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In this study, a novel procedure of fabricating a high performance graphene oxide (GO) composite
membrane with high water permeability and selectivity was developed. The GO-based composite
membrane, which was fabricated by assembling GO nanosheets on a polyacrylonitrile (PAN)
ultrafiltration substrate using vacuum filtration method, was cross-linked by 1,3,5-benzenetricarbonyl
trichloride (TMC). Intriguingly, the cross-linking reaction that just occurred at the surface of the GO layer
not only provides a stable spacing of the surface GO nanosheets, which ensures the separation accuracy
of the composite membrane, but also keeps a high water transport efficiency when passing through the
uncross-linked interlamination channels of the GO layer. Pervaporation performance testing, using
a water/ethanol feed solution, demonstrated that the separation accuracy and water flux for the

. 4 9th October 2017 optimized surface cross-linked GO composite membrane (TGOm) were significantly better or at least
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Accepted 21st November 2017 comparable to the values from the GO composite membrane (GOm), and the separation factor of
TGOm was enhanced almost several fold. Additionally, with the increasing temperature of the feed
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1. Introduction

As a derivative of graphene, graphene oxide (GO) sheets with
a two-dimensional structure and single-atom-thickness can be
obtained through the oxidative exfoliation of natural graphite
powder.’ In general, abundant oxygen-containing functional
groups such as hydroxyl, carboxyl, epoxy and carbonyl groups
will be introduced on the sides or the edges of the GO sheets
during the chemical oxidation and exfoliation process,*” which
enables GO to disperse in water readily to form a homogeneous
and stable aqueous suspension.® Based on the unique struc-
tures and the tunable physicochemical properties, plenty of
potential applications of GO have been explored in multiple
fields.”** In particular, the use of a stacked sheet GO membrane
for water separation has attracted widespread attention in
recent years.'>'*

To fabricate GO membranes, vacuum filtration and layer-by-
layer (LbL) assembly are the most common methods,'*” which
can be implemented in aqueous solution without involving any
organic solvent and are thus highly environmentally friendly.*®
GO nanosheets of the membrane can be tightly packed by virtue
of van der Waals attraction or hydrogen bonding,"** and the
restack of GO sheets can enhance the chemical stability and
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mechanical strength of the as-prepared GO membrane.*'***
Moreover, the hydrophilic functional groups in the GO struc-
ture may allow the fast transport of water molecules follow
a tortuous pathway but preventing the permeation of larger size
and hydrophobic molecules.”*** As confirmed in our previous
study,” GO nanosheets can form a unique structure with
a hydrophilic and negatively charged “gate” and hydrophobic
2D nanochannels. This unique structure provides a significant
improvement for water flux of GO membrane based on the
capture and slip flow theory. In these contexts, GO membrane
can offer a multitude of advantages in separation applications.

However, when the GO membrane was immersed in a polar
solution, the spacing of GO sheets increased due to the hydra-
tion of GO,***° thus makes it a challenge to manipulate the
spacing between the GO nanosheets in aqueous solution.
Moreover, the GO membrane is likely to partly disperse in water
especially under a cross-flow condition that typically encoun-
tered in separation applications.”®*® As a result, it would be
unusually difficult to control the separation accuracy of GO
membrane. In actually, two important factors should be
considered while GO membrane was used for water separation.
One is a nearly frictionless and interconnected permeate
channels formed in stacked GO layer, which plays a crucial role
for the fast flow of water molecules and facilitates the
enhancement of separation efficiency.”****> The other is that
the GO spacing need to be fixed within an appropriately sized
range for the purpose of precise sieving, and overcome the
hydration force to prevent the membrane dispersion in
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water.>*?* At present, many efforts have been performed to
control GO spacing and improve the stability of GO membrane
by covalently bonding the stacked GO nanosheets with rigid
chemical groups,**** high separation accuracy would be ach-
ieved simultaneously. However, it is obviously that the excessive
chemical cross-linking of GO nanosheets would cause the
detrimental effects on the water permeation of GO membrane.*
This contradiction between separation accuracy and water flux
is still a challenge need to be addressed for the application of
GO membrane in water separation.

In this work, a novel procedure is introduced to fabricate
high performance GO composite membrane. First, the GO
nanosheets were deposited on a polyacrylonitrile (PAN) ultra-
filtration substrate via vacuum filtration approach. And then the
as-prepared GO membrane (GOm) was cross-linked by 1,3,5-
benzenetricarbonyl trichloride (TMC) to obtain the surface
cross-linked GO composite membrane (TGOm). It is important
that the cross-linking reaction is only occurred at the surface of
GO layer, which could solve the contradiction between separa-
tion accuracy and permeate flux perfectly. The special structure
of this membrane was designed to obtain both high water
permeability and selectivity in the application of water separa-
tion. The obtained TGOm is characterized and the separation
performance is investigated by pervaporation.

2. Experimental
2.1 Materials

Graphite powder (99.95 wt%) was provided by Qingdao Hen-
glide graphite Co., Ltd. Sulfuric acid (H,SO,, 98 wt%), potas-
sium permanganate (KMnO,, >99.5 wt%), phosphoric acid
(H3PO,, >98 wt%), hydrogen peroxide (H,O,, 30 wt%), hydro-
chloric acid (HCI, 36-38 wt%), hexyl hydride (>97 wt%), ethanol
(EtOH, >99.7 wt%), sodium hydroxide (NaOH, >96 wt%),
sodium chloride (NaCl, >99.5 wt%) were purchased from Bei-
jing Chemical Co., Ltd. 1,3,5-benzenetricarbonyl trichloride
(TMC, 99 wt%) was supplied by Beijing Bailingwei Technology
Co., Ltd. The commercial PAN ultrafiltration membranes
(MWCO = 400 kDa) was obtained from Yizhuoer (Beijing)
membrane technology Co., Ltd. All reagents were analytical
grade and used as received with no further purification. All of
the water used in this work was Milli-Q deionized water (18.1
MQ cm at 25 °C).

2.2 Preparation of GO

GO was prepared by exfoliation of graphite following a modified
Hummer's method. The mixture of H,SO, (360 mL) and H;PO,
(40 mL) was poured into a three-necked flask which was
immersed in an ice bath. Graphite (3 g) was then added into the
flask under magnetic stirred. After the addition of KMnO, (18 )
tardily, the mixture was stirred continuously at the temperature
of 0 °C for 2 h. Subsequently, the reaction was heated to 35 °C
and stirring was continued for 2 h. Then the temperature was
increased to 50 °C and stirred for additional 12 h. The reactor
content was then cooled to room temperature and an amount of
ice water (400 mL) with 30% H,0, (10 mL) was poured into the
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resultant mixture sequentially. After the product was washed
extensively with hydrochloric acid and deionized water, the
resulting solution was collected with centrifugation, ultra-
sonication and lyophilization to obtain homogeneously
dispersed GO aqueous suspensions (500 mg L") and GO
powder respectively.

2.3 Fabrication of GO composite membrane (GOm)

A commercially available porous PAN ultrafiltration membrane
was used as the support membrane, and was first immersed
into NaOH solution (1 mol L") at the temperature of 70 °C for
20 min to modify the membrane surfaces by hydrolysis. Then
the pretreated PAN ultrafiltration membrane was soaked into
deionized water for a certain time to remove residual NaOH. In
a typical procedure, 2 mL of as-prepared GO aqueous suspen-
sions was diluted using deionized water followed by water bath
ultrasonication to give a brown GO dispersion. Then the dilute
GO aqueous solution was vacuum filtrated onto the surface of
the modified PAN ultrafiltration membrane support until it was
completely waterless to depositing a GO multilayer.

2.4 Synthesis of the surface cross-linked GO composite
membrane (TGOm)

In order to avoid the degeneration of TMC in water as the
existence of acyl chloride group, TMC powder (0.1 g) was
entirely dissolved in hexyl hydride (40 mL) at room temperature
through magnetic stirred. The as-prepared GOm was fixed in
a vacuum filtration unit, then the aforesaid TMC/hexyl hydride
mixtures were poured into the filtering cup, the cross-linking
reaction was continued at normal temperature for 3 min.
Subsequently, the obtained TGOm was taken out and left to dry
naturally. In addition, to investigate the effect of the dosage of
TMC used during the cross-linking reaction on the separation
performance of the membrane, different proportions of TMC
amount to GO (i.e.,, 100:1, 80:1, 60:1, 50:1, 25:1) was
designed to synthesize TGOm for further pervaporation
experiments.

2.5 Evaluation for the separation performance of GOm and
TGOm

A laboratory scale pervaporation unit was used for the perva-
poration separation testing of GOm and TGOm. In pervapora-
tion, the membrane with an effective surface area of 14.7 cm?
was mounted in the middle of a pervaporation cell. The tests
were conducted with the following feed solution in the listed
order, one at a time: water/ethanol mixtures with varied
proportion (30/70, 97/3). During the experimental process, the
feed solution was preheated to 30 °C in a water bath and
pumped to the pervaporation cell using a Langer® peristaltic
pump. The permeate side of the membrane cell was connected
to a vacuum pump, which provided a driving force made the
pressure maintained under 100 Pa during the permeation
separation. The pervaporation separation process was per-
formed following three steps based on the solution-diffusion
model: the feed solution in direct contacts with the upstream
face of the membrane and dissolves onto the membrane

This journal is © The Royal Society of Chemistry 2017
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surface; then diffuses across the membrane as a pressure
gradient exists; and finally evaporates at the downstream side of
the membrane. The vapour stream passes through a condenser
surrounded by liquid nitrogen and the condensate is collected
for a period of time to obtain permeate sample for concentra-
tion analysis.

The pure water flux (/) was calculated from the following
equation:

M
BT 1)
where M is the mass of the permeate collected in the cold trap, A
is the effective membrane area and ¢ is the experimental time.

The separation efficiency of the membrane was determined
by the weight fraction of water in the permeation. With gas
chromatography (GC-9900), the permeate compositions were
determined.

The pervaporation separation factor (SF) of the mixture
contained ingredient A and B (asp) was obtained from the
following equation:

_ Ya/Ys
Xu/Xs

OAB 2
where Y, and Yy are the mole fractions of A and B in the feed
solution respectively, X, and X are the mole fractions of A and
B in the permeate.

Generally, the ingredient which has a higher permeation rate
was denoted as A, therefore the quantitative value of w,p is
greater than 1.

To evaluate the thermostability of the TGOm during the
pervaporation experiment, feed solutions with different
temperature range from 30 to 60 °C was performed, and testing
once at intervals of 10 °C.

3. Results and discussion
3.1 Characterization of GO structure

The physicochemical properties of GO samples prepared using
a modified Hummer's method were characterize with several
different techniques. Fig. 1a shows the scanning electron
microscope (SEM) images of the exfoliated GO thin flakes,
which displays a typical wave winkles and a large lateral size
about 100 um. Such a large lateral size of GO will facilitate the
fabrication of a GO membrane by vacuum filtration to form the
layered structure.”

As shown in Fig. 1b, the Fourier transform infrared (FT-IR)
spectrum of GO represents strong bands centered at
3399 cm™" corresponds to hydroxyl (O-H) stretching vibration.
The peaks at 1730 cm ' is assigned to carbonyl (C=O)
absorption and 1622 cm ™" is related to the unoxidized sp> C=C
bonds in the carbon lattice.”” The peaks at 1383, 1227 and
1071 cm™ " can be attributed to the carboxy C-O stretching
vibration, C-OH stretching vibration, epoxy C-O-C stretching
vibration, respectively.**** The FT-IR results demonstrated the
presence of oxygen-containing functional groups on the GO
sheets, which may increase the hydrophilic and enable the
dispersion of GO in water.*
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Fig. 1c gives the X-ray diffraction (XRD) patterns of GO
nanosheets, a diffraction peak at 20 = 10.7° can be observed,
corresponding to the (001) peak of graphitic carbon plane,
indicates an interlayer spacing of about 8.29 A. The large d-
spacing of GO sheets were attributed to the oxygenated func-
tional groups introduced in GO during the chemical
oxidation.*”*¢

The X-ray photoelectron spectra (XPS) were used to further
characterize the chemical bonds in GO. Four types of C bonds
were distinguished from the curve fitting of C 1s spectra
(Fig. 1d), the binding energy of 284.7 eV is assigned to C-C/C=
C, and 286.5 eV is ascribed to C-O. The respective binding
energy of 287.6 and 288.8 eV correspond to C=0 and COOH."
The C/O atomic ratio determined for the GO sheets is 2.03. Peak
intensities of intact C and oxygenated C atoms in the XPS
spectrum were 34.76 and 65.24%, respectively. The above XPS
results mean that substantially oxidized GO had been prepared
following the modified Hummer's method.*®

3.2 Preparation of GOm and TGOm

A porous supporting layer and a functional barrier layer
constitute the two principal part of the composite separation
membrane.” In our experiments, a commercial poly-
acrylonitrile (PAN) ultrafiltration substrate was employed as the
support for GO barrier layer. To ensure membrane stability, for
the first step, PAN substrates were hydrolyzed by NaOH solution
to create functional active sites (-COOH or CONH,) on the
supporting membrane, so that the GO layers could be strongly
adhere to PAN substrates through hydrogen bonds.**** After
vacuum filtrate and drying in a vacuum, the GO composite
membrane (GOm) with excellent flexibility and stability was
obtained, as shown in Fig. 2. The inter-sheet d-spacing in the
barrier layer of the GOm can be adjusted by modifying the
spacing with chemicals. Here, TMC was chose as cross-linker to
immobilize the adjacent GO nanosheets and insure the stability
of GO membrane in water. The top surface of GOm was soaked
in the TMC/hexyl hydride mixtures, then the cross-linking
reaction occurred subsequently. We noticed that 3 minutes
vacuum filtration process can't make the TMC/hexyl hydride
mixtures infiltrate into the interlamination channels of deeper
GO layers, thus only several GO nanosheets of the surface GO
layers were cross-linked by chemical bonds. The enlarged view
in Fig. 2 gives the micro-structure model of GO membrane, in
which the acyl chloride groups in TMC reacted with the hydroxyl
groups on GO planes as well as the carboxyl groups at the edges
to form ester and anhydride bonds. The reaction mechanism
further revealed that the GO nanosheets at the edge of the
integral TGOm was also cross-linked, which provided a stable
spacing of the GO nanosheets thus restrained the swelling of
TGOm in water, while hold the interlamination channels exist
in the internal of GO layer.

The FT-IR spectra was used to characterize the functional
groups of the top and bottom surface in TGOm. As shown in
Fig. 3a, the bottom surface of TGOm (B-TGOm) lead to very
typical FT-IR spectra that consistent with GO. However, the FT-
IR spectra of the top surface of TGOm (T-TGOm) reveal

RSC Adv., 2017, 7, 54213-54221 | 54215
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(a) SEM, (b) FT-IR spectra, (c) XRD pattern, and (d) XPS elemental analyses in the C 1s region of GO nanosheets.

Fig. 2 Schematic illustration of the preparation process of GOm and TGOm, and the mechanism of reactions between GO and TMC.

a differentiating peak at 1795-1830 cm ™', which is absent from

the spectra of the bottom surface of TGOm. This peak repre-
sents the stretching vibration of C=0 bands in ester and
anhydrides groups, which could result from the reactions
between TMC and GO. The C=O bands were also present in
carboxyl groups of original GO and unreacted acyl chloride
groups in TMC. The XPS characterization show the elementary
compositions of the GOm and TGOm. It is observed in Fig. 3b
that the C and O atomic percentages of TGOm is higher than
that of GOm, this could attribute to the addition of TMC within
TGOm. A small quantity of the C | elementary that arise in

54216 | RSC Adv., 2017, 7, 54213-54221

TGOm were possibly derived from unreacted acyl chloride
groups in TMC, and this results show a close agreement with
the analysis of FT-IR. The XPS were used to further characterize
the chemical bonds in TGOm. Four types of C bonds were
distinguished from the curve fitting of C 1s spectra (Fig. 3c), the
binding energy of 284.5 eV is assigned to C-C/C=C, and
286.6 eV is ascribed to C-O. The respective binding energy of
288.1 and 288.8 eV correspond to C=0 and COOR, and the
binding energy of COOR is higher than that of GO. The above
XPS results mean that GOm had cross-linking by TMC. The XRD
patterns of the GOm and TGOm are compared in Fig. 3d. The

This journal is © The Royal Society of Chemistry 2017
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GOm and TGOm have a d-spacing value of 7.98 A and 7.95 A,
respectively. This results show the TMC isn't infiltrate into the
interlamination channels of deeper GO layers, there is only
surface reaction between GOm and TMC.

3.3 Morphology and microstructure of GOm and TGOm

The surface and cross-sectional morphologies of the GOm and
TGOm were examined by the SEM, as depicted in Fig. 4. From
the surface images of GOm (Fig. 4a) and TGOm (Fig. 4c), we can
see very similar morphologies which displays a typical wrinkled
GO skin layers. Fig. 4d and e show the cross-section of GOm and
TGOm, respectively. The stacked lamellar structure at the upper
layer and macroporous voids at the substratum can be observed
clearly, indicating the discrete GO layer supported by PAN
ultrafiltration substrate, which is similar to our previous
studies.” It did not see any significant changes in the thickness
of GO layer after TMC-cross-linking reaction. The surface of
TGOm was relatively hydrophobic with a water contact angle of
57° (Fig. 4c inset), which was higher than that of GOm about 51°
(Fig. 4a inset). The decrease of membrane hydrophilicity may
due to the TMC used as a cross-linker.

3.4 Pervaporation dehydration performance

Membranes that could reach superior separation performance
should be provided with high permeation flux and separation
accuracy simultaneously. To this end, the design and tailoring
of membrane permeation channels need to be taken seriously,
as it is crucial for precise separation of ions or molecules as well
as high-efficiency of water transport.>”> Here, we designed the

This journal is © The Royal Society of Chemistry 2017
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surface cross-linked GO barrier layer for precise separation
which remains the uncross-linked interlamination channels for
water transportation. The effect of the dosage of TMC used
during the cross-linking reaction on the separation perfor-
mance of the GO-based membrane was investigated, using 70/
30 of water/ethanol as feed solution at 30 °C.

Fig. 5a shows the permeate flux and water concentration in
permeate results for the GOm and the TGOm with different
mass ratio of TMC to GO. The date revealed that the water
concentration in permeate increased markedly from 87.9% (for
GOm) to 97.3% (for TGOm) when the mass ratio of TMC to GO is
60 : 1. However, the water flux of TGOm changed slightly into
0.99 L m 2 h™', which was at least comparable to the value of
GOm as 1.19 L m > h™ ", It was found that, with the increasing of
the mass ratio of TMC to GO, the water concentration in
permeate maintained at a high level, while the permeate flux
varied rather minimal. As can be seen that the water concen-
tration in permeate and the permeate flux of the tested TGOm
reached 97.2% and 1.06 L m~ > h™", respectively, when the mass
ratio of TMC to GO reached to 100 : 1. In addition, the calcu-
lative SF results obtained from the eqn (2) indicated that the
TGOm had a SF value of 81 which much higher than that for
GOm of 17. The above results demonstrated that the TGOm
exhibited a better separation performance than the GOm.

The separation performance of TGOm with the TMC/GO
mass ratio of 100 : 1 was also examined using feed solution of
97/3 of water/ethanol. As shown in Fig. 5b, the water concen-
tration in permeate of TGOm has reached 99.5%, better than
the result of 99% for GOm. The water flux of the tested TGOm
was slightly down to 5.9 L m > h™! when compared with the

RSC Adv., 2017, 7, 54213-54221 | 54217
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(a) Surface and (d) cross-section SEM images of the GOm; (c) surface and (e) cross-section SEM images of the TGOm (inset: water contact

angle); (b) the digital photographs of TMC-cross-linked GO/PAN composite membrane (TGOm).
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Fig. 5 The pervaporation performance for: (a) GOm and TGOm with different mass ratio of TMC to GO using 70/30 of water/ethanol as feed
solution; (b) GOmM and TGOm with the mass ratio of TMC to GO at 100 : 1 using 97/3 of water/ethanol feed solution.

result of 6.3 L m~> h™" for GOm. It could be attributed to the
cross-linking of GO nanosheets within the TGOm which result
in the smaller nanochannel for water transportation. Never-
theless, the calculated SF value of 6.2 for TGOm was twice
higher than 3.1 from the data of GOm, demonstrated that the
TGOm was more suitable for the ethanol dehydrate application.

In general, for composite separating membranes, the perme-
ation flux and selectivity for molecules are the primary criterions
that determined their separation performance, and it shows
negative correlation between the two criterions.*® However, the
experimental data of the tested TGOm in our investigation veri-
fied that the TGOm could reach superior separation performance
both with high water flux and selectivity for ethanol. This
observation could be attributed to the special structure as we
designed for TGOm with a surface cross-linked GO barrier layer
and the uncross-linked interlamination channels.

54218 | RSC Adv., 2017, 7, 54213-54221

As we know, the performance of GO-based membrane at
high temperature could become unstable due to the slight
decomposition of the GO. In our experiment, the separation
performance of the TGOm was examined using 97/3 of water/
ethanol as feed solution under different temperature to better
understand the stability of TGOm for ethanol dehydration. The
permeate flux and the water concentration in permeate results
for TGOm are shown in Fig. 6. The data revealed that the TGOm
had an increasing water flux from 6.3 to 14 L m~> h™" as the
operating temperature raised from 30 to 60 °C. One explanation
for this observation is that the viscosity of the feed solution
decreased under higher temperature result in the enhanced
diffusion coefficient, thus the water permeation accelerated
along with the rise of the operating temperature and the
permeate flux increased. Whereas the operating temperature
raised constantly, the water concentration in permeate values of

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 The pervaporation performance of the TGOm at different feed
temperature using 97/3 of water/ethanol feed solution.

the tested TGOm always keep up to 99.7% (at 30 °C) until
reached the detection limited value of 99.99% (at 60 °C). It
turned out that the performance of the TGOm at higher
temperature had not been affected for the separation of
ethanol/water solution effectively. We verified that the cross-
linking modification on GO did significant contribute toward
the mechanical property and stability during pervaporation.

4. Conclusions

In summary, a novel surface TMC-cross-linked GO/PAN
composite membrane has been successfully fabricated by
vacuum suction method. The surface cross-linked GO barrier
layer of TGOm with a stable interlamellar spacing was formed
ensuring the precise separation, while it remains the uncross-
linked interlamination channels for the fast water trans-
portation. The pervaporation results indicated that the TGOm
exhibits superior separation performance. With the TMC/GO
mass ratio increased to 100 :1, the water concentration in
permeate of the TGOm reached at a high level of 97.3%, while
the water flux changed slightly to 1.06 L m~> h™". The separa-
tion factor of 81 for TGOm was nearly five times higher than
that of the GOm. Due to the cross-linking of GO nanosheets that
prevented the decomposition of the GO layer, the performance
of TGOm under different operating temperature from 30 to
60 °C was stable with a highest water concentration in permeate
of 99.7%. This work provides a novel strategy for preparing
surface cross-linked GO-based composite membrane with both
high water permeability and selectivity for ethanol, as well as
fine thermo-stability. The superior performance of this
membrane promises it great potential for water separation
applications.
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