these carcinogenic 
properties. Laboratory tests have also shown that MG 
can damage DNA after metabolic activation in vitro, 
although no genotoxicity has been demonstrated in in 
vivo tests [8]. 

Some technologies have been developed for 
industrial wastewater treatment, including adsorption, 
ion exchange, membrane filtration, chemical/ 
electrochemical, chemical precipitation, ozonation, 
oxidation, photodegradation, and bioactive sludge  
[9–11]. 

Adsorption is an inexpensive method in which 
activated carbon is most often used as sorption 
materials due to its porous structure, a large number 
of surface functional groups, and ease of regeneration 
[12–15]. However, ordinary activated carbon mainly 
contains a large number of micropores with a pore 
size of less than 2 nm, which cannot allow large 
diameter dye molecules to access the inner surface of 
the carbon, resulting in low adsorption capacity, so its 
application is highly limited [16]. 

Many research teams are developing new 
sorbents based on nanomaterials – carbon nanotubes 
(CNTs), graphene oxide (GO), etc. They show very 
high efficiency in the removal of organic dyes from 
liquids. The paper [17] presents the results on the 
adsorption capacity of a porous material based on 
modified carbon, 2555 mg⋅g–1, upon removal of dye 
MB molecules. In the article [18], the sorption 
capacity of a nanocomposite material based on 
graphene oxide modified with lignosulfonate was 
studied. As a result of the extraction of MB dye 
molecules, the authors of the article revealed the 
adsorption capacity of the adsorbent – 1822.3 mg⋅g–1. 
The authors of [19] used a graphene aerogel to 
remove MB dye molecules. As a result of research, 
the authors of the work revealed the adsorption 
capacity of graphene aerogel equal to 420 mg⋅g–1. 

Mesoporous carbon (MPC) with pore sizes  
(2–50 nm) has a higher adsorption capacity with 
respect to some macromolecular substances, such as  
a dye, an antibiotic, some natural organic substances, 
etc. [20], since such bulky molecules of pollutants 
easily diffuse in volume and are adsorbed on the 
surface of pores. Mesoporous materials are promising 
sorption materials that are quite effectively used by 
scientific communities around the world for the 
adsorption removal of various contaminants, 
including MB molecules [21, 22]. 

The paper aims are to study the adsorption of 
organic contaminants – MB and MG dyes – on  
a mesoporous carbon material, as well as to reveal the 
absorption mechanism using kinetic and isothermal 
models. 

 
2.Materials and Methods 

 
2.1. Material synthesis 

 

The procedure for the MPC synthesis was 
described in detail in [23]. The initial components for 
preparing MPC were aqueous solutions of dextrin, 
phenol-formaldehyde resin and multi-walled carbon 
nanotubes (CNTs) (NanoTechCenter Ltd., Tambov). 
The mixture was evenly stirred at 300 °C, then mixed 



 

Kadum A.H.K., Burakova I.V., Mkrtchyan E.S., Ananyeva O.A., Yarkin V.O., Burakov A.E., Tkachev A.G. 

Journal of Advanced Materials and Technologies. 2023. Vol. 8, No. 2  

132

with potassium hydroxide and activated at 750 °C. 
The material was washed stepwise with an aqueous 
solution of hydrochloric acid and distilled water.  
The resulting aqueous paste was dried at 110 °C to 
constant weight. 

 
2.2. Analytical methods 

 

The MPC surface morphology was studied using 
a MERLIN scanning electron microscope (SEM) 
(Carl Zeiss, Jena, Germany) with Oxford Instruments 
X-ray microanalysis attachments. Surface area and 
porosity were measured by nitrogen adsorption using 
an Autosorb-1 analyzer (Quantachrome, Odelzhausen, 
Germany). 

 

2.3. Kinetic study 
 

To determine the kinetic parameters of MB and 
MG adsorption, experiments were carried out under 
static conditions; for this, 0.01 g of MPC was taken, 
the initial concentration of solutions of dyes MB and 
MG was 1500 mg⋅L–1, the volume of the solution was 
30 mL. The solutions were shaken for 5, 10, 15,  
30 and 60 min at 100 rpm and room temperature on  
a Multi Bio RS-24 rotator (Biosan) and then filtered. 

 
2.4. Isothermal study 

 

Equilibrium studies were carried out using  
0.01 g of MPC and 30 mL of solutions of MB and 
MG with initial concentrations of 150–1500 mg⋅L–1. 
The tubes with solutions were shaken for 15 min at 
100 rpm and room temperature on a programmable 
rotator Multi Bio RS-24 (Biosan). In all sorption 
experiments, the amount of dye in the liquid phase 
before and after adsorption was determined 
spectrophotometrically (Ekros, St. Petersburg, 
Russia) at wavelengths of 815 and 710 nm for MB 
and MG, respectively. 

3. Results and Discussion 
 

3.1. MPC characteristics 
 

According to the obtained micrographs  
(Figs. 1a, b), mesoporous carbon is a composite, in 
the structure of which there are individual CNTs  
(10–20 nm in diameter) deformed as a result of 
alkaline activation, covered with a rather uniform 
layer of a certain shell. 

According to Fig. 2, the sample under 
consideration is a carbon material with an amount of 
C = 94.09 wt. % with an admixture of oxygen 
O = 5.67 wt. %. The presence of oxygen is associated 
with the chemisorption of atmospheric oxygen on the 
surface of the obtained material due to the fact that 
the activation is carried out in a reducing medium 
containing metallic potassium. 

The specific surface area of the material was 
determined by the BET method and its value was 
2360 m2⋅g–1 for nitrogen. 
 

3.2. Kinetic study 
 

The equilibrium adsorption capacity (Qe, mg⋅g–1)  
of the material was determined from the following 
expression: 

( )

m

СV
Q e

e
−

= 0С ,                        (1) 

 

where С0 (mg⋅L–1) is initial solution concentration; 
Се (mg⋅L–1)  is equilibrium concentration of dye in 
solution (after adsorption); V (L) is the solution 
volume; m (g) is the adsorbent weight. 

The adsorption kinetics depends on many 
factors. To describe the adsorption rate, it is 
necessary to take into account the limiting stage of 
 

 

(a) (b) 
 

Fig. 1. SEM micrographs of MPC: а – magnification 50.00 kX; b – magnification 100.00 kX 
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the sorbent with spherical particles [26]. If the 
dependency Qt vs. t is a straight line passing through 
the origin (C = 0), then we can assume that internal 
diffusion is the limiting stage of adsorption. If, when 
constructing Qt vs. t, a straight section was obtained 
that does not pass through the origin of coordinates; 
this may be due to the difference in the mass transfer 
rate at the initial and final stages of sorption.  
In addition, such a deviation of straight lines from the 
origin of coordinates may indicate that diffusion in 
pores is not the only limiting stage [26]. 

According to Fig. 4, rather low values of the 
coefficients (R2 = 0.8483; 0.421) of the pseudo-first 
order model (Fig. 4a, Table 1) suggest that there is no 
chemical interaction of the dye molecules MB and 
MG with the functional groups of the sorbent.  
The pseudo-second order model with R2 = 0.9999 for 
both dyes (Fig. 4b, Table 1) describes the absorption 
well, which indicates the occurrence of a second-
order reaction on the surface of the sorbent. 
Satisfactory correlation of experimental data in the 
coordinates of the Elovich model indicates the energy 
inhomogeneity of the sorbent surface, which, in turn, 
promotes chemical adsorption [27].  
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Fig. 4. Results of mathematical processing  
of experimental kinetic dependences  

by models: pseudo-first order – a;  
pseudo-second order – b;  
the Elovich equation – c;  

intraparticle diffusion – d, e 
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Table 1. Kinetic parameters of organic dye sorption* 
 

Dye 
Model parameter 

Pseudo-first order Pseudo-second order 

 
t

k
QQQ ete

303.2
log)log( 1−=−  t

QQkQ

t

eet

11
2

2

+=  

Qe k1 R2 Qe  k2 R2 

МB 187.28 0.047 0.8483 2500 0.0003 0.9999 

МG 114.18 0.008 0.4210 2000 0.0028 0.9999 

 Elovich equation Intraparticle diffusion equation 

tQt ln
1

)(ln
1

β
+αβ

β
=  CtkQ idt += 5.0  

 Start period / End period 

 α β R2 kid
 C R2 

МB 8.67·1011 0.0107 0.6680 144.3/10.57 1908.3/2404.3 0.9336/0.991 

МG 2.16·1016 0.0182 0.5664 102.5/2.42 1666.7/2035.7 0.8749/0.7015 

*  Qt (mg⋅g–1) the number of adsorbed dye molecules on the adsorbent surface at a time t; 
k1 (min–1) pseudo-first order adsorption rate constant; k2 (g⋅(mg min)–1) pseudo-second order adsorption rate constant; 
α ((min⋅mg⋅g–1)–1) adsorption constant; β (g⋅mg–1) degree of surface coverage and chemisorption activation energy; 
kid ((mg⋅(g⋅min)–1)–1) internal diffusion coefficient; C (mg⋅g–1) boundary layer thickness.  

 
The adsorption of MB and MG under the 

conditions under consideration does not obey the 
Elovich model (Fig. 4c, Table 1). 

The sorption rate can be limited both by the 
stage of chemical interaction and by the sorbate 
diffusion. In this case, transport processes (the 
movement of sorbate molecules from the solution to 
the active centers of the sorbent) play an important 
role in the sorption system. It is possible to estimate 
the contribution of the diffusion process to the 
sorption kinetics using the intraparticle diffusion 
model. The constant C in the equation of this model 
is proportional to the thickness of the boundary layer. 
If it is equal to zero, that is, the straight line passes 
through the origin, then the sorption process is 
limited by internal diffusion [26]. According to the 
data obtained (Fig. 4d, e), the dependences in the 
coordinates Qt vs. t0.5 are bilinear – the sorption of 
dyes is accompanied by two stages. The first sharper 
step is associated with diffusion in the boundary 
layer; the second one corresponds to the stage of pore 
filling. In addition, the first linear section does not 
pass through the origin for all dyes. Consequently, 
the process is not limited by internal diffusion and 
has a mixed-diffusion character [26]. 

3.3. Isotherm study 
 

The construction of a sorption isotherm makes it 
possible to determine the maximum sorption capacity 
for the extracted component. The nature of the 
isotherm (curvature of the course, the presence of 
kinks, the length of the linear section, etc.) helps to 
interpret the sorption interactions between the active 
surface of the sorbent and the extracted components 
and to establish the key features of sorption. 

The well-known models for studying the 
adsorption process are the Langmuir and Freindlich 
models. The Langmuir isotherm (Table 2) is an 
empirical isotherm describing monolayer adsorption, 
i.e. absorption occurs on a homogeneous surface 
covered with adsorption centers. Adsorption is 
considered as a “chemical” equilibrium between a 
free adsorption center, a substance in solution, and an 
adsorbed substance (substance + center, adsorbate). 
On the surface, free centers and the adsorbate form an 
ideal solution [28]. 

Experimental isotherms are not always described 
by the Langmuir equation. The theoretical concepts 
developed by Langmuir idealize and simplify the true 
picture of adsorption. In fact, the surface of the 
adsorbent is inhomogeneous, there is an interaction 
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between the adsorbed particles, active centers are not 
completely independent of each other, etc. Some of 
these factors are taken into account by the Freundlich 
isotherm. The Freundlich isotherm (see Table 2) is 
used to describe non-ideal sorption equilibrium data, 
which is often an initial surface adsorption followed 
by a condensation effect resulting from extremely 
strong interactions. Furthermore, it is contemplated 
that after the surface is covered, additional adsorbed 
particles can still be accommodated. In other words, 
this equation describes polymolecular adsorption [28]. 

To describe adsorption on homogeneous and 
heterogeneous surfaces and to determine the nature of 
adsorption interaction by activation energy (Table 2), 
the Dubinin–Radushkevich isotherm is used [29]. 

The experimental results obtained are shown in 
Fig. 5, Table 2. 

The experimental sorption isotherm of MG was 
satisfactorily described by the Langmuir and 
Freindlich equation (Fig. 6a, b). According to the 
calculated values, the maximum adsorption capacity 
of MPC for MG was 3333.3 mg⋅g–1. The activation 
energy of sorption of MG molecules was  
0.016 kJ⋅moL–1 (Table 3). The adsorption of MB 
molecules obeys the theoretical models of Freindlich 
and Dubinin–Radushkevich (Fig. 6b, c), which 
indicates the layer-by-layer filling of the pore space 
of the sorbent. The value of the activation energy of 
the sorption of MB molecules, as well as the MG, 
corresponds to physical sorption and has a value of 
0.013 kJ⋅moL–1 (Table 3). 

 
 

 
 

Fig. 5. Adsorption isotherms of MB (a) and MG (b) dyes on MPC 
 
 

Table 2. Adsorption equations based on Langmuir, Freindlich,  
Dubinin–Radushkevich models [28, 29]* 

 
Langmuir Freindlich Dubinin–Radushkevich 
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Linear form of equations 
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*  Qmax (mg⋅g–1) is maximum adsorption; KL is adsorption rate constant; k, 1/n are Freundlich constants 
indicates how favorable the adsorption process; k (mg⋅g–1 (mg–1)) shows the adsorption capacity of the sorbent; 
Kad (mol2⋅kJ–2) Dubinin–Radushkevich isotherm constant; ε (kJ⋅moL–1) is the Polanyi potential. 

Qe, mg⋅g–1 

Ce, mg⋅L–1 Ce, mg⋅L–1
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Table 3. The parameters of MB and MG molecules sorption on MPC by isotherm equations 
 

Dye Model parameter 

Langmuir 

 KL Qmax R2 

MB –0.0004 –3333.3 0.9634 

MG 0.4436 3333.3 0.9960 

Freindlich 

 n 1/n k R2 

MB 0.918 1.089 0.901 0.9499 

MG 1.435 0.697 11.07 0.9995 

Dubinin–Radushkevich 

 kad Qmax E R2 

MB 2837.5 2118.01 0,013 0.9716 

MG 1884.7 1453.16 0.016 0.9016 

 
4. Conclusion 

 

The authors studied the adsorption of synthetic 
organic dyes from aqueous solutions on mesoporous 
carbon. The morphological features, elemental 

composition and parameters of the porous space of 
the studied material are determined. The BET 
specific surface area was 2360 m2⋅g–1 for nitrogen. 
Kinetic and isothermal studies of the absorption of 
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Fig. 6. Adsorption models for MB and MG:  
a – Langmuir model; b – Freindlich model;  

c – Dubinin–Radushkevich 
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dye molecules – methylene blue and malachite green – 
were carried out in a static mode. It has been 
established that sorption is rapid – adsorption 
equilibrium is reached in 15 min at the adsorption 
activity of MPC: 2446.6 mg⋅g–1 for MB and  
2043.1 mg⋅g–1 for MG. Adsorption kinetics has been 
described using pseudo-first order, pseudo-second 
order, Elovich and intraparticle diffusion models.  
The adsorption process is satisfactorily described by 
the pseudo-second order model and the intraparticle 
diffusion model, thus indicating a "sorbate-sorbate" 
interaction along with a contribution to the overall 
rate of the internal diffusion process. Empirical data 
obtained in the course of isothermal studies were 
processed using the Langmuir, Freindlich, Dubinin-
Radushkevich models. The calculated data confirm 
the physical mechanism of absorption in accordance 
with the values of the activation energy  
E = 0.016 kJ⋅moL–1 for MG molecules and  
E = 0.013 kJ⋅moL–1 for MB. 
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Abstract: The present paper examines the state of pollution of soils in the city of Tyumen regarding heavy metals 
contained therein: nickel (Ni), cobalt (Co), manganese (Mn), copper (Cu), cadmium (Cd), lead (Pb) and chromium (Cr). 
Soil sampling was carried out in autumn 2021 within the city residential areas. The sampling points were chosen in the 
sites of increased anthropogenic load – near highways and industrial enterprises. In soil samples, the content of acid-
soluble and mobile fractions of heavy metals and organic matter was determined, and the pH factor was also measured. 
The analysis showed that significant excesses, from 3.2 to 14.3 MPC level, were found on nickel in 11 soil samples, and 
all the soil samples belong to the zones of motor transport impact. In one sample, No. 29, which belongs to the impact 
zone of such large industrial enterprises as the Elektrostal Tyumen Metallurgical Plant (Ural Mining and Metallurgical 
Company-Steel, UMMC Steel) and the Motor Plant, the MPC for nickel was exceeded by 8.1 times. There were also 
excesses in the copper contents in 11 samples, from 1.5 to 4.9 MPC, and in both the zones of motor transport impact and 
the territories affected by the building materials enterprises, railway junction, and UMMC Steel. For lead, there was a two-
times excess in two samples  in the zone of motor transport impact, 4.4 times  – in the impact zone of the Construction 
Machinery Plant, and 29.7 times  – in the zone of impact of Velizhansky Highway. For cobalt, chromium and manganese, 
the MPC values for the acid-soluble fractions were not exceeded. For the mobile fractions, excesses were also observed for 
manganese. The highest excesses of the MPC level for nickel and copper were found in the Vostochny (Eastern) and 
Central districts of the city, in the areas affected by motor transport and the large enterprises. 
 
Keywords: soil mantle; heavy metals; pH of saline extract of soils; soils; pH of aqueous extract of soils; degree of 
pollution; MPC; environmental monitoring. 
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Содержание тяжелых металлов в почвах селитебной зоны г. Тюмени 
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Аннотация: Исследовано состояние загрязненности почв г. Тюмени на предмет содержания в них тяжелых 
металлов: никеля (Ni), кобальта (Co), марганца (Mn), меди (Cu), кадмия (Cd), свинца (Pb) и хрома (Cr). Отбор проб 
почв проводился осенью 2021 г. на селитебных участках в пределах города. Точки отбора выбирались в зонах 
повышенной антропогенной нагрузки – вблизи автомагистралей и промышленных предприятий. В пробах почв 
определено содержание кислоторастворимых и подвижных форм тяжелых металлов, и органического вещества,  
а также измерен водородный показатель (pH). Анализ показал, что значительные превышения выявлены по 
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никелю в 11 пробах почв от 3,2 до 14,3 ПДК, причем все пробы почв относятся к зонам влияния автотранспорта.  
В одной пробе № 29, которая относится к зоне влияния таких крупных промышленных предприятий, как 
Металлургический завод «Электросталь Тюмени» («УГМК-Сталь») и Моторный завод, превышено ПДК по 
никелю в 8,1 раза. По содержанию меди тоже есть превышения в 11 пробах, от 1,5 до 4,9 ПДК, причем в зонах 
влияния как автотранспорта, так и на территориях влияния предприятий строительных материалов, 
железнодорожной развязки, «УГМК Сталь». По свинцу есть превышения в двух пробах в два раза в зоне влияния 
автотранспорта, в 4,4 раза в зоне влияния Завода строительных машин, в 29,7 раз в зоне влияния автодорог 
Велижанского тракта. По кобальту, хрому и марганцу значения ПДК для кислоторастворимых форм не 
превышены.  По подвижным формам превышения наблюдаются и по марганцу. Наибольшие превышения ПДК по 
никелю, меди выявлены в Восточном и Центральном районах города, в зонах влияния автотранспорта и крупных 
предприятий. 
 
Ключевые слова: почвенный покров; тяжелые металлы; рН солевой вытяжки почв; рН водной вытяжки почв; 
степень загрязнения; ПДК; экологический мониторинг. 
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1. Introduction 
 

Human activities to transform the soils of 
residential areas result in changes in the elemental 
composition of soils – heavy metals (HMs) enter the 
environment where they are able to accumulate in the 
soil, especially in the upper part of the soil.  
Besides, HMs are actively involved in geochemical 
cycles, through which they can penetrate into the 
atmosphere, hydrosphere, lithosphere and biosphere.  
Anthropogenic impacts on soils have a negative 
effect on their structure and characteristics: fertility 
and biomass production, dynamism and sustainability 
are reduced, which can lead to soil degradation.   
At the same time, soil is an indicator of the condition 
of the landscape and the degree of safety for human 
habitation. It should be noted that HMs have 
carcinogenic, toxic and mutagenic effects.  
The penetration of these pollutants into human and 
animal bodies leads to deterioration of the health of 
those ones, up to lethal outcome. In soils HMs are 
found as oxides, sulphides, and also as soluble salts 
such as chlorides, nitrates and sulphates. When acidic 
precipitation enters the soil, nitric acid dissolves the 
oxides and sulphides of the HMs. In the upper 
horizons of the soil profile, which contains the 
greatest amount of humus, metals bind with organic 
ligands, resulting in the formation of low-mobile 
complex compounds. Then, they accumulate in the 
upper horizons of the soil profile, but are not 
transported by downward water flow to the lower 
horizons. However, if the concentration of humus is 
low, the bulk of the HMs will be in a free state and 
transferred to the deeper horizons and layers under 
the influence of soil moisture [1]. 

In this regard, nowadays, the timely assessment 
of soil contamination with HMs appears to be an 
urgent task at present. In work [2], the authors 

establish that more and more attention is given to soil 
pollution all over the world. This is due to the 
increasing number of oil and gas processing 
enterprises that leads to the prevalence of complex 
pollution from HMs and polycyclic aromatic 
hydrocarbons (PAHs). Soil co-pollution with the 
HMs and PAHs poses more serious threats to the 
environment and human health, such as increased 
toxicity to microbial activity and diversity, reduced 
bioavailability, and inhibition of plant growth. 
Possible ways of purifying soils from such pollutants 
are represented by electrokinetic remediation and 
leaching and the use of chelating agents.  

Soil monitoring studies that are being conducted 
determine enrichment factor (EF), environmental risk 
calculation (ER), bioconcentration factor (BCF), 
transfer factor (TF), hazard index (HI), and 
carcinogenic risk (CR). Such studies provide insights 
into the controls of urbanization in relation to the 
combined severity of pollution and potential health 
risk [3]. 

The main source of HM contamination of soils is 
dust pollution. At the same time, the concentration of 
HMs is highest in the fractions having dust particle 
sizes of < 0.63 μm. The penetration of such particles 
into the human body can cause a variety of diseases, 
including cancer [4].   

The city of Tyumen is located in the southwest 
of the West Siberian Plain within the sub-taiga zone. 
Zonal soils are sod-podzolic and gray forest, black 
earth occurs closer to the forest-steppe. Soils are 
formed on covered loams, with the lower part of the 
profile predominantly of loamy granulometric 
composition, while the upper part of the profile is 
loamy-sandy. The soils are slightly alkaline and 
neutral. 
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The aim of the present work was to assess the 
pollution of soils of Tyumen city with the most 
common HMs (Ni, Co, Mn, Cu, Cd, Pb, Cr), organic 
matter (OM), as well as to determine the hydrogen 
index (pH). 

 

2. Materials and Methods 
 

In this study, soils contaminated with HMs in 
residential areas of Tyumen, as well as adjacent 
territories, were chosen as analysis objects. 

At present, the following industries are being 
dynamically developing in the city: fuel industry (oil 
and gas processing), machine building, forestry, etc. 
There are large industrial facilities in and around 
Tyumen such as the Tyumen Battery Plant, the 

Antipinsky Oil Refinery, UММС-Steel, and the 
Tyumen Plywood Plant. Moreover, Tyumen is a 
major transportation hub: The Trans-Siberian 
Railway, major highways and interchanges pass 
through its territory. Industrial and transport facilities 
are the sources of HM entering the environment and 
have a significant impact on its ecological situation. 
Soil sampling was conducted in urban and suburban 
areas. Samples were taken from the upper (0–10 cm) 
organo-mineral horizon that adsorbs a significant part 
of dust emissions due to its peculiar structure and 
large OM amount. Therefore, this soil layer was 
selected for the study. Characteristics of soil 
sampling points are presented in Table 1. 

 
Table 1. Characteristics of Soil Samples 

 

Sample 
No. Sampling point Possible impact 

1 Pchyolka rural district Bypass road, Salair Highway 
2 Mezhdurechenskaya Street Salair Highway 
3 Tsimlyan Lake green area Battery Plant 
4 Plekhanova village Bypass road, Plekhanovo Airport 
5 Dudareva village Moscow Highway 
6 Paderina village Moscow Highway, Chervishevsky Highway 
7 City forest area Motor transport 
8 Salair Highway, roadside Motor transport 
9 Komunisticheskaya Street Motor transport 

10 Mira Street Motor transport 
11 Komarovo village Bypass road, Chervishevsky Highway 
12 Chervishevsky Highway, roadside Motor transport 
13 Salair Highway, roadside Motor transport 
14 Kazarovo village Construction Machinery Plant 
15 Druzhby Street, city park Motor transport 
16 Kharkovskaya Street Motor transport 
17 Shirotnaya Street Motor transport 
18 Patrusheva village Motor transport 
19 Yasny Horticultural Cooperative Velizhansky Highway 
20 Velizhansky Highway, roadside Construction Machinery Plant, Motor transport 
21 Malinovskogo Street Motor transport 
22 Gilyovskaya grove Motor transport 
23 Stantsionnaya Street UММС-Steel, Railroad junction, Motor transport 
24 Fedyuninskogo Street, roadside Motor transport 
25 Sadovoye Horticultural Cooperative Velizhansky Highway 
26 Druzhby Street Bypas road, Plywood Plant 
27 Tura River bank Motor transport 
28 Antipino Starotobolsky Highway, Antipinsky Oil Refinery 
29 Andreyevskoye Lake Motor plant, UММС-Steel, Motor transport 
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Table 2. OM contents, pH of aqueous  
and saline extracts 

 

Sample 
No. 

рН  
of aqueous 

extract 

рН  
of saline 
extract 

OM contents 
Corg, % 

1 8.05 7.89 5.26 
2 7.87 7.56 1.65 
3 8.20 8.02 2.52 
4 6.22 5.87 5.69 
5 6.68 6.36 10.46 
6 7.92 7.65 3.58 
7 7.54 7.31 7.34 
8 8.70 8.60 4.79 
9 7.54 7.31 1.39 

10 7.38 7.13 8.73 
11 7.41 7.24 6.85 
12 8.99 8.89 3.34 
13 7.99 7.76 11.25 
14 7.71 7.37 4.64 
15 8.37 8.09 9.76 
16 8.28 8.10 8.85 
17 7.82 7.58 10.29 
18 7.02 6.70 9.92 
19 8.62 8.48 6.57 
20 9.20 9.06 5.59 
21 7.77 7.53 10.19 
22 6.80 6.51 14.24 
23 7.66 7.45 12.66 
24 7.51 7.30 11.18 
25 8.29 8.08 6.65 
26 8.00 7.81 5.15 
27 8.40 8.16 10.86 
28 7.52 7.37 7.19 
29 8.51 8.32 2.90 

The OM percentage in the upper soil horizon is 
1.39–14.24 %. The soil sample with the highest OM 
amount was taken in the Gilyovskaya grove area. 
High OM contents were also observed in the soils 
sampled outside the Tyumen city limits and in the 
Leninsky administrative district of Tyumen city. 

 
3.2. Determination of acid-soluble  

and mobile fraction of HM 
 

The HM fraction extracted from the soil using 
ammonium acetate buffer (pH = 4.8) represents the 
mobile form of HM compounds. At this pH value, the 
most efficient uptake of trace elements by plants from 
the soil solution occurs. The mobile HM fraction is 
associated with its most transportable part.  
It determines the availability of mineral components 
to plants and soil toxicity. This fraction is found in 
the form, in which the HMs are integrated into 
geochemical cycles and food chains. 

The results of determining the HM mobile 
fraction content of the of HM in the soil are presented 
in Table 3. 

The HMs are extracted from the soil solution 
using ammonium acetate buffer through ion exchange 
and complexation reactions. The predominance of 
one or the other process depends on the nature of the 
metal to be extracted. For instance, for cobalt and 
zinc, the extraction is caused to a greater extent by the 
complexation reaction, whereas for chromium and 
cadmium, it is caused by the ion exchange reaction [7]. 

The gross HM content in the soils is determined 
when the soil samples are exposed to strong acids 
(5n⋅HNO3). The value of this indicator makes it 
possible to judge on the total contamination of soils 
with the HMs, however, it should be noted that this 
indicator does not provide information on the element 
availability of elements [8]. High values of the gross 
HM content indicate a potential environmentally 
unfavourable situation of the territory; that is, if the 
water and plants are not polluted at the moment, the 
ecological situation may change for the worse if 
external factors change. 

 
 

Table 3. Contents of the HM mobile fractions, mg⋅kg–1 
 

Sample No. Ni Сo Mn Сu Сd Pb Сr 

1 19.3±5.8 – 76±23 0.53±0.16 – – 5.50±1.70 
2 – – 35±10 0.87±0.26 – 5.90±1.80 1.73±0.50 
3 – – 41±12 0.68±0.20 – – 1.70±0.52 
4 1.40±0.43 – 54±16 0.45±0.14 – 0.33±0.10 2.50±0.76 
5 – – 70±21 0.39±0.12 – – 2.01±0.60 
6 2.40±0.71 – 52±16 1.02±0.30 – 0.47±0.14 2.42±0.73 
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Continue Table 3 
 

Sample No. Ni Сo Mn Сu Сd Pb Сr 

7 – – 301±90 0.41±0.12 – – 2.12±0.63 
8 21.1±6.2 – 89±27 1.83±0.55 – 42±13 4.30±1.30 
9 – – 43±13 0.97±0.29 – 1.94±0.56 2.44±0.72 

10 8.9±2.7 – 171±51 0.92±0.28 – 1.91±0.58 2.81±0.85 
11 – – 77±23 0.37±0.11 – – 1.50±0.46 
12 31.2±9.4 0.34±0.10 88±26 3.01±0.89 – 6.8±2,0 4.00±1.20 
13 5.8±1.8 0.15±0.04 103±31 0.67±0.20 – 20.0±6.1 2.02±0.60 
14 1.81±0.55 – 65.±20 0.60±0.18 – – 4.90±1.50 
15 0.140±0.043 – 149±45 0.44±0.13 – – 0.91±0.27 
16 – – 143±43 4.60±1.40 – – 1.21±0.37 
17 – – 148±44 0.52±0.16 – – 1.41±0.42 
18 – – 174±52 1.40±0.41 – 9.7±2.9 0.84±0.25 
19 30.1±9.1 – 84±25 1.82±0.55 – 18.0±5.4 3.23±0.95 
20 27.2±8.2 – 101±30 5.60±1.70 – 80±24 3.90±1.20 
21 – – 90±27 0.65±0.20 – 2.90±0.88 0.87±0.26 
22 – – 228±68 0.80±0.24 – 3.31±0.99 1.13±0.34 
23 – – 136±41 0.50±0.15 – 7.3±2.1 1.13±0.33 
24 3.30±0.99 – 147±44 0.68±0.20 – – 2.51±0.74 
25 19.0±5.6 1.10±0.19 287±86 9.20±2.80 2.60±0.77 2076±622 8.20±2.50 
26 – – 72±22 1.01±0.30 – 0.36±0.11 0.96±0.29 
27 0.62±0.19 – 332±100 1.01±0.30 – 2.08±0.62 1.41±0.42 
28 22.3±6.7 0.62±0.19 95±28 2.44±0.73 – 2.63±0.77 4.20±1.30 
29 – – 92±27 1.12±0.33 – – 1.60±0.49 

MPC 4 5 140 3  6 6 
 

Table 4. Contents of the HM acid-soluble fractions, mg⋅kg–1 
 

Sample No. Ni Сo Mn Сu Сd Pb Сr 

1 160±48 8.8±2.6 267±80 15.3±4.4 – 0.88±0.26 71±21 
2 4.8±1.4 3.01±0.91 165±50 71±21 – 16.00±4.90 4.1±1.1 
3 28.0±8.4 9.4±2.8 487±146 62±19 – 3.31±0.10 21.1±6.2 
4 26.1±7.9 13.1±3.8 604±181 67±20 – 0.96±0.29 21.2±6.2 
5 36±11 14.0±4.2 549±165 47±14 – 0.84±0.25 21.4±6.4 
6 36±11 3.9±1.2 165±49 34±10 – 14.00±4.10 18.0±5.5 
7 3.5±1.1 3.4±1.0 366±110 163±49 – – 3.3±1.0 
8 189±57 11.1±3.2 362±109 39±12 – 61±19 65±20 
9 14.0±4.1 6.1±1.8 267±80 50±15 – – 9.1±2.6 

10 133±40 12.1±3.6 407±122 18.1±5.3 – 3.6±1.1 50±15 
11 21.1±6.3 8.9±2.7 401±120 25.3±7.6 – – 15±4.4 
12 238±72 14.1±4.3 273±82 26.2±7.9 – – 82±24 
13 114±34 8.5±2.5 264±79 114±34 – 22.1±6.6 34±10 
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Continue Table 4 
 

Sample No. Ni Сo Mn Сu Сd Pb Сr 

14 42±13 7.2±2.2 199±60 38±11 – – 102±31 
15 44±13 3.30±0.99 407±122 43±13 – – 17.4±5.1 
16 67±20 12.0±3.5 449±135 20.0±5.9 – – 34±10 
17 63±19 7.5±2.3 398±119 51±15 – – 31±9,2 
18 33±9.8 6.1±1.8 360±108 158±47 – – 16.4±4.8 
19 286±86 17.2±5.1 266±80 15.2±4.4 – 32.3±9.7 71±21 
20 228±68 12.0±3.7 298±89 62±18 – 140±42 65±19 
21 42±13 7.8±2.3 579±174 10.4±3.0 – 8.2±2.5 26.2±7.9 
22 35±10 8.6±2.6 812±243 30.2±8.9 – 16.0±4.9 16.1±4.9 
23 37±11 5.6±1.7 325±97 61±18 – 11.0±3.2 12.1±3.7 
24 72±22 3.6±1.1 319±96 37±11 – – 24±7.3 
25 199±60 11.0±3.4 798±239 13.1±3.8 4.8±1.4 951±285 87±26 
26 33±10 6.6±2.0 496±149 33.0±9.9 – 3.4±1.0 16.0±4.7 
27 74±22 7.1±2.1 688±207 27.2±8.1 – 10.0±3.1 22.3±6.7 
28 23.4±7.0 7.7±2.3 510±153 79±24 – 18.4±5.3 17.1±5.0 
29 161±48 9.1±2.7 218±65 49±15 – 15.3±4.5 64±19 

MPC 20 20 1500 33 0.5 32 100 
 

The results on the content of HM acid-soluble 
forms in the soil are presented in Table 4. 

The HM content in sample No. 25 significantly 
exceeded the MPC values; that sample was taken 
from the territory of Sadovoye Horticultural 
Cooperative, where agrarian works have been carried 
out for several years. A large HM amount could come 
into the soil from phosphate fertilizers, in which the 
HM contents can reach 220 mg⋅kg–1 [9]. On this 
basis, the authors of this study assumed that a large 
fertilizer amount was entering the soil, or that the site 
was used as a landfill. Therefore, in further 
consideration of the data obtained, the values for 
sample No. 25 were excluded from the total set. 

Nickel. The MPC of nickel in the soils of 
residential areas is 20 mg⋅kg–1 for acid soluble 
fractions and 4 mg⋅kg–1 for its mobile fractions.  
The most common are Ni2+ compounds. Ni3+ exists in 
an alkaline environment as well as under harsh 
oxidizing conditions, but such conditions are rare in 
the natural environment [10, 11]. Nickel is  
a moderate complexing agent capable of forming 
predominantly fulvate complexes with organic or 
inorganic ligands. Besides, it can also be found in 
soils as carbonate or hydrocarbonate complexes, with 
the ratio of one or the other complex form depending 
on the acidity of the medium [12]. Compounds of this 
element can be adsorbed by fine-grained clay 

particles as well as by iron, manganese and aluminum 
hydroxides [13]. 

Nickel sources may include a variety of 
industrial emissions, vehicle fuel emissions, and parts 
of rubber tyres. At different sampling points, the 
levels of the nickel contents exceeding the MPC were 
observed, suggesting that the contamination with this 
metal is not local but extensive, covering the whole 
area (see Figs. 5, 6). 

This contamination may be caused by roads 
connecting different parts of the city. The high 
content of the nickel acid-soluble fractions in many 
samples exceeded the MPC by a factor of 2 to 14, 
thereby indicating its accumulation in the soils of 
these districts. The excess levels of the nickel 
contents in the samples taken near the roadsides 
(bypass road, as well as the highways: Salair, 
Chervishevsky, Moscow and Velizhansky) allow 
concluding about the transport impact. 

Cobalt. The MPC level for its acid-soluble 
fractions is 20 mg⋅kg–1, whereas for its mobile 
fractions of cobalt in the case of the soils of 
residential areas, it is 5 mg⋅kg–1. In most cases the 
cobalt contents in soils depend on the parent rock 
composition. Considerable quantities of cobalt are 
identified in soils formed from basic rocks and clay 
sediments. It should be taken into account that the 
pattern of the cobalt distribution and behavior in soils 
is much affected by humus contents in the soil horizon. 
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Table 5. Matrices of pairwise correlations of the HM acid-soluble fractions in the soils 
 

Ni, mg⋅kg–1 Сo, mg⋅kg–1 Mn, mg⋅kg–1 Сu, mg⋅kg–1 Pb, mg⋅kg–1 Сr, mg⋅kg–1 рН Сorg, % 

Ni, mg⋅kg–1 1.00 0.67 –0.16 –0.34 0.36 0.80 0.65 –0.15 

Сo, mg⋅kg–1 0.67 1.00 0.22 –0.38 0.17 0.54 0.15 –0.06 

Mn, mg⋅kg–1 –0.16 0.22 1.00 –0.21 0.39 –0.17 –0.30 0.48 

Сu, mg⋅kg–1 –0.34 –0.38 –0.21 1.00 –0.26 –0.41 –0.28 0.08 

Pb, mg⋅kg–1 0.36 0.17 0.39 –0.26 1.00 0.54 0.21 –0.06 

Сr, mg⋅kg–1 0.80 0.54 –0.17 –0.41 0.54 1.00 0.52 –0.28 
рН 0.65 0.15 –0.30 –0.28 0.21 0.52 1.00 –0.35 

Сorg, % –0.15 –0.06 0.48 0.08 –0.06 –0.28 –0.35 1.00 

 
anthropogenic nature of their entry into the 
environment. 

A correlation between the chemical element 
content in the soil and the pH of the aqueous extract 
for Cu, Cr, Ni was also been detected. This 
information can be interpreted as a confirmation of 
the effect of metal accumulation effect during the soil 
alkalinization, since in the samples studied, there was 
a shift to the alkaline pH region. The observed 
correlation between the soil OM content and the 
manganese concentration is related to the formation 
of strong complexes with the soil organic component. 

 
4. Conclusion 

 

Thus, in the present work, the pH values of 
saline and aqueous soil extracts were determined to 
be 5.87 to 9.06 and 6.22 to 9.20, respectively.  
A comparison of the obtained results on the HM 
content in the soils with Sanitary Rules and 
Regulations normative values showed that the 
contents of both mobile and acid-soluble fractions 
exceed the MPC values for copper, lead, nickel and 
manganese. The concentrations of cobalt, cadmium 
and chromium are not exceeded. Based on the 
correlation analysis of these results, it can be 
concluded that there is a significant anthropogenic 
load on the soils of Tyumen city, especially for the 
Vostochny (Eastern) and Central districts, where the 
main transport routes and industrial enterprises 
(UMMC-Steel, Construction Machinery Plant) are 
located. 
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Abstract: The review is devoted to the current state of research and achievements in the field of modification of 
lubricants. To improve the tribological characteristics of lubricants, various additives, in particular, nanoparticles, are used. 
These additives avoid direct contact, reduce friction and wear. Given that graphene significantly improves the tribological 
characteristics of lubricants, the main methods for its production are considered. It is shown that the most promising 
technology for obtaining graphene to modify lubricants is liquid-phase shear exfoliation of crystalline graphite, since oil 
mixtures with nanoplates are evenly distributed in grease and ensure its stable operation in friction pairs. A variant of 
mixing graphite nanoplates with grease in a rotary disperser is considered. It is shown that, along with an increase in 
tribological characteristics, the lubricant modified with graphite nanoplates creates an antifriction film on friction surfaces. 
The compositions of the antifriction film and the results of its use are analyzed. The ways of improving the technology of 
modifying greases with graphite nanoplates are outlined. First of all, it is necessary to modernize the main equipment:  
a drum rod mill; node for classifying graphene-containing suspensions according to the nanoplates size; rotary disperser. 
Considering that the maximum effect is observed when using an antifriction film + grease modified with graphite 
nanoplates, it is necessary to study in detail the antifriction film formation and determine its optimal content in the 
lubricant. 
 
Keywords: tribological characteristics; additives; nanomaterials; graphite nanoplates; friction pairs; wear; antifriction 
films. 
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Аннотация: Обзор посвящен современному состоянию исследований и достижений в области модифицирования 
смазочных материалов. Для улучшения трибологических характеристик смазок используют различные добавки,  
в частности, наночастицы. Такие добавки позволяют избежать прямого контакта, снижают коэффициент трения  
и износ. Учитывая, что графен значительно повышает трибологические характеристики смазок, в обзоре 
рассмотрены основные способы его получения. Показано, что наиболее перспективной технологией получения 
графена для модифицирования смазочных материалов является жидкофазная сдвиговая эксфолиация 
кристаллического графита, поскольку масляные смеси с нанопластинами равномерно распределяются 
в  пластичной смазке и обеспечивают ее стабильную работу в парах трения. Рассмотрен вариант смешения 
нанопластин графита с пластичной смазкой в роторном диспергаторе. Показано, что наряду с повышением 
трибологических характеристик, смазка, модифицированная нанопластинами графита, создает антифрикционную 
пленку на поверхностях трения. Проанализированы составы антифрикционной пленки и результаты ее 
использования. Намечены пути совершенствования технологии модифицирования пластичных смазок 
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нанопластинами графита. В первую очередь необходимо модернизировать основное оборудование: барабанную 
стержневую мельницу; узел классификации графеносодержащих суспензий по размерам нанопластин; роторный 
диспергатор. Учитывая, что максимальный эффект наблюдается при использовании антифрикционной 
пленки + смазка, модифицированная нанопластинами графита, необходимо детально исследовать процесс 
формирования антифрикционной пленки и определить ее оптимальное содержание в смазке.  
 
Ключевые слова: трибологические характеристики; присадки; наноматериалы; нанопластины графита; пары 
трения; износ; антифрикционные пленки. 
 
Для цитирования: Baiti A, Aldavud SSYu, Algurabi AM, Salhi H, Pershin VF. Modification of lubricants with graphite 
nanoplates. Journal of Advanced Materials and Technologies. 2023;8(2):157-169. DOI:10.17277/jamt.2023.02. 
pp.157-169 
 

1. Introduction 
 

Tribology plays an important role in solving the 
problem of friction, which occurs when the parts of 
mechanisms and machines that touch each other 
move relative to each other. Friction reduction can 
prevent costs of countries’ gross domestic product 
from 1 to 1.4 % [1]. In addition to financial benefits, 
tribology can help protect the environment by 
improving energy efficiency and reducing CO2 
emissions. Thus, important social problems can be 
solved by improving the tribological characteristics 
of lubricants. Fig. 1 shows examples of friction pairs 
from contact between parts of mechanisms to human 
joints [2]. The study of lubricants makes a significant 
contribution to the field of tribology. 

A lubricant is a substance that effectively 
improves the movement of solid objects relative to 
each other by reducing wear and friction on 
interacting surfaces. In mechanical systems, friction 
results from sliding, rolling, or rotating contact 
surfaces. Consequently, friction leads to significant 

energy losses, wear and mechanical damage [3].  
At least 5 % of the total amount of mechanical energy 
is converted into useless heat. 

Lubricants must be chemically and thermally 
stable [4], non-volatile, non-corrosive, and durable 
over time. To meet environmental protection criteria, 
they must also be environmentally friendly and 
biodegradable [5]. The main goals and benefits of 
lubricants can be summarized as follows: reduction in 
load and increase in service life due to the formation 
of a lubricating layer in the friction zone; improving 
useful driving characteristics, such as reducing noise 
or friction; removal of generated heat to the outside to 
avoid overheating of bearings and deterioration of 
lubricant quality; reduction of corrosion by limiting 
the formation of rust and the penetration of foreign 
materials; reducing the degree of surface wear due to 
the application of lubricants between surfaces that rub 
against each other and the elimination of metal/metal 
contacts; reduced maintenance costs; reducing power 
losses of the internal combustion engine. 

 

 
Fig. 1. Examples of friction pairs [2, © Almqvist] 
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Lubricants include greases, solid lubricants and 
lubricating oils. A liquid lubricant such as water, 
natural or synthetic oils can reduce friction by 
preventing sliding between contact surfaces (metal-to-
metal or metal-to-nonmetal contacts). The effectiveness 
of lubrication depends on the contact stresses in the 
friction pair, the sliding speed and the viscosity of the 
lubricant. To improve the tribological characteristics 
of lubricants, various additives, in particular 
nanoparticles, are used. These additives make it 
possible to avoid direct contact, reduce the coefficient 
of friction and wear [6]. The efficiency of using 
nanoparticles as tribological additives was 
experimentally confirmed in [7–9]. The issue of 
obtaining carbon nanoparticles was considered in [10]. 

Due to their small size and unique 
microstructure, nanoparticles can easily form 
lubricated tribofilms on substrates by contacting 
contact surfaces [3]. Good dispersion characteristics 
allow nanoparticles to penetrate into the friction 
contact zone [11]. Thus, several modification 
strategies should be considered to increase the 
dispersion and stability of lubricant additives. 

The use of a large amount of additives increases 
not only the viscosity of the lubricant, but also the cost, 
in particular, this applies to molybdenum disulfide  
[12, 13]. In addition, these additives have varying 
degrees of toxicity, releasing sulfated ash, phosphorus 
and sulfur, which lead to air pollution, for example, 
acid rain and fog, and increase chemical corrosion [14]. 
Some additives, including ionic liquids, have 
exceptional tribological characteristics and are 
environmentally friendly, but their high cost hinders 
their wide use in industry [15, 16]. In this regard, it is 
extremely important to create environmentally friendly 
and durable lubricant nanomaterials based on 
nanocarbon. Graphene and its derivatives are 
considered the most promising lubricant additives. 
However, there are still problems in improving the 
dispersion stability of nanoadditives [17]. 

Since graphene was discovered in 2004, it has 
already amazed researchers around the world with its 
unique properties [18, 19]. In this review, special 
attention is paid to the advantages of graphene, 
including graphite nanoplates, as an additive to 
lubricants, as well as directly to the methods and 
equipment for producing graphene. 

 
2. Using Nanomaterials to Modify Lubricants  

 

Before the discovery of graphene, graphite was 
the most common form of carbon for lubrication  
[20, 21]. Graphite consists of graphene layers, which 
provides a low coefficient of friction between the 
layers [21]. However, the use of graphite as a 
lubricant has many disadvantages. 

Graphite is difficult to disperse uniformly in  
a liquid, which causes a decrease in fluidity and 
lubricity [22]. Graphite hardly enters the contact zone 
of parts and does not form a continuous protective 
film. Thus, graphite is not an ideal lubricant [23]. 

Graphene is a single layer of carbon atoms 
arranged in a two-dimensional (2D) hexagonal lattice. 
Unlike graphite, a single-layer or few-layer graphene 
structure can be easily stabilized in the liquid phase 
using surfactants [22]. The effects of few-layer 
graphene (FLG) help to reduce friction due to the 
sliding of graphene layers [24]. Since the terminology 
corresponding to the state standards of the Russian 
Federation does not have terms “few-layer graphene” 
and “multilayer graphene”, we will use the term 
“graphite nanoplate”. 

In [25], the effect of graphene structure was 
studied by comparing two forms of commercial 
graphene nanomaterials, such as 1-2–layer and  
1-10–layer graphite nanoplates. In further work, they 
were used as additives in 1-octyl-3-methylimidazolim 
tetrafluoroborate in epoxy resin. It has been 
established that 1-2–layer graphite nanoplates form 
large agglomerates, which leads to abrasive wear.  
On the contrary, 1-10–layer graphite nanoplates 
prevent wear by eliminating direct contact between 
friction surfaces. In addition, compared to graphite, 
additives based on graphite nanoplates are more 
resistant to oxidation and corrosion and have excellent 
thermal [26] and tribological [27, 28] characteristics. 

A number of researchers [29, 30] have 
demonstrated the excellent chemical resistance of 
graphene. In addition to chemical properties, 
graphene has been found to have superior tribological 
performance compared to other materials [31]. 
Tribological features are explained by the ability of 
graphene layers to smoothly slide over each other 
[32]. These results were confirmed in a molecular 
dynamics simulation work that demonstrates the 
relationship between the number of graphene layers 
in a graphite nanoplateand friction [33]. The model 
provides an explanation for stability over a wide 
range of temperatures, velocities, and pressures, 
predicting that the frictional force approaches zero as 
the number of layers approaches two or three. 

Berman et al. [34] reported the effect of adding 
graphite nanoplates with multiple graphene layers to 
steel friction surfaces to reduce friction and wear.  
The added nanoplates act as a two-dimensional 
nanomaterial, reducing wear between sliding contacts 
by almost four orders of magnitude and friction 
coefficients by a factor of 6. 

Graphene has excellent thermal properties, 
which is confirmed by theoretical approaches [35] 
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and experimental results [36]. Modification of 
lubricant with graphene improves its thermal 
conductivity [37, 38]. The thermal and electrical 
conductivity of nanofluids containing graphite 
nanoplates in various mass concentrations was 
studied [39]. In [40], the tribocharacteristics of 
lithium synthetic lubricants based on poly-alpha-
olefins and polytetrafluoroethylene particles  
(4 wt. %) of various sizes, namely 50 nm, 6 μm, 9 μm 
and 12 μm, and shapes as functional additive were 
studied. The results showed that the smaller the size, 
the higher the efficiency. However, 6 µm particles 
competed with 50 nm nanoparticles. The authors 
believe that the 6 µm particles performed well due to 
their spherical shape. It was concluded that the 
parameters that determine the efficiency are both the 
size and shape of particles. Li et al. investigated the 
tribological properties of 220 centipoise viscosity 
base grease with graphite nanosheets as an additive 
using a disk-on-disk test. The results showed  
a decrease in the friction coefficient at a normal force 
of 3000 N by 24 % [41]. In [42], MoS2was fixed on 
the surface of graphene sheets (GNS) using  
a hydrothermal process and chemical vapor 
deposition to obtain GNS/MoS2 nanocolors 
(GNS/MoS2–NF) and GNS/MoS2 nanoplates 
(GNS/MoS2–NP). The GNS/MoS2 composite 
obtained by various methods was examined using 
XRD, Raman, SEM, TEM and XPS. The results 
confirmed the different morphology of GNS/MoS2–NF 
and GNS/MoS2 NP. For GNS/MoS2–NF, MoS2 
nanocolors were dotted on the graphene surface, 
while MoS2 nanoplates were uniformly attached to 
the graphene surface in GNS/MoS2. The resulting 
composites were examined on a four-ball friction 
machine at 1200 rpm and a load of 392 N for 30 min. 
The GNS/MoS2–NF additive performed better than 
the GNS/MoS2 NP additive even at higher 
concentrations. For example, the coefficient of 
friction and base oil wear scar diameter were reduced 
by 42.8 and 16.9 % with the introduction of 0.02 wt. % 
GNS/MoS2–NF compared to GNS/MoS2–NP. 

Although graphite nanoplates are a popular 
option, the synthesis of graphene-based lubricants is 
challenging and further research is needed to 
understand the best synthesis methods. However, 
graphene has the potential to revolutionize the 
lubricant industry, and using it as a lubricant additive 
could greatly improve existing lubricants. 

 
3. Synthesis of Graphite Nanoplates 

 

The most common method for obtaining 
graphite (graphene) nanoplates is chemical vapor 
deposition (CVD) [43]. The obtained CVD 
graphene/graphite films are often used as a protective 

layer for microelectromechanical systems [44], gas 
barriers [45], and sensor production [46]. 

One of the options for the synthesis of liquid-
phase graphene additives is the mechanical 
exfoliation of graphite oxide or other chemically 
modified graphite compound [47] followed by 
chemical or thermal reduction or modification [48, 49]. 

Graphene is obtained by mechanical exfoliation 
of graphite oxide into graphene oxide – the Hummers 
method [50]. Liang et al. [51] introduced a nonionic 
surfactant (Triton-X) into the graphite exfoliation 
method. Graphene was mechanically peeled off by 
ultrasonication after mixing with a non-ionic 
surfactant. The frictional properties of water-based 
lubricants improved by 80% due to modification with 
graphene. Alternatively, Patel et al. [48] used off-the-
shelf reduced graphene oxide (rGO) as lubricant 
additives and reduced wear and friction by 52 %. 

Due to the toxicity of the Hammers method, 
various alternatives have been proposed. Among 
available alternatives, ascorbic acid is known as the 
most promising reducing agent due to its low toxicity, 
low cost, and non-carcinogenic properties. 

An alternative GO recovery method involves 
using thermal recovery. Thermal reduction is usually 
carried out at an elevated temperature in order to 
reduce GO to graphene [51]. 

Although liquid phase exfoliation of graphene 
may be the best way to obtain graphene for lubricant 
additives, researchers need to be aware of the 
fundamental limitations and impurities present in 
final products. It should be noted that during the 
reduction of GO on graphene planes, defects are 
formed at the sites of oxygen removal, which 
negatively affects non-tribological properties. 
Exfoliation of graphite using ultrasound requires 
large amounts of electricity, which significantly 
increases the cost. In our opinion, the most promising 
technology is the production of graphite nanoplates 
by liquid-phase shear exfoliation. 

 
3.1. Preparation of graphite nanoplates  

by liquid-phase shear exfoliation 
 

Most attention was paid to exfoliation using 
ultrasound. This is due to the fact that there is no 
need to make a special installation and it is possible 
to carry out the exfoliation of graphite particles on 
standard laboratory equipment. During sonication, 
cycles of high pressure (compression) and low 
pressure (rarefaction) alternate, the speed of which 
depends on the frequency of ultrasonic vibrations.  
At low pressure, a vacuum is created and bubbles or 
voids form in the liquid. At high pressure, the bubbles 
collapse and this phenomenon is called cavitation. 
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The temperature during cavitation reaches 5000 K, 
and the pressure is 2000 atm. In addition, liquid jets 
are formed with a speed of up to 280 m⋅s–1. Graphite 
nanoplates are obtained by sonication in organic 
solvents, in water with the addition of small amounts 
of surfactants, or in ionic liquids. 

Thus, strong oxidizing agents are not used, 
which has a positive effect on the quality of 
nanoplates. A method for obtaining polystyrene 
functionalized with graphene is presented in [52]. 
Powders of flake graphite and styrene were used as 
starting materials. During sonication, graphite flakes 
are transformed into single-layer and few-layer 
graphene plates. Simultaneously, graphene sheets are 
functionalized with polystyrene chains. A similar 
functionalization process was carried out with other 
vinyl monomers and new composites were created. 

Technology using ultrasound has the following 
disadvantages: very high energy consumption; 
graphite particles are affected not only by shear 
forces, but also by compressive and shock forces, 
which negatively affects the quality of graphene. 

The most promising is shear exfoliation. One of 
the first versions of this method was proposed in [53]. 
The slurry jet is fed onto a rapidly rotating disk. 
Under the action of centrifugal forces, the suspension 
is distributed over the disk surface in a thin film and 
moves towards the periphery of the disk. In a thin 
film, shear forces arise and particles of graphite or 
other layered crystal are stratified. After repeated 
supply of the suspension to the rotating disk, the 
particles gradually turn into nanoplates. This method 
is interesting due to the stratification mechanism of 
layered crystals, but it has not found application in 
industrial production. 

The most promising method is the production of 
graphite nanoplates using a stator-rotor mixer with 
high shear [54]. The mixer consists of a cylindrical 
body with 96 square holes with a cross section of  
2 × 2 mm. Inside the housing is a rotor with four 
blades. The gap between the edges of the blades and 
the inner surface of the housing should be no more 
than 0.1 mm. Particles are mainly affected by shear 
forces. When the suspension passes through the holes 
in the housing, shear forces partially act on the 
particles. In addition, cavitation occurs. The most 
significant are the shear forces, and the rest of the 
force effects cause defects in the graphene planes. 

In [54], an L5M laboratory mixer manufactured 
by Silverson Machines Ltd., UK, was used. Electric 
motor power is 250 W, maximum rotor speed is 8000 
rpm (6000 rpm at full load). The inner diameter of the 
cylindrical body is 50 mm. The rotor has four blades 
and a gap between the rotor and the body of 0.1 mm. 

During the rotation of the rotor, the mixer works like 
a pump. By centrifugal force, the suspension is 
ejected through the holes in the housing. A vacuum is 
created between the housing and the rotor, and the 
suspension is drawn through the upper and lower 
ends of the housing into the area between the housing 
and the rotor. Particles that enter the area between the 
blade and the inner surface of the housing are subject 
to shear forces that cause particle separation. 
Experiments were also carried out using cases with 
an inner diameter of 19 mm and 16 mm. 5 liters of a 
mixture of water + crystalline graphite powder + 
+ surfactant were pre-prepared. The rotor speed was 
gradually increased to a predetermined value. 
Exfoliation was carried out for a certain time. During 
the experiments, six main parameters were varied: 
mixing time; rotor speed, N rpm (converted to s–1  
in calculations); the volume of the processed 
suspension V liters (from 0.25 to 5); rotor diameter, 
D mm (12, 16 and 32 mm); concentration of graphite 
in the initial suspension. 

The following components were used as 
surfactants: N-methyl-2-pyrrolidone; N-cyclohexyl2-
pyrrolidone; N-cyclohexyl-2-pyrrolidone. The 
classification of nanoplates was carried out on  
a Thermo Scientific centrifuge, model: Heraeus 
Megafuge [54]. Centrifugation was carried out 
sequentially at different speeds. After centrifugation, 
particles with an average size (length) remained in 
the centrifuge: 5000 rpm – 160 nm; 3000 rpm –  
200 nm; 2500 rpm – 216 nm; 2000 rpm – 282 nm; 
1000 rpm – 1000 nm. After separation of the 
suspension into fractions, the size of the nanoplates 
and the number of graphene layers in these 
nanoplates were evaluated using transmission 
electron microscopy (TEM). A very interesting fact is 
the relationship between the sizes of nanoplates and 
the number of graphene layers that make up these 
plates. For example, with an average nanoplate size 
of 1.1 µm, the average number of graphene layers 
was 2.8. In addition, it was found that the aspect ratio 
of nanoplates (length/width) was constant and equal 
to 2.6. This is a very important fact, which further 
allows one to more accurately determine the 
concentration of nanoplates in a suspension. Thus, 
during cascade centrifugation, the suspension is 
separated into fractions according to the lateral 
particle size and the number of graphene layers. 
Currently, most researchers use cascade 
centrifugation to sort nanoplates. 

As the results of long-term operation of the 
stator-rotor mixer showed, due to the wear of the 
rotor blades, the gap increases and the exfoliation 
process stops. This disadvantage is eliminated in a 
rotary apparatus with movable blades (Fig. 2) [55, 56]. 
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Fig. 2. Scheme of a rotary apparatus with movable blades: 1 – stator; 2 – rotor; 3 – rotation drive; 4 – blade; 5 – cover  
[55, © Al-Shiblawi] 

 
The graphene-containing suspension was 

obtained as follows. Powder of crystalline graphite 
weighing 50–100 g was poured with 1–2 liters of oil, 
which is the basis of grease. The apparatus was 
placed in the container and the rotation drive 3 was 
turned on. When the rotor 2 rotated, the mixture of oil 
and graphite was ejected by centrifugal forces 
through the holes in the upper part of the housing.  
In the zone between the housing and the rotor,  
a reduced pressure was formed and the mixture 
entered the specified zone through the lower end. 
Under the action of centrifugal forces, the blades 4 
were pressed against the inner surface of the body. 
Particles that fell into the zone of sliding contact of 
the fixed inner surface of the stator and the movable 
blades (exfoliation zone) stratified due to shear 
forces, i.e. two particles were formed from one 
particle, but with smaller thicknesses. Since the 
particles fell into the exfoliation zone many times, 
nanoplates gradually formed from graphite particles. 
After the end of the exfoliation process by 
centrifugation, the resulting suspension was divided 
into fractions by particle size. 

The results of further studies made it possible to 
carry out the transition from a periodic regime to a 
continuous one [57–59]. 

Fig. 3 shows a diagram of a cross section of  
a rotary apparatus with composite movable blades.  
A rotor 2 is located in the cylindrical body 1. The 
blade consists of a base 3 connected to the tip 4 by a 
tongue-and-groove connection. The base is made of 
metal, and the tip is made of an anti-friction material, 
such as fluoroplastic. By changing the density of the 
metal, it is possible to change the magnitude of the 
centrifugal force acting on the blade, and, 
consequently, the force of pressing the tip to the inner 
surface of the stator. For example, the mass of a blade 
with an axial length of 10 mm, made of PTFE, is 
equal to m = 0.4 g; the normal force FN acting on the  

 
 

Fig. 3. Scheme of a rotary apparatus with movable 
composite blades: 1 – stator; 2 – rotor;  

3 – the base of the movable blade;  
4 – the tip of the movable blade [57, © Al-Jarah] 

 
blade is 4.3 N. When the blade is made in two parts, 
with a base 4 mm thick, with a radial dimension of 8 
mm, made of steel, and a tip 2 mm thick and with a 
radial dimension of 6 mm, made of PTFE, the total 
mass of the blade m = 1.8 g, and the normal force 
FN = 20 N. 

Comparisons between the results of 
experimental studies in batch mode (Fig. 2) and 
continuous mode (Fig. 3) were made, which showed 
that the productivity in continuous mode was at least 
1.5 times greater than in batch mode.  

 
4. Modification of Lubricants  

with Graphite Nanoplates 
 

For the industrial modification of grease in the 
article [59], an installation was developed, the 
scheme of which is shown in Fig. 4. The process is  
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Fig. 4. Scheme of the graphene-containing suspensions and concentrates industrial production: 1 – liquid dispenser;  
2 – rod drum mill; 3 – graphite powder dispenser; 4 – tank with a stirrer; 5 – additional dispenser of graphite powder;  

6 – pump; 7 – first rotary apparatus; 8 – final rotary apparatus; 9 – coarse filter; 10 – fine filter; 11 – vessel for preliminary 
mixing of nanoplates with grease; 12 – rotary disperser [57, © Al-Jarah] 

 
implemented as follows. The base oil and powder of 
crystalline graphite are fed by dispensers 1 and 3 into 
a drum rod mill 2. Mechanical activation of graphite 
particles and their partial exfoliation are carried out in 
the mill [59, 60]. 

The treated mixture is fed into tank 4, where oil 
and graphite powder are supplied by dispenser 5. 
From tank 4, the diluted mixture is fed by pump 6 
(P1) into the first rotary apparatus, where graphite is 
exfoliated. From the first rotary apparatus, the 
suspension enters the second apparatus, etc. Next, the 
suspension is fed by pump Р2 to the coarse filter 9. 
The filter cake is sent to the mill 2 for repeated 
mechanical activation. The clarified suspension is fed 
to the fine filter 10. The precipitate from the filter 10 
is fed into the pre-mixing tank of nanoplates with 
grease 11. 

For uniform distribution of nanoplates over the 
volume of the modified lubricant, a disk disperser 12 
is used [61–64]. The disperser (Fig. 5) consists of a 
stepped disk (rotor) 1, a stator 2, and a pipe for 
supplying the mixture 3. The mixing of a viscous 
liquid with graphene plates was carried out as 
follows. Grease with graphene concentrate was 
premixed using a laboratory paddle mixer.  
The content of graphite nanoplates did not exceed  
1 wt. %. The mixture was pumped into nozzle 3 with 

a rotating disk 1. Compared to a flat disk, vertical 
sections were added where the mixture moves along 
helical trajectories. 

The gap between the rotor and the stator 
S = RiS – RiR, when using different pairs of stators and 
rotors, varied from 0.05 to 0.2 mm. At the beginning 
of exfoliation, a gap of 0.2 mm was used, and as the 
thickness of the nanoplates decreased, the gap was 
reduced to 0.05 mm. 

The motion of a viscous fluid in a small gap 
between a fixed body and a rotating disk was studied 
[63]. Mathematical dependencies are obtained to 
determine the main parameters of the motion of a 
viscous fluid in the gap. Based on the mathematical 
apparatus of random Markov processes, discrete in 
space and time, a model of the process of mixing 
grease with graphene plates was developed.  
The decomposition of the mixing process into radial 
and circumferential components made it possible to 
estimate the intensity of each of these components. 
Using the results of numerical experiments, ways to 
improve the organization of loading the lubricant and 
modifier into the homogenizer were outlined in order 
to increase the uniformity of the distribution of 
graphene plates over the entire volume of the 
lubricant and stabilize the tribological characteristics. 
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Fig. 5. Scheme of a stepped disk homogenizer [63, © Alhilo] 
 

Table 1. Tribological characteristics of modified lubricants 
 

Grease name Wear scar 
diameter, mm Scuff index, N Critical load, N Welding load, N 

Integrated Lithium threaded 0.52 511.80 765 1932 

Complex Lithium threaded with talc 0.53 509.83 1216 1932 

Complex Lithium threaded Surgut 0.55 707.95 451 1932 

Integrated Lithium threaded from 
fishing 0.50 536.77 765 1932 

Integrated Lithium threaded from 
pipe factory 0.77 296.15 294 1932 

Complex Calcium  0.69 201.10 197 1098 

Complex Calcium with 0.1 % 
multilayer graphene 0.34 598.00 1040 4140 

 
The efficiency of using nanoplates obtained by 

liquid-phase shear exfoliation was experimentally 
confirmed in [65, 66]. The results of the experimental 
determination of the tribological characteristics of the 
modified lubricant are given in Table. 1. 

According to the data obtained, when 0.1 % 
multilayer graphene was added to the complex 
calcium lubricant, the wear scar diameter decreased 
by 50%, the scuff index increased by 2.9 times, and 
the bearing capacity increased by 3.8 times [65]. 
Multilayer graphene (graphite nanoplates) was 
obtained by liquid-phase shear exfoliation of 
crystalline graphite powder in oil, which was the 
basis of a complex calcium lubricant. The number of 
graphene layers did not exceed 25, and the lateral 
dimensions were on the order of 1 µm. 

5. Formation of Antifriction Films  
on Friction Surfaces 

 
Protective anti-friction films that form on 

friction surfaces significantly extend the service life 
of machines and mechanisms. The paper [67] 
presents the results of comparative tests on an MI-1M 
friction machine, Litol-24 commercial lubricant and 
Litol-24 lubricant modified with graphite nanoplates. 
We used graphite nanoplates obtained by liquid-
phase shear exfoliation with the number of graphene 
layers no more than 25 and a concentration of 0.1 %. 
It has been established that the modified lubricant 
reduces the mass wear of friction pairs by 43 %.  
Fig. 6 shows the contact diagram of the roller-roller 
friction pair. The rollers are made of ShKh-15 steel.  
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Fig. 6. The scheme of contacting the friction pair  
“roller-roller”: 1 – upper roller; 2 – lower roller;  

3 – bath with lubrication [67, © Nagdaev] 
 

Roller parameters: top roller width – 10 mm; lower – 
12 mm; outer diameter – 50 mm; surface roughness – 
Ra = 0.8 µm; hardness – 60 HRC. The rollers 
underwent preliminary running-in on Litol-24 
lubricant for 3 hours. The bottom roller was 1/3 of the 
diameter immersed in a grease bath. Evaluation of the 
running-in efficiency was the stabilization of the 
friction moment. After running in, the rollers were 
washed, dried, and weighed with an accuracy of  
0.1 g. The rollers prepared for testing were installed 
in a friction machine and testing began at zero load, 
which was gradually increased to a selected value. 
The wear of the friction surfaces was determined by 
weighing on an analytical balance. The temperature 
change on the friction surfaces was determined with 
an MS 6530 instrument. 

After testing, the surface of the upper roller had 
the form shown in Fig. 7.  

In conclusion, it is noted that the modification of 
the lubricant with multilayer graphene improves 
performance and reduces the wear of friction surfaces. 

 
 

Fig. 7. The roller surface after testing  
(100 times magnification) [67, © Nagdaev] 

 
In [69], the authors set the task to study the 

processes of formation of a carbon film on the surface 
of the roller-roller friction unit in Litol-24 lubricant 
with an additive in the form of multilayer graphene in 
an amount of 0.2 wt. %. The condition of the friction 
surfaces was assessed using a Kromatech digital 
microscope and electron microscopy. Surface 
roughness and carbon film thickness were determined 
using a profilometer. The tests were carried out on an 
MI-1M friction machine. The friction pair “cylinder-
ball” was investigated and the coefficient of friction 
and the state of the surface were determined.  
As a result of the research, it was found that, first of 
all, the film was formed in depressions on the friction 
surfaces (Fig. 8). 

To determine the composition of the film, it was 
deformed to destroy it. According to the scanning 
electron microscopy images obtained by the authors, 
in several places the film came off the steel surface 
and cavities formed. 

 

 
 

                                                         (a)                                                         (b) 
 

Fig. 8. Micrograph of the metal roller surface: a – at the 110 times magnification;  
b – the roller surface after 6 hours of operation in Litol-24 + graphene lubricant [68, © Nagdaev] 
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A similar film was obtained on the surface of a 
cylinder 26 mm in diameter made of BrShchF10-1 
bronze. To determine the elemental composition of 
the film, mapping of individual sections was carried 
out and it was found that the flakes were composed of 
carbon, which confirms the composition of the 
carbon antifriction film formed on the surface of 
ShKh15 steel. 

With a change in the thickness of the carbon film 
(the operating time of the friction unit), the roughness 
of the carbon surface changes. For the first hour, the 
roughness changes from class 5 to 9–10. From 1 hour 
to 3 hours the roughness decreases and then increases 
again. The moment of the friction force increases 
during the initial 90 minutes of operation of the 
friction unit from 5.4 to 5.8 (Nm), then gradually 
decreases to 4.9. 

The test results showed the following values of 
friction coefficients: Steel ShKh15 – 0.288; Steel 
ShKh15 + Litol-24 – 0.197; Anti-friction film + 
+ Litol-24 – 0.141; Steel ShKh15 + Litol-24 + 0.2 % 
graphene – 0.113; Anti-friction film + Litol-24 + 
+ 0.2% graphene – 0.06. 

Thus, the use of antifriction film and graphene-
modified lubricant reduces the friction coefficient by 
about 3 times. It is also noted that there is a decrease 
in the oil absorption of a rough surface, which 
reduces the thickness of the lubricating film [68]. 
 

6. Conclusion 
 

The modification of lubricants with 
nanomaterials significantly improves tribological 
characteristics and improves heat removal from the 
friction zone. The most promising antifriction 
additives are graphite nanoplates, the production of 
which is quite simple and cheap and, what is very 
important and environmentally friendly. When 
obtaining graphite nanoplates by liquid-phase shear 
exfoliation of crystalline graphite in base oil, the 
operation of uniform distribution of these nanoplates 
over the volume of grease is simplified. The addition 
of 0.1 wt.% graphite nanoplates containing no more 
than 25 graphene layers to the complex calcium 
lubricant reduces the diameter of the wear scar by 
50%, the scuff index increases by 2.9 times, and the 
bearing capacity increases by 3.8 times. In addition, 
when using lubricants modified with graphite 
nanoplates, the formation of antifriction films on 
friction surfaces is observed, which reduces the 
friction coefficient by 3 times. It is necessary to 
develop an industrial technology for applying 
antifriction films using graphite nanoplates, which 
will reduce friction and wear of friction pairs in 
mechanisms and machines. 
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