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Recently, graphene oxide (GO) membranes are highly attractive for their exceptional separation perfor-
mance. However, their sieving characteristics limit GO membranes for some important applications
where organics are preferred or organic solvents are employed. In this work, a novel cross-linked gra-
phene (CG) membrane is fabricated through compressing and then reducing a cross-linked GO aerogel. It
achieved high-performance of organics separation with high flux (225 Lm~2 h~') and purity ( > 99.98%)
even in a cross-flow separation model, where water was intercepted. Deep insight revealed that both the
converted surface wettability and the remaining channels in the CG membrane were crucial for the high-
performance of organics separation. Beyond that, this CG membrane offers many advantages, such as
facile preparation, self-supporting, structural stability and adaptation in harsh acidic/basic/high-tem-
perature conditions, demonstrating its great potential for practical applications.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Graphene oxide (GO), a star nanomaterial in recent years [1-4],
contains oxygenated functional groups on the unique two-di-
mensional and mono-atom thick graphene sheet, rendering it a
good candidate for use in various fields, such as nanocomposites,
energy-related materials, sensors, paper-like materials, field-effect
transistors and biomedical applications [5-9]. Recently, GO
membranes are highly attractive for their exceptional separation
performance on treating gases, liquids and ions [10-21]. As a
breakthrough, Geim's group found that water vapor can pass
through a GO membrane as fast as no barrier, while some organic
molecules are blocked [10]. Meanwhile, several studies have also
demonstrated that GO membrane is an ideal pressure-driven fil-
tration membrane [11,12], especially for water separation due to
its high hydrophilicity and low friction for water molecules [13].
However, their sieving characteristics limit GO membranes for
some important applications where organics are preferred or or-
ganic solvents are employed. For example, the separation of or-
ganic emulsions remains a global challenge for industry [22,23].
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Energy-saving and high-performance membranes are highly de-
sirable for this purpose.

For organics selective filtration, reduced GO (RGO), which is
deoxygenated GO by thermal annealing [24] or chemical reduction
[25], is suitable for the demand of interfacial hydrophobicity and
lipophilicity. However, the interlayer spacing of RGO is known less
than that of GO [26], resulting in blocking or unacceptable per-
meation flux [12]. For example, Nair's group recently reported that
hydroiodic acid reduced GO membrane is a perfect barrier for
blocking all gases, liquids and aggressive chemicals [27]. Con-
sidering that three-dimensional (3D) cross-linked graphene (CG)
aerogel has porous structure and, especially, ultrafast oil absorb-
ability [28], we suggest that using a cross-linked graphene oxide
(CGO) membrane with post-reduction treatment can address the
issues of organic emulsions separation.

With this strategy, the obtained CG membrane survived the
chemical reduction while oxygen-related groups were removed.
Both the needed channels within the cross-linked structure and
the surface wettability were realized simultaneously. Herein, we
present this novel CG membrane. It could achieve fast and selec-
tive permeation of organic solvents from various emulsions. Only
tens to hundreds of ppm of water were detected in the organic
filtrates. We demonstrated that besides the high-performance of
organics separation, the designed CG membrane had basic ad-
vantages in aspects such as facile preparation, self-supporting, and
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structural stability, even countering the cross-flow separation used
in industry [11,29,30].

2. Experimental section
2.1. Preparation of GO

Typically, 2 g graphite (80 mesh, purchased from Qingdao Jin-
rilai Co., Ltd., Shandong, China) and 1 g sodium nitrate were dis-
persed in 40 mL sulfuric acid (98%) at 0°C. 6 g potassium per-
manganate was added and kept at 35°C for 2 h. After adding
75 mL deionised water, the mixture was maintained at 98 °C for
15 min. Then, the mixture was diluted with 100 mL deionised
water. 15 mL hydrogen peroxide (30%) was added gradually until
the mixture turned yellow. After washing with water sufficiently, a
GO solution (5 mg mL™!) was obtained by ultrasonic exfoliation
and centrifugation.

2.2. Preparation of CG membrane

Briefly, 1 mL ethylenediamine (EDA) and 100 mL GO solution
(5 mg mL~1) were sealed in a reactor (18 x 11 cm?). After heating
for 6 h at 95 °C, the CGO hydrogel was obtained with a size of
15 x 9 cm? [31]. Subsequently, the CGO aerogel was produced by
freeze-drying treatment. After washing with ethanol sufficiently,
the 3D-CGO aerogel was compressed to be a membrane at 6 MPa.
This CGO membrane was reduced by a hydriodic acid solution
(57%) at 95 °C for 10 min. After washing with ethanol sufficiently,
the CG membrane was obtained. It can be tailored to a suitable
shape and size for use in the separation apparatus (Supporting
information, Scheme S1 and Fig. S1).

2.3. Membrane characterization

A HITACHI S4700 scanning electron microscopy (SEM) was
used to image the unique characteristic of the CG membrane, as
well as to perform the energy dispersive spectrometry (EDS)
analysis. X-ray diffraction (XRD) patterns were recorded on a D/
Max 2500 VB2 + /PC in the range of 260 =5-90°. Contact angle (CA)
measurements were measured on a Dataphysics OCA20 at room
temperature. De-ionized water and hexane (oil) were used here.
Thermogravimetric analysis (TGA) was carried out with a Mettler
Toledo TGA/DSC1/1100SE. Porosity was obtained by the Micro-
meritics ASAP 2020 Accelerated Surface Area and Porosimetry
System V4.01. The N, volume was at standard temperature and
pressure (STP). The P/P, represented the partial pressure of N; at
equilibrium at 77 K. About 0.2 g of the samples was used in the
test. The Derjaguin-Miiller-Toporov (DMT) modulus was de-
termined with a Bruker MultiMode 8 atomic force microscope
(AFM). The values of the DMT modulus were determined at the
corresponding vertical frequency values.

2.4. Preparation of emulsions

The emulsions were produced with a C25 emulsifying homo-
genizer (Shang Hai HENC Mechanical Equipment Co., Ltd.) at
16,000 rpm for 30 min. Surfactant-free emulsions were prepared
from organic and water at a ratio of approximately 9:1. The
emulsions of toluene, isooctane, petroleum ether, gasoline, diesel
and soybean oil were termed from E-1 to E-6, respectively. Two
surfactants, S-170 (RYOTO sugar esters) and LAS (linear-alkylben-
zenesulfonic acid), were used in the preparation of surfactant-
stabilised emulsions and strong acidic/basic emulsions. The com-
positions of the emulsions were shown in below: S-1 (toluene/
water/S-170, 11.4 mL/100 pL/50 mg), S-2 (toluene/water/S-170,

5.8 mL/5.8 mL/50 mg), A-1 (toluene/HCI/LAS, 11.4 mL/100 pL/
10 mg), B-1 (toluene/NaOH/LAS, 11.4 mL/100 pL/10 mg). 12 M HCI
and NaOH solution were used here. The high-temperature emul-
sion was named T-1, which was composed of toluene (90%) and
water (10%), mixed at 65 °C.

2.5. Separation of emulsions

A CG membrane was sealed between one vertical glass tube
with a diameter of 15.5 mm and one sand-core filter plate (Fig. S2).
The oil/water emulsions were poured onto the CG membrane and
spontaneously permeated. The finally obtained organic filtrate was
collected for purity tests. The flux was determined by calculating
the permeated volume of the organic filtrate within 5 min.

For the cross-flow separation, the separation instrument was
fabricated first. Briefly, a hatch (5 mm x 2 mm) was made on a
hard tube. Then, the tube was partially attached by a sellotape
with an aligned hatch. Finally, the hatch of the sellotape was
covered by a piece of the CG membrane, and the CG membrane
was grasped on the tube with the sellotape. When the separation
instrument was generated, it was connected to a peristaltic pump
with a soft silicone tube. The S-1 emulsion was continuously
pumped into the instrument with a flow velocity of 55Lh~".
Toluene permeated through the CG membrane and was collected
for purity tests. The flux was determined by the above method.

3. Results and discussions
3.1. Characterization of the CG membrane

Fig. 1A shows that the thickness of the porous CGO aerogel

Fig. 1. The characterization of the CG membrane. (A) The thickness of the 3D CGO
aerogel. (B) The tailored CG membrane. (C) The thickness of the CG membrane.
(D) Cross-sectional SEM image of the CG membrane. A continuous thin surface layer
could be found. (E) SEM image of the uniform membrane surface. (F) High-magni-
fication SEM image of the stacked arrangement of cross-linked graphene sheets.
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sponge is 3.85 mm. After compression and reduction, the final CG
membrane can be tailored to a suitable shape and size (Fig. 1B). It
should be emphasized that this CG membrane owns a dense-
smooth and metallic luster surface. The thickness is approximately
100 pm (Fig. 1C). Scanning electron microscopy (SEM) shows that
the CG membrane has a pronounced hierarchical layer structure
(Fig. 1D) and uniform ripple-like surface (Fig. 1D and E). Although
the tight stacking of graphene sheets is showed in the magnified
cross-sectional image (Fig. 1F), the defects and opened spacing can
be clearly observed in the middle layers of the CG membrane
(Fig. 1D). The generation of the defects and spacing was mainly
due to the following facts. Firstly, the original defects and spacing
were produced in the formation process of the 3D-CGO aerogel.
Then, the defects and spacing became smaller after compression.
Finally, the sizes of the defects and spacing were further dimin-
ished because of the reduction treatment, in which the oxygen-
related groups on the CGO membrane were removed.

The membrane's characteristic was first measured by energy
dispersive spectrometry (EDS). Compared with that on the CGO
membrane, the oxygen element detected on the CG membrane
decreases from 11.1 wt% to 8.7 wt%, as shown in Fig. 2A, resulting
in an increase of the C/O mole ratio from 7.0 to 9.4 after reduction
treatment. X-ray diffraction (XRD) measurement further indicated
this reduction process because the peak at 22.9° was weaker and a
slight but distinct new peak emerged at 25.0° (Supporting in-
formation, Fig. S3). This result is consistent with the previous
study that GO reduction generally leads to a relatively higher 26
[26].

One of the important contributions of the reduction treatment
on the CGO membrane is the change of wettability [27], which is
considered to be a critical factor to the oil/water separation per-
formance [23]. Thus, dynamic contact angle (CA) was used to test
the changes. On the CGO membrane surface, the water CA changes
from the initial 45° to 0° within 1.25s (blue solid triangles in
Fig. 2B), while the oil CA decreases from 10° to 0° within 1 s (blue
hollow triangles in Fig. 2B). These phenomena indicated that the
EDA linkers did not change the amphiphilic nature of GO na-
nosheets. However, after the treatment of the post-reduction, the
CG membrane becomes hydrophobic and lipophilic. As shown in
the right inset images of Fig. 2B, the oil (hexane) can be ultrafast
adsorbed in the CG membrane only within 200 ms (also see red
diamond in Fig. 2B), much faster than that of the CGO membrane
(~1s). On the other hand, a water droplet can stably stand on the
CG membrane surface (red square in Fig. 2B). Only water eva-
poration can be recorded because the change of water CA is just
like on the silicon wafer (black round in Fig. 2B). Therefore, the
surface hydrophobicity and lipophilicity are essential for allowing
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Fig. 3. Emulsions separation process and efficiency. (A) Photograph of a white
emulsion separation, where oil selectively permeates through the CG membrane.
(B) and (C) show the typical emulsion, S-1, before and after filtration. Scale bar:
5 um. (D) Oil purity of filtrates after separation for various emulsion systems: E-1
(toluene/water, 9:1), E-2 (isooctane/water, 9:1), E-3 (petroleum ether/water, 9:1),
E-4 (gasoline/water, 9:1), E-5 (diesel/water, 9:1), E-6 (soybean oil/water, 9:1), S-1
(toluene/water/S-170, 11.4 mL/100 pL/50 mg), S-2 (toluene/water/S-170, 5.8 mL/
5.8 mL/50 mg), A-1 (toluene/HCI/LAS, 11.4 mL/100 uL/10 mg), B-1 (toluene/NaOH/
LAS, 11.4 mL/100 pL/10 mg), and T-1 (toluene/water, 9:1, 65 °C). Every group of the
separation was performed at least 4 times.

oil but resisting water to pass through the CG membrane.

3.2. The CG membrane performance for organics separation

We initially separated toluene-water emulsion (E-1, initial ratio
v[v=9:1) with our tailored CG membrane. Under ambient condi-
tion as shown in Fig. 3A, toluene spontaneously permeates
through the CG membrane with a high flux (approximately
212 Lm~2 h~") in the apparatus, where gravity is the driving force
for the separation. The purity of the toluene filtrate is up to
99.98 wt¥%, as evaluated by a Karl Fischer analyzer. Only 154 ppm
of water, even better than the commercial standard ( <200 ppm,
Sigma-Aldrich"™), was detected in the toluene filtrate. Then, we
tested other emulsion systems (E-2 and E-3 in Fig. 3D and Table S1
in Supporting information). Remarkably, for the separation of
normal organic solvents such as isooctane/water (E-2) and petro-
leum ether/water (E-3) mixtures (v/v=9:1), only ~17 ppm (the
commercial standard of isooctane is <30 ppm, Sigma-Aldrich")
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Fig. 2. Surface properties of the CG and CGO membranes. (A) EDS characterization of the CG and CGO membranes. (B) Dynamic contact angle (CA) measurements of the CG
and CGO membranes. The insets show the ultrafast adsorbing of hexane in a CG membrane within 200 ms. (For interpretation of the references to color in this figure, the

reader is referred to the web version of this article.)
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and ~26 ppm (the commercial standard of petroleum ether is
<50 ppm, Sigma-Aldrich”) of water were detected, respectively.
These performances demonstrated a promising prospect of the CG
membrane for use in the field of refining organics.

Further detections were carried out with emulsions on the
basis of gasoline (E-4), diesel (E-5) and soybean oil (E-6) because
they are widely used in our lifeway. As a result, the filtrates of E-4
and E-5 displayed trace water as little as ~108 ppm and ~ 18 ppm
(<200 ppm, EU standard EN 590) [32], respectively. The filtrate
purity of E-6 is 99.93 wt%, and its quality has been eminently sa-
tisfactory for the food processing industry, as the standard is
> 99.80 wt% (GB1535-2003, China).

Separation of surfactant-stabilized emulsion is generally con-
sidered to be challenging. Hence, we used two surfactants, S-170
(RYOTO sugar esters) and LAS (linear-alkylbenzenesulfonic acid),
to investigate the separation performance of the CG membrane.
The S-170 was used in toluene/water emulsions, in which the
water droplets in the emulsions were very small (diameter of
approximately 0.2-0.6 pm, as shown in Fig. 3B). After separating
with the CG membrane, clear organic filtrates were received
(Fig. 3C), and the water content in the filtrates was below 100 ppm
(84 ppm in S-1 and 78 ppm in S-2). The recovery ratio of the to-
luene was around 70% due to the enrichment of the water droplets
with the S-170. Most of the S-170 was retained in the remained
solution as its concentration in the remained solution rose to
1.7 mg mL~! from 0.6 mg mL~! of the original emulsion. Besides,
the LAS was used in a strong acidic emulsion (A-1) and a strong
basic emulsion (B-1). Under those harsh acidic/basic conditions,
the organic filtrates displayed a distinct pH change to neutral
(Supporting information, Fig. S4). The water content in the A-1 and
in the B-1 was 103 ppm and 152 ppm, respectively.

In addition, the CG membrane exhibits a good performance
under high temperatures (65 °C) as shown in Fig. 2D (T-1, also see
Fig. S5 in Supporting information). This performance was sup-
ported by the thermogravimetric analysis (TGA), in which the CG
membrane was thermal stability until near 300 °C (Supporting
information, Fig. S6).

3.3. The pathways of organic molecules permeating through the CG
membranes

The defects and the spacing between the cross-linked graphene
nanosheets are important pathways for organic molecules per-
meating through the CG membrane. Peng's group recently found
that nanochannels within the GO membranes are mainly com-
posed of inter-spacing, wrinkles and the nanopores caused by
structural defects [33]. The pores will shorten the channel length
so that the organic molecules permeate through the membrane
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easily. As mentioned above, it was no doubt that there were many
porous structures in the original CGO membrane, and those por-
ous structures would remain to a certain degree in the CG
membrane.

Therefore, N, adsorption-desorption isotherms were used to
analyze the pores of the membranes as shown in Fig. 4A. Ac-
cording to the IUPAC classification, the N, adsorption-desorption
isotherms of the CGO and the CG membrane are assigned to type
IV with H3 hysteresis loop in the P/Py range of 0.45-0.95 [34]. It
suggests that the CGO and the CG membrane are lamellar-stacked
structures. BJH pore size distributions analysis (Fig. 4B) shows that
the original CGO membrane has a broad peak for the adsorption
pore diameter, ranging from 6.0 nm to 110.6 nm. The adsorption
average pore diameter is 10.1 nm. Compared with that of the CGO
membrane, the pore diameter of the CG membrane decreases
distinctly. The peak of the adsorption pore diameter mainly ranges
from 3.3 nm to 40.1 nm, and the adsorption average pore diameter
is 7.0 nm. These results indicated that the pores of the CG mem-
brane shrunk because of the reduction treatment of hydriodic acid.
In addition, the CG membrane exhibits a new peak for the ad-
sorption average pore diameter at 1.9 nm, which is corresponding
to the spacing between the restacked cross-linked graphene na-
nosheets. Because the reduction treatment removed the oxygen-
related groups, the spacing of the CG membrane decreased so that
the peak at 1.9 nm became apparent. Huang et al. [12] reported
that GO membrane owns the spacing in the range of 0.6-1.0 nm
depending on the different fabrication methods. Herein, the EDA
linkers created wider spaces approximately 1.9 nm that is in
agreement with the previous investigation [35].

3.4. Effect of reduction time and membrane thickness on the se-
paration performance

The reduction process has an important effect on the separa-
tion performance of the CG membrane. Fig. 5A shows the plot of
reduction time ranging from 1 min to 30 min versus flux by using
the CG membrane with a thickness of approximately 80 pm. The
flux is up to 411Lm~2h~"' after 1 min reduction treatment.
However, the filtrate was cloudy. Water could not be separated
from the oil/water emulsion because the membrane was not re-
duced sufficiently. Until the reduction treatment increased to
5 min, the filtrate was clear. But with prolonging the reduction
time, the flux decreases. This decreasing flux was mainly caused by
the change of pore structure on the CG membrane surface. As
mentioned above, the reduction treatment shrunk the pore of the
CG membrane. With the reduction time extending, more and more
oxygen-containing functional groups were remove. The spacing
decreased, thus the CG membrane surface became tightly. As a
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Fig. 4. The pore distributions of the CG and CGO membranes were analyzed by a Micromeritics ASAP 2020. (A) N, adsorption-desorption isotherms. (B) BJH pore size
distributions based on N, adsorption-desorption isotherms. “P.V.” is short for “Pore Volume”.
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result, the flux decreased with the increase of the reduction time.

The membrane thickness is another influencing factor. Previous
study showed that thinner thickness of the membrane contributed
to the ultrafast separation [36]. Hence, we modulated the volume
of the GO suspension in the fixed container to obtain the CG
membranes with different thicknesses. The reduction time was
fixed at the same 10 min for all the membranes. However, different
from our expectation, the flux is 88 L m~2 h~! when the thickness
of the CG membrane is approximately 80 pm, while the flux in-
creases up to 729 Lm~2 h~! when the thickness increases to ap-
proximately 400 pm (Fig. 5B). These phenomena suggested that
with the increase of the membrane thickness, the flux becomes
gradually higher. We speculated that one possible reason might be
the freeze-drying process within the fabrication. As reported,
O’Brien et al. [37] studied the effect of freeze-drying on the pore
structure of the material. They found that the mean pore size of
the material produced using smaller pan is significantly smaller
(p <0.05) than that of the material produced using larger pan.
Therefore, freeze-drying might produce more defects and pores in
the thick aerogel than in the thin one. Both the defects and the
pores were remained to a certain degree in the CG membranes
even after being compressed and reduced. As evidence, we found
that with the increase of the membrane thickness, water content
in the oil filtrate increased (Table S2). This result suggested that
the pore size of the CG membrane increased within thicker CG
membrane. In addition, the consumption of the reduction agent in
the thick CG membrane was higher than that in the thin one so
that the reduction agent acted on the surface of the thick CG
membrane may be cut back. Therefore, the reduction layer on the
thick membrane surface became thinner, leading to the increase of
the flux. As mentioned above, the generation of the pore structure
would affect the oil/water separation performance. Increasing the
thickness of the CG membrane was in favors of enhancing the flux
of organics, whilst scarifying the organic purity. Based on afore-
mentioned results, 100-um-thick CG membrane with 10 min re-
duction treatment was suitable for high-flux organics separation.
This CG membrane finally achieved high fluxes on the order of
10’Lm~2h~! for many organics separation (Supporting in-
formation, Table S3) under ambient pressure.

3.5. Cross-flow separation performance

Cross-flow separation technology has been used widely in in-
dustry globally owning to its advantages such as continuous op-
eration, energy saving and high-performance. However, the tan-
gential motion of the bulk of fluids will cause fluid friction on the
membrane surface, demanding sufficient stability of the mem-
brane. Whereas laminar GO membranes assembled with GO
sheets currently could not overcome this formidable challenge. As

this CG membrane was reduced from the cross-linked structure,
the mechanical strength increased on the surface [26,38]. Na-
noindentation measurements showed that the Derjaguin-Miiller-
Toporov (DMT) modulus of the CG (~12 GPa) was three times
higher than that of the CGO (~4 GPa), indicating a sufficient
structural strength of the CG membrane (Supporting information,
Fig. S7). Considered that this internal cross-linked architecture had
more distinct advantage than the laminar GO membranes, a cross-
flow separation apparatus was constructed (Fig. 6). The CG
membrane is self-standing on a 5 mm x 2 mm hatch in the ap-
paratus, withstanding the pressure of the fluid. The toluene filtrate
was obtained with flux of approximately 225Lm~2h~! and
purity of 99.98 wt%, demonstrating the remarkable performance of
the CG membrane for cross-flow separation. Moreover, our recent
study showed that the CG membrane used in a mini practical
cross-flow device achieved good separation performance as well
as the above-mentioned apparatus. Therefore, the CG membrane
displayed great potential for cross-flow separation application in
industry. It will be further studied in our following works.

4. Conclusion

Oil/water separation has been a worldwide subject. Polymer
membranes were usually served as commercial products in this
field because of their excellent manufacture and performance
[39,40]. However, polymer membranes are still limited under
some harsh conditions. Therefore, scientists recently pay more
attention on graphene-based membranes due to their more
structural and chemical stability. Super-performances were rea-
lized on many graphene-based membranes, especially for water
separation of various oil/water mixtures and emulsions [19]. But

Fig. 6. A cross-flow separation instrument fitted with our CG membrane. The inset
shows the fabrication process. See details in Section 2.5.
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still few studies reported organics separation and demonstrated
good performances. This novel CG membrane achieved high-per-
formance of organics separation with high purity ( > 99.98%) and
flux (225L m~2h~"), which is close to that of the commercial
polymer-based ultrafiltration membrane (usually with a flux of
less than 300 Lm~2h~") [40]. Thus, this CG membrane can be a
competing candidate for organics separation.

In summary, producing a CG membrane from a CGO aerogel not
only supplied a facile method to create a useful graphene-based
membrane, but also demonstrated high performance for organics
separation, especially in terms of separation efficiency including
the ideal filtrate purity and fast flux. Besides that, many ad-
vantages such as self-supporting, modularity, structural stability
and adaptation under harsh acidic/basic/high-temperature condi-
tions were also demonstrated. Furthermore, a superior character-
istic should be noted that this CG membrane could be used in a
cross-flow separator with the same high-performance, thus de-
monstrating great potential for practical applications in industry.
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