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Abstract: As a 2D carbon material, graphene exhibits a
unique structure and outstanding properties and has been
widely applied in various fields. Because the properties of
graphene are closely related to their structural parameters,
graphene with different size distributions is suitable for
different applications. However, current methods of fine-
scale separation of graphene and its derivatives have cer-
tain limitations. In this study, graphene oxide (GO) size
separation using multilayer dialysis was proposed. Multiple
size separation in one step was achieved by customizing the
dialysis size of each layer according to the actual require-
ments. In this way, GOs of different sizes were separated
and large-scale synthesis can be achieved using this method.
Meanwhile, the anti-friction and lubrication properties of
aqueous dispersion solutions of GOs of different sizes were
investigated. The results indicated significant improvements
of the anti-friction and lubrication properties of GO samples
prepared by the proposed method, as large-scale GOs can act
as lubricants by relieving, if not preventing, friction between
the two friction surfaces.
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1 Introduction

As an important nanomaterial, graphene and its oxides
have a wide range of applications and have continuously

attracted attention and been studied [1–4]. At present,
research on the application of graphene has been widely
distributed in heat conduction [5], electricity conduction
[6], friction [7], composite materials [8], adsorption [9],
and other aspects [10,11]. The size of graphene material
has an important impact on its application performance,
and the properties and application scenarios of different
sizes of graphene are very different. Such as large size
graphene is more suitable for the preparation of super
fibers [12], high-performance absorbing graphene micro-
flowers [13], etc. Graphene of small size is more suitable
for use in the preparation of quantum dots [14], etc. In
addition to differences in function, the effects on biodistri-
bution are also different. Studies have shown that larger
graphene oxide (GO) particles accumulate in the lung, and
smaller GO particles are retained in the liver in mice [15].
There are still many differences in the properties of gra-
phene of different sizes that need to be investigated.

Size separation of graphene, GO, and their derivatives
has been a hot topic [16–19]. Indeed, some approaches of
size separation of graphene and GO have been reported
[20,21], including centrifugal separation [22,23], electro-
phoresis separation [24,25], filtration separation [26],
pH-assisted separation [27], and others. However, these
approaches have not been widely applied in the industry
due to various limitations. Based on this, we propose the
application of dialysis, a common washing and impurity
removal approach, in the size separation of graphene.

The dialysis [28–32] is a separation and purification
technology that separates small and large molecules
based on the mechanism that small molecules can dif-
fuse into water (or buffer) through semi-permeable mem-
branes. As a physical process, the rationale of dialysis
is the concentration difference of matters. Specifically,
dialysis is dependent on semi-permeable membranes,
which are literally refined sieves that allow only mole-
cules with radii smaller than the mesh to pass through.
Additionally, the dialysis process is a diffusion process,
which is a result of Brownian movements of all molecules
in the solution.
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Generally, dialysis bags or dialysis membranes are
used in dialysis, and the molecular weight cutoff ranges
from 100 to 1,000,000, indicating small mesh diameters.
In this way, impurities in GO dispersion such as residual
inorganic salts can be removed during GO preparation.
Based on that, separation of GO of different sizes was
achieved by dialysis of GO dispersion using membrane
with different mesh diameters and this approach is pro-
mising for large-scale production. The proposed multi-
layer dialysis set-up can realize separation of GO of dif-
ferent sizes in one step.

Owing to their unique quantum size effect and surface
effect, nanoparticles exhibit unique properties that enable
their applications in anti-friction and lubrication field
[33,34]. As a novel nanomaterial with unique 2D structure,
graphene is highly promising in applications of anti-fric-
tion and lubrication [35–37]. In this study, the prepared
GOs were separated into GOs of three different sizes by
dialysis and the effects of GO size on its anti-friction and
lubrication performance were investigated.

2 Materials and methods

2.1 Preparation of GO

Graphite powder (2.0 g, mesh number = 325 mesh) was
added into concentrated sulfuric acid (70 mL) in a 250 mL
flask and mechanically stirred (200 rpm) in ice bath for
30min, followed by slow addition of KMnO4 (7.0 g) to
keep the suspension temperature below 5℃. Then, the
reaction system was transferred to water bath at 35℃
and stirred (300 rpm) for 2 h, followed by addition of 200mL
water and 15 h stirring. After this, 5mL of H2O2 (30%) was
added to the reaction solution dropwise, resulting in a change
in color from dark brown to yellow. The mixture was filtered
and rinsedwith 5%HCl solution (50mL) three times to remove
metallic ions, rinsedwithwater until neutral, and then filtered
to obtain solid GO samples.

2.2 Separation of GO by multi-layer dialysis

The screen cloth was rinsed and semi-attached (relaxed
with adjustable inter-layer distances) on a 50 L bucket by
layers (mesh diameters of upper and lower layers were 18
and 6.5 μm, respectively). An air pump was arranged on
each layer to generate bubbles and the solution was stirred
to avoid sedimentation of GO. The bucket was filled with

water, a 5 L dispersion of 5.0 g GO was added on the upper
layer, and the air pump was turned on. After 48 h dialysis,
solutions on different layers were extracted and filtered.
Products on the upper layer were denoted as GO-L, pro-
ducts between the upper and lower layers were denoted as
GO-M, and products below the lower layer were denoted as
GO-S. The original GO was denoted as GO-O.

2.3 Tests of friction performance of GO

In order to have the dispersion stability of GO in pure
water, a surfactant triethanolamine soap was used to
modify the compatibility of water and GO. First, a certain
proportion of surfactant and GO were added to pure water.
Then the mixture was sonicated for 15 min, stirred in 50°C
water bath for 30min, and stored.

In this study, the friction wear performance of samples
was evaluated by MS-10A four ball friction wear tester,
while point contact and Grade II standard steel ball with
a diameter of 12.7 mm were used. The key indicator of
lubricant bearing capacity is the maximum non-seizure
load (PB value), which is usually measured according to
China GB/T3142-82. GO dispersions were tested under condi-
tions of tester main axle rotation speed = 1,450 rpm, room
temperature, and duration = 10 s. The samples were char-
acterized by optical microscopy and the wear spot dia-
meters of the three lower balls were measured. Optimized
GO concentration range and friction performance of dif-
ferent samples were determined based on wear spot dia-
meter (D value) and PB value. Long-term anti-wear tests
were conducted according to SH/T0189-92 under conditions
of load = 147 N, temperature = 75 ± 2°C, rotation speed of
tester main axle = 1,200 rpm, and duration = 60min. The
wear resistance of the samples was evaluated based on the
wear rate of the steel balls and the friction coefficients
obtained.

3 Results and discussion

3.1 Rationale of size separation

Figure 1 illustrates the separation of GO by multi-layer
dialysis. As observed, the separation process is indeed a
diffusion process: GOs with small layer diameters in dis-
perse phases diffuse from high concentration dispersion
into low concentration dispersion mediums via the screen
cloth until equilibrium of osmotic pressure. Owing to
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selection by the mesh of screen cloth, GO with small layer
diameters in dispersion can diffuse through, while GO with
large layer diameters cannot. The multi-layer dialysis separa-
tion membrane was designed accordingly to achieve separa-
tion of GO of different sizes in one step.

The driving force of dialysis is the concentration dif-
ference. At early stage of dialysis, dialysis separation is fast
and spontaneous as GO concentration in the upper layer
was significantly higher than that in other layers. Once GOs
diffused to the middle layer, GOs with large layer dia-
meters were held in the upper layer. Then, GO with small
layer diameters further diffused to the lower layer. All
layers of screen cloth were semi-attached and the volumes
between each two layers were adjustable. The concentra-
tion of solution was indicated by its color and the solution
concentration was in descending order from the upper
layer to the lower layer so that GOs with small layer dia-
meters in the upper layer can diffuse to the lower layer
while GOs with large layer diameters are held by the
screen cloth, thus achieving separation of GOs of different
layer diameters. Figure 2 illustrates the rationale of GO
dialysis.

3.2 SEM of GOs and size distribution

Figure 3 shows SEM and size distribution of the GO sam-
ples. As observed, more than 87% of GO-L was in the
25–50 μm size range, more than 90% of GO-L was in the
10–25 μm size range, and more than 93% of GO-L was
below 10 μm size range. The sizes of GOs on the upper layer

were large and sizes of GOs on the lower layer were small.
The size distribution of GO-O was in 0–60 μm. Through
calculation, the average size of GO-L was 30.29 μm, the
average size of GO-M was 15.85 μm, the average size of
GO-S was 5.99 μm, and the average size of GO-O was
21.17 μm.

3.3 XRD and Raman spectrum

As shown in Figure 4 (XRD), peak positions were located at
10–13°, indicating that all samples obtained were GO. The
XRD peak positions of GO-L, GO-M, and GO-S were at 2θ =

12.38°, 12.15°, and 12.09°, respectively, while that of the ori-
ginal sample was at 2θ = 12.11°. The full width at half
maxima of GO-L, GO-M, and GO-S were 1.06°, 1.12°, and
1.18°, indicating that the disorder of GO is negative to its

Figure 1: Schematic of dialysis separation of GOs.

Figure 2: Rationale of dialysis separation of GOs.
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Figure 3: SEM and corresponding statistical graph of particle size distribution (Scale = 50 μm in SEM image. The statistical graph of particle size
distribution of each sample is obtained by counting more than 1,000 pieces in the SEM diagram.).
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layer size. The grain size calculated by the Scherrer equa-
tion follows the descending order of GO-L, GO-M, GO-S,
which is consistent with the SEM results.

The Raman spectrum of GO samples (Figure 5) illus-
trates defect-related peak positions D at 1,340–1,360 cm−1,
phonon E2g induced peak positions G at 1,575–1,595 cm−1,
and extremely weak peak positions 2D. Generally, the dis-
tance between the defects in graphene (LD) can be esti-
mated by the intensity ratio of peak positions D and peak
positions G (ID/IG). For GO, LD decreases and defect density
increases as ID/IG decreases. ID/IG of GO-L, GO-M, and GO-S
were 0.922, 0.909, and 0.890, respectively, while that of GO-
O was 0.906. Hence, LD of GO-L, GO-M, and GO-S are in
ascending order. This can be attributed to the increasing
edge ratio induced by increasing concentration of GOs with
small layer diameters. However, high defect intensity leads
to small diameters of GO layers and increased ratio of
defects and functional groups, which in turn results in
severe edge damages. In other words, effective edges of
GOs with small layer diameters decreased and peak posi-
tions D, which is originated from vibrations of graphite
carbon crystalline edge, degraded. Hence, ID/IG decreased
with the layer diameter of GO. In summary, Raman spec-
trum of GO samples indicated that the layer diameters of
GO-L, GO-M, and GO-S are in descending order.

3.4 XPS spectrum

Figure 6 and Table S1 show the XPS spectra of GO-L, GO-M,
GO-S, and GO-O. The C/O atomic ratio is a key indicator of
oxidation of GO layers. Under constant conditions, the C/O
ratio is positively related to layer diameter of GO. Hence,

variation of the C/O ratio also reflects separation of GOs
with different layer diameters. Figure 6(a) demonstrates
that major elements of the samples obtained were carbon
and oxygen. The C/O ratio of GO-L, GO-M, GO-S, and GO-O
were 1.983, 1.781, 1.662, and 1.761, respectively. A possible
reason is that edge intensity is negatively related to the
layer diameter, while oxidation of GO occurs at edges.

The C 1s XPS spectrum of GO consists of three carbon
bonds: C–C/C]C (284.6 eV), C–O (286.6–286.9 eV), and C]O
(288.4–289 eV). Table S1 summarizes the percentages of
different carbon bonds. The contents of C–C bonds in GO-
L, GO-M, and GO-S were 0.40, 0.34, and 0.26, respectively;
the content of C–C bond is negatively related to GO oxida-
tion. The contents of C]O bonds in GO-L, GO-M, and GO-S
were 0.10, 0.11, and 0.30, respectively; the content of C]O
bond is positively related to GO oxidation. In summary,
oxidations of GO-L, GO-M, and GO-S are in ascending order.

Similarly, trend of the peak intensity ratio of non-oxi-
dized carbon atoms (C–C/C]C) and oxidized ones (C–O,
C]O and O–C]O) can be determined based on the peak
split of XPS (Figure 6(b)–(e)). The peak intensity ratio of
oxidized carbon atoms of GO-L, GO-M, and GO-S is in
ascending order, while that of GO-O is neither highest
nor lowest. In other words, the layer diameter of GO-L,
GO-M, and GO-S is in descending order.

3.5 Friction performance of GO aqueous
dispersion solution

Figure 7 shows the anti-friction performance of GO as
lubricant and the effects of its concentration. As shown
in Figure 7(a), the PB value fluctuated slightly with the

Figure 4: XRD patterns of different “dialysis” layers GO.
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Figure 5: Raman spectrogram of different “dialysis” layers GO.
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Figure 6: XPS spectra: (a) original spectra, (b)–(e) are the C1s sub-peaks of GO-L, GO-M, GO-S, and GO-O, respectively.
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GO concentration and the optimized concentration was
0.06%. The maximum PB value obtained was 90 kgf. Indeed,
long-term average friction coefficient increased significantly

once the GO concentration exceeds 0.08%, which indicates
good friction reduction performance at GO concentration
below 0.08%. The D value at GO concentration above 0.06%
was significantly lower than that at GO concentration below
0.06. Based on friction reduction performance and cost, 0.06%
is supposed as the optimized GO concentration.

GO size is a key factor for lubricant friction perfor-
mance as layer diameter may affect motion of GO layers
during motion of lubricant: GOs with small layer diameters
can easily move, while GOs with large layer diameters may
induce resistances and expand the contact friction surface,
resulting in good lubrication performance. The average
particle sizes of GO-L, GO-M, GO-S, and GO-O were approxi-
mately 30, 16, 6, and 21 μm, respectively. Also, the PB
values, long mill average friction coefficients, and D values
of these samples were determined.
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Figure 7: (a) Effect of GO addition concentration and as a lubricating additive
on PB value and average friction coefficient of long grinding and (b) effect of
GO addition concentration and as a lubricating additive on D value.

Figure 8: (a) Effect of GO lubricating additive of different particle sizes on
PB value and average friction coefficient of long grinding and (b) effect of
GO lubricating additive of different particle sizes on D value.
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As observed in Figure 8, the PB value of GO decreased
with its average particle size. Meanwhile, the PB value
decreased and the D value increased as the size distribu-
tion range of GO samples increased, demonstrating signifi-
cant effects of GO size on friction performance of lubri-
cants. As the GO size increased, GOs with large layer
diameters were decelerated under tractions owing to large
layer diameter and contact area of the two friction surfaces
of lubricant so that the two friction surfaces are effectively
separated, while GOs with small layer diameters in metallic
friction surface do not favor protective film, resulting in
lower PB value, but smaller D value.

The higher the PB value the better the lubrication per-
formance of the mixture. Smaller D values indicate better
lubricity and more energy savings. Smaller values of D
indicate that the force is more uniform, and the wear resis-
tance and continuity of the mixture are better. Comparative
analysis of PB and D values shows that GO with a narrower
size distribution after dialysis separation, especially GO-L,
has better friction lubrication performance than GO sam-
ples before separation.

4 Conclusions

We designed a new method to separate GO using cloth
sieves with different pore sizes. GO samples with different
diameters can be obtained simultaneously by multilayer
dialysis and are characterized and tested. Specifically, GO
separation was achieved by dialysis of screen cloth based
on different GO layer diameters and differences in pene-
tration speed and particle size allowed by screen cloth with
different mesh diameters. The results showed that this
approach is facile yet effective. The average size of GO-L
is 30.29 μm intercepted by the macroporous sieve, and the
average size of GO-S through the small hole screen is
5.99 μm. In addition, the anti-friction and lubrication prop-
erties of GOs of different particle sizes were investigated.
The anti-friction and lubrication properties of GO aqueous
dispersion solution obtained by this method were excel-
lent, especially GO-L. As their sizes increased, GOs were
decelerated under traction. For GO-L, the two friction sur-
faces can be effectively separated due to the large layer
diameters and large contact area of the two friction sur-
faces of the lubricant.
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