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Yenepoonvie nanocmpykmypol Haxo0amcs 6 yewmpe SHUMAHUS MUPOBOl HaAyKu bonee 25 nem, ¢ Mo-
Mmenma omxpwuimus gyinepenos ¢ 1985 e., oonocmennvix yenepodnvix Hanompyboox ¢ 1993 e., epagena
6 2004 2., epaghenosuix keanmosvix mouex ¢ 2004 e. I paghen cmadbunen 6 ycnosusx oxpyscaoueli cpeowvl u
obnaoaem OMIAUYHLIMU INEKMPOHHBIMU, MEXAHUYECKUMU, XUMUYECKUMYU, MENI08bIMU U ONMUYECKUMU
ceoticmeamu. Bo écem mupe akmueHo nposoosimest UCCie008anUs U pa3pabomKu HO8bIX Memoo08 npume-
HeHus epagheHa 8 paziuyHblX 001ACMAX, MAKUX KAK JHepeemuKd, He(hmedodvlua, mamepuaiosedenue,
INEKMPOHUKA U m. 0. B Hacmosuee pemsi uCnonb306anue cpagheHoCco0epucaunux Mamepuailos 8 Kauecmee
MOOUPUKAMOPOS 011 CO30AHUSL NPOYHBIX U JIECKUX MAMeEPUdios 8 aguayuu, agmomoouiecmpoeru u opy-
2UX OMPACAAX UHIICEHEPUU ABTAIOMCA AKMYanibHOU npobnemotl. Beedenue epagperosvix uacmuy ¢ cocmas
KOMHO3UYUOHHBIX MAMEPUanos8 yenecooOpasHo OCyWecmensamy, UCHOIb3YS UX YCmoudugvle Oucnepcuu
68 dicuokou cpeoe. Tlonyuenue KOLIOUOHBIX 2PAPEHOBBIX CYCNEH3UU 80 MHOSUX CAYYAAX IPDeKmueHo, uc-
NOABL3YS MEMOO HCUOKOPDAZHOU IKChoruayuu epaguma.

B pabome npedocmasnenvt pezynromamol uzyuenuss QuUIUKO-XUMUYECKUX CEOUCME BOOHBIX 2PAGhEeHO6bIX
CYCHeH3Ull, NOJYYEHHBIX MEMOOOM HCUOKOPAZHOU IKCHOIUayuu NPUPOOHBIX 2PAGUMOE BbICOKOCKOPOCHHOU
euopoounamuuecxkou mexronoauu. I pagpumot mapox I'K-1 u FAK-2 (I pagpumCepsuc, Yenabunck, P®) — smo
Kpucmaiiuyeckue epagumol, NOIYUeHHble C NOMOWbIO 0602auenus epagumosulx pyo U cOBMecnHoM 060-
2aweHuU NPUPOOHBIX 2PAPUMOBLIX PYO U 2paADUMOCOOEPIHCAUUX OMX0008 MEMANIYPSUYECKUX NPOU3-
600cme coomeemcmeento. I pagpumosvie cycnenzuu OvblLIU NPUSOMOBIEHBI HA OUCTMULIUPOBAHHOU 600¢€
¢ 1 macc. % epaguma, x Hekomopvim 0bpasyam 6vLI0 0006ABIEHO NOBEPXHOCMHO-AKINUBHOE BEUJECNEO
(IIAB), epems obpabomru 3—120 mun, cxopocme epawgenusi pomopa 4 000—11 000 o6/mun. Ionyuennvle
epagenosvie cycnensuu Ovlau UCCAe008aHbL Memodamu PDA, 31ekmpoHHOl MUKPOCKONUEN U CeOUMEHMA-
YUOHHO20 aHANU3a HA deKkmpoakycmuyeckom cnekmpomempe DT-1202. Hanuuue mnoeocnoiinoeo epaghe-
Ha noomeepiHcoeHo conocmasienuem pesyavbmamos P®DA ¢ aumepamypuvivu Odaunnvimu. Hapsoy
C MHO2OCTIOUHBIM 2PAheHOM 0OHAPYICEeHO npucymcemeue epagernogvix mouek. Ilonyuenvt 6oouvie epage-
HOBble CYCneH3uu O0Jisl 2papumos ¢ pasiudnbim epemenem ceoumenmayuu. /s epagpuma I'AK-2 — wecmo
cymok, o5 epagpuma I'K-1— 90 cymox, ons epagpuma I'K-1 + 1IAB — 6 mecsyes.

Kmiouesvie cnosa: epaghen, scuokopasnas sxconuayus, 2uopoounamuyeckas oopabomra.
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Carbon nanostructures have been in the focus of world science for more than 25 years, since the dis-
covery of fullerenes in 1985, single-walled carbon nanotubes in 1993, graphene in 2004, graphene quan-
tum dots in 2004. Graphene is a monocrystalline graphite films (2D material) with a thickness of several
atoms that are stable under environmental conditions and they have excellent electronic, mechanical,
chemical, thermal and optical properties. All over the world, research and development of new methods of
using graphene in various fields such as energy, oil production, materials science, and electronics are ac-
tively carried out. Currently, the use of graphene-containing materials as modifiers for the creation of du-
rable and effortless materials in aviation, automotive and other branches of engineering is an urgent prob-
lem. It is advisable to introduce graphene particles into the composition of composite materials using their
stable dispersions in a liquid medium. The production of colloidal graphene suspensions is effective in
many cases using the method of liquid phase exfoliation of graphite.

The paper presents the results of studying the physico-chemical properties of aqueous graphene suspen-
sions obtained by liquid-phase exfoliation of natural graphites using high-speed hydrodynamic technology.
Graphite grades GK-1 and GAK-2 (Grafitservice, Chelyabinsk, Russia) are crystalline graphites obtained
by enrichment of graphite ores and joint enrichment of natural graphite ores and graphite-containing
waste from metallurgical industries, respectively. Graphite suspensions were prepared in distilled
water with 1 wt.% graphite, surfactant was added to some samples, processing time (3—120 min), rotor
rotation speed (4 000—11 000 rpm). The resulting graphene suspensions were investigated by XRD, by elec-
tron microscopy and sedimentation analysis methods. The particle size was determined using the DT-1202
electroacoustic spectrometer. The presence of multilayer graphene is confirmed by comparing the results
of XRD with the literature data. Along with multilayer graphene, the presence of graphene dots was
detected. Aqueous graphene suspensions for graphites with different sedimentation times have been
obtained. For graphite GAK-2 — six days, for graphite GK-1 — 90 days, for graphite GK-1 + surfactant —
6 months.

Keywords: graphene, liquid phase exfoliation, hydrodynamic treatment.

Introduction

Two-dimensional (2D) materials garnered significant attention in 2004 when it was demonstrated
that a single layer of carbon atoms — graphene — could be stably isolated from graphite [1]. In 2017,
the International Organization for Standardization (ISO) established the nomenclature for graphene as
a monocrystal consisting of a single layer of carbon atoms arranged in a hexagonal lattice structure
(lattice symmetry p3m1, cluster of points Ds):

— graphene: a single layer of carbon atoms;

— bilayer graphene: two well-defined layers of graphene;

— multilayer graphene: consisting of three to ten well-defined layers of graphene;

— graphene nanoplatelets: thickness from 1 to 3 nm and lateral dimensions from =100 nm to 100
pum [2].

Graphene has captured the interest of researchers across various scientific disciplines due to its
unique physical, chemical, electrical, and optical properties. Graphene is composed of carbon atoms
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bonded together in a honeycomb structure and exists in an sp2-hybridized state. A graphene sheet,
with an atomic thickness, was first synthesized through mechanical liquid-phase exfoliation of graph-
ite as reported in [3]. The synthesis of graphene involves two main approaches: the “bottom-up”
methods, such as chemical vapor deposition [4] and molecular epitaxy [5], and the “top-down” meth-
ods, such as mechanical exfoliation of graphite [6—8]. However, the exfoliation methods suffered from
a major drawback — lack of scalability [9]. The transition from laboratory-scale production to practical
commercial applications necessitated the development of cost-effective methods for obtaining gra-
phene.

High-shear exfoliation has emerged as a promising candidate for addressing the scalability chal-
lenge. In their seminal work, Paton et al. [10] demonstrated that high-quality graphene can be pro-
duced in large quantities using high shear (a hydrodynamic technology). Exfoliation was shown to
occur when local shear rates exceeded 104 s—1, and the graphene production rate was 1.44 g h—1,
which is high compared to other ultrasonic-based methods. Since the high-shear mixing method is
widely available, the authors claim that their hydrodynamic shear exfoliation technology for graphene
can be easily transferred to industrial processes, thereby making defect-free graphene widely available
for various applications.

The development and optimization of processes for producing graphene suspensions through high
shear rates (liquid-phase exfoliation, LPE) [11] require a comprehensive approach. This includes the
exploration of natural resources, the development of technologies and equipment, and consideration of
environmental and economic factors. This area of research holds significant potential for innovation
across various industries.

The LPE method involves the delamination of graphite into individual graphene layers through
mechanical forces in the presence of a suitable solvent [12]. This approach enables the production of
colloidal graphene suspensions, which can subsequently be utilized in diverse applications. The
method is straightforward to implement, scalable, and capable of yielding high-quality graphene. Fur-
thermore, it allows for precise control over the size and the number of graphene layers.

It is essential to identify sources of high-quality graphite with minimal impurities and high crystal-
linity, as these properties are critical for efficient exfoliation. This technology requires specialized
equipment, including hydrodynamic generators (mixers), centrifuges for separating nano- and mi-
croparticles, and systems for product quality control.

The use of environmentally benign solvents is crucial, alongside the development of methods for
waste management and minimizing production waste. Optimal exfoliation conditions must be estab-
lished with a focus on minimizing energy, solvent, and processing time costs. The possibility of reus-
ing solvents and other materials is also under consideration.

The aim of this work was to obtain graphene suspensions by the LE method in a high-speed mixer
and to study their properties.

Samples and experimental procedure

Two samples of graphite were selected as starting materials: GK-1 grade graphite and GAK-2
grade graphite. GK-1 graphite is intended for the production of pencil leads, with its characteristics
regulated by GOST 4404-78. GK-1 is crystalline graphite obtained through the beneficiation of graph-
ite ores, featuring a layered crystalline structure. The graphite is black with a grayish tint. GAK-2
grade graphite is intended for the production of electrodes for batteries, with its characteristics regu-
lated by GOST 10273-79. GAK-2 is crystalline graphite obtained through the separate or combined
beneficiation of natural graphite ores and graphite-containing waste from metallurgical processes.

It has a layered crystalline structure and exhibits a gray color with a characteristic metallic sheen
(Table 1). In some samples, a surfactant, polyvinylpyrrolidone (PVP), was added. Distilled water,
regulated by GOST R 58144-2018: «Distilled Water. Technical Specifications», was used as the dis-
persion medium.
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Table 1
Characteristics of graphite
Parameter Graphite GK-1 Graphite GAK-2
Ash content, %, not more than 1,0 0,5
Mass fraction of moisture, % no more than 0,5 1
Impurity content %, not more than Volatile matter release 0,5 Chlorine ions 0,1
’ Arsenkum 0,0025 Iron 0,5 %.

The design features of the IKA T25 mixer (Germany) and the JRJ300D-1 mixer (China) are shown
in Fig. 1, with their technical specifications provided in Table 2. The operating principle of the mixers
can be described as follows: the liquid being processed enters the working zone of the disperser from
below through openings. The rotor blades set the liquid into rapid motion. The liquid exits the open-
ings at high velocity, generating intense flows that exert shear forces on the liquid.

stator
r@

rotor a

stator rofor rofor
— stator
Lo

b

Fig. 1. Rotor-stator design in the mixer | KAT 25 (a) and JRJ300D-1 (6)

Table 2
Technical characteristics of mixers

Parameter Mixer IKA T-25 Mixer JRJ300D-1
Engine output power, W 400 300
Rotation range, rpm 3000-25000 200-11000
Working volume, ml 1-2000 500-40000
Rotor diameter, mm 13,4 29
. Inner: 30
Stator diameter, mm 18 External: 70

The suspensions were processed using two mixers: IKA T25 and JRJ300D-1. Aqueous suspensions
of the initial graphite samples were prepared using a magnetic stirrer. Each sample was prepared with
a graphite concentration of 1 wt% in the suspension. Sedimentation analysis was conducted visually
for 25 samples prepared under varying conditions. Samples that remained stable in suspension for a
week were selected for further study. The sedimentation behavior varied among the samples; some
settled immediately, such as sample 3, while others remained stable for several days or even months

(Fig. 2).
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To prepare samples (samples 1-7), 125 ml of water and 1.25 g of graphite were mixed on an IKA
T25 mixer. Surfactant weighing 1.25 g was added to samples 4, 6, and 7. To prepare samples 816, the
minimum permissible volume of liquid for the mixer of 500 ml and graphite weighing 5 g were taken
on a JRJI300D-1 mixer. Surfactant weighing 5 g was added to samples 15 and 16. The processing pa-
rameters and type of graphite are presented in Table 3.

Table 3
Graphite processing parameters

Sample . o . . .

number Mixer speed, rpm Processing time, min | Graphite brand | Surfactant Mixer type
1 9500 120 GAK-2 - IKA T25
2 9500 60 GK-1 - IKA T25
3 9500 120 GK-1 - IKA T25
4 9500 60 GK-1 + IKA T25
5 9500 60 GAK-2 - IKA T25
6 9500 60 GAK-2 + IKA T25
7 9500 30 GAK-2 + IKA T25
8 9500 60 GAK-2 - JRJ300D-1
9 4000 10 GAK-2 - JRJ300D-1
10 7000 10 GAK-2 - JRJ300D-1
11 7000 10 GK-1 - JRJ300D-1
12 9500 3 GK-1 - JRJ300D-1
13 11000 5 GAK-2 - JRJ300D-1
14 11000 5 GK-1 - JRJ300D-1
15 11000 5 GK-1 + JRJ300D-1
16 11000 5 GAK-2 + JRJ300D-1

The work was carried out using a DT-1202 spectrometer. Bimodal and normal functions were used
to describe the particle distribution function.

2 0 Jie 3

Fig. 2. Sedimentation of suspension samples immediately after preparation (left) and after 6 days:
5 (a), 7 (6), 13 (8), 14 (2), 15 (0), 16 (orc) and 3 (3) immediately after preparation and the next day

The preparation for X-ray phase analysis on the DRON-3 diffractometer involved drying the sus-
pensions in a drying oven at 70 °C for 2 hours. The microstructure of graphene was studied using a
JEOL JEM-2100 transmission electron microscope (at an accelerating voltage of 200 kV) equipped
with an Oxford Inca x-sight energy-dispersive spectrometer.

Results and discussion

During mixer operation, the liquid exits the openings at high velocity, generating intense flows.
This flow provides enough energy to overcome Van der Waals forces between graphite layers, leading
to their exfoliation. According to [13], the dispersion process likely involves cavitation effects. Cavita-

525



Siberian Aerospace Journal. Vol. 25, No. 4

tion bubbles form at various points, introducing additional energy into the dispersion process and
promoting more uniform and finer exfoliation. Furthermore, hydrodynamic dispersion involves active
collisions between solid particles, which significantly contribute to the overall dispersion outcome.

The particle size of the initial graphites is a bimodal distribution (Fig. 3, @). The sizes of the dis-
persed phase in the obtained graphene colloids (samples 15 and 16) are described as having both a
normal distribution and a bimodal distribution (samples 13 and 14).

14 q
3,0 9 — Sample 14
1.2 4 — TInitial GAK o — Sample 13
1,0 — Initial GK o
=
= 08 £ 2,0
S S
S 06 E15
& )
204 21,0 3
3o § b
€02 a =05 7 /V\
0,0 T T T Y 0,0 T T T T ]
1 10 100 1000 10000 0,001 0,01 0,1 1 10 100
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2,5 1
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2,0 1 —Sample 16
s 1,5 ]
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Fig. 3. Particle distribution in the initial samples of graphite (a) and graphene suspension
after hydrodynamic treatment in a mixer (b, c)

The parameters of the analyzed samples, obtained through acoustic spectroscopy, are summarized
in Table 4. Processing with the JRJ300D-1 mixer (sample 13) significantly reduces particle size,
achieving reductions by a factor of 100 or more compared to the initial graphite. The addition of a sur-
factant does not lead to a substantial decrease in particle size compared to samples without its addi-
tion. However, it enhances particle size uniformity. Moreover, using a surfactant increases the zeta
potential of the suspension, thereby improving its stability. Graphene phases of nanometer-scale di-
mensions were identified in samples 13 and 14, measuring 10 nm and 100 nm, respectively. These
structures, referred to as graphene dots, can be transformed into graphene quantum dots under specific
conditions. Oxidation of graphene dots by reactive oxygen species, generated during cavitation proc-
esses in water, enhances the stability of the graphene suspension. Oxidized graphene dots inhibit the
coagulation of graphene components, positively affecting the stability of graphene colloids. Sample 14
exhibits greater stability (90 days) compared to sample 13 (6 days). Additionally, the impurities pre-
sent in the initial graphite samples influence the stability of the suspensions.

Table 4
Results of acoustic spectroscopy of the studied samples

Initial Initial
Parameter GAK-2 Sample 13 Sample 16 GK-1 Sample 14 Sample 15
Particle size range, um 10-600 0,007-3 0,34-0,39 2—-1000 0,02-12 0,8-100
Peak particle size val- 30,6 and 0.01 and 2 0.36 10,2 and 0.1 and 7 8.5
ues, pm 204 324
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. —4,5upto— | 0,2upto-— 0,7 up to — —Supto—
Zeta potential, mV 9.5 0.96 179 —lupto-8,8| Supto-16 1.16

Ratio of particle distri-
bution at the right and 65 and 35 20 and 80 - 30 and 70 40 and 60 -

left peaks, %

The X-ray diffraction (XRD) pattern (Fig. 4 a) exhibits sharp graphite peaks at 20 values of 11°,
26.5°, and 55°, corresponding to interplanar spacings of 6.8, 3.38, and 1.683 A, respectively. The
XRD spectrum of sample 7, also shown in Fig. 4 a, reveals that the graphite-related peaks are retained
but with reduced intensity. The formation of a broad halo in the XRD spectrum of sample 5 (Fig. 4 @)
may indicate the presence of a fine-dispersed, X-ray amorphous phase. Additionally, the peak at 20 =
11° is absent. A similar XRD pattern was reported in [14], where graphene was synthesized via am-
monia reduction and characterized using powder X-ray diffraction. The diffraction lines corresponding
to C(002) appeared at 20 = 26.5°, with an interplanar spacing of 3.35 A. The authors attribute this to a
typical graphite structure and the presence of multilayer graphene.

The graphite peaks in X-ray phase analysis always demonstrate extremely high intensity, which
makes it difficult to determine additional phases in the samples under study (Fig. 4, ). X-ray amor-
phism is not characteristic of the graphene suspension samples after processing in a mixer for 5 min.
However, the peak intensity is significantly reduced by 40% for sample 13 and by 26% for sample 14
from the initial value. The effect of high shear rates affects the reflectivity of the samples under study
and increases their dispersion. Samples 13 and 14 do not demonstrate a wide halo in the spectra (Fig.

4, b) [15].

Intensity

Intensity

Sample 7 v/\ﬂ Sample 13
GAK%

Sample 5
Sample 14

| ' - .
W w[jwm

T T T T T T 1 0
0 10 20 30 40 50 60 26 70 0 30 40 50 60 20 70

Fig. 4. X-ray spectra of graphite samples and solid fraction of graphene suspension samples

Fig. 5. Solid fraction of graphene suspension
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The electron microscope image shows transparent layers of graphene (Fig. 5), which once again
proves the XRD data and the possibility of obtaining a graphene suspension using liquid-phase exfo-
liation from natural graphites.

Conclusion

1. The application of high-speed hydrodynamic technology utilizing high-shear hydrodynamic de-
vices enables the production of multilayer graphene particles with lateral dimensions of up to 12 pm.

2. Operating modes were selected for two hydrodynamic devices: high-speed mixers IKA T25
(Germany) and JRJ300D-1 (China). The industrial graphites GK-1 and GAK-2, derived from natural
graphite, were investigated and demonstrated potential for successful use in the production of multi-
layer graphene through liquid-phase exfoliation.

3. When graphites are dispersed, graphene dots (graphene particle fragments) ranging in size from
10 to 100 nm are formed.

4. The oxidation of graphene quantum dots by reactive oxygen species generated during cavitation
processes in water enhances the stability of graphene suspensions. Oxidized graphene quantum dots
inhibit the coagulation of graphene particles.

5. Water-based graphene suspensions were obtained for the graphites GK-1 and GAK-2 with dif-
ferent sedimentation times. For GAK-2 graphite, the sedimentation time was six days, for GK-1
graphite it was 90 days, and for GK-1+surfactant graphite it was six months.

6. The presence of impurities in the graphite suspension negatively affects the liquid-phase exfolia-
tion process of graphite and the stability of the resulting graphene suspensions.
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