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Abstract: Graphite-based graphene oxide (GO) and coal-based graphene oxide (GO/SiO2, which we
call graphene oxide/SiO, because the surface of the resulting coal-based GO is linked with SiO, from
the coal structure) were prepared by the conventional Hummers oxidation method and ultrasound-
assisted Hummers oxidation method, respectively, using natural graphite powder and Xinjiang
Wucaiwan coal as carbon sources. Furthermore, the structures of the two were studied comparatively.
Afterwards, the two lamellar structure products were hydrophilically modified with octadecylamine and
dicyclohexylcarbodiimide by a hydrothermal method. And then, added these products (graphite-based
GO-ODA and coal-based GO/SiO,-ODA) to No.32 cycloalkyl base oils in order to comparatively
investigated their tribological properties as lubricant additives. The results showed that the dispersion
stability of coal-based GO/SiO: in the lubricant was significantly better than that of graphite-based GO;
meanwhile, the tribological performance of GO/SiO.-ODA in the lubricant better than that of graphite-
based GO-ODA due to the surface linkage of coal-based GO/SiO> with SiO> particles. After 1 h - long
grinding in a four-ball friction test, the lubricant friction coefficient of 0.03 wt% coal-based GO/SiO,-
ODA oil reached a minimum of 0.118, which reduced 58.1% compared to pure base oil and reduced 2.8
times compared to the counterpart using graphite-based GO-ODA under the same experimental
conditions.

Keywords: graphite-based GO, coal-based GO/SiOz, lubricant additives, dispersion stability,
tribological properties

1.Introduction

Since the industrial revolution, technology rapidly develops and results in an increasing scarcity of
non-renewable energy sources [1]. In addition, a large proportion of energy is consumed to overcome
friction in mobile mechanical systems, and data shows that approximately one third of human primary
energy is lost owing to friction [2]. At the same time, "friction” is also responsible for more than 70%
of equipment damage [3]. Friction is everywhere in our daily lives, for example, the speeding cars on
the street, the machinery in factories, as well as every sliding, rolling or rotating contact interface. If
friction is not effectively reduced or controlled, it not only accelerates the consumption of energy
materials, but also leads to high abrasion, low life expectancy and low reliability of machinery.

In production and in life, lubricants are often used to reduce friction between moving parts [4]. Until
now, numerous research focus on the nature and role of lubricants, which solves this wear problem in
many important components in machinery and equipment [5-7]. In particular, nano-additives can
significantly improve lubricants so as to reduce losses and enable the normal operation of equipment
[8]. This is due to the high oil film strength of nano-additives which can effectively repair the worn parts
of machinery.

Common nano-additives include carbon-based nanomaterials such as graphite and graphene (GO)
[9], inorganic salts such as calcium borate and magnesium borate [10], soft nano metals such as copper
and nickel [11], as well as other organic polymers such as organic borides [12].
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Among them, GO, as a typical representative of two-dimensional carbon materials, become a hot
topic in the lubrication field.

It has been found that GO is a two-dimensional lamellar material which has a honeycomb-like
structure. Since its low friction coefficient, excellent mechanical properties and stable physical and
chemical properties, it becomes an ideal material for abrasion and loss reduction [13-15], which can not
only independently constitute a solid lubricating film between the friction pairs, but also be used as an
efficient additive in lubrication products, considering the effect of wear and loss reduction and stabling
suspension lubricant.

Similarly to GO, Nano-SiO. can be coated on the surface of GO to form GO/SiO2. And this
replacement can greatly reduce the fold and agglomeration degree of GO, and therefore, fully manifest
its excellent mono-disperse properties [16]. For example, Pengfei Guo et al [17] prepared a novel
nanomaterial named aminated silica modified graphene oxide (SAG), which combines the layered
nanomaterial graphene oxide (GO) and the nanoparticles hydrophilic nano-silica (SiO2) by 3-amino-
propyltriethoxysilane (APTES). The wear rate of the ball lubricated by SAG at a concentration of 0.05%
has a dramatic decrease, up to 78.3% compared with that of lubricated by pure water.

It was found that coal-based graphene oxide/silica (GO/SiO2) nanocomposites could be synthesized
in only one step by a modified Hummers oxidation method using Xinjiang Wucaiwan coal as raw
material [18,19]. This composite material has the same two-dimensional lamellar structure as GO, and
keeps the high thermal conductivity as well as high mechanical properties advantages of nano-SiO, and
GO. Therefore, coal-based GO/SiO2 may be served as lubricant additives after lipophilic treatment, when
it exhibits better frictional properties through additive or synergistic effects of these two nanomaterials.

Hence, this thesis produced graphite-based GO and coal-based GO/SiO2 through a modified
ultrasound-assisted Hummers oxidation method where natural graphite powder and Xinjiang Wucaiwan
coal acts as carbon sources, respectively. The structure and properties of these two materials generating
from different carbon sources were investigated, and in the meantime, they were studied as lubricant
additives of N0.32 cycloalkyl base oil after lipophilicity modification, including their dispersion stability
in lubricants and the effect of their addition amount on the tribological performance of lubricants.
Finally, the mechanism why the coal-based GO/SiO> can improve the tribological performance of
lubricants more efficiently was revealed.

2. Materials and methods
2.1. Materials and reagents

The materials and reagents for the study included: The coal sample used here is obtained from the
Wucaiwan coal mine at China's Xinjiang Zundong coal field. The sample is grinded and filtered through
a 200# mesh sieve, followed by a 4 h desiccation at 100°C. Natural graphite powder was provided by
Tianjin Shengao Chemical Reagent Company Limited; No. 32 cycloalkyl base oil, supplied by Xinjiang
Fokker Oil Company Limited Natural graphite powder was provided by Tianjin Shengao Chemical
Reagent Company Limited; No. 32 cycloalkyl base oil, supplied by Xinjiang Fokker Oil Company
Limited. Ferric chloride (FeCls, analytical pure), potassium permanganate (KMnOs, analytical pure),
boric acid (HsBO3, analytical pure) and hydrofluoric acid (HF, 40.0 wt%, analytical pure), P Hydrogen
peroxide (H202, 30wt%), sulfuric acid (H2SOs4, 98.2 wt%), hydrochloric acid (HCI, 36.5 wt%),
Potassium persulphate (K2S20s), phosphorus pentoxide (P2Os), sodium nitrate (NaNO3), octadecyl-
amine (C1sH39N), dicyclohexylcarbodiimide (DCC), all analytical pure, market sales.

2.2 Additive sample preparation
2.2.1. Graphite-based graphene oxide (GO)

The graphite-based GO was prepared by the ultrasound-assisted Hummers oxidation method, and
the experimental steps were as follows.

(i) Low-temperature reaction: 1 g natural graphite powder and 0.5 g of sodium nitrate were sonicated
and dispersed in 30 mL H2SO4 for 1 h (H2SO4 was placed in an ice-water bath and the temperature is
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lower than 5°C). Next, add 3 g KmnO4 slowly and turn off the sonication. And then, stir this solution
for 1 h and keep the temperature no higher than 10°C. After the low-temperature reaction, a dark green
dispersion can be obtained.

(i1) Medium-high temperature reaction: transfer the reaction solution to a constant temperature oil
bath at 35°C and stir for 30 min, after that, there is an obvious purple-red colour in the inner wall of the
beaker. Subsequently, add the above reaction solution slowly to 100 mL deionized water, transfer it to a
constant temperature oil bath at 95°C and stir for 30 min to obtain a brown reaction solution. Next, add
200 ml deionized water to terminate the reaction, and add 30% H>O> to remove the excess KMnOa. At
last, stir this solution for 30 min and leave it to stand.

(iii) Purification process: centrifuge the above reaction solution (at 8000 r/min’ for 5 min), and
remove the supernatant (wash the precipitate in the centrifuge tube repeatedly with deionised water until
the supernatant of the tube reached neutral and the lower layer of the precipitate changed from light
brown to viscous brown-black). Next, take this precipitate, disperse it in deionised water, sonicate for
40 min, and centrifuge (2500 r/min* for 30 min). After centrifugation, the upper brown liquid is
graphene oxide dispersion. Finally, this dispersion was put into a constant temperature drying oven at
80°C for 12 h to obtain a black flake product, which is the target graphite-based GO product.

2.2.2. Coal-based graphene oxide / silica (GO/SiOz)

A modified ultrasound-assisted Hummers oxidation method [20] was used to prepare coal-based
GO/SiO», and compared to the graphite-based GO, there are some additional steps such as graphitization,
pre-oxidation of coal and so on:

(1) weighed, ground, and mixed the pulverised coal, FeCls and HsBO3s (mass ration 16:3:1) in an
agate mortar, and then placed it in a tube furnace (rated at 1000°C), programmed temperature to 950°C
for 5 h under N2 ambience (60 mL/min), after that, cool naturally to room temperature under N>
atmosphere to obtain graphitised pulverised coal.

(i1) dispersed 8 g pretreated coal sample in 30 mL mixed H2SO4 solution which contains 8 g K2S,0g
and 8 g of P20Os, stir at room temperature for 3 h and stir at 80°C for 6 h, then cool down, filter, wash to
remove acid and salt, and dry at 80°C to obtain the pre-oxidation product.

(iii) slowly add the above pre-oxidised pulverised coal to 180 mL concentrated H.SO4 (H2SO4 was
placed in an ice-water bath and keep the temperature not more than 5°C) and stirred for 30 min, then
add 24 g KMnOg in multiple portions (ultrasonic ice bath (40 kHz, 200 W)) and stir for 30 min (during
this stirring, the system temperature was controlled below 10°C). Then, raised the water bath temperature
to 35°C and continued stirring for 4 h. Afterwards, added 30 mL deionised water every 5 min for three
times, stirred for 30min, and subsequently, terminated this reaction by adding 1 L deionised water.
Finally, add 30 % H20> to remove excess KMnQyg, stir for 30 min and leave to stand. Wash, filter, and
dry at 80°C for 6 h to obtain black powder, which is the target coal-based GO/SiO- product.

2.2.3. Preparation of graphite-based GO and coal-based GO/SiO2 modified lubricants
(1) Lipophilic modification of additives

After drying, 0.1 g of graphite-based GO (or coal-based GO/SiO.) was ultrasonically dispersed in
120 mL of deionized water, 0.5 g of octadecylamine and 0.1 g of dicyclohexylcarbodiimide were added
and the reaction was stirred at room temperature for 30 min. After that, the reaction was heated to 120°C
and refluxed for 12 h. After the reaction, the black solids in the reaction solution were filtered out and
washed with deionized water and ethanol respectively for three times and dried at 80°C for 24 h. The
graphite-based GO (or coal-based GO/SiO>) was washed three times with deionized water and ethanol,
and dried at 80°C for 24h to obtain GO-ODA (or coal-based GO/SiO,-ODA), a lipophilic modified
product of graphite-based GO (or coal-based GO/SiOy).
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(2) Formulation of modified lubricants

The unmodified GO and GO/SiOz, as well as the modified GO-ODA and GO/SiO,-ODA were added
into the No0.32 cycloalkyl base oil respectively and ultrasonicated to obtain a uniformly dispersed
additive/lubricant system.

2.3. Characterization

The morphological structure of the sample was observed using H-600 transmission electron micro-
scope (TEM, HRTEM). Field emission scanning electron microscope images of each sample were
obtained by SU1080 electron microscope (SEM). The elemental analysis of each sample was carried out
by a HITACHI-SU8010 EDS spectrometer (acceleration voltage: 5 kV, scan distance 8 mm). X-ray
diffraction (XRD) results for each sample were obtained by using M18XHF22-SRA X-ray diffracto-
meter (experimental conditions: Cu Ko radiation A=0.154056 nm, scan range: 26=10-80°). Raman
spectra of the samples were collected by a Raman spectrometer (BRUKER VERTEX 70). The FTIR
spectrum of the samples were obtained by a Fourier transform infrared spectrometer (FTIR, Bruker-
EQUINOX 55). The surface chemical properties of the samples were detected by an X-ray photoelectron
spectrometer (XPS, ESCALAB 250, number of scans: 3, number of energy steps: 1001, energy step size:
0.05 eV). After the four-ball friction and wear test, the steel balls were sonicated in petroleum ether for
30 min, dried sufficiently and then the surface morphology of the wear marks was observed with an
Olympus BX60M optical microscope (OM), and the diameter of the wear marks was calibrated with a
wear mark measurement software.

2.4. Friction and wear experiments with graphite-based GO, coal-based GO/SiO2 and their
lipophilic modified products as lubricant additives

Graphite-based GO, coal-based GO/SiO- and their lipophilic modification products GO-ODA and
GO/SiO2-ODA were used as lubricant additives and then added to No. 32 cycloalkyl base oil respectively
before being subjected to frictional wear tests in the MRS-1J mechanical four-ball long-time anti-wear
tester shown in Figure 1 (test method according to SH/T 0189-92).

Collet

Oil cup

T Applied force

Figure 1. Schematic diagram of four-ball testing machine

Ball bearing

Thermocouple

The diameter of the balls used was 12.7 mm and the material was CGr15, with a hardness between
HRC 61 and 66. The test speed was set at 1450 r/min, the load at 196 N, the test time at 3600 s and the
temperature at room temperature. After the experiment, the mean friction factor was read and the balls
were cleaned and dried, and the diameter of the wear spots was read under an optical microscope.

3. Results and discussions
3.1. Microstructure of graphite-based GO and coal-based GO/SiO2

To understand the morphological structures of graphite-based GO and coal-based GO/SiO2, TEM
and SEM tests were carried out, and the results are shown in Figure 2.

Figure 2A and 2B are TEM and SEM results of graphite-based GO, respectively. It can be seen that
our prepared graphite-based GO has a two-dimensional nanosheet structure, close to a single atomic
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layer, and its edge are warped or curled. From the HRTEM results shown in Figure 2C, we can observed
that the lattice spacing of graphite-based GO is 0.229 nm, which belongs to the unique GO(001) lattice
of the graphite-based GO. This result is consistent with other literature reports [21], indicating that the
graphene oxide can be effectively exfoliated from natural graphite using the modified Hummers method.

Figure 2D and 2E show the TEM and SEM images of coal-based GO/SiO., respectively. It is obvious
that coal-based GO/SiO; also has a two-dimensional nanosheet structure, and these nanosheets are
coated with dense particulate matter (thought to be SiO2 layers by subsequent characterisation). The
edges of the coal-based GO/SiO, appear to be flat and smooth. There is some wrinkles in the middle
portion but not folding, which is clearly due to the presence of SiO; particles. From the HRTEM image
shown in Figure 2F, the surface of the coal-based GO/SiO, nanosheets has distinct lattice stripes with a
spacing of both 0.229 nm and 0.257 nm, which belongs to the GO (001) and SiO; (110) lattices,
respectively [22]. Therefore, we think the coal-based GO/SiO: is formed by coating the GO surface with
SiO2 particles.

0.229 nm

Figure 2. The TEM (A), SEM (B) and HRTEM (C) image of graphite-based GO;
The TEM (D), SEM (E) and HRTEM (F) image of coal-based GO/SiO;

Comparing the morphology of these two material, both are in the form of lamellae. The graphite-
based GO lamellae are thin, smooth and soft. The warped edges and raised folds of the lamellae can be
clearly seen. While the coal-based GO/SiO is thicker, rougher, and coating with abundant particles.
Furthermore, we speculate that the coal-based GO/SiO> surface should have greater mechanical strength
and a relatively stable C-C bond structure, making it more suitable to use as a lubricant additive.

In order to know the composition of the prepared samples, we carried out EDS tests on graphite-
based GO and coal-based GO/SiO2, and SEM-Mapping tests on coal-based GO/SiO2. As shown in
Figure 3A and 3B, the content of C and O in graphite-based GO was 51.06 % and 48.94 % respectively.
The main elements of the coal-based GO/SiO, were C, O and Si, with 65.73, 30.2 and 2.06 % content,
respectively. Compared to graphite-based GO, the elemental content of C in coal-based GO/SiO>
increased and the relative content of O reduced, while the element Si appears.
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Figure 3C-F shows the SEM-Mapping results of coal-based GO/SiO. It is obvious that the coal-
based GO/SiO: is a coiled sheet layer, and the C, O and Si elements distributed evenly. It indicates that
O and Si elements are loaded on the surface of the GO sheet which is dominated by C elements. SiOz is
uniformly loaded on the GO surface.

To further investigate the structural characteristics of graphite-based GO and coal-based GO/SiOz,
we have performed XRD, Raman and FTIR characterisation of both, and the results are shown in Figure
4,

r aum

Figure 3. The EDS image of graphite-based GO(A) and coal-based GO/SiO2(B);
SEM-mapping image of coal-based GO/SiO,(C-F)
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Figure 4. XRD (A), Raman (B) and FTIR (C) image of graphite-based GO and coal-based GO/SiO>

XRD characterisation is an effective method to study the crystal structure. We have carried out XRD
tests on graphite-based GO and coal-based GO/SiO; respectively and the results are shown in Figure
4A. The graphite-based GO shows a characteristic diffraction peak at 26=10.2° corresponding to the
(001) crystal plane of GO, which is consistent with the results reported in the literature [23]. At the same
time, no impurity peaks appeared in the XRD spectrum of graphite-based GO, which indicates that we
have successfully prepared graphite-based GO with high purity
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The coal-based GO/SiO; shows a characteristic diffraction peak at 20 = 12.3° corresponding to the
(001) crystallographic plane of GO [24], and at 20 = 20.8°, 26.5°, 36.5°, 39.5°, 42.4°, 50.1°, 59.9° and
68.1° corresponding to the (100), (011), (110), (102),(203), (200), (11-2), (21-1) and (203)
crystallographic planes of SiO», respectively. This is consistent with the JCPDS (No. 77-106) standard
data for trigonal crystalline SiO2 [25], which indicates that the prepared coal-based GO/SiO: is formed
by GO surface-linked SiOa.

Comparing the XRD spectra of these two samples, the intensity of the GO (001) peaks of coal-based
GO/SiO is significantly weaker than that of graphite-based GO. This is due to the presence of SiO> on
the surface of coal-based GO/SiO., which weakens the GO (001) characteristic diffraction peaks peak.
Furthermore, the coal-based GO/SiO: also shows the corresponding SiO> characteristic diffraction peaks
at 20 =20.8°,26.5°,36.5°,39.5°,42.4°,45.7°, 50.1°, 54.8°, 59.9° and 68.1°. This result further indicates
that the prepared coal-based GO/SiO2 are formed by linking SiO2 on the surface of coal-based GO.

Raman spectroscopy is an effective way of characterizing the extent of defects in carbonaceous
nanomaterials, and we can obtain the distribution of sp? and sp® carbon in the structure, by comparing
the ratio of the D band intensity to the G band intensity (Io/l). (D and G band correspond to the sp?
ordered carbon structure and sp® disordered carbon structure, respectively) [26]. Figure 4B show Raman
results of graphite-based GO and coal-based GO/SiO.The graphite-based GO and coal-based GO/SiO>
show a D-peak at 1350 cm™ representing a structural defect in the carbon material, and a G-peak at 1581
cm™ corresponding to the disordered vibration of the sp® carbon atoms. The peak intensity ratio (In/lc)
of the D and G peaks for graphite-based GO was calculated to be 1.06, while the Ip/lg ratio for coal-
based GO/SiO; was 0.95. This indicates that the prepared coal-based GO/SiO2 has a high content of
internal defects and a high degree of carbon tissue disorder.

To investigate the surface groups in graphite-based GO and coal-based GO/SiO2, as well as the
bonding type between SiO> particles and GO in coal-based GO/SiO>we performed Fourier transform
infrared characterisation (FTIR) of these two material, as shown in Figure 4C.

Both graphite-based GO and coal-based GO/SiO. show a peak at 3409 cm™ representing the
hydroxyl group vibration on the surface of the GO material [27]. But t the vibration peak intensity of
coal-based GO/SIiO; is weaker. Because Si-OH on the surface of the SiO> layer and oxygen-containing
groups such as C-OH on the surface of the GO sheet layer formed Si-O-C bonds through dehydration
condensation. This results in a bonding of the SiO; to the GO lamellae, leading to a significant reduction
in the hydroxyl content of the GO/SiO> surface. Meanwhile, the absorption peaks of Si-O-Si and Si-O-
C appeared at 470 cm™, 1084 cm™, 1400 cm™ and 1638 cm™ for coal-based GO/SiO2 [28]. These peaks
verify the presence of SiOz in GO/SiO.. We believe that the SiO; in the GO/SIiO; structure converted
from silicates presenting in the coal structure under strong acid oxidation, and then condensed and
dehydrated with oxygen-containing groups such as hydroxyl groups on the surface of the coal-based GO
lamellae to form Si-O-C.

In order to further understand the chemical structure and formation mechanism of graphite-based GO
and coal-based GO/SiO2, we used XPS to analyze the various chemical bonds in graphite-based GO and
coal-based GO/SiO> structures, as shown in Figure 5.

Figure 5A shows the full XPS spectra of graphite-based GO and coal-based GO/SiO». Both graphite-
based GO and coal-based GO/SiO> display C1s and O1s peak at 284.6 eV and 532.1 eV, respectively.
What’s more, the coal-based GO/SiO2 shows a extra peak corresponding to Sizp at 103.4 eV, and the
corresponding Si content is only 2.04 %, which is consistent with the EDS analysis.

The fitting curves of XPS spectra for C, O and Si peaks are shown in Figure 5B-5D, respectively.
The Cls XPS spectrum (Figure 5B) illustrated four main peaks with the binding energy of 284.6
eV(C=C/C-C), 285.6 eV(C-OH), 286.8 eV(C-0) and 288.8 eV(C=0) [29], respectively. Among them,
the number of C-OH and C-O bonds in coal-based GO/SiO- is smaller than that of graphite-based GO,
and this result is consistent with the FTIR analysis. This is because the Si-OH on the surface of the SiO>
layer and the C-OH on the surface of the GO sheet form Si-O-C bonds through inter-layer condensation
and dehydration, resulting in a decreasing number of C-OH and C-O bonds in coal-based GO/SiOs.
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The O1s XPS spectrum (Figure 5C) illustrated three peaks with the binding energy of 531 eV(C-0),
532.1 eV(C-OH) and 533.2 eV (C=0) [30], respectively. In addition, the coal-based GO/SiO, shows a
extra characteristic peak at 533.8 eV corresponding to the Si-OH group. The Si>p XPS spectrum (Figure
5D) illustrated three peaks with the binding energy of 102.1eV (Si-O-C), 103.3 eV(Si-O-Si) and 104.3
eV (Si-OH) [31], respectively.

From XPS tests, we believe that C-C/C=C, C-OH, C-O, C=0 and O-C=0 in coal-based GO/SiO; are
derived from coal-based GO that stripped from the coal structure, while Si-O-Si and Si-O are derived
from SiO> particles that obtained from the conversion of silicate species in coal. Furthermore, the
presence of Si-O-C in the GO/SiO> structure proves that the SiO> particles are bonded to the GO by
chemical bonding.

In conclusion, we believe that the additive effect of SiO> particles on surface of coal-based GO
forming GO/SiO- achieves a complementary advantage to the strength of both. Thus, when coal-based
GO/SiO2-ODA is used as a lubricant additive, the lubricant has better anti-wear and friction-reducing
properties.

3.2. Dispersion stability of graphite-based (GO) and coal-based graphene oxide/silicon dioxide
(GO/SiO2) in lubricants

According to the aforementioned method, the graphite-based GO and coal-based GO/SiO, were
treated with lipophilic modification (denoted as GO-ODA and GO/SiO,-ODA). To investigate the
dispersion stability of these two materials in the lubricant and the effect of lipophilic modification, we
added unmodified GO and GO/SiO,, as well as modified GO-ODA and GO/SiO»-ODA to No. 32
cycloalkyl base oil (formulated 0.03 wt% additive/lubricant dispersion system), respectively. The results
are shown in Figure 6.

Figure 6A-6D show 1-4* samples, 0-21days after ultrasonic dispersion, and 1-4# samples are (1) The
graphite GO/lubricant, (2)coal-based GO/SiO2/lubricant, (3)graphite-based GO-ODA/lubricant and(4)
coal-based GO/SiO,-ODA/lubricant systems, respectively. It can be seen that on the day of ultrasonic
dispersion, the above four samples were uniformly dispersed in No. 32 cycloalkyl base oil. After 7 days
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of resting, precipitates started to appear in the graphite-based GO/lubricant system. After 14 days of
resting, both graphite-based GO/lubricant and coal-based GO/SiO2/lubricant systems generated
precipitates. After 21 days of resting, these samples showed precipitates except for coal-based GO/SiO,-
ODAV/lubricant system which maintained the dispersion stability. The above results show that the
dispersion stability of coal-based GO/SiO- in lubricants is better than that of graphite-based GO; because
grafted long-chain alkanes have a positive lipophilic dispersion effect on coal-based GO/SiO:s.

) ®
ii

A B

® ® @ @
D
@
i i
Figure 6. Dispersion stability of GO-ODA/lubricating oil and GO/SiO2-ODA/lubricating oil.

(A) The day after ultrasonic dispersion; (B) 7 days after ultrasonic dispersion;
(C) 14 days after ultrasonic dispersion; (D)21 days after ultrasonic dispersion

@
_
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In order to study the effects of graphite-based GO and coal-based GO/SiO> on the light transmission
properties of lubricating oil, the absorbance curves of GO-ODA/lubricating oil (A) and GO/SiO,-
ODA/lubricating oil (B) systems with different concentrations were measured by spectrophotometer
from 280 nm to 600 nm, and the results are shown in Figure 7A-7B. The trends of these two curves are
similar. The absorbance of GO-ODA/Lubricant (B) at wavelengths between 280 and 320 nm is relatively
strong, and the absorbance decreases as the wavelength extends gradually, showing a relatively weak
characteristic absorption peak near 342 nm. Then the absorbance decreases again and finally tends to
level off. However, the absorbance of the GO/SiO2-ODA/Iubricant system is greater than that of the GO-
ODA/lubricant system at the same GO-ODA and GO/SiO,-ODA additions, which again indicates that
the dispersion stability of coal-based GO/SiO.-ODA is better than that of graphite-based GO-ODA. The
reasons after this phenomenon are that: (1) the regular SiO2 loading onto the coal-based GO surface can
inhibit the agglomeration of GO [32], thus improving its dispersion stability in the lubricant; (2) SiO2
itself has good dispersibility in the lubricant [33], which can also improve the dispersion stability of
coal-based GO/SiOz in the lubricant.
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Figure 7. UV-Vis absorption spectra and absorbance-concentration relationships of
GO-ODA/lubricating oil (A) and GO/SiO2-ODA/lubricating oil (B)

0.7

— G-0DA lubricating oil
0.6 4 —— GO/SI0-0DA lubricating oil

=
n
PR

0.3 4

Absorbance
b
AL

0.2 4

.1 T T T
K] 1] oz (L2} L] 1] 0%

C (wt%)
Figure 8. UV-Vis absorption spectra and absorbance-concentration
relationships of GO-ODA/lubricating oil and GO/SiO,-ODA/lubricating oil

The absorbance values of additive/lubricant systems are related to the dispersion stability of the
additives; and the higher the absorbance of the system, the better the dispersion stability of the additives
[34]. To further demonstrate the dispersion stability of coal-based GO/SiO; in lubricants, we prepared
graphite-based GO-ODA/lubricant and coal-based GO/SiO,-ODA/lubricant systems with different
concentrations, and tested their absorbance at 600 nm where the absorbance tends to stabilize after one
week of storage. The absorbance of the additive/lubricant dispersion system were plotted in Figure 8.
This image shows that the absorbance of the GO/SiO2-ODA/lubricant system was greater than graphite-
based GO-ODA/lubricant system in the detection range (0~0.08 wt%), which further indicates that coal-
based GO/SiO- has better dispersion stability than graphite-based GO.

What is more, the absorbance of both the GO-ODA/lubricant and GO/SiO.-ODA/lubricant systems
is linearly related to the concentration of the additives (GO-ODA and GO/SiO,-ODA), which shows
good compliance with Lambert's law in the detection concentration range [35]: the absorbance of light
is proportional to the number of molecules producing in the light path, which means the absorbance of
a substance is proportional to the concentration of this absorbing substance. Therefore, we believe that
the absorbance-concentration curve shown in Figure 8 can be used as a standard curve to analyze the
additive/lubricant. Thus, the absorbance of the additive/lubricant dispersion system prepared in this

Rev. Chim., 74 (1), 2023, 58 - 72 67 https://doi.org/10.37358/RC.23.1.8563


https://revistadechimie.ro/
https://doi.org/10.37358/Rev

Revista de Chimie @ @

https://revistadechimie.ro
https://doi.org/10.37358/Rev.Chim.1949

experiment can indirectly prove the dispersion stability of the additive (GO-ODA or GO/SiO2-ODA) in
the lubricant.

3.3. Tribological properties of graphite-based (GO) and coal-based graphene oxide/silicon dioxide
(GO/SiOy) in lubricants

The friction coefficients of GO-ODA/lubricant and GO/SiO>-ODA/lubricant were determined by the
aforementioned test methods and the results are shown in Figure 9A, B.

Figure 9A shows that the system friction factor reduced approximately 11.0 %, 12.6 %, 30.9 % and
3% when GO-ODA is added at 0.01 wt%, 0.02 wt%, 0.03 wt% and 0.04wt%, respectively. For GO/SiO,-
ODA (Figure 9B), this friction factor reduced by approximately 29%, 31.2%, 58.1% and 14.7%, when
containing 0.01wt%, 0.02wt%, 0.03wt% and 0.04wt% GO/SiO,-ODA. Clearly, in the tested
concentration range (0-0.04wt%), as the amount of GO-ODA or GO/SiO,-ODA increases, the friction
coefficient of the additive/lubricant system first decreases and then increases. And the best tribological
performance of the additive/lubricant system is achieved when the amount of GO-ODA or GO/SiO-
ODA reaches 0.03wt%.
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Figure 9. The relationship between the friction coefficient and additive concentration
of GO-ODA/lubricating oil and GO/SiO2-ODA/Iubricating oil

We believe that the GO/SiO,-ODA (or GO-ODA) micro-nanosheets which have better mechanical
properties and ductility will fill in the contact interface of the friction substrate, forming a lubricating
layer that avoids direct contact with other bumps on the friction substrate. Hence, the friction coefficient
will obviously drop. At the same time, the flash temperature generated during the friction process can
generate tribological reaction between the additive/lubricant and the friction substrate, so that the
additive sheet lamellar structure will release interlayer domain active groups during the interlayer
sliding. For example, when GO/SiO.-ODA acts as additive, sassafras sub sliding layer will produce
SiOy, SiC and other active substances. These active groups produce reaction with the friction substrate,
generate repair-coating, fill the defects of this friction surface, and thus improve the surface hardness
reducing surface abrasion.

When the content of GO-ODA or GO/SiO2-ODA reached 0.4wt%, the reduction in the friction
coefficient increases (the friction factor of the GO-ODA/lubricant system only reduced 3%, and the
counterpart of the GO/SiO.-ODA/lubricant system is only 32.7%). We believed that these additive
cannot cover the surface uniformly during the whole friction process due to excessive addition of GO-
ODA or GO/SiO,-ODA. They may accumulate between the friction pairs, disrupting the continuity of
the oil film and leading to deterioration of the friction performance. Furthermore, excessive GO-ODA
or GO/Si02-ODA may agglomerate with the tiny friction chips at the friction surfaces, making the
friction surface wear increased.

Rev. Chim., 74 (1), 2023, 58 - 72 68 https://doi.org/10.37358/RC.23.1.8563


https://revistadechimie.ro/
https://doi.org/10.37358/Rev

Revista de Chimie .@

https://revistadechimie.ro
https://doi.org/10.37358/Rev.Chim.1949

Flgure 10. Wear scar diameters of pure Iubrlcatlng oil (A) 0.03wt% GO-ODA/lubricating
oil (B) and 0.03wt% GO/SiO2-ODA/lubricating oil (C)

Figure 10A-10C show the wear spot diameter and surface profile of the steel balls after four ball
friction tests for pure lubricant, GO-ODA/lubricant with 0.03 wt% and GO/SiO.-ODA/lubricant
systems, respectively. The smallest spot diameter is 0.418 mm observed at 0.03% GO/SiO,-ODA
(Figure 10C), which is approximately 33.7 % less than that of the pure lubricant (Figure 10A, spot
diameter of 0.618). For the same content GO-ODA/lubricant, the spot diameter is 0.545 mm (Figure 10
B), and there is an 13.5 % reduction compared to pure lubricant. This result is consistent with the above
friction factor variation pattern. In the meantime, it can be seen that the additive/lubricant system
containing 0.03 wt% GO/SiO2-ODA has significantly effect on reducing and lightening wear marks on
the steel ball surface. This phenomena demonstrates the excellent wear reduction performance of
GO/SiO2-ODA as an additive to the lubricant.

Figure 11A and 11B show the SEM results of the microscopic surfaces of the steel ball wear spots
after the four-ball friction test for 0.03 wt% GO-ODA/lubricant and 0.03 wt% GO/SiO.-ODA/lubricant,
respectively. It can be seen that in the four-ball friction test, GO-ODA and GO/SiO2-ODA formed a
protective film on the surface of the friction substrate, which isolated the direct contact between the
upper and lower raised samples, resulting in a lower friction coefficient of the additive/lubricant.
However, the protective film formed by the graphite-based GO-ODA/lubricant system on the steel ball
surface was completely broken after test, but this protective film by the coal-based GO/SiO;-
ODAV/lubricant system still existed. This results indicates that the protective film formed by the coal-
based GO/SiO2-ODA/lubricant on the steel ball surface was mechanically stronger, and possessed better
anti-wear and friction-reduction properties. Due to coal-based GO/SiO> linked with SiO particles at its
surface, the additive effect on the strength of both achieves a complementary advantage. So the lubricant
has better anti-wear and friction-reducing properties when coal-based GO/SiO2-ODA acts as lubricant
additive.

Figure 11. SEM images of the wear scar surface of steel balls for 0.03wt%
GO-ODA/lubricating oil (A) and 0.03wt% GO/SiO»-ODA/lubricating oil (B)
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4. Conclusions

Graphite-based graphene oxide (GO) was prepared by the conventional Hummers oxidation method
using natural graphite as raw material. Meanwhile, coal-based graphene oxide/silica (GO/SiO,)
nanosheets with the conventional graphene two-dimensional layer structure were prepared by
ultrasound-assisted Hummers oxidation method. Here, coal is from Wucaiwan coal mine in Xinjiang as
the carbon source, the GO flakes is stripped from graphite-like aromatic core of the coal structure, and
SiO2 particles produced by the oxidation of silica salts in the coal which linked to the surface of coal-
based GO flakes. Furthermore, the structural characteristics of graphite-based GO and coal-based
GO/SiO, were comparatively investigated.

We also produced lipophilic graphite-based GO-ODA and coal-based GO/SiO,-ODA by the
hydrothermal reactions grafting octadecyl amines onto graphite-based GO and coal-based GO/SiOz,
respectively. To comparatively study their dispersion stability in lubricants and the morphological
properties of the additive/lubricant system, they were dispersed in No. 32 cycloalkyl base oil in
comparison. The results showed that the dispersion stability and frictional properties of coal-based
GO/SiO2 in the lubricant was significantly better than that of graphite-based GO, due to the linked SiO>
particles. After 1 h - long grinding in a four-ball friction test, the lubricant friction coefficient of 0.03
wit% coal-based GO/SiO,-ODA oil reached a minimum of 0.118, which reduced 58.1 % compared to
pure base oil and reduced 2.8 times compared to the counterpart using graphite-based GO-ODA under
the same experimental conditions.
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