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Abstract.  Graphene oxide (GO) membranes have attracted extensive attention in water treatment and related fields.
However, GO films are unstable and have low permeability, which have hindered their further development. In this paper, a
simple and effective method was used in which GO and single-layer graphene (GN) were mixed, and the layer spacing was
effectively controlled by accurately controlling the ratio of GO to GN. GO-GN composite membranes have excellent stability,
salt rejection (95.4%), and water flux (26 L m?h?bar-1). This unique design structure can be used for precise and effective
regulation of the layer spacing in GO, improving the rejection rate, and increasing water flux via the enhancement of
low-friction capillary action. The rational development and use of this unique composite membrane provides a reference for
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the water treatment field.
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1. Introduction

Membrane separation technology is considered to be
one of the most significant scientific means of solving the
global water crisis (Haan et al. 2018). The ideal membrane
should provide high flux, high selectivity, and good stability
(Qing et al. 2018). However, two inherent trade-offs for
traditional membrane materials are permeability and
selectivity, and these limit the use of these materials (u et
al. 2015).

Recently, two-dimensional (2D) materials (Sun et al.
2020) have been widely used in separation films because of
their interlayer structure (Wang et al. 2019). As a new type
of 2D nanomaterial, graphene oxide (GO) has been
commonly researched because of their structural flexibility,
mechanical properties, and single atom thickness (Chen et
al. 2016, Wang et al. 2018). The spacing of GO membranes
is a key parameter in determining desalination performance
(You et al. 2016). However, GO is rich in carboxyl, epoxyl,
and hydroxyl functional groups, and these make the
material very hydrophilic (Zhang and Chung 2017, Syama
and Mohanan 2019). When the GO membrane is immersed
in water, hydration disrupts hydrogen bonds and increases
the d-spacing of the original GO membrane via the insertion
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of a water monolayer (Zheng et al. 2016). To obtain
high-performance films, it is necessary to properly adjust
the d-spacing.

It has been proven that regulating the layer spacing of
GO can effectively improve the performance of a nano-
filtration film. According to the literature, the interlayer
spacing can be controlled via physical methods (Zhang et
al. 2019). For example, embedding stacked GO sheets in
epoxy (Abraham et al. 2017) or regulating external pressure
of GO (Wanbin et al. 2018) can be used to control the
interlayer spacing.

In addition to physical strategies, some chemical
strategies have also been proposed for regulating interlayer
spacing. Introducing small molecule cross-linking (Yu et al.
2017, Thebo et al. 2018) and macromolecule or nano-
material intercalation (Chen et al. 2018, Han et al. 2015)
modify GO membranes. However, there are two problems.
On one hand, the inherent geometry of molecules between
GO nanosheets makes it difficult for these methods to
obtain interlaminar channels that are small enough for
desalination (Guoke et al. 2019). On the other hand,
nanoscale intercalation agents (such as multiwalled carbon
nanotubes (Han et al. 2015) make it difficult to obtain
uniform nanochannels. In addition, the interlayer spacing
can also be adjusted by reducing graphene oxide. Reduction
methods mainly include heat annealing reduction (Shao et
al. 2015), microwave irradiation (MWI) reduction (Tang et
al. 2019), photo-irradiation reduction (Wan et al. 2019,
Tiwari et al. 2020), chemical reagent reduction (Pei et al.
2010, Suri et al. 2016), photocatalyst reduction (Wei et al.
2019), electrochemical reduction, and solvothermal reduction
(Toh et al. 2014, Singh et al. 2011). These reduction
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methods enhance m - m interactions between sheets by
reducing the content of oxygen-containing functional
groups in GO membranes (Lyu et al. 2018), and thus, the
GO layer spacing is effectively decreased. However, there
is a risk that an impermeable membrane might be obtained
(Wanbin et al. 2018), and this makes it difficult to meet the
exact requirements in practical applications. Hence,
effective measures are necessary to regulate layer spacing
and to avoid graphitization.

In this study, different proportions GN and GO were
mixed to prepare nanofiltration membranes. Precisely
regulation of the proportion of GN in the mixed materials
enables effective control of the layer spacing and avoids
graphitization, thus, membrane rejection and water flux can
be improved. The rejection and water flux of the composite
membrane changed with the ratio of GO and GN.
Specifically, the addition of graphene reduces the layer
spacing and increases the film thickness to achieve a high
rejection of NaCl and Rhodamine B. Moreover, membrane
swelling in wet conditions was inhibited, and this endows
the membrane with good stability. At the same time,
incorporating GN weakened interactions (hydrogen
bonding) between water molecules and oxygen-containing
functional groups at oxidized regions of the GO nanosheets.

2. Methods
2.1 Materials

Natural graphite powder and single-layer graphene
powder (longitudinal dimension: 0.8 nm) were purchased
from Shanghai Li Wu Sheng Limited Company.
Hydrochloric acid (HCI), hydrogen peroxide (H20),
potassium permanganate (KMNO,), concentrated sulfuric
acid (H2SOy), ethanol (C2HsOH), sodium nitrate (NaNO3),
Rhodamine B (RB), and sodium chloride (NaCl) were all
analytically pure and purchased from Sinopharm Group
Chemical Reagent Limited Company. All of the chemicals
were used without further purification.

2.2 Preparation of GO and GO-GN hybrid membrane

Synthesis of GO

GO was prepared by using the modified Hummers
method (Shao et al. 2020). Graphite powder (4 g) was
added to a flask. First, 100 mL of concentrated sulfuric acid
was added and stirred continuously at low temperature for
30 min. NaNOs (2.0 g) was added followed by another 2 h
of stirring. Then, sufficient KMnOs was added to the
reactant to bring the temperature to 35 °C, and the mixture
was continuously stirred for 2 h. Afterward, 180 mL of
deionized water was added, the temperature was increased
to 95 °C, and this was maintained for 15 min. Then, proper
amounts of deionized water and H>0, (30%) were added.
Finally, hydrochloric acid and deionized water were used to
filter and wash the as-prepared GO several times. Dialyzing
GO obtain a neutral aqueous solution and freezing and
drying.

Synthesis of GO-GN composite membrane

First, GO powder was dispersed and ultrasonicated in
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Fig. 1 Preparation process of GO-GN composite
membrane

deionized water to obtain 0.1 mg mL? GO dispersion.
Weighing quality were 0.02 mg, 0.04 mg, 0.06 mg, 0.08
mg, 0.1 mg of the GN, respectively, to join the 5 mL of 0.1
mg mL* of GO solution. Then, 40 mL of deionized water
was added to each of the five mixtures, and a glass rod was
used to fully stir the mixtures. The mixtures were then put
into an ultrasonic cleaning machine for ultrasonication so
that GO and GN were fully mixed and dispersed in the
deionized water. Finally, composite membranes were
fabricated on mixed cellulose ester (MCE, 50 mm in
diameter, 0.22 pm in aperture) membranes via vacuum
filtration. These membranes were then dried in air (Figs. 1
and S1).

2.3 Characterization

The morphology and microstructure of the GO-GN
composite membranes were revealed using scanning
electron microscopy (SEM, ZEISS, Gemini SEM7426) and
transmission electron microscope (TEM, Thermo Fisher
Scientific, Talos L120C G2). Raman spectroscopic
characterization was recorded using a Renishaw inVia
microscope. The hydrophilicity of the films was
investigated using an optical contact angle measuring
instrument (Kruss, DSA30), observing the water contact
angle of the films. The differences in the d-spacings of the
GO-GN membranes were measured via X-ray diffraction
(XRD, Brucker, D8 Advance). The amount of Rhodamine
B in the organic screening experiment was obtained using
an ultraviolet-visible absorption spectrometer (UV-vis,
PerkinElmer, LAMBDA950). Furthermore, a miniature
sodium ion meter (giwei instrument co., LTD., Dwa-51)
was used to measure the concentrations of ionic solutions in
the feed and permeate sides.

2.4 Membrane performance evaluation

The performance of composite membranes was
evaluated in terms of water flux, rejection, and stability.

Water flux (J)

Water flux were measured on a dead-end filtration
system using a vacuum filtration device. The effective area
of the films was 3.1 cm?, and the applied pressure was 1
bar. The water flux (J, L m? h? bar?) of the GO-GN
composite membranes was calculated using the following
equation:
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Fig. 2 Surface and cross-sectional SEM images of the GO-GN composite membranes: (A,a) GOo.5-GNoo2 (Mix of 0.5
mg graphene oxide and 0.02 mg single-layer graphene), (B,b) GOos5-GNoos (mix of 0.5 mg graphene oxide and 0.04
mg single-layer graphene), (C,c) GOos-GNoos (Mix of 0.5 mg graphene oxide and 0.06 mg single-layer graphene),
(D,d) GOgs5-GNogs (mix of 0.5 mg graphene oxide and 0.08 mg single-layer graphene), (E,e) GOos5-GNp1 (mix of 0.5
mg graphene oxide and 0.1 mg single-layer graphene). (F) Variations in membranes
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V is the volume of water that passes through the
membrane, A is the effective area of the membrane, 4z is the
filtration time, and P is the filtration pressure.

Rejection (R)

The desalination rate (R, %) of the films was measured
via free diffusion. To test the GO-GN composite
membranes, 80 mL of 1000 ppm NacCl solution and 80 mL
of deionized water were added to the feeding side and
permeate side, respectively. The rejection R (%) was
calculated according to the following equation:

R= (1 - C—p) x 100% @
= CF A
where Cp and Cs are the concentrations at the permeate and
feed sides, respectively.

Stability

The GO-GN composite membranes were cut into
rectangular pieces, and these were statically immersed in
neutral solutions (pH = 6.8) at room temperature. After
immersion for certain periods of time, the stabilities of the
GO-GN composite membranes were recorded by taking
pictures of the membrane.

3. Results and discussion
3.1 Characterization studies
The surface and cross-section of the GO-GN composite

membranes with different proportions were characterized
using SEM. As seen in Figs. 2 (A)-(E), GN was uniformly

distributed in the GO layer, and the resulting composite
membranes were continuous without large holes or defects.
These characteristics are key to the efficient separation
process. With an increasing amount of GN, the GN
morphology characteristics of the surface of the composite
membranes gradually became prominent. As seen from
Figs. 2 (a)-(e), the films’ thickness gradually increased with
an increase in GN content. A maximum of 420.4 nm was
obtained with a GO-GN ratio of 0.5:0.1. According to Fig. 2
(F), there was almost a linear relationship between the
thickness of the films and the amount of added GN, and this
indicates that the thickness of the composite membranes can
be precisely regulated by controlling the relative amount of
GN.

To further analyze the microscopic structure of the GO-
GN composite membranes, themicroscopic morphologies of
GO, GN, and GOgs5-GNoos (mix of 0.5 mg of graphene
oxideand 0.08 mg of single-layer graphene) were each
characterized using TEM. Fig. 3 (A) shows GO that was
prepared via the improved Hummers method. There are no
impurities or obvious defects on the surface of pure GO,
and this indicates that GO has excellent morphological
characteristics. Fig. 3 (B) shows that the GN with obvious
lamellar structure istransparent, and the size of the GN
sheets is about 500-1000 nm. Fig. 3 (C) shows that GO and
GN were successfully combined, and GN was attached to
the GO layers.

Fig. 4 (a) shows the Raman spectral analysis of GO-GN
composite membranes. Three peaks can be observed: the G
peak (1580 cm™), D peak (1350 cm™), and 2D peak
(2700cm™). The G peak represents sp? carbon networks,
and the D peak is generally used to explain the presence of
disordered or amorphous carbon.

The ratio of the D peak strength (Ip) to G peak strength
(lg) (where Ip and Ig are the Raman intensities of the D
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Fig. 4 (a) Raman spectroscopic analysis of the GO-GN composite membranes. (b) Photos of a water droplet on the
surface of the GO-GN composite membranes. (c) Variations in water contact angle. (d) XRD analysis of the GO-GN

composite membranes

band and G band, respectively) is widely used to evaluate
graphite disorder (defects). It can also be used to distinguish
GO from GN. When GO has more functional groups, a
higher value of the Ip/lg ratio (e.g., 1o/lc=0.74) can be
obtained. Raman spectra of all of the GO-GN composite
membranes show intermediate behavior between GO and
GN configurations (Fig. 4 (a)), indicating that GN was
successfully interleaved between GO layers. That is, GN
was dispersed in the whole GO matrix.

Water contact angle values of the GO-GN composite
membranes were measured to study the hydrophilicity
(Moradi et al. 2018). To detect differences in hydrophilicity
of GO-GN composite membranes with different proportions
of GO and GN, the water contact angle values were
measured, and the results are shown in Figs. 4 (b)-(c).
Because of the presence of hydrophilic oxygen-containing
groups on GO sheets, the surface of the GO membrane is
hydrophilic, and the contact angle of the GO membrane was

38.2° (Fig. 4 (c)). With an increase in GN content, the
amount of GN on the surface of the GO-GN composite
membranes increased. GN is hydrophobic, and thus, the
overall hydrophilicity of the membrane was reduced. When
the GN content was 0.1 mg, the water contact angle of the
membrane was 59.32° (Fig. 4 (c)), and this indicates that
the membranes were still hydrophilic in nature.

Changes in the layer spacing of the composite
membranes were measured using XRD (Fig. 4 (d)). In a dry
state, the d-spacing of the GO membrane was about 8.786 A
(Fig. S2). In a wet state, the d-spacing of the GO membrane
was about 11.986 A . The interlayer distance in the films in
the wet state is larger than that in the dry state, and this is
caused by interactions between the solvent and nanolayer in
all of the membranes. With an increase in the GN content,
the d-spacing of the membranes decreased. Compared to
values reported in the relevant literature, it is determined
that the d-spacing can be controlled to be smaller because
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Table 1 Comparison of the separation performance of the
GO-GN membrane with other membranes reported in the
literature

Membranes

Rejection Ref.
Nacl:88.3% (Wei-Song et al. 2018)

GO- graphene

RGO-OCNT Nacl: 35.3% (Zhang et al. 2018)
10%rPGM Nacl: 5.3% (Li et al. 2022)
RGO RB:90% (Fan et al. 2020)
GO/MXene RB: > 99.5 (Liu etal. 2019)
150-GTM RB:>97.2% (Yeetal. 2023)
Nacl:80+2% .
cGO/SAA RB:99+1% (Chandio et al. 2020)
Nacl:95.4% :
GO00.5-GN0.08 RB-~100% This work

we used single-layer GN that is very thin and can be mixed
more evenly with GO. As seen Fig. 4(d), the layer spacing
was reduced from about 11.986 A to about 7.949 A. These
results confirm that the GO membranes that have added GN
have adjustable spacing.

3.2 Nanofiltration performance

Water flux and salt filtration rate are two important
parameters for testing the performance of nanofiltration
films. Fig. 5 shows analysis of water flux and rejection for
GO-GN composite membranes with different proportions of
GO and GN. As seen in Fig. 5, rejection of inorganic salt by
composite nanofiltration membranes gradually increased
with an increase in the amount of GN, but the water flux
first increased obviously and then decreased slightly. This is
mainly because the introduction of the hydrophobic GN into
GO improved the swelling of the composite membranes,
decreased the d-spacing of the membranes (Fig. 4 (d)), and
increased the thickness of the composite membranes (Fig. 2
(F)). The water flux of the membrane increased with an
increase in GN content, as interactions (hydrogen bonding)
between water molecules and oxygen functional groups in
GO nanosheets were weakened by the insertion of GN. This

results in lower flow resistance and higher flux. For the
pure GO membrane, when water passes through the
oxidized region in the nanocapillary channels, hydrogen
bonds form with the oxygen-containing functional groups,
and this results in increased flow resistance. On the
contrary, resistance in the nonoxidized region is very small.
However, if there is too much GN, the thickness
membranes increases, and this makes the path of water
transport longer and reduces water flux. When the GN
content was greater than 0.06 mg, water flux decreased
(Fig. 5), and this is because the membrane was too thick. In
this experiment, when the amount of GN was 0.08 mg, the
rejection (95.4%) and water flux (26 L m?h' bar?) reached
the optimal equilibrium point.

At the same time, we tested the rejection rate of RB
(Rhodamine B) by the composite membranes. The highest
adsorption peak of RB was 559 nm (Fig. S3), and the dye
concentration was measured using a UV-vis spectrometer.
The composite membranes show a good rejection
performance for RB, as seen in Fig. S3(c). With an increase
in GN content, the rejection of the composite membranes
increased. This is also because the introduction of
hydrophobic GN in GO improves the swelling of the
composite membrane, reduces the d-spacing of the
membrane, and increases the thickness of the composite
membrane. Because the diameter of RB molecules is larger
than that of Nacl molecules, when the GN content exceeded
0.6 mg, the rejection almost reached 100%. Compared with
other membranes, the GO-GN membranes have high
separation performance (as shown in Table 1).

The long-term stability of the membranes is very
important for its separation performance. The stability of
the GO-GN composite membranes was studied and
compared to the stability of GO in aqueous solution. As
seen in Fig. S4, the GO membrane disintegrated in aqueous
solution after 4 days. In contrast, the GO-GN composite
membranes were very stable; Specifically, they maintained
their original structure even after 30 days. This is because
the interlayer distance of GO and the repulsive hydration
force between GO and water can be reduced by inserting
GN into the GO. When the interlaminar spacing becomes
compact, © - w lamellar attraction is enhanced, and this
results in the high stability of the composite membranes.

4. Conclusions

In summary, a battery of novel GO-GN composite
membranes were prepared for water treatment. The
composite membranes were obtained by inserting GN into
GO. The properties of the GO-GN composite membranes
were evaluated using SEM, TEM, LAMAN, XRD, and
contact angle tests. The results indicate that, the interlayer
spacing of the membranes in a wet state decreased with an
increase in the GN content. This is because that the GN that
we used was single-layer and very thin, thus, it could be
more evenly mixed with GO. Compared to recent studies,
this method achieves a smaller layer spacing and more
effective screening, and these characteristics further expand
the application prospects of this method. In addition,
incorporating GN into the GO layers can reduce the layer
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spacing, increase the composite membrane thickness, and
improve the rejection rate. Moreover, GN provides more
low-friction nanocapillary channels, thus increasing the
permeability of water. When the mass ratio of GO-GN in
the membrane was 0.5-0.08, water flux was 26
L m?h*bar?, the NaCl rejection rate was about 95.4%, and
the dye rejection rate was about 100%. Furthermore, the
composite membranes showed high stability in aqueous
solutions for a long time. Coupled with the membrane’s
excellent rejection and water flux, there are great
opportunities for the application of these composite
membranes in aqueous solutions.
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Fig. S1 Photographs of the GO-GN composite membranes
with different relative compositions
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Fig. S2 XRD analysis of the GO membrane in dry state
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Fig. S3 (a)Ultraviolet absorption spectrum of RB (b)Standard curve for RB concentration and absorbance (c)RB
rejection of GO-GN composite membranes with different proportion
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Fig. S4 Stability of GO-GN composite membranes with different proportion in water at pH=6.8





