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As a new kind of 2Dnanomaterials, graphene oxide (GO)with 2–4 layerswas fabricated via amodifiedHummers
method and used for the preparation of pervaporation (PV)membranes. Such GOmembraneswere prepared via
a facile vacuum-assistedmethod on anodic aluminium oxide disks and applied for the dehydration of butanol. To
obtain GOmembranes with high performance, effects of pre-treatments, including high-speed centrifugal treat-
ment of GO dispersion and thermal treatment of GOmembranes, were investigated. In addition, effects of oper-
ation conditions on the performance ofGOmembranes in the PV process and the stability of GOmembraneswere
also studied. It is of benefit to improve the selectivity of GOmembrane by pre-treatment that centrifuges the GO
dispersion with 10000 r·min−1 for 40 min, which could purify the GO dispersion by removing the large size GO
sheets. As prepared GO membrane showed high separation performance for the butanol/water system. The
separation factor was 230, and the permeability was as high as 3.1 kg·m−2·h−1 when the PV temperature
was 50 °C and the water content in feedwas 10% (bymass). Meanwhile, themembrane still showed good stabil-
ity for the dehydration of butanol after running for 1800 min in the PV process. GO membranes are suitable
candidates for butanol dehydration via PV process.
© 2015 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
1. Introduction

Recent advances in the synthesis and characterization of graphene-
based 2D nanomaterials have brought new ideas for the design and
fabrication of membranes with special structures as well as increased
permeability, selectivity and resistance to fouling [1,2]. As an important
derivative and intermediate of graphene, graphene oxide (GO) does
have not only a lot of characters of graphene, but also amount directions
to improve because of abundant oxygenic functional groups existed on
the surface of graphene oxide [3–6]. GO could be synthesized facilely
from natural graphite using oxidants including concentrated sulfuric
acid, nitric acid and potassium permanganate based on Hummers
method [7].

A lot of works have been carried out to obtain high performance
membranes by combining GO and common polymeric materials
[8–12]. Besides, membranes made with pure GO were also reported,
which exhibited a lot of special properties for separation due to their
2D channels [5,13–15], hydrophilic surface [10,16,17] as well as the
defects on GO sheets [18–20]. Among the special properties of GO
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membranes, the priority permeability for water attracted a lot of inter-
ests. It was found that GO sheets bear hydroxyl, epoxy, and other hydro-
philic functional groups on their openings and edges. Combined with
the layered structure formed by GO laminates, these hydrophilic func-
tional groups made GO membranes even completely impermeable to
liquids, vapors, and gases, including helium, but allow unimpeded per-
meation of water [16]. Similar GO membranes could be fabricated for
the dehydration of organic solvents due to the high selectivity of
water [21–25].

In the preparation process of such GO membranes, a series of facile
membrane formation methods were employed including spin-coating
method [13], dip-coating method [25], self-assemble method [6,26]
and different types of filtration methods [21,24]. Meanwhile, various
preparation conditions, such as salt concentration, pH value [27] and
pressure [24], were investigated. However, GO materials made from
different raw graphite via different chemical oxidation routes are differ-
ent in C/O ratio, particle size and shape [28]. Even in one pot, synthe-
sized GO sheets could be much different, especially in particle size.
Hence, pre-treatment and purification of GO dispersion are very neces-
sary. In addition, the functional groups and d-spacing of GO sheets are
sensitive to water and temperature [16]. Thus, GO membranes should
be thermal treated under suitable conditions before application.

As an important kind of biofuels, butanol exhibits a huge potential to
be the alternative of fossil energy.Membrane process is a high efficiency
and low cost technique for the purification of butanol [29]. To date, both
organic and inorganicmaterials have been used to fabricatemembranes
ustry Press. All rights reserved.
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for the dehydration of butanol in pervaporation (PV) processes.
Organic membranes were easy to be fabricated and showed high se-
lectivity to water [30,31], but their permeabilities were generally
below 2 kg·m−2·h−1. Inorganic membranes performed higher
permeabilities [32–34], which are usually in the range of 2–
10 kg·m−2·h−1. An ideal membrane should combine the high per-
formance of inorganic membrane and easy fabrication of organic
membrane. However, to access such a membrane is still a big chal-
lenge we are facing [35]. On this sight, GO membrane might be a
promising one for butanol dehydration. However, seldom literature
about such GO membranes for the dehydration of butanol was
reported.

Here, we designed and fabricated GO membranes supported by
ceramic substrates also via a simple vacuum-assisted filtration method,
and applied these membranes for butanol dehydration in PV process.
Effects of pre-treatments, including high-speed centrifugal treatment
of GO dispersion and thermal treatment of GOmembranes, were inves-
tigated. Besides, effects of operation conditions on the performance of
GO membranes in the PV process and the stability of GO membranes
were also studied.

2. Experimental

2.1. Materials

Fine grade synthetic graphite flakes of about 30 μm were sup-
plied by Jinrilai Graphite Inc. (Qingdao, China) and used as re-
ceived. Sulfuric acid [H2SO4, 97% (by mass)], hydrochloric acid
[HCl, 10% (by mass) in water], hydrogen peroxide [H2O2, 30% (by
mass) in water] and Potassium permanganate (KMnO4) from
Sinopharm Co. (Shanghai, China) were also used as received. Anod-
ic aluminium oxide (AAO) macroporous membranes with an aver-
age pore size of 100 nm and a thickness of 50 μm from Merck
Millipore Co. (USA) were used as substrates for GO membranes.

2.2. Preparation of graphene oxide

Modified Hummers method was used to prepare GO from graphite
[36]. 50 ml sulfuric acid was added to 2 g graphite powder and the
temperature of the dispersion was maintained at about 7 °C and stirred
for 30 min. Then the dispersion was heated to 20 °C and stirred for
60 min. Subsequently, 7 g KMnO4 was added in 4 times every 30 min.
At this time, the dispersion changed in color from black to dark green.
Then the dispersion was heated to 35 °C and stirred for 120 min. After
100 ml deionized water was added, the dispersion was heated to
98 °C and stirred for 5 min. The oxidation reaction was terminated by
adding 200 ml deionized water. The dispersion turned brown in color.
To remove the excess oxidant, 5 ml 30% (by mass) hydrogen peroxide
dispersion was added, and the dispersion was stirred for 30 min. At
this time, a dispersion with light yellow was obtained. Synthesized GO
was separated and washed with 100 ml 10 wt.% hydrochloric acid for
five times in a Buchner funnel. Filtered GO cakes were redispersed in
pure water and filtered and washed several times until no sulfate ions
could be detected by the precipitation method with 0.02 mol·l−1

barium chloride solution. Filtered GO cakes were redispersed in pure
water again with the assistance of ultrasonic wave for 60 min. The son-
ication power and frequency were controlled at 450 W and 20 kHz,
respectively. Then, the dispersed GO dispersion was centrifuged at
3000 r·min−1 for 5 min to remove the graphite oxide particles. The
purified GO dispersion was dried by a freeze drying method.

2.3. Fabrication of GO membranes

50 mg GO was dispersed in 200 ml water by an ultrasonic assisted
method to form a homogeneous GO dispersion. To purify the GO disper-
sion, we designed a high-speed centrifugal pre-treatment to remove
large size GO sheets. GO dispersion containing 250 × 10−6 GOwas cen-
trifugal pre-treated at a high rotate speed of 10,000 r·min−1 for several
times with 10 min each time. After each time of centrifugal treatment,
the precipitation was removed from GO dispersion carefully. Then, the
purified GO dispersion was diluted to 50 × 10−6.

AAO microfiltration membranes were used as substrates for GO
membranes. To improve the strength of AAO membranes, they were
supported by macroporous ceramic disks (ϕ 40 mm × 2.5 mm) and
sealed by a solvent resistant binder. GO membranes were prepared on
the enhanced AAO substrates by a vacuum assisted filter method. The
thickness of membrane was controlled by adjusting the volume of
added GO dispersion. Until no liquid could be observed on the surface
of fresh GO membrane, the vacuum conditions were kept for two
more hours to remove the excess water in GO membrane. As prepared
fresh GO membranes were dried at given temperatures for 12 h to re-
move the residual water.

2.4. Characterization techniques

Fourier transform infrared (FTIR) spectra of GO were measured using
an Nicolet 8700 infrared microspectrometer (Thermo, USA) in the range
of 4000–1000 cm−1. Raman spectra (LabRAM HR 800, Horiba, France)
were recorded using an excitation wavelength of 514 nm (2.41 eV). An
X-ray diffractometer (XRD) (Miniflex 600, Rigaku, Japan) was used to
measure the interlayer with focused monochromatized Cu-Kα radiation
at a wavelength of 0.15418 nm, operating in the 2θ range of 5°–50° at a
scan rate of 20 (°)·min−1. The average d-spacing value was calculated
using Bragg's law from the X-ray scattering data. Thermogravimetry
(TG) analyses were performed in a STA 449F3 instrument (NETZSCH,
Germany), heating the sample to 500 °C at a rate of 10 °C·min−1 under
a 100 ml·min−1 air flow. The particle size distribution of the GO was
characterized by dynamic light scattering (DLS, Microtrac, Zetatrac,
USA). FESEM (S-4800, Hitachi, Japan), TEM (JEOL 1011, JEOL, Japan) and
AFM (XE-100, Park, Korea) were employed to characterize the
microtopographies of samples. Contact angle betweenwater and the sur-
face of membrane was measured by a contact angle apparatus (A-100p,
DropMeter, China).

Pervaporation process for the dehydration of butanol was car-
ried out on the device showed in Fig. 1. The device contained five
major parts including stock tank, membrane module, temperature
controller, cold trap and vacuum system. The pressure of permeate
side was controlled below 100 Pa, and the feed temperature was
controlled at a various values from 30 to 90 °C with a deviation
below 1 °C. The flux (F) was determined by using the following
equation:

F ¼ Q
A� t

ð1Þ

where Q is the mass of permeate; A is the effective membrane area
and t is the time interval of sample collection. Gas Chromatograph
(GC, GC2014, Shimadzu, Japan) was used to analyze the contents of
water in butanol. The separation factor of water and butanol was
calculated using the standard equation:

α ¼ Ywater=Ybutanol

Xwater=Xbutanol
ð2Þ

where X and Y are the weight fractions of species in the feed and
permeate, respectively. The pervaporation separation index (PSI)
was calculated using the following equation [37]:

PSI ¼ F � α−1ð Þ ð3Þ

where F is the flux, and α is the separation factor.



Fig. 1. PV set for the dehydration of butanol.

Fig. 3. Raman spectrum of GO.
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3. Results and Discussion

3.1. Characterizations of graphene oxide

GOwas characterized by FTIR spectroscopy. As shown in Fig. 2, a lot
of hydrophilic functional groupswere observed. Such functional groups
have excellent water-absorbing capacity and play important roles in
water transfer process in GO membranes. The peaks at around
3430 cm−1 and 1635 cm−1 refer to the –OH groups of absorbed
water in GO. The peaks at 2930 cm−1 and 2850 cm−1 are attributed
to –CH2– groups on GO sheets. The peak at 1720 cm−1 corresponds to
C_O groups from carbonyl or conjugated carbonyl groups. The peaks
at 1380 cm−1, 1264 cm−1 and 1110 cm−1 are due to the –OH groups
from carboxyl, C–O–C groups from epoxy of ether, and C–O groups
from alkoxy, respectively. These results agree well with the reports in
literature [38,39]. In contrast, the peaks of –OH and C–O–C groups
almost disappeared for reduced GO.

To further study the structural properties of the GO powder, Raman
spectroscopy was employed. As shown in Fig. 3, G band at 1585 cm−1

and D band at 1338 cm−1 were observed clearly, which are assigned
to the graphitized structure and local defects or disorders located at
the edges of graphene, respectively [5,18].

The GO gel was prepared from GO dispersion (2 mg·ml−1) via a
filtration concentration process for TG analyses. The results are showed
in Fig. 4. It could be found that GO gel contained three types of water in-
cluding free water, trapped water and bounded water [40,41]. Free
Fig. 2. FTIR spectrum of GO and reduced GO.
water behaves like normal water without any restraint, which could
be removed mostly before 100 °C corresponding to a mass loss of 45%;
trapped water is confined in GO sheets and encounters arbitrary
constrains while retaining translational mobility, which were almost
removed by further increasing the temperature to 240 °C. This process
corresponded to a mass loss of 29%. Bound water is tightly bound to
GO by different bonds allowing only local motions, which was also to
Fig. 4. TG-DSC curve of GO gel.



Fig. 5. XRD spectra of GO and graphite.
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be partly removed above 240 °C corresponding to a small mass loss of
1%. Compared with the free water and the trapped water, the mass
loss was much smaller for the decomposed functional groups on GO
sheets. There are two main reasons for the small weight loss ratio at
240 °C. First, the GO gel contains a lot of free water and trapped water
due to the good hydrophilicity of GO sheets. Second, only the C–O (hy-
droxyls and epoxides) groups were decomposed at around 240 °C,
whereas the C_O and COOH components even did not change [42].

XRD spectra of GO and graphite are showed in Fig. 5. It could be
found that the 2 theta degree of the sharp peak for GO was much
smaller than that of graphite. This was due to the oxidation process
in which the introduction of functional groups enlarged the
d-spacing of GO sheets. According to the Bragg equation [43], the
d-spacing was calculated to be 0.343 nm and 0.885 nm for graphite
and GO, respectively. The enlarged d-spacing made it possible for
molecule transfer in GO membranes.

The morphologies of GO sheets are showed in Fig. 6, in which
Fig. 6(a) and (b) shows TEM images of GO sheets. From Fig. 6(a), we
Fig. 6. (a) and (b) TEMmicrographs of GO sh
can clearly observe the corrugated surface of GO. Fig. 6(b) shows the
edges of GO sheets. It could be found that the GO sheets were of 2–4
layers. AFM image [Fig. 6(c)] indicates that as-prepared GO sheets are
about 3.6 nm thick and 1–3 μm in length and width. These results indi-
cate that as-prepared GO sheets were a kind of proper 2D materials.
Such 2D structure is benefit for the fabrication of ultrathin GO mem-
branes and the improvement of permeability [18,35].

3.2. Effect of pre-treatment of GO dispersion on the properties of GO
membranes

GO dispersion containing 250 mg·L−1 GO was centrifugal pre-
treated at a high rotate speed of 10000 r·min−1 for 10 min each time.
After each time of centrifugal treatment, the precipitationwas removed
fromGO dispersion carefully. The concentration of GOwasmeasured by
an UV–vis spectroscopy. From the UV–vis absorption spectrum of GO
dispersions (Fig. 7, right), it could be found that the curveswere smooth
and the absorbance values were relatively high at the wave length of
400 nm. Hence, the absorbance at 400 nmwas applied for themeasure-
ment of concentration of GO dispersions. The correlationship between
the absorbances of GO dispersions at a wave length of 400 nm and the
times of pre-treatment was also showed in Fig. 7 (upper). It could be
clearly observed that the absorbance decreased with the increase of
pre-treatment times. At the beginning 30 min, a significant decrease
of the absorbance could be observed, while a slight declinewas contrib-
uted by the further pre-treatment after 40 min. In addition, some pre-
cipitates could be observed clearly at the first 10 min from the photos
of GO dispersions in Fig. 7 (left). While, only little precipitation was
found after 4 times of centrifugal treatment. This result suggests that
most GO sheets with large size or multi-layer could be removed by
centrifugal pre-treated for 3–4 times.

The particle size distributions of GO dispersions before and after
40 min centrifugal treatment are showed in Fig. 8. It could be found
that GO sheets with particle size of 4–6 μm had been removed from
the dispersion after the high-speed centrifugal treatment, while the
centrifugal treatmentmade slight difference for the GO sheets with par-
ticle size of 200–400 nm. By theway, the particle size distribution deter-
mined by DLS here is a qualitative analysis but not a quantitative
eets, (c) AFM micrograph of GO sheets.



Fig. 7. UV–vis absorption spectrum of GO dispersions (right), photos of GO dispersions
(left) and effect of centrifuge time on the absorbances of GO dispersions (upper).

Fig. 8. Effect of centrifugal treatment on the particle size distributions of GO dispersions.
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analysis. Here, 40 min was applied for the centrifugal treatment of the
GO dispersions.

The purified GO dispersion was diluted and used for the prepara-
tion of GO membranes. As-prepared GO membranes were thermal
treated at 60 °C for 12 h and then applied for the dehydration of bu-
tanol in PV process. When the water mass content in feed was 10%
and the PV temperature was 50 °C, the performance of GO mem-
branes derived from GO dispersions before and after centrifugal
treatment was tested and showed in Fig. 9. It could be found that
after the centrifugal treatment, the separation factor of GO mem-
brane for water and butanol was improved to 230, which was almost
Fig. 9. Effect of centrifugal treatment on the performance of GO membranes.
7 times than that of GOmembrane without pre-treatment, while the
permeate decreased from 5 kg·m−2·h−1 to 3.1 kg·m−2·h−1 only
with a ratio of 38%. This was likely due to the reason that a uniform
d-spacing between GO sheets could be obtained by removing the
large size GO sheets.
3.3. Effect of thermal treatment temperature on the contact angle of GO
membranes

The correlation of contact angle (CA) with thermal treatment tem-
perature is showed in Fig. 10. The CA increased with the thermal treat-
ment temperature. When the temperature increased from 30 °C to
60 °C, CA of GO membrane increased from 10° to 70°. In contrast, the
CA was almost constant when the temperature varies from 60 °C to
90 °C. Combining with the results of TG analyses, it could be explained
by two reasons. One reason is that both the free water and trapped
water between GO sheets escaped further when the thermal treatment
temperature increased. With the loss of water, the d-spacing of GO
sheets decreased and lead to an increased resistance for the permeation
of water in GO membrane. The other reason is that the bonded water
could also be removed at a high temperature and the hydrophilic groups
were destroyed, which couldweaken thewater-absorbing ability of GO.
As a result, the GO color turned from light yellow to black after being
thermal treated at 90 °C for 12 h. With respect to the prevention of
excessive dehydration of GO and the destruction of hydrophilic groups,
the thermal treatment should be controlled below 60 °C. Hence, 60 °C
was chosen as the thermal treatment temperature.

GO membranes treated and untreated at 60 °C for 12 h were tested
in PV processes at 50 °C, 60 °C and 70 °C, respectively. Then, the GO
membranes were immersed in their corresponding feeds at the initial
PV temperature for 24 h. Subsequently, the PV performances of these
GOmembraneswere tested again to estimate the stabilities of GOmem-
branes. The details in change are showed in Fig. 11. It could be found
that thermal treated GO membranes showed smaller change ratios in
permeabilities and separation factors than that of GOmembranes with-
out thermal treatment. It indicates that the stabilities of GOmembranes
were improved by the thermal treatment at 60 °C for 12 h. This is likely
due to the fact that the interaction force between GO sheets was
enhanced by the removal of trapped water in GO during the thermal
treatment process. Hence, all theGOmembranes used belowwere ther-
mal treated at 60 °C for 12 h.

Additionally, the activation energy values for permeation were
calculated by using Arrhenius equation [38]. When the water mass
content in feed was 10%, the calculated apparent activation energies
of water and butanol permeation were 11.3 and 21.9 kJ·mol−1,
Fig. 10. Effect of thermal treatment temperature on the contact angle of GO membranes,
and appearance of GOmembranes thermal treated at 30 °C (left) and 90 °C (right) for 12 h.



Fig. 11. Effect of thermal treatment on the stability of GO membranes.

Fig. 13. XRD patterns of GO membranes soaked in butanol solution with various water
contents.
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respectively. It means that the permeation of butanol through the
membrane is more temperature-sensitive than water.

3.4. Effect of water content in feed on the properties of GO membrane

Controlling the PV temperature at 50 °C, the effects of water con-
tent in feed on the properties of GO membranes prepared form cen-
trifugal treated GO dispersion were studied. As shown in Fig. 12, the
permeate increased with the increase of water content in feed.
Meanwhile, the separation factor for water and butanol came
downwith the increase of water content. When the water mass con-
tent in feed was 4.8%, the separation factor was 440 and the perme-
ate was 1.3 kg·m−2·h−1. On the contrary, the separation factor
came down to 124 and the permeate increased to 5.9 kg·m−2·h−1

when the water mass content in the feed increased to 16.7%. This
might be due to the change in d-spacing with the increase of water
content in feed.

In addition, wemeasured the d-spacing of GOmembranes soaked in
different butanol solutions with various water contents by using XRD
[44]. Samples of GOmembrane supported by AAOwere loaded into dif-
ferent butanol solutions at ambient temperature for 6 h and examined
with XRD. The water mass contents of butanol were controlled at 5%,
10% and 20%, respectively. As shown in Fig. 13, a significant shift in
the (001) reflection with the increase of water content was observed,
which corresponds to an increase in d-spacing. According to the Bragg
equation [43], the d-spacing was calculated and showed in Fig. 13. For
GOmembrane soaked in butanol solutionwith 20%watermass content,
the d-spacing was 1.473 nm, which is 1.7 times larger than that of dry
Fig. 12. Effect of water content in feed on the performance of GO membrane.
GO membrane (0.885 nm). These results suggest that the d-spacing
between GO sheets is sensitive to the water content in the feed, which
are in good accordance with literature [16]. The higher water content
means the larger the d-spacing, which was of benefit for the transfer
of water in graphene membrane. Contrarily, the larger d-spacing
means the more butanol molecules could pass through the GO mem-
brane. As a result, the separation factor decreased and the permeate
increased with the increase of water content in feed.

The optical and FESEM images of GO membrane are showed in
Fig. 14. Optical images of AAO disk and AAO supported GO membrane
[Fig. 14(a)] show that both the AAO disk and GO membrane were so
thin. We could easily distinguish the characters behind them by naked
eyes. The surface morphologies of the GO membrane characterized by
FESEM and AFM are presented in Fig. 14(b) and (c), respectively. It
could be found that all the pores on the surface of AAOwere completely
covered by GO sheets and formed a lot of wrinkles. This indicates that a
defect-free GO separation layerwas formed on the top of AAO substrate.
The cross-section of supported GO membrane is showed in Fig. 14(d).
Cylindrical pore structure of AAO substrate and layered structure of
GO membrane could be clearly observed. The thickness of GO mem-
brane with a value of 600 nm could also be obtained.

The performance of various membranes reported in literature and
the GO membranes we prepared for the dehydration of butanol via PV
are listed in Table 1. Compared with organic membranes, it could be
found that the GO membranes we prepared for butanol dehydration
showed high flux at a relatively low PV temperature. Although the
separation factor of such GO membranes should be further improved,
the water content in permeate was up to 95%. It indicates that the GO
membranes we prepared showed a relatively high efficiency for the
dehydration of butanol via PV. Compared with inorganic membranes,
the fluxes of GO membranes we prepared were at a similar magnitude,
while a further improvement in separation factor should be carried out
for our GO membranes. However, considering the cheap raw materials
(graphite) and facile membrane formation process, GO shows a good
potential to be one kind of low-cost membrane materials. Additionally,
a relatively lowPV temperaturewe applied alsomeans a lowcost for the
process of butanol dehydration. In general, the GO PV membranes we
prepared are suitable candidates for butanol dehydration processes.

The stability of GOmembraneswasmeasured at the PV temperature
of 50 °C and with the water mass content in feed of 10%. As shown in
Fig. 15, the separation factor of water and butanol was stable at the
value up 200 and the permeate was almost at a constant value of
3.1 kg·m−2·h−1. The PSI was calculated to be 710 kg·m−2·h−1. The
GOmembrane still showed a good and stable performance after running
for 1800 min.



Fig. 14. (a) Optical images of AAO disk (left) and AAO supported GOmembrane (right), (b) FESEMmicrograph of GOmembrane, (c) AFM image of the surface morphology of GO mem-
brane, and (d) FESEM image of the cross-sectional morphology of GO membrane.

Table 1
PV performance of various membranes for butanol dehydration

Type of membranes Feed water mass content/% Temp./°C Water mass content in permeate/% Flux/g·m−2·h−1 Separation factor

PVA-CS/ceramic [31] 10 70 99.1 1100 1000
Matrimid HF [45] 15 60 94.1–98.9 630–965 91–491
PI/PEI dual-layer HF [46] 15 60 99.5 846 1174
PAA/polyethyleneimine [47] 5 50 96.2 769 481
ZIF-8/PBI [48] 15 60 99.8 81 3417
TR-PBO [49] 10 80 97.7 58 390
CS [50] 4 30 99.1 210 2657
NaA (SMART Chemical Company Ltd.) [51] 9.2 60 99.9 1600 16,107

0.5 60 72.3 250 520
Tubular silica [33] 5 70 96.9 4500 600
GO/AAO (our work) 10 50 96.2 3100 230
GO/AAO (our work) 4.7 50 95.6 1300 440
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4. Conclusions

GO sheets with 2–4 layers and a typical 2D structure were prepared
via a modified Hummers method. A lot of hydrophilic groups were de-
tected on the surface and the edge of GO sheets. As-prepared GO
Fig. 15. The stability of GO membrane.
dispersionwas used to prepare GOmembrane on the surface of ceramic
microfiltration substrate via a facile vacuum-assisted filter method.
Such supported GO membrane without any detected defects showed a
good performance for the dehydration of butanol via a PV process. A
centrifugal per-treatment at 10000 r·min−1 for 40 min could remove
the large size GO sheets efficiently and improve the separation proper-
ties. The water content in feed could influence the d-spacing of GO
sheets and affect the performance of GOmembrane. The GOmembrane
showed a high permeate of 3.1 kg·m−2·h−1 and a separation factor of
230 at the conditions with a PV temperature of 50 °C and a feed water
content of 10% (by mass). After running for 1800 min, the GO mem-
brane still showed a good stability for the dehydration of butanol in
the PV process. Such GO membranes are potential candidates for the
dehydration of butanol.
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