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Effect of modification of carbon nanotubes
by 3-aminopropyltriethoxysilane on the properties of silicone nanocomposites
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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.

Keywords: nanomaterials; carbon nanotubes; nanocomposites; polymers; silicone; functionalization.

For citation: 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

Bausinne moguuuupoBaHus yriaepoaHbIX HAHOTPYOOK
3-aMHHONPONMWJITPUITOKCUCUIAHOM HA CBOICTBA CMJIMKOHOBBIX HAHOKOMIIO3UTOB
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AnHotanusi: B pesynprate MommUIMpOBaHWS CHIMKOHOBOTO KOMMAyHAa YriiepodHbIMu HaHOTpyOkamu (YHT)
MOJTyYCHBI KOMITO3UTHI C YIYYIICHHBIMH (H3HUSCKUMH CBOHCTBAMH W TEPMHUYECKOW cTabmiabHOCTBIO. [l Gomee
PaBHOMEPHOTO  paclpeleleHHuss B  MaTpUlle YIJIEPOAHbIE HAHOTPYOKH  TOABEPraiuch  (QYHKIIMOHAIA3AIIUN
3-aMUHOTIPONMATPUITOKCHCHIaHOM. CHIaHM3aIlMK TOJBEPrajiiCh HWCXOAHBIE W TpenBapHTeNnbHO okucieHHele YHT,
CONlepKAIIUe PAa3NIUIHOe KONMW4YecTBO KapOokcmmbHeIXx rpymm. Ot 0,5 mo 3 macc. % uMCXOmHBIX WiH  (YHKIHO-
Hanmm3upoBaHHBIX YHT BBomwim B CHIMKOHOBBIM KommayHa wmapku «Cmmarepm 2111». Ilomyuennsie o0pa3iisl
oxapaktepuzoBanbl Meromamu UHK-®ypee wu  KP-cmexrpockonuu, TI/JICK-ananmuza. CoaepxaHue KpeMHHS
B cwiaHu3upoBaHHbix YHT ompenensyioch METOJOM PEHTICHO(IyOPECIECHTHOW crekTpockonuu. Iloka3ano, dTo
npeaBapuTenbHoe okucienne YHT He3HauuTenbHO BIMSET Ha cOJepKaHie KPEMHHS B CHJIaHU3UPOBAHHBIX HAHOTPYOKax,
Kotopoe cocrasisier 10 (7,69 + 0,92) macc. %. [lo maHHBIM paMaHOBCKOTO KapTHPOBAHMUS IMOBEPXHOCTH CHIIMKOHOBBIX
KOMITO3UTOB, CHiaHu3MpoBaHHble YHT pacnpenensrorcsi B MOBEPXHOCTHOM CIIO€ Marepuaia 0ojiee paBHOMEPHO, YeM
UCXONHBIE HAHOTPYOkH. DyHKIHMOHANHM3amWs CIOCOOCTBYeT Ooiee paBHOMEpHOMY pacmpenencamo YHT
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B TIOBEPXHOCTHOM cltoe Marepuaia. JlaHHbIH 3()(eKT MOT0KUTEIFHO CKa3bIBaeTCs Ha (PU3NKO-MEXaHUIECKUX CBOMCTBAX
KOMIIO3UTOB. (DYHKIIMOHATIM3UPOBaHHbIE 3-amuHONponwitpudTokcucuwianom YHT B 1,5 pasza Gosee »sddexTuBHO
YBEIMYMUBAIOT 3JIEKTPOIPOBOAHOCTb, 4eM HucxonHble YHT. IlosydyeHHblE KOMIIO3UTBI COXPAaHSIIOT MEXaHUYECKUE
XapPaKTEPUCTHKH TI0CJIC TEPMHUCCKOTO BO3JCHCTBHS W MOTYT OKCIUIyaTHPOBAThCs B OoJice HIMPOKOM HHTEpPBAC

TEMIIEPATyp, YEM MUCXOHbIM CUIMKOHOBBII KOMIIAyH/I.

KiioueBnle ciioBa: HaHOMATCpUaJibl; YIJICPOAHBIC HaHOpr6KI/I; HAHOKOMITIO3UTBI; NOJIMMEPBI; CUJIMKOH; (I)yHKlII/IOHaHI/BaHI/IH.

Jost mmrupoBanmsi: 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.
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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 um, 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 CoH2005Si (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=15.2 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 °C.

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 ' with
a resolution of 4 cm ' 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 | 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 x 10 um
were recorded on the same device. The OMNIC™
Atlus 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 .

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 HNO;3; 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
Content of functional groups,
Duration mmol.g71
of oxidation, h

phenolic lactone -~ COOH
2 0.3 0.3 0.5
5 0.2 04 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 ' [38]. The broad band at about
3450 cm | 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 ™' 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 ' increases. In addition, a low-
intensity peak appears at 1740 cm ' 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=0 bonds in carboxyl groups, the number of
which was previously analyzed based on titration
data. According to [41], the peak at 1136 cm | 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 ! 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 -,
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 ' are caused by vibrations of the
Si—-OH, Si—0O-Si, Si-O-C, and Si-CHj bonds.
It should be noted that there is no peak at 1385 cm '
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'
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 '), D (1350 cm '), D + G (~2920 cm )
and 2D (2700 cmﬁl). 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 (/) oxidized with nitric acid for 2 hours (2),
silanized without pre-oxidation (3) and after pre-oxidation for 2 (4) and 10 (5) hours
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Fig. 2. Raman scattering spectra of CNTs: original (/); 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 /)
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 ™' 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
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DSC / (uvimg)

Temperature, °C

Temperature, °C
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DSC / (uvimg)

200 400 600 800
Temperature, °C
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Temperature, °C
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Fig. 3. TG and DSC-curves in air of original («) and oxidized CNTs for 2 (b), 5 (¢) and 10 (d) hours before (/)
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
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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 x 20 um 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. 4¢) 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 pm.
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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, €)
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. 4¢)
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 °C, its weight remains unchanged,
and intensive destruction begins after 400 °C.
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 °C 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.

100J

Residual, wt. %

200 400 600 800
Temperature, °C
Fig. 5. TG curves in argon of the original silicone (/)

and nanocomposites containing 0.5 (2), 1 (3)
and 3(4) wt. % silanized CNTs

R-10"", Ohm
16 - 3%

Pristine CNT

Silanized CNT

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 ©°C. 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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CBOWCTB wu3/enuii U3 (OTOMOMMMEPHBIX CMOJI, MOJy4eHHbIX MerogoM DLP 3D-newarn. HecmoTpss Ha BbICOKHE
XapaKTEePUCTHKH rpad)eHOBBIX HAHOCTPYKTYP, K KOTOPBIM OTHOCHTCSI 1 MAJIOCIOMHEIN rpadeH, TaHHBIA KJIaCC MaTepHAIIOB
0 CHX TOp HE TPUMEHSETCS B IMPOMBIIUICHHOCTH H3-32 HEBO3MOXKHOCTH CHHTe3a OOJBIINX OOBEMOB MaTepHala
BBICOKOTO KauecTBa M C MpHUeMIIEMON cebecTOMMOCThIO. [IpeaoxKeHHbI METO ] CHHTE3a TT03BONIAET MOIy4aTh OONbIIHe
00bEeMBI MAJIOCIOWHOTO rpadeHa, He cojepikaliero B cBoeil cTpykrype aedextsl CToyHa—Yoaitnca. YCTaHOBICHO, YTO
mo0aBJIeHHEe MaOCIONHOTO rpad)eHa MO3BOJSET JOOMTHCSA POCTa TBEPAOCTH 1O bpuuemto mo 1,8 pas, mpoyHocTH Ha
n3ru6 110 1,5 pa3 ¥ TEIIONPOBOAHOCTH 10 2,2 pa3 M0 CPABHEHHUIO C UCXOIHBIM II0OJIMMEPOM IIPH UCIIOJIL30BaHUK He OoJee
2 macc. % wmanocnoiiHoro rpadena. JlanpHeiiee yBeIMUYCHHE KOHIICHTPAIMM MAaJOCJIOHHOrO rpadeHa He MPHBEIO
K JajgbHEHIIEeMy pOCTYy CBOMCTB KOHEYHOTO KoMIlo3uTa. lloilydeHHble JaHHbIE CBUAETEIBCTBYIOT O BBICOKOM
5(QPEKTUBHOCTH CHHTE3UPOBAHHOTO MAaJIOCIIOWHOTO rpadeHa B KadecTBe MoAuduIupyromeil 100aBKu MpH CO31aHUN
n3aenni u3 porornoauMepHbIX cMoil MetogoMm DLP 3D-nevatn.

KiroueBble ciioBa: mosmMMmepHble KOMIO3uThl, DLP; Manocioinbeiii rpadeH; TBEpIOCTh; MPOYHOCTh HA H3THO;
TEIUIOPOBOAHOCTD; TETTIOEMKOCTb.

Jois nurupoBanusi: 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
10.17277/jamt.2023.02.pp.103-110

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)f1
[4], Young's modulus is up to 1 TPa [5], while its
specific surface is estimated at 2630 mz-gf1 [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

of Advanced Materials

and Technologies. 2023;8(2):103-110. DOI:

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.

2

I
PR QWWWWW“N
a/rﬂzl:!::;’si's“!‘:

Fig. 1. The appearance of products made of polymer
composites based on photopolymer resins obtained
by DLP by 3D printing: / — 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, CuKo =
=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.
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Fig. 2. Electronic image of few-layer graphene.
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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 cmﬁl, G 1586 cm '
typical for graphene nanostructures and a region

2250-3250 cm (2D region) with a superposition of
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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 20 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 (V) using
the formula L = N/d (Table 1).

(002)

Intensity, a.u.

20, degree

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

Crystallite size Interplanar Number
L, nm spacing d, nm 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.
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Fig. 6. Dependence of sample hardness
on FLG concentration
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Fig. 7. Dependence of the flexural strength
of samples on the concentration of FLG
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Fig. 8. Dependence of thermal conductivity («) 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)fl, 5 which leads to an increase in
thermal conductivity (Fig. 8a). However, the specific
heat capacity of graphene is about 700 J-(kg-"C)fl
[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
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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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screen-printing.
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AnHoTanus: lVccrienoBaHbl CBOWCTBA JJIEKTPOXUMHUYECKOTO JATUYMKA, H3TOTOBIEHHOTO C IOMOIUBIO TEXHOJIOTUH
TpadapeTHoil medatd rpaduToBod macThl. (OCHOBHBIM  BJIEKTPOIPOBOAALIMM KOMIIOHEHTOM IacThl  SIBJISIETCS
TePMOpPACIIMPEHHBI Tpadutr. Jnd TOATBEpKICHHS KadecTBa M IEJIOCTHOCTH pPE3YylbTaTOB TpadapeTHO medaTH
ANEKTPOIBI HCCICAOBAHBI METOIAMH ONTHYECKONW W CKAaHUPYIOMIEH ASJIEKTPOHHOH MHKPOCKONHHU. DIEKTPOXUMHUYCCKIE
U3MEpeHUsT (XPOHOAMIIEPOMETPHS W IMKINYeCKas BOJBTAMIICPOMETPHs) TMEYATHBIX DJCKTPOJOB TOKA3alH, dYTO
XapaKTepUCTHKH TIACTBI HAa OCHOBE TEPMOPACIIMPEHHOTO TpaduTa aHAIOTHYHBI XapaKTEPUCTHKaM KOMMEPYECKH
JIOCTYTIHOW TpauTOBON MACTBl, HECMOTPS Ha PaguKaIbHO MEHbIIee cojepxaHue yriaepona. [Iporotun Gmocencopa,
M3TOTOBIICHHBIA B TaHHOW paboTe, XapaKTepu3yeTcs aHU30TPOITHON MOpQOIorHel MOBEPXHOCTH, 0Opa30BAHHON CMECHIO
TEXHUYECKOTO YIieposa C H3MENbYCHHBIMH YaCTHIIAMHU YIiepoja (TepMOpACIIMPEHHBIH M MHUKPOKPHCTATIHUECKUIT
rpadut). [laHHBI npoTOTHI O0O0JIaAaeT XOpOIIei JIMHEHHOCTHIO peakUuM Ha TJIIOKO3y B IIMPOKOM JMara3oHe
oT 1 1o 40 MM, mposABIAS MPU 3TOM 3HAYEHUS TOKOB M UYBCTBUTENILHOCTH, CPABHUMBIE C KOMMEPUYECKH OCTYIHBIM
AQHAJIOTOM.
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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"
(NlIgrafit, 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 pm, 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 pum.

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-clectrode 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 ' 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 em®. 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
KH2P04, 40 mM KzHPO4, 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 pL) of glucose oxidase (10 mg-mLfl) and
potassium hexacyanoferrate (I11) (113 mg-mLﬁl) 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 pL 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 um 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 um, 84 % of the
EG particles pass threshold. The size of a third of all
particles after ultrasonication (33 %) is 20 — 25 pm.

Particie fraction, %

0 70 80
Particle size, ym

i 20 36 40 50

o

Fig. 1. Distribution histogram
of the EG particle size after ultrasonication
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(©)

.

(d)

Fig. 2. SEM micrographs of the EG particles: (a, b) initial particles; (¢, 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 pum, while
particles ranging in size from 5 to 15 pm made up the
main share (67 %) (Fig. 3).
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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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(a)

(b)

Fig. 5. Images of a printed graphite electrode based on CGP paste:
(a) optical micrograph of the edge; (b) scanning electron micrograph of the surface

Fig. 6a presents a graphite electrode
manufactured with the original EGP.

It can be seen from microphotographs that the
electrode surface looks loose, but the edges of the EG
particles are smoothed by the polymer base, and the
filling of the electrode volume with graphite paste
components is uniform (Fig. 6b). The separation of

the polymer base (Fig. 6¢) at the electrode boundaries

is practically absent, there is no spreading, and the
electrode border has a wave-like shape.

As a result, the obtained graphite electrodes
based on EGP had a rectangular shape with a wave-
like contour, without traces of spreading, with a weak
separation of the polymer base around the perimeter
and uniform filling of the volume with conductive
components. The specific electrical resistance values
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1000 pm

Fig. 6. (a) printed graphite electrode, (/) auxiliary, (2)
reference and (3) working electrodes;
(b) scanning electron micrograph of the EGP surface; (¢)
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 um in size
(Fig. 7). Corresponding EGP paste volume resistivity
value is performing at the same level as EtOH]1-5,
HMP1-5 and PVPI-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

Electrode Elgctrlcal Speqﬁc
. resistance electrical
Paste  thickness, . .
of the working  resistance,
electrode, @  (Qxmm?)-m"’
CGP 10 1000 270
EGP 11 1500 440

2{)—_ 7

LN
11

\
\
\

7))
7

0 20 3% 40 50 60 70
Particle size, pm

Particle fraction, %

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.

EN

IL.)ON

Current, pA

'
(=)}

04 02 0 02 04 06
Potential, V

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

Current, pA

0 5 10 15 20 25 30
Time, s
Pllt;)l?})rlcl‘;llc 0.6 mM M 40.0 mM

1.0omM 5.0mM 15.0 mM

(b)

30.0mM 50,01

solution nM

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, pA/mM  Current density at 30 mM, mA/cm” 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 Ca;o(PO4)s(OH), Fyx, x=0.0; 0.2; 0.5; 1.0; 1.5; 2.0 were obtained by reacting
Cajo(PO4)¢(OH),, Ca3(POy), and CaF, 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 (Ca;o(PO4)s(OH),; — No. 9-0432;
Cag(PO4)¢F2 — No. 00-003-0736). Vibrational spectra of solid solutions corresponded to the apatite structure with
characteristic absorption bands of tetrahedra of PO43_, OH groups. An increase in the fluorine content in solid solutions
was accompanied by a typical shift of the 631 cm”' 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.

Keywords: hydroxyapatite; fluorapatite; solid solutions; solid-phase synthesis; properties; characterization.
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Annotanusi: TBepzblie pacTBOpbI PTOp3aMeIEHHOT0 THApOKcHanaTuTa Kanbius coctaBoB Cajo(PO4)s(OH), <Fy, x = 0,0;
0,2; 0,5; 1,0; 1,5; 2,0 momyuensr npu B3aumozencTBun Cajo(PO4)s(OH),, Caz(PO4), u CaF, B xome TBepmodazHoii
peakuun cuHresa npu 1200 °C B Teyenue 3 u Ha Bo3ayxe. [IpolyKThl cuHTE3a MACHTH(GUIMPOBAIN C MCIOJIB30BAHUEM
peHTreHo(a30BOro M PEHTreHO(IyOPECIEHTHOTO aHAJIM30B, MH(PPAKpacHOH W HUMIIEJIaHCHOW CIEKTPOCKOIUH.
[To pesynbratam peHTreHO(a30BOr0 aHajiM3a CHUHTE3UPOBAaHHbIC TBEPAbIE pPAacTBOPHI 00Jagall  CTPYKTypou
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TeKCaroHaJbHOTO alaTuTa, KpailHWe WIEHBI psina TBepIsIX pacTBopoB orBedany craHmaptam JCPDS (Ca;g(PO4)s(OH), —
Ne 9-0432; Cajg(PO4)sF2 — Ne 00-003-0736). KonebaTenbHbIe CIIEKTPBI TBEPIBIX PACTBOPOB COOTBETCTBOBAIUA CTPYKTYPE
anaTuTa ¢ XapakTepHBIMH I0JOCAMH TIOTJIOIICHUS TETPadIpOB PO, OH -rpymi; poct conepkanusi GpTopa B TBEPABIX
pacTBOpax CONMPOBOXKAAJICS THITHYHBIM CMEILEHHUEM IOJIOCH! 631 cM | B 06MacTh GONBIINX 3HAYCHMI BOJTHOBBIX HHCEN,
a MHTEHCUBHOCTH €€ II0CIIe0BaTeIbHO CHIbKaIack. C pocToM coneprkanust GhTopa B TBEpIbIX pacTBopax Ha yactore 1 k['1t
TAaHT'CHC yTIJj1a JUIJICKTPUUCCKUX MOTCPh HC MPETEPIICBAl 3HAYUTECIIbHBIX H3MeHeHHﬂ, a JUBJICKTpUUICCKas MpOHUIIAEMOCTb
HE3HAYMTENIbHO CHIDKalack. Ha ocHOBe pe3ynbTaToB (DU3MKO-XMMHUYECKOTO aHallu3a OIpeleeHbl (yHIaMeHTaJIbHbIe
B3aNMOCBA3H «COCTAaB — CTPYKTypa — CBOMCTBaY» JJIA UCCIICAOBAHHBIX IMPOAYKTOB CHHTE3a, NPOBCACHA OLCHKA BIWAHUA
cocTaBa M YCJOBUHM CHHTEe3a Ha KpHcTautorpaduueckue (rapamMerpbl SJIEMEHTAPHOM SUEHKH) M DIICKTPHYECKHE
(mmdnexkTpuyeckass TPOHHIAEMOCTh, TAHIEHC Yria JUIEKTPUYECKHX II0T€pPb, IPOBOJUMOCTH) XapaKTEPUCTHKU

CHUHTE3HMPOBAaHHBIX TBEPJBIX PAacTBOPOB. TBepable pacTBOpbl  (PTOp3aMEIIEHHOrO THIpPOKCHANaTHTa  KaJbIUs
MIEPCIIEKTUBHBI JJIs1 HCIIOJIb30BAHMSI B MEJUIIMHCKON MPaKTHKE.

KnaioueBble cioBa: THApPOKCHAnaTuT, (TOpaNaTHT; TBEPAbIE pacTBOPB; TBEpAO(A3HBIH CHHTE3; CBOWCTBA;
XapaxkTepu3arys.

s mutupoBanmus: Zakharov NA, Aliev AD, Matveev VV, Kiselev MR, Koval EM, Shelechov EV, Goeva LV,
Zakharova TV. Synthesis and properties of hydroxyapatite — fluorapatite solid solutions. Journal of Advanced Materials
and Technologies. 2023;8(2):120-129. DOI: 10.17277/jamt.2023.02.pp.120-129

1. Introduction 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

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 Cajo(PO4)s(OH), (HA) and
calcium fluorapatite Ca;o(PO4)cF2 (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

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
Cajo(PO4)s(OH)2F, (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 Ca;o(PO4)s(OH), ,F,,
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

Ca(OH),, Ca3(PO4), and CaF;, (crystalline) of
analytical purity (Merck, Germany), H3;POs, and
distilled water were used as starting reagents for FHA
synthesis. The reagents Ca(OH),, Ca3(PO4), were
preliminarily dried (200°C, 1 h), the CaF,
preparation underwent the procedure of additional
grinding. HA was obtained in accordance with the
neutralization reaction

5Ca(OH), + 3H3PO4 — Cas(PO4)3(OH)| + 9H,0

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 Ca;o(PO4)s(OH),-
Fx, x=0.0; 0.2; 0.5; 1.0; 1.5; 2.0, designated as
FHA00, FHA10, FHA25, FHAS50, FHA75 and
FHA100, respectively, were obtained from a mixture
of uniaxially compressed mixtures of preformed HA,
Ca3(POy4), and CaF, during the synthesis reaction

(1 —x) Cas(PO4)3(OH) + 1.5x Cas(POy); +
+ 0.5x CaF, — Cas(PO4)3(OH) - Fy

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)  (CuKo-radiation,  graphite
monochromator). X-ray diffraction of powders was
observed in the range of angles 20 =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 4004000 cm !
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 (€), dielectric loss tangent
(tgd), and electrical conductivity (o) of the
synthesized samples were measured in air in the
dynamic mode with a temperature change at a rate of
~0.5 deg-sﬁ1 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 (CaCOs,
Ca0, Ca3(PO4),) 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 Cajo(PO4)s(OH), Fx was accompanied by
a decrease in the values of the unit cell parameters a
and ¢ (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 ¢ 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)s [(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 PO437
groups by CO5> 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 Ca;o(PO4)s(OH),_F,
x=0.0;0.2;0.5;1.0; 1.5; 2.0

Composition Unit cell parameters, A
X a ¢
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)
a, A
-/ c, A
10.0 1 2%t 10
9.8 . T TTFEeés
9.6 - 6.6
< F S
S 94 1 - 6.4
9.2 - 6.2
9.0 . . : - 6.0
00 04 08 12 16 20

X——>

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

Table 2. Content of elements (experimental,
calculated) in Caj9(PO4)s(OH),_.F; solid solutions
according to X-ray fluorescence analysis data

Content of elements in

Composition Ca;o(PO4)s(OH)o<Fy, wt. %
Ca P

X

exp. calc. exp. calc.
0.0 399 3989 185 18.50
0.2 39.9 3988 189 18.49
0.5 39.6 3986 189 18.48
1.0 40.0 39.82 189 18.46
1.5 39.8 3978  18.6 18.44
2.0 394 3974 184 18.43
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Table 3. Composition and parameters of unit cells of native and synthesized calcium phosphates

Type of material

.L.attjce Dimension Stoichiometric
Composition/Parameters Bone [28] HA FA
Calcium (Ca) o 34.80 -36.60 39.6 394
Phosphorus (P) wt. % 152-17.10 18.5 18.4
Lattice Parameters
a 9.410 9.421 9.342
c 6.890 6.892 6.866
JCPDS data
No. 9-432,
Cayo(PO4)s(OH), A
a 9,418
c 6,884
No. 15-0876
Ca;o(PO4y)F,
a 9.368
c 6.884
401 Vibrational spectra in the IR range of the
synthesized solid solutions were typical of
301 compounds with the apatite structure [30] (Table 4,
o ] Fig. 4). In the region of 3573 cmﬁl, there was a band
i 20 of stretching vibrations of the OH hydroxyl group,
= o ] the intensity of which decreased as the content of
’ 1 fluorine ions in Cajo(PO4)s(OH),_F, solid solutions
00 ) ' ] increased (Table 4). It was absent in the vibrational
10,0 ' ' spectra of FHA100, which agrees with the literature
- Ca data for FHA100 [31, 32]. The vibrational spectra in
39.8 the range of 500-800 cm ' are characterized by two
° 396 strong bands in the range of 571 and 601 cmﬁl, which
?} belong to the v4 mode of the PO,> tetrahedron of the
’ 39.4 apatite. The band at 631 cm ' corresponds to the
392 libration mode of OH groups in Ca-channels.
- The position and intensity of this band depend on the
o ! ' " ! ' ' degree of incorporation of fluorine ions into linear
0'00.2 0.5 10 15 2.0 OH chains [33]. With an increase in the fluorine
content, this band shifted to the region of high wave
1854 P numbers, and its intensity successively decreased.
] Specific values of the electrical characteristics
o 186 (permittivity €, dielectric loss tangent tan o, electrical
e 1 conductivity o) of the studied samples of FHA solid
B 1844 solutions could vary slightly depending on the
] conditions of sample preparation. However, the
1527 general nature of the dependences on the composition
1804 and frequency of the electromagnetic field, which is
00 05 15 deterrnipgd by th§ structural characteristips,
0.2 10 2.0 composition, and typical types of defects that arise

X — =

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

in solid solutions Ca;o(PO4)¢(OH),_,F.,
x=20.0;0.2;0.5; 1.0; 1.5; 2.0 according

to X-ray fluorescence analysis

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 (cmﬁl) and assignment of absorption bands of IR spectra of synthesized apatites

with compositions Cajo(PO4)s(OH),Fy, x = 0.0 (FHAO); 1.0 (FHAS50); 2.0 (FHA100)

. Apatite (wave numbers cmﬁl)
Assignment [31]

HA FHAS0 FA
OH (libration) 744 741 —
OH (stretching) 3546 3546 -

V3 PO437 (stretching) 1040 1048 1048

vi PO4”" (stretching) 966 970 971

PO (bending w6 a6 06

CO5™ 1473 1470 1470
80 - emerging defects in the structure of the investigated
/’“". FHA solid solutions. In accordance with the
a ~ structural data [34], the features of the dependences
),«/ \ : of &, tgd, and 6 on the FHA composition and the
___(_3__ /9 f,/" II] _ frequency of the electromagnetic field are determined
AN \'I1 | to the greatest extent by the presence in the HA
5 ‘\,\ / f,./ \w/ structure of weakly bound hydroxyl OH groups
60 | ,(_:_ yy i Iy 'W,I|| located perpendicular to the Ca-triangles that form
AN / / EI' f ..-.\ channels in the apatite structure. [34]. With an
i _ / / ij\ ' increase in the content of fluorine ions in the FHA
\‘\._/ ;" I composition, conditions for easier reorientation of
e ffh / f-" I OH  groups are created in the apatite structure, which
’ {\.. | leads to a decrease in the dielectric permittivity € of
| / \ | ‘ . FHA solid solutions. For FHA100 ¢ have the smallest

g 01 \-.,\ f- ,f" 1 ||| values.

. TR W/ il J A slight change in ¢ at a frequency of 1 kHz
":E v R -'“-\ N fof e | [ (Fig. 5) in the course of changing the FHA
" 5 I;" ’ \\« || o \ composition was not accompanied by a change in
= 1. \\.‘ { # Iil ;‘; | dielectric losses. The values of tgd throughout the
‘55'_, “-.,‘ \| ' / ; | range of changes remained practically unchanged.

s II". lil III' | !

E '\I II.r |[I I|
lores oo ’r\ Iﬁuﬁll I."f // llll'| I,-"f \\
VS { K |
B
5 I\'\ -".; | i
H:20 \ |' )'it-'ll OH—‘IH |
OH L, g o
O | e W -
T b
PO+ PO
| 7 n | | I . ; : : . .
3600 3000 1200 1000 800 600 400 0.0 0.4 0.8 1.2 16 2.0

Wave number, cm™?

Fig. 4. Infrared spectra of solid solutions
of composition Ca;o(PO4)s(OH),_,Fy,

x=0.0 (1); 0.2 (2); 0.5 (3); 1.0 (4); 1.5 (5); 2.0 (6)
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Fig. 5. Dependences of permittivity € (1), dielectric loss
tangent tgd (2), and conductivity o (3) at a frequency
/= 1kGh on the composition of solid solutions

Cajo(PO4)(OH), Fy, x=0.0; 0.2; 0.5; 1.0; 1.5; 2.0
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Fig. 6. Frequency dependences f of permittivity &,
dielectric loss tangent tgd, and conductivity ¢ of solid
solutions Ca;o(PO4)s(OH),_F, compositions FHA100

(x=2.0) (1), FHAS0 (x=1.0) (2)

Only the conductivity ¢ of FHA solid solutions
underwent a rather significant change. In the range of
x = 1.0, FHAS50 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 Ca”>" 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
OH' groups in the center of the Ca®' triangles along
the c-axis.

Measurements in an alternating electric field
give grounds to assume that the charge carriers are
OH 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 O”" 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 OH ions is considered [39, 40]
according to the scheme OH + OH — 0> + HOH
or as proton jumps between OH groups through
neighboring PO437 ions. In this case, since the
distance between neighboring OH ions seems to be
too large (0.344 nm) [35, 38], proton interaction with
neighboring PO, 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]:

Cajo(PO4)s(OH), —
— Cayo(PO4)s(OH)2-2,04(0): + xH20 ()T,

where x < 1, 0 — vacancy.

In a number of cases [41], both H and OH  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 H" from adsorbed water, and OH ions
contributing at an elevated temperature. In particular,
OH vacancies formed during dehydration can
prevent H' conduction and facilitate conduction at
the expense of OH [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 & with
frequency. To the greatest extent, the effect of the
electric field frequency affects ¢ in FHASO0.

Samples FHAS50 and FHA 100 showed dielectric
losses with a maximum in the region of /=5 kHz. As
the field frequency increased to 50 kHz, the FHAS0
and FHA100 losses began to decrease after =5 kHz
(Fig. 5). In this case, the conductivity of both samples
(FHAS0, 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.

126 Zakharov N.A., Aliev A.D., Matveev V.V., Kiselev M.R. et al.



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

4. Conclusion

Under the conditions of solid-phase synthesis
(1200 °C, 3 h) by the interaction of Ca;o(PO4)s(OH),,
Ca3(POy4), and CaF,, solid solutions of the
compositions Cajo(PO4)s(OH),F, (FHA), x=0.0;
0.2; 0.5; 1.0; 1.5; 2.0 (designation: FHA00, FHA10,
FHA25, FHAS50, 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 (FHAO00) 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 (P0437, OH , CO327) were present in the
FHA spectra.

In the frequency range of an electromagnetic
field of 1 kHz, the dielectric loss tangent tgé with an
increase in the content of fluorine ions F~ in FHA
solid solutions remained practically unchanged, the
values of the permittivity & decreased in the region
x> 1.0, and the electrical conductivity ¢ 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 FHAS50 (x=1) solid solutions,
there is a slight decrease in the permittivity & and
a multiple increase in the conductivity o.
The frequency value of 60 kHz corresponds to
anomalies in the behavior of the frequency dependence
of the dielectric loss tangent tgd: for FHASO this is
a characteristic maximum, and for FHAI100 it is
a break in the frequency dependence of tgo.

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~g71. 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-g1 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™" for MG molecules, and 0.013 kJ-mol ™' 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.

Keywords: carbon nanotubes; mesoporous carbon; synthetic dyes; methylene blue; malachite green; adsorption; kinetics;
isotherms.
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Kunernka copOuum oprannyecKux Kpacuresjiei METHJICHOBOI0 CHHEr0
U MAJIAXHTOBOI'0 3€JICHOI0 HA BHICOKOIIOPUCTOM YIJIEPOJHOM MaTepHuaJie
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AnHoTtanusi: B cratbe 11€bpI0 MCCIIEIOBaHUI SIBISJIOCH OIPEETICHUE BaKHBIX I1aPAMETPOB COPOLMHM OPraHU4ecKUX
COCMHEHUII — CHHTETHYECKMX Kpacureneil MerwieHoBoro cuHero (MC) u mamaxutoBoro 3eneHoro (M3), Ha
mezonopuctom yraepoae (MIIY) w3 BomHBIX pacTBOpOB B OrpaHHueHHOM oObeme. [ mcmosbzyemoro copOeHra
OIIpe/IeIeHbI JIEMEHTHBIM COCTaB U IuIoma s noBepxHocty Mo b3T no apcopOiyum azora, kotopas cocrasuia 2360 M.
ITpoBeneH aHamM3 MEXaHU3MOB MOTJIOMIEHHS C MOMOLIBIO KMHETHYECKUX 3aBUCHMOCTEH M M30TEPM COPOLUH, VIS YEro
IMPUMEHSUINCh SMIIMPUYECKUE YPaBHEHHUS IICEBHO-NIEPBOIO M IICEBIO-BTOPOro MNopsiaka, EnoBuya ¥ BHYTPUYACTUYHOM
muddysun, a Ttakke ypaBHenus Jlenrmiopa, Opeiinpnuxa, J[younuna—PanymikeBuua. B xome KHHETHYeCKHX
UCCJICOBAaHUH YCTaHOBIEHO, YTO PaBHOBECHE HACTYMAaeT Mocie 15 MHUH W3BJIEUYEHUs NPH BEJIMYHHE aJCOPOLMOHHOW
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emkoctu 2446,6 mr/r mo MC u 2043,1 mr/r mo M3. CriegyeT OTMETHTD, YTO U3BJICUCHHE MOJICKYJ KPacUTEJIeH POXOIHUT
MPEUMYIIECTBEHHO 0 CMEIIaHHO-IH(PPYy3NOHHOMY MEXaHU3MY U KOHTPOJIMPYETCS peakIliel BTOPOTO MOPSIKa COTIIaCHO
MOJICTI TICEBJI0-BTOPOrO Mopsiaka. DHeprus aktuBaiuu umeerT 3HaueHue 0,016 x/Dx/mMonp no wmonekyiam M3 u
0,013 x/Ix/monp mist MC, uro noaTBepkaactT GU3NUCSCKUN MEeXaHU3M MOTJIOIICHUs KpacuTtenel. Takum o0pa3om, B X0z
HKCIIEPUMEHTAIILHBIX HCCIICJI0OBAHUI MOJTBEPXkK/IeHa BbICOKask 3(h(EeKTHBHOCTh pa3pabOTaHHOTO COPOEHTA Uil OYUCTKU
BOJIHBIX CHCTEM OT COEAMHEHUIN OpraHUYeCKOW MPUPOIbI.

KiroueBblie ciioBa: yrieponHbie HAHOTPYOKH; ME3OMOPHUCTHIN YITIEPON; CHHTECTHYCCKUEC KPACHUTEIH, METHIICHOBBIN
CHHMIA; MaJIAXUTOBBIH 3€NICHBII; afcOpOIHs; KHHETHKA; H30TEPMBI.

s murupoBanus: Kadum AHK, Burakova IV, Mkrtchyan ES, Ananyeva OA, Yarkin VO, Burakov AE, Tkachev AG.
Sorption kinetics of organic dyes methylene blue and malachite green on highly porous carbon material. Journal of

Advanced Materials and Technologies. 2023;8(2):130-140. DOI: 10.17277/jamt.2023.02.pp.130-140

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_l, 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-gfl.
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 adsm;ption
capacity of graphene aerogel equal to 420 mg-g .

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
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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-Lﬁl, 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-Lfl.
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
(1020 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
0 =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 rnz-g_1 for nitrogen.

3.2. Kinetic study

The equilibrium adsorption capacity (Q,, mg-gﬁl)
of the material was determined from the following
expression:

V(CO - Ce)

0, = (M

m

where C (mg-L_l) is initial solution concentration;
C. (mg-Lﬁl) 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

(b)
Fig. 1. SEM micrographs of MPC: @ — magnification 50.00 kX; » — magnification 100.00 kX
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the process. As for any heterogeneous chemical
reaction, the adsorption reaction can proceed in the
diffusion region, when the adsorption limiting step is
the delivery of the adsorbate to the adsorbent surface,
and in the kinetic region, when the rate of
chemisorption for the process is the limiting step.

Based on the results of the experiments, the
kinetic dependences of the adsorption of MB and MG
were plotted (Fig. 3). According to the data obtained,
the adsorbent exhibits high adsorption activity with
respect to organic molecules: 2446.6 mg-g71
according to MB and 2043.1 mg-gﬁ1 according to MG.
Adsorption equilibrium is reached within 15 minutes.

To describe the process of sorption of MB and
MG molecules, namely, the mechanisms involved in
the transfer of sorbate to the surface and inside the
structure of sorbents, the obtained experimental data
were processed by equations of known kinetic models
(pseudo-first and pseudo-second order, Elovich and
intraparticle diffusion) [24-26].

Phenomenological models are often used that
imitate mass transfer processes with the help of
formal equations of chemical kinetics. This is due to
the complexity of the quantitative description of
diffusion  processes using simple  models.
This approach most often involves the use of pseudo-
first and pseudo-second order models.

The Lagergren equation is called a pseudo-first
order equation and is used to describe kinetic
processes that depend on the concentration of a
solution and the sorption capacity of a solid.
This equation is widely used in the literature to
describe the sorption kinetics and is the first rate
equation developed to describe sorption in liquid/
solid systems [24].

Fig. 2. Elemental analysis of M

T W

C

Currently, the pseudo-second order equation is
used to describe and correlate the kinetic data of solid/
solution sorption systems [25, 26]. The applicability of
this model indicates the occurrence of a reaction that
limits the sorption kinetics. This is obviously due to
the fact that the theoretical substantiation of the
pseudo-second order model is based on fundamental
theories of surface reactions. There are studies in
which the pseudo-second order model is considered
as a rather flexible mathematical formula capable of
modeling the sorption kinetics of internal mass
transfer (diffusion) for systems with flat and spherical
particles [26].

The intraparticle diffusion equation was
developed for sorbents with a system of pores, the
size of which allows the sorbate molecules to
penetrate inside and settle there. In this case, the rate
of the internal mass transfer stage is taken into
account, i.e. diffusion of the sorbate in the pores of

Qla mg'g71
3000

2500 4

‘}b
L 3
<

<
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w
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L
»
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Fig. 3. Adsorption kinetics
of MB and MG molecules on MPC
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the sorbent with spherical particles [26]. If the

dependency Q; 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 O, 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].

log(Qe — 01)
3.0 .
251 g MG
R*=0.421.
2.0
1.5
2_
oA R*=0.8483
05 -
0 20 40 60 t, min
1 (@)
Qt, mgg
00
R*=0.6680
2500 - s e
| ]
2000 - .____]_.———.——‘.
2_
1500 1 R*=0.5664
1000 1
u B
500 MG
0 : : ,
1 2 3 4 In(?)
(o)
-1
Oy, mg-g
2100
2050
2000
1950
R>=0.8749
1900
m
1850 T - T 05
0 2 4 6 8§ ¢7,min
(e)

According to Fig. 4, rather low values of the
coefficients (R*= 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 R*=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].

O,

0.035
0.030 -

= B
o MG

0.025 -
0.020

0.015 1 5
R”=0.9999
0.010 -

0.005 4

0 20 40 60

(b)

¢, min

R*=0.9910

AMB

R*=0.9336

0 2 4 6 g min

Fig. 4. Results of mathematical processing
of experimental kinetic dependences
by models: pseudo-first order — a;
pseudo-second order — b;
the Elovich equation — ¢;
intraparticle diffusion — d, e
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Table 1. Kinetic parameters of organic dye sorption™

Model parameter

Dye
Pseudo-first order Pseudo-second order
ki t 1 1
log(Q, —0,) =log 0, ——— =t
2.303 O ko~ 0O
2 2
Q@ kl R Qe k2 R
MB 187.28 0.047 0.8483 2500 0.0003 0.9999
MG 114.18 0.008 0.4210 2000 0.0028 0.9999
Elovich equation Intraparticle diffusion equation
1 1
O, =—In(ap)+—In¢ 0, =k, PUENS
p p
Start period / End period
a B R ki C R
MB 8.67-10""  0.0107 0.6680 144.3/10.57 1908.3/2404.3 0.9336/0.991
MG 2.16:10'  0.0182 0.5664 102.5/2.42 1666.7/2035.7 0.8749/0.7015

* Oy (mg-gfl) the number of adsorbed dye molecules on the adsorbent surface at a time ¢
k1 (min_l) pseudo-first order adsorption rate constant; k> (g-(mg min)_l) pseudo-second order adsorption rate constant;
a ((min-mgg*l)*l) adsorption constant; 3 (g-mgfl) degree of surface coverage and chemisorption activation energy;
kiq ((mg~(gomin)71)fl) internal diffusion coefficient; C (mg- gﬁl) 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 Q; vs. > 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].

Q€7 mg'gil
2500

2000 1

1000 4

500 1

o 500 1000

(a)

J -1
1500 C@s mgL

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_l. The activation
energy of sorption of MG molecules was
0.016 kJ-moL (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 " (Table 3).
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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
0,=0 K.Ce 1/n 2
= O 0.=kC, 0. = Oy 30l K ")
Linear form of equations
i = : + : : 1 = : lgC, +1gk 2
0. = 0 0 K,C. nQ, —; gL, +1g InQ, =InQ,.« — K €

* Omax (mg~g71) is maximum adsorption; K7, is adsorption rate constant; k, 1/n are Freundlich constants
indicates how favorable the adsorption process; k (mg: g1 (mgfl)) shows the adsorption capacity of the sorbent;

Kaq (m012~kJ— 2) Dubinin—Radushkevich isotherm constant; & (kJ -moL_l) is the Polanyi potential.
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Table 3. The parameters of MB and MG molecules sorption on MPC by isotherm equations

Dye Model parameter
Langmuir
K Ormax R
MB —0.0004 —3333.3 0.9634
MG 0.4436 33333 0.9960
Freindlich
n 1/n k R?
MB 0.918 1.089 0.901 0.9499
MG 1.435 0.697 11.07 0.9995
Dubinin—Radushkevich
kaa Omax E 'S
MB 2837.5 2118.01 0,013 0.9716
MG 1884.7 1453.16 0.016 0.9016
4. Conclusion composition and parameters of the porous space of

The authors studied the adsorption of synthetic
organic dyes from aqueous solutions on mesoporous
elemental

carbon. The morphological

features,

the studied material are determined. The BET
specific surface area was 2360 mz-g_1 for nitrogen.
Kinetic and isothermal studies of the absorption of
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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-g1 for MB and
2043.1 mg-g71 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=0016 kImoL' for MG molecules and
E=0.013 kJ-moL "' for MB.
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Heavy metal contents in the Tyumen city residential area soils
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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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AnHotanusa: lccnenoBaHo cocTosiHME 3arps3HEHHOCTH MOuB T. TIOMEHM Ha IpeAMeT COAEPXKAHUS B HUX TSKEIBIX
MeTaiuioB: Hukels (Ni), kobansTa (Co), mapranma (Mn), menu (Cu), kagmus (Cd), ceurna (Pb) u xpoma (Cr). Ot60op mpod
MOYB MpOoBOAMWICA oceHplo 2021 T. Ha cenuTeOHBIX yYacTKax B Mpeaeiax ropoaa. Touku oTOopa BRIOMpANHCH B 30HAX
TIOBBIIIIEHHON aHTPOIIOTEHHON HAarpy3KW — BOJNM3M aBTOMAarucTpajeid W MPOMBIIUICHHBIX Mpennpusatiii. B mpobax mous
OIIPEJENICHO COJIEPKAHNE KHUCIOTOPACTBOPUMBIX M MOABMKHBIX (POPM TSDKEIBIX METAIIIOB, M OPraHHYECKOTO BEILIECTBA,
a TaKKe HM3MepeH BOJOpOAHBIN mokaszarenb (pH). AHamu3 mokasajn, YTO 3HAYMTENbHBIC IPEBBIMICHUS BBIIBICHBI IO
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Hukemo B 11 mpobax mous ot 3,2 mo 14,3 II/JIK, mpuyem Bce poOBI ITOYB OTHOCATCS K 30HAM BIHSIHUS aBTOTPAHCIIOPTA.
B onnoii mpoGe Ne 29, xoropas OTHOCHTCA K 30HE BIMSIHMS TaKMX KPYIMHBIX IPOMBIIIICHHBIX MPEANPUATHH, Kak
Mertammyprudecknii 3aBop «OnekTpoctans Tiomerm» («YIMK-Crams») m MotopHsiii 3aBoz, mpessimeno IIJIK mo
Hukenmo B 8,1 pasa. [lo comepxkaHuiO MeIu TOXe €CTh MpeBbiieHus B 11 mpobax, ot 1,5 mo 4,9 I1JIK, npudem B 30HaX
BIIMSAHUS KAaK aBTOTPAHCIOPTa, TAK U HA TEPPUTOPUSAX BIMSAHUS NPEIIPUATHA CTPOUTENbHBIX MAaTEpUANIOB,
KeJIe3HOIopoKkHOU pasBsazku, «YI'MK Crainby. 1o cBuHIY ecTh IIpeBbIILICHUS B IBYX ITpo0ax B J(Ba pa3a B 30HE BIUSHUS
aBTOTpaHcHopra, B 4,4 pa3a B 30HE BIMSHMI 3aBOja CTPOMTENBHBIX MamuH, B 29,7 pa3 B 30HE BIMSHHS aBTOAOPOT
Bemmxkanckoro Ttpakra. Ilo kobanmbry, xpomy u Mapranimy 3Hadenust IIJIK mms kucnmoropactBopuMmbix ¢(opMm He
npessbiieHsl. [1o moaBmKkHEIM (hopMaM MpeBbIIIeHNsT Ha0oAa0Tes U 1o Mapranny. Haubonsme npessimenus [1JIK o
HUKEJII0, MEIM BBISIBJICHBI B BocTouHoM n LleHTpanbHOM palioHax ropojia, B 30HaX BIMSHUS aBTOTPAHCIIOPTA W KPYITHBIX
MPEANPUATHH.

KuiroueBble cji0Ba: MOYBEHHBIN MMOKPOB; TsKeNble MeTallibl; pH coneBol BBITSIKKM MOYB; pH BOJHOW BBITSIKKH IOYB;
crenensb 3arpssHenus; [1/1K; skonoruuecknii MOHUTOPHHT.

Jonsi nurupoBanusi: Chichigina YaM, Shigabaeva GN, Emelyanova EA, Galunin EV, Yakimov AS, Isaev AYu,
Bekker MR. Heavy metal contents in the Tyumen city residential area soils. Journal of Advanced Materials and

Technologies. 2023;8(2):141-156. DOI: 10.17277/jamt.2023.02.pp.141-156

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 um. 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.

Antipinsky Oil Refinery, UMMC-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

There are large industrial facilities in and around  selected for the study. Characteristics of soil
Tyumen such as the Tyumen Battery Plant, the sampling points are presented in Table 1.
Table 1. Characteristics of Soil Samples
Sa;\rlrgple 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 UMMC-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, UMMC-Steel, Motor transport
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The pH of aqueous and saline extracts of the
selected soils was determined through the method
according to Russian Standard 26423-85. The OM
content was assessed through gravimetry in
accordance with Russian Standard 26213-91.
The mass fraction of mobile and acid soluble forms
of the metals (copper, lead, zinc, nickel, cadmium,
cobalt, chrome, and manganese) in the soil samples
was measured by atomic absorption method
according to Guidance Document 52.18.289-90 and
Guidance Document 52.18.191-89 respectively.
The atomic-absorption method realized on
a ContrAA700 spectrophotometer (AnalytikJena™,

pH
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Jena, Germany) using xenon lamp of continuous
spectrum was used to quantify HM contents in acid
and acetate-ammonium soil extracts.

3. Results and Discussion

3.1. Determination of pH and organic matter
of soil samples

The results of determining the pH of aqueous
and saline extracts of soils are shown in Figs. 1 and 2.
From Fig. 1, it can be seen that the pH of the soil

18|25

Leninskiy District Tyumensky

District

B pH values of salt extract

Fig. 1. pH values obtained for the aqueous and saline extracts
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Fig. 2. Average pH values obtained for the aqueous and saline extracts for different districts
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solutions is predominantly alkaline. This fact can be
explained by the contents of magnesium and calcium
carbonates coming from construction and household
wastes from industrial enterprises. Furthermore,
transport can be an additional source of pollution
source, especially, in areas with heavy traffic
(e.g., near highways which give HMs in the form of
dust particles [5]. High pH values are probably
associated with an increase in the mobility of HM
compounds that may accumulate in acidic soils due to
the presence of humic acids [6].

The pH values of aqueous and saline extracts
were found to lie in the ranges of 6.22-9.20 and

Corg, %0
16.00 -

14,00
12,00 1
10.00 1
8.00 -
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101111217 /29|16 |19 |21 |22 |23 |24 |26 |27|28| 5 | 6
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5.87-9.06, respectively and refer to neutral, low-
alkaline and alkaline media.

The investigated soils belong to the objects with
low resistance to acids and high sensitivity in relation
to the HMs. Since the upper parts of the soil profiles
have a sandy loam granulometric composition, the
corresponding maximum permissible concentrations
(MPCs) [Sanitary Rules and Regulations 1.2.3685-2]
were taken when assessing the HM content.

The results on the OM determination are
presented in Figs. 3 and 4 and Table 2.

18|25
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Fig. 3. OM contents in the soil samples
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Fig. 4. Average OM contents in the soil samples
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Table 2. OM contents, pH of aqueous

and saline extracts

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.

Sample . pH fpli OM contents High OM contents were also observed in the soils
No. otaqueous ol saline Coo 0 sampled outside the Tyumen city limits and in the
extract extract org, %o . .. . .. .
Leninsky administrative district of Tyumen city.
1 8.05 7.89 5.26
2 787 756 1.65 3.2. Determination of acid-soluble
3 820 802 559 and mobile fraction of HM
4 6'22 5'87 5.69 The HM fraction extracted from the soil using
’ ’ ' ammonium acetate buffer (pH = 4.8) represents the
5 6.68 6.36 1046 mobile form of HM compounds. At this pH value, the
6 7.92 7.65 3.58 most efficient uptake of trace elements by plants from
7 7.54 731 734 the soil solution occurs. The mobile HM fraction is
] 8.70 8.60 479 associated with its most transportable part.
’ ’ ' It determines the availability of mineral components
9 7.54 731 1.39 to plants and soil toxicity. This fraction is found in
10 7.38 7.13 8.73 the form, in which the HMs are integrated into
11 7.41 704 6.85 geochemical cycles and food chains.
The results of determining the HM mobile
12 8.99 8.89 3.34 . . .
fraction content of the of HM in the soil are presented
13 7.99 7.76 11.25 in Table 3.
14 7.71 7.37 4.64 The HMs are extracted from the soil solution
15 837 8.09 976 using ammonium acetate buffer through ion exchange
16 828 2,10 2 85 and complexation reactions. The predominance of
' ' ' one or the other process depends on the nature of the
17 7.82 7.58 10.29 metal to be extracted. For instance, for cobalt and
18 7.02 6.70 9.92 zinc, the extraction is caused to a greater extent by the
19 862 848 6.57 complexation reaction, whereas for chromium and
20 9.20 9.06 550 cadmium, it is caused by the ion exchange reaction [7].
’ ' ' The gross HM content in the soils is determined
21 7.77 7.53 10.19 when the soil samples are exposed to strong acids
22 6.80 6.51 14.24 (5n-HNO3). The value of this indicator makes it
23 7.66 7.45 12.66 possible to judge on the total contamination of soils
24 751 730 11.18 with the HMs, however, it should be noted that this
5 5 indicator does not provide information on the element
> 8.29 8.08 6.65 availability of elements [8]. High values of the gross
26 8.00 7.81 5.15 HM content indicate a potential environmentally
27 8.40 8.16 10.86 unfavourable situation of the territory; that is, if the
28 752 737 719 water and plants are not polluted at the moment, the
ecological situation may change for the worse if
29 851 8.32 290 external factors change.
Table 3. Contents of the HM mobile fractions, mg-kgﬁ1
Sample No. Ni Co Mn Cu Cd Pb Cr
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 - - 4112 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 Co Mn Cu Cd Pb Cr
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 0.924+0.28 - 1.91+0.58 2.81+0.85
11 - - 77423 0.37£0.11 - — 1.50+0.46
12 31.2494 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 27.248.2 — 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 - - 13641 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 20761622 8.20+2.50
26 - - 72422 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 2.444+0.73 - 2.63+0.77 4.20+1.30
29 - - 92427 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 Co Mn Cu Cd Pb Cr
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  21.246.2
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 366110 163+49 - - 3.3+1.0
8 189457 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 133440 12.1+£3.6 407+122 18.1£5.3 - 3.6x1.1 50+15
11 21.1+6.3 8.9+2.7 401+120 25.3£7.6 — - 15+4.4
12 238472 14.1+4.3 273482 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 Co Mn Cu Cd Pb Cr
14 42+13 7.242.2 199+60 38+11 — — 102+31
15 44+£13 3.30+0.99 407+122 43+13 - - 17.4+5.1
16 6720 12.0£3.5 449+135 20.0+5.9 - — 34+10
17 63+19 7.5+£2.3 398+119 51+15 — - 3149,2
18 33+9.8 6.1£1.8 360108 158+47 - - 16.4+4.8
19 28686 17.245.1 266180 15.2+4.4 — 32.349.7 71+21
20 228+68 12.0£3.7 298+89 62+18 - 140+42 65+19
21 42413 7.812.3 579+174 10.44£3.0 - 8.2+2.5 26.2+7.9
22 35+10 8.6£2.6 8124243 30.2+8.9 — 16.0+4.9 16.1+£4.9
23 37+11 5.6+1.7 325497 61+£18 - 11.0£3.2 12.1+£3.7
24 72422 3.6+1.1 319496 37£11 - - 24+7.3
25 199+60 11.0£3.4 7984239 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 74422 7.1£2.1 688+207 27.248.1 — 10.0£3.1 22.3+6.7
28 23.4+7.0 7.742.3 510£153 79+24 — 18.4+5.3 17.1£5.0
29 161448 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-kg71 [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-kgf1 for acid soluble
fractions and 4 mg-kg71 for its mobile fractions.
The most common are Ni’~ compounds. Ni’" 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-kgfl, whereas for its mobile
fractions of cobalt in the case of the soils of
residential areas, it is 5 mg-kgﬁl. 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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Fig. 5. Contents of the nickel acid-soluble fractions in the soil samples
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Fig. 6. Average contents of the nickel acid-soluble fractions in the soil samples

Cobealt takes different forms depending on pH of
the environment and is found as Co>" and Co3+, or as
the complex anion Co(OH)3 , i.e. in the mobile form.

The results on the cobalt contents show that
none of the Tyumen districts exceeded the MPC level
established for both acid-soluble and mobile fractions
of this element (Figs. 7, 8).

Manganese. The manganese MPC level is as
follows: for its mobile fractions, it is 140 mg-kgfl,
whereas for its acid-soluble fractions, it 1is
1500 mg-kgfl. This metal is found in soils more often
than other elements. The main place of its accumulation

is the top soil layer, since it actively interacts there
with the OM. In nature, manganese occurs mainly as
Mn4+, Mn3+, Mn2+, or as minerals. Manganese
(as Mn2+) can replace divalent cations of some
elements (F e%, Mg2+) in silicates and oxides, thereby
forming ferromanganese nodules, so it is the most
common one in the environment.

Slightly excessive levels of manganese MPC for
the mobile fractions were observed in samples
No. 17, 16 and 26, and in samples Nos. 7,10, 18, 22,
25 and 27 (Table 3), a significant MPC excess was
fixed.

Chichigina Ya.M., Shigabaeva G.N., Emelyanova E.A., Galunin E.V., Yakimov A.S., Isaev A.Yu., Bekker M.R. 149



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

Co,mg/kg
25 1
20 A = o= o o o o o o o o AaE o oS o S . -_— eam am s Es as Es e
15 A
10 A
5 .
O -
12|78 |13|14|15]20( 3|4 |9 |10[11]12]17|29|16|19|21|22|23|24|26(27|28| 5 |6 |18
Central District Kalininskiy | Eastern District Leninskiy District Tyumensky
District District
mmmm Co,mg/kg = = MPC
Fig. 7. Contents of the cobalt acid-soluble fractions in the soil samples
Co,mg/kg
25~
20 4 -—een e em e mm e em Em e o s Em e e s s s s
15 ~

Central District Kalininskiy District

10
) -
0 T T T T 1

Eastern District

Leninskiy District Tyumensky District

e Co, mg/kg == == MPC

Fig. 8. Average contents of the cobalt acid-soluble fractions in the soil samples

A large OM amount is available in the inspected
territories, since the above-mentioned samples were
taken in landscaped urban areas (city forest and
parks, riverbank, roadside forest belt, and green area
near houses). The OM enters the soil with fallen
leaves and grass. The disruption of the system of
fallen leaves removal at urban sites results in large
OM quantities [14]. Manganese accumulates in the
upper soil horizons and is not leached to the lower
horizons, since it forms insoluble complex
compounds with the OM. The activities of ferrous
and non-ferrous metallurgy, metal processing and
machine building industries result in manganese
entering the soil horizons. The soil samples from the
area of UMMC-Steel (samples No. 22, 24, 27)

possess have high content of mobile fractions, which
may indicate its recent entry.

The contents of the manganese acid-soluble
fractions in all samples lied within normal limits,
indicating the leaching of this element from the soils
in the form of mobile Mn®" (Figs. 9, 10).

Copper. The MPC level for the copper acid-
soluble fractions is 33 mg-kg_l, and for its mobile
fractions in the soils of residential areas is 3 mg-kg_l.
Copper is a highly toxic element and is most
commonly found as Cu* compounds. At the same
time, it is one of the least mobile HMs, because in
nature, due to good complexing properties, it forms
complexes mainly with organic ligands.
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Fig. 9. Contents of the manganese acid-soluble fractions in the soil samples
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Fig. 10. Average contents of the manganese acid-soluble fractions in the soil samples

Copper becomes most toxic at pH values of 5.5
to 6.5 as it is dissolved as divalent copper ions.
In more acidic soils, copper is less mobile and,
therefore, non-toxic. At pH more than 9.0, complexes
with inorganic ligands can be formed. Also,
adsorption on suspended clay particles decreases its
mobility. The excess of the content of the copper
mobile fractions was found in samples No. 20 and 26,
although these values do not exceed the MPC more
than twice (Table 3). The accumulation of copper in
soils in the form of complex compounds with fulvic
acids is evidenced by exceeding of the MPC on
average from 2 to 5 times for the copper acid-soluble
fractions (Figs. 11, 12).

Cadmium. The MPC level for the cadmium
acid-soluble fractions is 0.5 mg-kgfl, and no standard
value has been established for its mobile fractions.

Cadmium is mainly accumulated in the form of
complexes with humic acids. It is a rarely dispersed
element and is considered to be one of the most toxic
metals, since its rates exceed permissible levels even
at the minimum soil contamination value.
The background cadmium content in soils is mainly
determined by the composition of its parent rock.
Cadmium is most mobile in soil solution media at
pH 4.5-5.5. In alkaline conditions, it is low-mobile,
therefore, its mobility values correlate with the
acidity of the soil solution medium.
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Fig. 12. Average copper contents in the soil samples

When considering the data of the analyzed
samples of Tyumen city, no excess of the MPC for this
element was noted (see Tables 3, 4).

Lead. The MPC level for the lead mobile
fractions in the case of soils from residential areas is
6 mg-kgfl, for its acid-soluble fractions, it is
32 mg-kgﬁl. Lead compounds accumulate in soils as a
result of sorption on oxides and hydroxides of
manganese and iron. Moreover, lead forms part of
casily degradable minerals — PbO, PbCOs;, and
PbSO4. Degradability makes these forms of lead in
soils the most dangerous. At the same time, the
phosphate mineral [Pbs(PO4);Cl] is the least toxic as
it has low solubility and stability in a wide pH range.
The mobility and bioavailability of lead without its

removal from the medium can be achieved by
applying phosphate to contaminated soils. This
reaction can be represented as follows:

Cas(PO4)OH + 5Pb>" — Pbs(PO4)OH + 5Ca*".

A significant excess of the MPC level for lead
both in the mobile and the acid-soluble form was
observed in samples No. 8 and 20 taken at roadsides
(Tables 3, 4). For these soils, 7- and 13-fold excesses
of the MPC level for its mobile fractions, and 2- and
4-fold excesses of the MPC for the acid-soluble
fractions were observed, respectively (Figs. 13, 14).

Possible sources of lead pollution are wastes
from metallurgical plants, landfills of used electric
batteries, paints, and metal alloys. In addition, lead

152 Chichigina Ya.M., Shigabaeva G.N., Emelyanova E.A., Galunin E.V., Yakimov A.S., Isaev A.Yu., Bekker M.R.



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

Pb, mg/kg
200 4

180
160 ~
140 ~
120 ~
100 ~
80 A
60 A
40 4

20 1

1 2 8 13 20 29 19

21 22 23 26 27 28 5 6

mmmm Ph, mg/kg = = MPC

Fig. 13. Contents of the lead acid-soluble fractions in the soil samples

2
i
=3
b

50+
40 +

30 4

20+
N -
04

Central District Eastern District

Leninskiy District Tyumensky District

mmmm Pb, 1g/kg = = MPC
Fig. 14. Average contents of the lead acid-soluble fractions in the soil samples

may enter soils from exhaust gases of vehicles
running on petrol with lead additive. Its excessive
concentrations were observed in the Central district,
which can be explained by the increased traffic load
in this part of the city.

Chromium. The MPC level established for its
mobile fractions in case of soils of residential areas is
6 mg-kgﬁl, and for the acid-soluble fractions, it is
100 mg-kgfl. Chromium exists in several forms, the
most stable of which are compounds with oxidation
degrees of +6 and +3. The form, in which chromium
is found in soils, depends not only on the acidity of
the medium [15], but also on its redox potential [16].

Thus, +6 oxidation degree chromium possesses
low complexing ability, and is available in soils as
HCrO4 and Cr0427. +3 degree chromium, in its turn,
has high complexing properties and, as a result, it is
present in soil solution as [Cr(OH)z]+ and [Cr(OH)]2+
(at pH 7.5-8.5) as well as complexes with humus and

fulvic acids. It should be noted that these forms are
actively adsorbed by clays, whereas the Cros*
chromate anion is adsorbed only in more acidic
media.

The presence of chromium in one form or the
other also determines its toxicological properties. The
most dangerous are the cr'® compounds, which have
toxic, carcinogenic and mutagenic effects. At the
same time, cr compounds in acidic media are inert,
and at pH 5.5 become almost insoluble, so they do
not harmfully affect the organisms.

The main areas of chromium application are
metallurgical and chemical industries due to high
corrosion resistance and strength of this element [17].

Among the investigated samples, only sample
No. 14 exceeded the MPC established for chromium.
However, the exceeding of the limits for the contents
of the acid-soluble fractions is insignificant.
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3.3. Correlation analysis

According to the Goldschmidt classification, all
the elements in nature belong to one of the five
groups:  atmophilic,  chalcophilic, lithophilic,
siderophilic, as well as rare elements and elements
not found in nature [18]. In this paper, a correlation
analysis was carried out between the contents of the
different element pairs. This type of analysis can
reveal the absence or presence of correlation between
elements belonging to the same group according to
the geochemical classification of Goldschmidt, as well
as indicate the possible causes of the HM accumulation.

Within the framework of this classification,
matrices of pair wise correlations for the HM and OM
contents and pH were constructed using the Microsoft
Excel software. Indicators with a correlation
coefficient of 0.5 were considered as correlated.
The results of the analysis are presented in Table 5.

The highest correlations were found between the
pairs of the following metals: Co — Ni, Cr; Pb — Cr;
Cr — Ni, Co, Pb. The presence of correlations
between nickel and cobalt contents is quite
understandable, as they belong to siderophilic group
of elements. The correlation between lead and
chromium contents, different in nature, indicates the

154  Chichigina Ya.M., Shigabaeva G.N., Emelyanova E.A., Galunin E.V., Yakimov A.S., Isaev A.Yu., Bekker M.R.



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

Table 5. Matrices of pairwise correlations of the HM acid-soluble fractions in the soils

Ni, mg-kg1 Co, mg-kgf1 Mn, mg~kg7l Cu, mg-kgf1 Pb, mg-kgﬁ1 Cr, mg-kgf1 pH Corg, %0
Ni, mgkg ! 1.00 0.67 -0.16 ~0.34 036 0.80 0.65 ~0.15
Co, mg-kg ' 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
Cu, mgokgfl —0.34 -0.38 -0.21 1.00 —0.26 —0.41 -0.28 0.08
Pb, mg-kgf1 0.36 0.17 0.39 —0.26 1.00 0.54 0.21 —0.06
Cr, mgkg! 0.80 0.54 ~0.17 ~0.41 0.54 1.00 0.52 ~0.28
pH 0.65 0.15 -0.30 —0.28 0.21 0.52 1.00 -0.35
Corg, % —0.15 —0.06 0.48 0.08 —0.06 —0.28 —0.35 1.00
anthropogenic nature of their entry into the Nature Management and Physical Chemical

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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Modification of lubricants with graphite nanoplates
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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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AnHotanusi: O030p MOCBSIIECH COBPEMEHHOMY COCTOSIHUIO MCCIICOBAHUI U JOCTIKCHUN B 001aCTH MOTUDHUIIMPOBAHUS
CMa304HBIX MaTepHaioB. [l yiaydlueHHs TPUOOJIOTHYECKUX XapaKTEPUCTHK CMa30K HCIOJIB3YIOT Pa3iM4yHble JOOAaBKH,
B YaCTHOCTH, HaHOYacTUIbl. Takue J100aBKHM MO3BOJIAIOT M30€XKaTh MPSIMOI0 KOHTAKTa, CHIDKAIOT KO3(D(UIMEHT TPEeHHUs
W M3HOC. YUHUTHIBas, 4TO TpadeH 3HAYMTENHHO IOBBIMIAET TPUOOJIOTHYECKHE XapaKTEPHCTHKH CMa30K, B 0030pe
paccMOTpPEeHbI OCHOBHBIE CIIOCOOBI ero noxydeHus. IlokazaHo, uro HanOojee NMEepCHeKTUBHON TEXHOJOTHEH MOIydeHHUs
rpadeHa Uil  MOIM(HUIMPOBAHHMS CMa30YHBIX MaTepHaJoOB SBISIETCS KUAKO(asHas CABUroBasi SKCoInanus
KPUCTAJUINYECKOr0 TpaduTra, IOCKOJIbKY MACIsHBIE CMECH C HAHOIUIACTHHAMH DPAaBHOMEPHO paclpenessioTcs
B IUIACTHYHOW CMa3Ke M OOCCIIeYMBAIOT €€ CTa0WIbHYI0O paboTy B mapax TpeHHs. PaccMOTpeH BapHaHT CMELICHHs
HAaHOIUIACTHH rpaduTa C IUIACTHYHOM CMa3KoW B pOTOpHOM naucneprarope. IlokasaHo, 4To Hapsmy C HOBBILIEHHEM
TPUOOJIOTMYECKUX XapaKTePUCTHUK, cMa3Ka, MOAN(HUIIMPOBAHHAS HAHOIUIACTHHAMH IpaduTa, co34aeT aHTHPPUKINOHHYIO
IUVICHKY Ha [OBEPXHOCTAX TpeHus. IIpoaHannm3upoBaHBl COCTaBbl AHTU(QPUKIUOHHOW IUIGHKHM W DE3yJIbTaThl ee
UCIIONIb30BaHKA. HameueHbl IyTH COBEpILICHCTBOBAHHMS TEXHOJIOTMH MOIAMMUIMPOBAHUS IUIACTHYHBIX CMa30K
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HAHOIUTACTHHAMU Tpaduta. B mepByro odepens HEOOXOAMMO MOICPHHU3MPOBATH OCHOBHOE 00OpymoBaHME: OapabaHHYIO
CTEeP)KHEBYIO MEJIbHHILY; y3eJ KilacCU(pHKauK rpadeHocojepKalluX CyCcleH3ui o pa3MepaM HaHOIUIACTHUH; POTOPHBIN
JIUCTIEPTaTop. YUYWTBIBas, YTO MaKCUMalbHBIA 3(PQeKT HaOJ0gaeTcss NpPH KCIIOJb30BAaHUU aHTH()PHUKIIMOHHON
IUICHKH + CMa3Kka, MOAMGHIMPOBAHHAS HAHOIUIACTMHAMHU TpaduTa, HEOOXOJUMO JETAJbHO HCCIEAOBATh MPOIECe
dhopmupoBanus aHTUGPUKIIMOHHON IJICHKH U ONPEICIUTh €€ ONTHMATBHOE COJIEPIKAHNE B CMa3Ke.

KaioueBsbie cioBa: TpuOosiornyeckue XapaKTEPUCTHKHU; MPHCAJKW; HaHOMaTepualibl; HAaHOIUIACTUHBI rpaduTa; napsl
TPEHUsI; U3HOC; aHTU(PUKIIHOHHBIE IIJICHKH.

s untupoBanus: 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 CO,
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

N

Human joints

Tire-road

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.

[]

Clutches

Bearings

b

Fig. 1. Examples of friction pairs [2, © Almgvist]
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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 pm, 9 um
and 12 pum, and shapes as functional additive were
studied. The results showed that the smaller the size,
the higher the efficiency. However, 6 um particles
competed with 50 nm nanoparticles. The authors
believe that the 6 um 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], MoS,was fixed on
the surface of graphene sheets (GNS) using
a hydrothermal process and chemical vapor
deposition to obtain GNS/MoS, nanocolors
(GNS/MoS,—NF) and GNS/MoS2  nanoplates
(GNS/MoS,—-NP).  The GNS/MoS; composite
obtained by various methods was examined using
XRD, Raman, SEM, TEM and XPS. The results
confirmed the different morphology of GNS/MoS,-NF
and GNS/MoS, NP. For GNS/MoS,—NF, MoS,
nanocolors were dotted on the graphene surface,
while MoS; nanoplates were uniformly attached to
the graphene surface in GNS/MoS;. 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/MoS,—-NF additive performed better than
the GNS/MoS; 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/MoS,-NF compared to GNS/MoS,—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 . 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 x 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
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 pm, 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: / — 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 7. 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 Fly acting on the

Fig. 3. Scheme of a rotary apparatus with movable
composite blades: / — 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
Fy=20N.

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: / — 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; /0 — fine filter; /1 — vessel for preliminary
mixing of nanoplates with grease; /2 — rotary disperser [57, © Al-Jarah]

implemented as follows. The base oil and powder of
crystalline graphite are fed by dispensers / 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 3.
From tank 4, the diluted mixture is fed by pump 6
(P) 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 P, 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 /0. The precipitate from the filter /0
is fed into the pre-mixing tank of nanoplates with
grease /1.

For uniform distribution of nanoplates over the
volume of the modified lubricant, a disk disperser /2
is used [61-64]. The disperser (Fig. 5) consists of a
stepped disk (rotor) /, 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 wusing 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 /. 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 — Rip, 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

Wear scar

Grease name .
diameter, mm

Scuff index, N Critical load, N Welding load, N

Integrated Lithium threaded 0.52
Complex Lithium threaded with talc 0.53
Complex Lithium threaded Surgut 0.55
Integrated Lithium threaded from
; 0.50

fishing
Integrated Lithium threaded from

. 0.77
pipe factory
Complex Calcium 0.69

. . o

Complex Calcium with 0.1 % 034

multilayer graphene

511.80 765 1932
509.83 1216 1932
707.95 451 1932
536.77 765 1932
296.15 294 1932
201.10 197 1098
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 pm.

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”: I — 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 pum; 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.

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 wusing 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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