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ABSTRACT

The size of graphene oxide (GO) has an effect on the properties of GO membranes (GOMs).
However, the relationship between the influences of size and oxidation degree of GO on GOMs
has not been thoroughly studied. In this study, we prepare to GO with different sizes by adjusting
ultrasonic power and reduce GO in alkaline reduction. Pressure assisted self-assembly method is
used to fabricate GO and reduced GOMs. The decreasing size increases the roughness and flux
of GOM, and weakens the effect of reduction on the enhancement of the permeability of GOM.
Even the permeability is reduced by reduction when the size is small enough. The penetration
mechanism is related to the size of nanosheets that would influence the wrinkled structure, the
wetting performance, and the channel structure of GOM.
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1. Introduction

The technology of membrane desalination has been
the main method to obtain sustainable fresh water from
seawater or brackish water [1,2]. Many nanomaterials
have been used for fabricating or modifying desalination
membranes [3-6]. Because of the two-dimensional struc-
ture and negligible thickness, graphene-based materials
have attracted a lot of attention in the water desalination
and purification membrane [7-10]. The water permeability
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of single-layered nanoporous graphene is several orders
higher than conventional reverse osmosis membranes [11].
As with most nanomaterials, graphene-based materials
have also been used to modify conventional separation
membranes [12-16]. As a derivative of graphene, graphene
oxide (GO) has good dispersibility in water with the help of
abundant oxygen-containing functional groups [17]. Based
on the two-dimensional structure and hydrophilicity, GO
has been widely applied in the separation membrane with a
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multi-layered structure, by pressure-assisted self-assembly,
spin self-assembly, or layer-by-layer self-assembly [18-27].
Water permeation routes in the multilayered GO membrane
(GOM) can be divided into two parts: spaces under GO
nanosheets and spaces between adjacent nanosheets [28].
Oxygen atoms in GO nanosheets are arranged in an orderly
manner and some regions in GO nanosheets are nonoxi-
dized [29,30]. Space between nonoxidized regions, which
is larger than it in oxidized spaces and has relatively low
frictional coefficient for water flowing [31-33], provides a
network that allows the nearly frictionless flow of two or
three layers of water molecules [34,35]. According to the
different oxidized degrees of GO nanosheets, GOM has
different layer spacing, which could be expanded in water
[36,37]. Reduction of GO can increase the area of the non-
oxidized region and the number of holes [38]. According
to these mechanisms, researchers fabricated reduced
graphene oxide (rGO) to facilitate water permeability of
GOM [39-42]. Qiu et al. [39] used a hydrothermal method
to prepare rGO, and found that reduced GOM (rGOM) had
higher flux than GOM. Zhao et al. [40] also fabricated rGO
by a simple hydrothermal reduction method and the flux
promoted significantly when the reducing temperature
was higher than 150°C. Shi et al. [42] prepared GOM with
a tunable structure by controlling the oxidation degree of
GO. In spite of poor hydrophilicity, rtGOM, with the more
nonoxidized region and wrinkled structure, showed higher
flux. These results verified the mechanism that water mole-
cules in the nonoxidized region had low friction resistance
and reduction could disrupt the layered structure. Except
for tuning the oxidation degree, the functionalization of GO
is also an effective way to regulate membrane properties
[43,44]. The physical and chemical properties of GO mainly
include oxidation degree, oxygenated functional groups,
and size of nanosheets. Cohen-Tanugi et al. [45] used a
bilayer nanoporous graphene membrane to investigate the
influence of nanoporous offset, which was related to the
size of nanosheets. This research indicated that the water
flowrate was almost independent of the pore offset, but the
salt rejection increased with bigger nanoporous offset when
the radius of nanopores was 4.5 A. Sun et al. [46] found that
the permeation rate of ions through GOM made from nano-
sized sheets was faster than that from microsized sheets
under forward osmosis mode. However, the influence of
nanosheets’ size on the performance of GOM and rGOM,
including flux and rejection under pressure-driven mode,
has not been studied in detail.

In this work, we fabricated GO with different sizes and
reduced them in alkali conditions. The size of GO was con-
trolled by adjusting the ultrasonic power and characterized by
atomic force microscopy (AFM). GO and rGO with different
sizes were used to prepare membranes by pressure-assisted
self-assembly method. All membranes were tested in a cross-
flow pressurized membrane system. The results showed that
GOM made of smaller nanosheets had lower penetration
resistance and rGOM had higher flux than GOM when the
size of nanosheets was hundreds of nanometers. However,
when the size was only tens of nanometers, rGOM had
worse permeability than GOM. The influence of nanosheets’
size on the performance of GOM and rGOM was explained
and the penetration mechanism of GOMs was discussed.

2. Experimental
2.1. Synthesis and characterization of GO and rGO

Modified Hummers method was used to fabricate GO
[47]. Firstly, expandable graphite (99%, Qingdao Laixi
Nanshu Fada Graphite Co.) was added into a mixture of
concentrated H,SO, (95 wt.%, Beijing Chemical Works)
and KMnO, (99%, Sinopharm Chemical Reagent Co.,
Ltd.) below 5°C and stirred for 30 min. Secondly, the mix-
ture was heated to 35°C for 2.5 h. Thirdly, the resulting
mixture was diluted and heated up to 95°C for 15 min. A
large amount of DI water was then added into the mixture
to terminate the reaction. After natural cooling, hydrogen
peroxide (30%, Tianjin Basf Co., Ltd.) was added and the
color of suspension liquid changed from brown to golden
yellow. Finally, graphite oxide was obtained by washing
with HCI (10%, Beijing Chemical Works) and DI water
for several times until the pH value was stable. Graphite
oxide was vacuum-dried under 40°C. GO solutions were
prepared by using ultrasonic exfoliation (in ultrasonic cell
grinder,48.75 W, 80 min) and centrifugation (8,000 rpm,
10 min). As seen in Table 1, GO with a smaller size was fab-
ricated by additional ultrasonic crushing in ultrasonic cell
grinder with different ultrasonic power. To prepare rGO,
a certain amount of NaOH (98%, Beijing Chemical Works)
solution was added into GO solution until the pH value
was 12. The alkaline solution was stirred for 24 h at home
temperature and neutralized by adding HCI. NaCl in rGO
solution was removed by dialyzing for over 48 h.

GO and rGO were characterized by Fourier transform
infrared spectroscopy (FTIR, Bruker Tensor 27), X-ray pho-
toelectron spectroscopy (XPS, Thermo Fisher SCIENTIFIC
ESCALAB 250), and AFM (Veeco Multimode-V microscope).
The FTIR was performed by using pressed KBr flakes at
room temperature. The XPS was measured on the film sur-
face with an achromatic X-ray source of 100 W and 15 kv.
The AFM samples were obtained by dropping GO or rGO
solution on mica slice and tested under tapping mode.

2.2. Synthesis and characterization of GOM and rGOM

The progress of the preparation of GOM or rGOM
was illustrated in our previous study [48]. A self-designed
membrane cell, which could hold 100 mL of GO/rGO
solution, was used to prepare GOM/rGOM by dead-end fil-
tration. The GO or rGO solution (100 mL), with a concen-
tration of 0.01 mg mL~, was filtrated at 0.2 MPa through
UF membranes (details in ESI) with a diameter of 7.5 cm.
The pressure was maintained until there was no obvious
water on the surface of GOM or rGOM. Finally, the wet
GOM or rGOM was dried in vacuo at 40°C for at least 24 h.

Table 1
Ultrasonic parameters of exfoliation and crushing process for
different size of GO or rtGO

GO1/rGO1 GO2/rGO2 GO3/rGO3

Exfoliation 48.75W, 80 min 48.75W,80min 48.75 W, 80 min
1625 W, 40 min 325 W, 40 min

Crushing  None
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The surface morphology of GOM and rGOM were
obtained by scanning electron microscope (SEM, Hitachi
S-4800) and AFM. Gold sputtering was done on SEM sam-
ples. The hydrophilicity of the membrane was character-
ized by a contact angle (CA) analyzer (Kruss DSA100).
All samples were dried before measurement. The CA data
were recorded for 120 s. The penetration and separation
performances of membranes were tested using a nano-
filtration membrane performance evaluation instrument
(Hangzhou Yueliangquan Co., Ltd.). Ahead of measurement,
all samples were pre-pressured at 2.0 MPa for at least 2 h to
ensure membrane compaction. The salt concentration was
measured by a digital conductivity instrument (DDS-307A,
Leici, China). The layer spacing was measured by X-ray
diffraction (XRD, D8 ADBANCE), which was equipped
with a Cu Ka radiation at the rate of 1°min™, to reveal the
interlayer spacing of GO and rGO.

The d-spacing of GO or rGO can be calculated via
Braggs law:

A =2dsin6 1)

where A is the wavelength of the X-ray, d is the interlayer
spacing, © means the diffraction angle.

The water flux and salt rejection were calculated accord-
ing to the following equations:

F=—" @)

where F is the flux of membranes (L m?h™), V is the perme-
ate volume (L), A is the effective membrane area (m?), At is
the time to collect product water (h).

CP
R(A))=[1—C—Jx100 €)

f

where R means the rejection of membranes (%), C and C,
are the concentration in the feed and permeate solution,
respectively.

3. Result and discussion
3.1. AFM images of GO with different size

To investigate the size of GO nanosheets, AFM images
are carried out. Fig. 1 shows AFM images of GO1, GO2, and
GO3. GO in Fig. 1a was exfoliated in water with ultrasonic
power of 48.75 W and the biggest size is more than 500 nm.
After additional ultrasonic crushing, GO nanosheets
were cut into smaller pieces. The maximum size of GO2
nanosheets is about 200 nm in Fig. 1b. As seen in Fig. 1c,
nanosheets are smaller and the size is about dozens of
nanometers.

3.2. FTIR spectroscopy of GO and rGO

The oxygen-containing groups in GO and rGO were
confirmed by FTIR spectroscopy, which is consistent with
published papers [49,50]. As shown in Fig. 2, the intensi-
ties of the peaks corresponding to oxygen-containing func-
tional groups, such as the C=O stretching vibration peak
at 1,727 em™, the C-O (epoxy) stretching vibration peak at
1,227 ecm™, and the C-O (alkoxy) stretching vibration peak
at 1,045 cm™ decrease obviously. The intensities of peaks
at 1,227 and 1,045 cm™ is significantly reduced. This result
indicates that alkaline reduction has a stronger effect on
C-O than C=0. The peak at 1,727 cm™ in the rGO spectrum
became weaker but still clear, indicating that the reduction
of C=0 is not very drastic. Shen et al. [51] also found that
the reduction of epoxy and hydroxyl groups were more
sharply than carbonyl and carboxyl groups [51].

3.3. XPS spectroscopy of GO and rGO

The reduction of GO was also characterized by using
XPS. Fig. 3 shows the C1  XPS spectra of GO and rGO.
The peaks 1, 2, 3, and 4 correspond to C=C/C-C (aromatic
rings), C-O (epoxy and alkoxy), C=O, and COOH groups,
respectively. After reduction by NaOH, the ratio of carbon
to oxygen increases from 67/33 to 69/31. According to the
peak result, the intensity of peak 2 (C-O) weakened signifi-
cantly. Calculation result of peak area is shown in Table 2.
Compared with peak 1 (C=C/C-C), the relative area ratio

Fig. 1. AFM images of GO nanosheets with different ultrasonic power (a) GO1, (b) GO2, and (c) GO3.
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Fig. 2. FTIR spectra of GO and rGO.

of peak 2 (C-O) decreases from 116% to 96%. Peak 3 (C=0)
and peak 4 (COOH) also become weaker. The XPS results,
consistent with the FTIR results, reveal that some oxygen-
containing functional groups in the plane and on the edge
are removed after reduction.

3.4. XRD spectroscopy of GO and rGO

XRD patterns of GO and rGO are illustrated in Fig. 4.
The three diffraction peaks presenting at 17.8°, 22.7°, and
26.0° correspond to the ultrafiltration membrane [48].
According to previous research, the layer spacing of GO
is influenced by the oxidation degree. By using the Bragg
formula to calculate the XRD results (Fig. 4), we found
that the layer spacing of rGOM (0.82 nm) is narrower than
GOM (0.86 nm). The height profiles of AFM images are
also illustrated in Fig. 5. The thickness of GO nanosheet is
0.692 nm, which is thicker than that of rGO nanosheet.

3.5. Visual observation of GO and rGO

The GO and rGO solutions with different size were
filtered and deposited on UF membranes. Visual observation

(a) % 1 GO

Intensity (a. u.)

290 288 286 284 282

Binding energy (eV)

Table 2
Peaks area of XPS Cls spectra in Fig. 3

Peak 1 Peak 2 Peak 3 Peak 4
GO 100% 116% 15% 8%
rGO 100% 96% 11% 6%

Intensity

20 25 30

15
20 degree

Fig. 4. XRD spectra of GO and rGO membranes.

is a simple way to see the difference between GO and
rGO. Fig. 6 shows the digital photos of GO and rGO.
Obviously, the color of rGO is deeper than GO.

3.6. Morphology of GOM and rGOM

Morphological structure of GOM and rGOM was
characterized by using SEM and AFM. SEM surface images
of GOM and rGOM are provided in Fig. 7. Most areas of
GOMs are flat and there is no obvious difference in three
kinds of GOM. Additionally, it can be seen clearly that
the reduction of GO can increase the number of wrinkles.
Wrinkles on GOM or rGOM are formed from the initial
corrugation of nanosheets [52,53]. The corrugation can be
enhanced by the decomposition of the oxygen functional

(b) L rGo

Intensity (a. u.)

290 288 286 284 282
Binding energy (eV)

Fig. 3. XPS Cls spectra of GO (a) and rGO (b). Peaks 1-4 correspond to (C=C/C-C), (C-O), (C=0), and (COOH), respectively.
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Fig. 5. AFM images and Height profiles of GO and rGO nanosheets.

Fig. 6. Digital photos of GO solution (a), rGO solution (b), GOM (c), and rGOM (d).

groups [54]. Zhao et al. [40] also found that the flatness of
reduced GO nanosheets was worse than GO nanosheets.

To get more detailed morphological information, the
flat areas in SEM images were characterized by AFM.
According to Fig. 8, there is no obvious difference between
GO1M and GO2M membrane. However, in Fig. 8cl, wrin-
kles were much more than Fig. 8al and b1l. The roughness
values are also illustrated in Fig. 8. RMS value is the root

mean square roughness and Ra value is the average rough-
ness. Although GOIM and GO2M have almost the same
surface topography by visual look, the roughness values
of GO2M is higher than GOIM. In our previous study, we
had illustrated the formation of wrinkles on GOMs and
their influence on separation performance [48]. As seen
in Fig. 1, the size of GO3 is the smallest in three samples.
In the self-assembly process, initial wrinkles, folding of GO,
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Fig. 7. SEM images of GOM and rGOM (al) GO1M, (b1) GO2V, (c1) GO3M, (a2) rGO1M, (b2) rGO2M, and (c2) rGO3M.

and stacking of GO can develop into wrinkles on the sur-
face as seen in AFM and SEM images. Lin et al. [55] found
that the edge-to-edge interactions of GO nanosheets also
played a key role in determining the wrinkled structure
and larger GO nanosheets containing fewer edge-to-edge
interactions possessed a less-wrinkled structure. At the
same mass concentration, GO3 has a smaller size and more
nanosheets. Lots of edge-to-edge interaction results in more
initial wrinkles which can lead to more surface wrinkles.
So, the RMS values increase with the decreasing size of
nanosheets. The RMS roughness of GOIM is 11.784 nm, in
comparison, the roughness is increased to 14.992 nm after
reduction. GO2M has the same change of roughness after
reduction. The increased roughness of tGOIM and rGO2M
is associated to increased wrinkles, because reduction will
cause more initial wrinkles [38]. However, compared with
GOBM or rGO2M, the roughness of rGO3M is smaller. There
are two main reasons for this phenomenon. Firstly, gentler
wrinkles, which can be seen in Fig. 8c2, will result in a lower
roughness value. Secondly, smaller nanosheets size will lead

to more initial wrinkles. When the initial wrinkles are closer,
as the nanosheets are deposited, many initial wrinkles may
not develop into surface wrinkles. This is similar to the
bridging effect. The adjacent initial wrinkles are piers, and
a relatively flat bridge surface is formed between them. So,
when the size of the rGO nanosheets is small enough, the
value of surface roughness will decrease.

3.7. Hydrophilicity and wetting performance of GOM and rGOM

The contact angle was measured at room temperature
with indoor humidity of 50% =+ 5%. The hydrophilicity
of the membrane was evaluated by measuring the CA of
droplet after contact with the membrane for three seconds.
The wetting performance of the membrane was character-
ized by recording the change of CA in 120 s. As displayed
in Fig. 9, the CA of rGOM is higher than GOM. The increas-
ing of CA implies that the reduction makes rGOM more
hydrophobic than GOM. Additionally, because of the more
wrinkled surface, the CA of GOM and rGOM decrease with
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al
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Ra =9.318nm

200nm
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Rms =13.563nm
Ra=10.581nm
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Fig. 8. AFM images of GOM and rGOM (al) GO1M, (b1) GO2M, (c1) GO3M, (a2) rGO1M, (b2) rGO2M, and (c2) rGO3M.
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Fig. 9. Water contact angle of GOM and rGOM.

decreasing the size of nanosheets. Increased roughness helps
increase the hydrophilicity or hydrophobicity of the surface
as shown by CA [56], because the macro gully is more con-
ducive to the spread of water. In addition, GO3M or rGO3M
has more gaps on the surface, which allow water to enter
the membrane quickly. GO or rGO nanosheets will be more
hydrophilic when exposed to water.

The size of GO/rGO nanosheets can also affect the wet-
ting performance of the membrane. As shown in Fig. 10,
the speed of contact angle reduction increases with the
decreasing size of nanosheets. Because wet GOM is more
hydrophilic than dry GO, the attenuation of CA is due to
the infiltration of water into the membrane. In the process
of contact angle testing, water molecules enter into the
gaps and diffuse in the layer spacing driven by capillary
force. There are many gaps between adjacent nanosheets
on the surface of GOM. As an entrance of the water chan-
nel, the gap is one of the important factors affecting the
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Fig. 10. Water contact angle reduction of GOM (a) and rGOM (b) with time.

permeability of the membrane. The number of gaps is influ-
enced by the size of nanosheets. With the decreasing size
of GO nanosheets, there are more gaps on the surface of
GOM, and water molecules have more entrances to enter
into the membrane. Compared between GOM (Fig. 10a)
and rGOM (Fig. 10b), the reduction of GO can decrease
the infiltration rate of water into membranes. The reduc-
tion decreases the layer spacing (Fig. 4) and the number
of oxygen-containing functional groups (Fig. 3). Reduced
oxygen-containing functional groups lead to poorer sur-
face hydrophilicity and smaller layer spacing results in
higher osmosis resistance. Although we mentioned in the
section introduction that some studies found that reduc-
tion of GO can increase the area of the nonoxidized region
and holes to achieve higher permeability, the osmosis of
water during the measurement of CA was different from
the movement of water caused by hydraulic pressure.
Here, the osmosis of water into GO/rGOM refers to the
hydrophilicity of oxygen-containing functional groups and
wide water channel. Nonoxidized region with low friction
resistance facilitates water movement under pressure.

3.8. Separation performance of GOM and rGOM

According to Fig. 11, the flux of GOM increases with
the decreasing size of nanosheets. At the same GO con-
centration, the flux of GO3M is about twice that of GO1M.
This phenomenon can be explained in three reasons.
Firstly, as explained before, GO3M has more gaps on the
surface because of smaller nanosheets. Water molecules on
the membrane surface have more entrances to flow into
water channels. Secondly, the smaller size of nanosheets
means a shorter channel in which water molecules trans-
port through the whole membrane. As seen in Fig. 12,
water molecules enter into the gaps between adjacent
nanosheets or holes and move in the first layer spacing.
When moving to the next gap or hole, water molecules enter
into the next layer spacing. Like this, water molecules pass
through the entire membrane. If the size of nanosheets is
smaller, the length of the water channel would be shorter
and water molecules can transport through the mem-
brane more quickly. Muscatello et al. [57] found that the
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Fig. 11. Pure water fluxes of GOM and rGOM.
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Fig. 12. Schematic diagram of channel length in GOM made
by large nanosheets (a) and small nanosheets (b).
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Fig. 13. Salt rejection of GOM (a) and rGOM (b)

permeability depended on the length of the path taken by
water molecules. Thirdly, as seen in Fig. 8, the number of
wrinkles increases with the decreasing size of nanosheets.
These wrinkles could provide water channels with larger
size [18,19]. The water channel under wrinkles are larger
than it under the flat area, thus has lower resistance for
water permeation. A more wrinkled structure means lower
penetration resistance. Based on the above three reasons,
GOB3M has the highest flux at the same mass concentration.

After alkaline reduction, the flux of rGOIM is higher
than GOIM obviously. Qiu et al. [39] found that the flux
increased with increasing temperature of hydrothermal
treatment. The flux of 150°C-membrane is five times higher
than 90°C-membrane. Another group also published that
hydrothermal reduction could increase the flux of GOM [40].
In our experiments, the size of GO nanosheets can influ-
ence the effect of reduction on membrane flux. As seen in
Fig. 11, the flux of rGO2M is also higher than GO2M, but
the degree of flux change is significantly less than between
rGOIM and GO1M. Especially, the permeability of rGO3M is
worse than GO3M. The higher fluxes of rGOIM and rGO2M
are associated to the increased nonoxidized area of GO
nanosheets and a more-wrinkled structure of the membrane.
After reduction, some oxidized region on GO is converted
to nonoxidized region with a smoother surface, larger space,
and lower flow resistance [28,33,58]. Additionally, as seen
in Figs. 7 and 8, rGOIM and rGO2M have more wrinkles
than GOIM and GO2M, respectively. The wrinkle provides
more channels with low resistance. The roughness value also
reflects this phenomenon. Therefore, rGOIM and rGO2M
have lower penetration resistance than GOIM and GO2M,
respectively. However, from GO3M to rGO3M, average
flux is decreased. After high-intensity ultrasonic crushing,
the size of GO nanosheets decreases. As seen in Fig. 12, the
water channel is made up of vertical and horizontal parts.
Nonoxidized region is an important part of the horizontal
channel. With the decrease of nanosheets size, the horizon-
tal part of the channel reduces gradually. Decreased size
of nanosheets reduces the contribution of the nonoxidized
region to permeability, although reduction can increase the
area of the nonoxidized region. On the other hand, the AFM
image (Fig. 8) reveals that GO3M and rGO3M have almost
the same surface morphology. The less hydrophilic surface
may be the only way to explain the decreased flux from
GO3M to rGO3M.

100 B Nacl

B Na,So,

(b)

Salt rejection (%)

rGO1M rGO2M

rGO3M

The salt rejection (R) is also an important parameter
to reflect the filtration performance of GOM and rGOM.
According to the Donnan exclusion theory, which is usu-
ally used to explain the separation mechanism of the nano-
filtration membrane [59,60], negatively charged GOM has
higher retention for the bivalent anion. After reduction,
the penetration resistance of rGOIM or rGO2M decreases
obviously so that R (NaCl) and R (Na,SO,) decrease simul-
taneously. For rGO1M, its salt rejection is lower than GOIM
(Fig. 13). R (NaCl) and R (Na,SO, decrease from 47.3%
and 92.7% to 37.4% and 63.8%, respectively. The decline in
R (rGO2M) is smaller than R (rGO1M) and the flux change
of rGO2M is also smaller than rGO1M. It is obvious that the
effect of reduction on rGO2M is weaker than it on tGOIM.
For GO3M and rGO3M, R (NaCl) is almost the same, and
R (Na,SO,) decreases from 69.7% to 60.3%. The retention
for salt is contributed by size-exclusion effect and elec-
trostatic interaction. As the sulfate is a divalent anion, the
retention for Na,SO, is more dependent on the electrostatic
interaction effect. The loss of oxygen-containing functional
groups caused by reduction reduces the effect of electro-
static interaction. The rejection of NaCl is more dependent
on the size-exclusion effect. According to Fig. 11, the dif-
ference in flux between rGO3M and GO3M is very small,
indicating that their penetration resistance is almost con-
stant. The electrostatic repulsion effect becomes weaker
after reduction and the penetration resistance could remain
unchanged when the size of the nanosheet is small enough.

4. Conclusion

We prepared GO nanosheets with different sizes by
ultrasonic crushing under different power. High-power
ultrasound can crush nanosheets. We used three differ-
ent sizes of GO nanosheets to fabricate GOM by pressure-
assisted self-assembly method. The flux of GOM is increased
with the decreasing size of nanosheets. The surface topog-
raphy and wetting performance are significantly affected
by the size of nanosheets. To investigate the penetration
mechanism more thoroughly, we reduced GO in an alkaline
environment to increase the area of the nonoxidized region.
The flux of rGOM made of large nanosheets is higher than
GOM. Decreased size of nanosheets can reduce the flux dif-
ference between GOM and rGOM and even make rGOM
having lower permeability than GOM. The permeability
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of GOM can be influenced by the size of GO nanosheets.
Furthermore, decreasing the size of nanosheets can reduce
the effect of oxidation on separation performance. The
effect of nanosheets’ size should be taken into account when
explaining the permeation mechanism of GOM.
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Supplementary information

The ultrafiltration membranes were prepared by non-
solvent induced phase inversion method. The component of
casting solution was polysulfone (PSf) (18 wt.%), polyvin-
ylpyrrolidone (PVP) (3 wt.%). PSf and PVP were dissolved
in dimethylacetamide (DMAc) by continuous stirring for
4 h at 50°C. Then, the casting solution was kept overnight

at room temperature until no air bubbles in the solution.
The PSf solution was cast on a nonwoven polyester sup-
port layer by using a stainless steel knife. The membrane
was then immersed in distilled water at 20°C. After primary
phase inversion process, the membranes were kept in water
for 24 h to remove the rest DMAc and PVP. The surface
morphology and pores can be seen in SEM images (Fig. S1).

Fig. S1. SEM images of PSf membrane.
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