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ABSTRACT

To improve the permeability, antifouling and mechanical performance of cellulose acetate (CA)
hollow fiber membrane is the objective of this study. Braid-reinforced method, where a simple coat-
ing process is implemented with high-strength hollow tubular braid as the reinforcement, is adopted
to prepare the reinforced CA hollow fiber membrane; and graphene oxides (GOs) with various sheet
size and additive content are incorporated into the separation layer to optimize the permeability and
antifouling performance of the membrane. Scanning electron microscopy (SEM) images show that
the prepared membranes have a favorable interfacial bonding state between the separation layer and
the braid; the more and longer finger-like macro-void and thinner skin layer appear in the separa-
tion layer after GOs modification. The pure water flux of membrane increases from 129.8 L/m?h to
158.1 L/m?h by introducing 1 wt% GO (with sheet size of 30-50 pm). Besides, the GOs modification
brings about increased protein solution permeate flux and flux recovery during the protein solution
filtration. The tensile strength (about 30 MPa) of the braid-reinforced membranes mainly depends
on the braid, which is much higher than the conventional solution spinning hollow fiber membrane.
Meanwhile, there is a decent boost in the bursting strength of the membrane by GOs modification.
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1. Introduction

Cellulose acetate (CA), the most important derivate
of natural cellulose, has played a significant role in mem-
brane separation because of its good film forming perfor-
mance [1,2] and relatively low cost [3]. Desalination [4]
and hemodialysis [5,6] are the established fields where CA
membranes have been applied. Most CA hollow fiber mem-
branes which are composed of skin layer and support layer
are usually prepared through the immersion-precipitation
method [5], where the poor mechanical property limits
their application in engineering practice, especially in the
membrane bioreactor (MBR). The hollow fiber membrane
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used in the submerged MBR is easy to be damaged and bro-
ken by the disturbance of the aerated airflow or high-pres-
sure water washing process [7]. Therefore, in the use of
such water treatment, the filtration membrane is required
not only for its superior separation and permeation per-
formance but also for its higher mechanical property than
hitherto [8].

Some studies have been carried out to improve the
mechanical properties of the hollow fiber membranes.
Polyethylene terephthalate (PET) threads-reinforced poly-
vinylidene fluoride (PVDEF) hollow fiber membranes were
prepared by Liu et al. [9] and the tensile/rupture strength of
the reinforced membranes were significantly improved to
10 MPa. But it is so demanding on technology to introduce
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PET threads into the membrane wall. A simpler and more
effective method to prepare reinforced hollow fiber mem-
brane had been proposed, in which a simple coating process
is implemented with high-strength hollow tubular braid as
the reinforcement [10]. However, such a hollow fiber mem-
brane has a problem that the porous membrane is easy to
peel off from the braid because the porous membrane and
reinforced fiber are thermodynamically incompatible sys-
tem [7]. The requirement of the interfacial bonding strength
between the porous membrane and the reinforced fiber is
higher than the tensile strength because of the techniques of
aeration and antiwash in the filtration process.

Recently, graphene derivates have become ideal candi-
dates for polymer reinforcement on account of their unique
architecture and superior performance. Correspondingly, it
can be incorporated into filtration membranes to optimize
targeted properties, such as high water permeability, high
solute rejection and better antifouling performance, by the
solution-blending method [11-13]. Graphene oxide (GO)
with oxygen-containing groups attached on its edge and
basal plane is a highly dispersible derivate of graphene [14],
and possesses remarkable chemical, mechanical and physi-
cal properties, such as extremely high specific surface area,
superior mechanical strength, excellent wettability and a
unique graphitized plane structure [15], which are import-
ant factors in enhancing the membrane properties when it
is used in the mixed-matrix membranes. Several authors
have investigated the influence of two-dimensional GO on
permeation and antifouling performance of ultrafiltration
membranes [11-13]. However, the study of GO in the per-
formance modification of composite CA membrane has not
been reported. In addition, the effect of the size of the GO
nanosheet on the microstructure and performance of syn-
thetic membrane has not been investigated in speciality.

To improve the mechanical performance of CA hollow
fiber membrane, braid-reinforced method by coating pro-
cess is adopted in this study. To overcome the above-men-
tioned thermodynamically incompatibility and enhance
the interfacial bonding state between the separation layer
and the reinforced braid, CA filament was partially incor-
porated into the polyacrylonitrile (PAN) braid as homoge-
neous-reinforced fiber. This method has been proposed in
our previous work [16,17]. So, the problem of mechanical
performance was resolved effectively and the preparation
process was simple. Then graphene oxides (GOs) with var-
ious sheet size and additive content were incorporated into
the separation layer by the solution-blending method to
optimize the permeability and antifouling performance of
the membrane, due to their unique structure and superior
performance. The effects of the GO sheet size and the GO/
CA ratio in coating solutions on the membrane structure,
filtration and mechanical properties would be studied.

2. Experimental
2.1. Materials

Cellulose acetate (CA, Mw = 60,000) was purchased
from Wuxi Chemical Industry Research & Design Institute
Co., Ltd. N,N-dimethylacetimide (DMAc, 99.5%) and poly
(ethylene glycol) (PEG, Mw = 600) were obtained from Tian-
jin Kermel Chemical Reagent Co., Ltd. Bovine serum albu-

min (BSA, Mw = 68,000) was bought from Beijing Solarbio
Science & Technology Co., Ltd. Cellulose acetate filament
yarn (CA fiber, 150D/30F) was provided by SVACO (Hong
Kong) Ltd. Polyacrylonitrile filament yarn (PAN fiber,
150D/60F) was supplied by Changshu Xiangying Special
Fiber Co., Ltd. Single-layer graphene oxides (GO-a, with
sheet diameter of 0.5-5 pm; GO-b, with sheet diameter of
30-50 pm) were produced through improved Hummers’
method [18] by Hengqiu Graphene Technology (Suzhou)
Co., Ltd.

2.2. Membrane fabrication

All the membranes were prepared by the concentric
circles coating and dry-wet spinning process. Before this
process, three bundles of filament tows (consisted of a bun-
dle of PAN filament tow and two bundles of CA filament
tows) were combined into one filament tow by the doubling
machine, and then the hollow tubular braids were prepared
by the two-dimensional braiding machine using the com-
bined tows. Then GO-a or GO-b (0, 0.5, 1 and 1.5 wt% based
on the weight of CA) was first imported into DMAc solvent
(70 g), and then the solutions were sonicated for 120 min (40
kHz) before addition of CA (15 g) and PEG (15 g). The dope
solutions were then mechanically stirred at 70°C for at least
3 h. The braid-reinforced hollow fiber membranes were fab-
ricated through the concentric circles coating setup showed
in Fig. 1. In this process, the hollow tubular braids went
through the glass coater, and the coating solution after fully
degassing was added into the glass coater. Thus the braids
were coated with the CA solutions and guided through a
water coagulation bath (15°C) under the drawing of the
wire guide roller, where the braid-reinforced CA hollow
fiber membranes were formed. The air-gap distance and
take-up speed were set at 20 cm and 120 cm/min, respec-
tively. The resultant membranes were stored in water for
at least 24 h to remove the residual solvents and wash out
the water-soluble additive. In order to identify these mem-
branes easily, they were denoted as CA, CA/GO-a and CA/
GO-b, respectively.
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Fig. 1. Schematic diagram of the spinning apparatus.
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2.3. GO characterization

The morphology of the GO was observed using trans-
mission electron microscope (TEM, H-7650, HITACHI,
Japan) operated at 120 kV. The surface morphology and
sheet thickness of GO was examined using atomic force
microscope (AFM, 5500 AFM/SPM, Agilent, USA). The GO
was dispersed by sonication in a mixture of pure water, and
then dried and the AFM tested under the tapping mode.
Fourier-transform infrared spectrometer (FTIR, TENSOR37,
BRUKER, Germany) was used to identify functional groups
on the surface of the GOs.

2.4. Membranes characterization

To characterize the chemical property of the membranes,
the separation layer was peeled off from the braid, and the
FTIR measurements were carried out. The morphologies
of the membranes were observed using scanning electron
microscope (SEM, Quanta 200, FEI, Netherland). The water
contained in the samples was substituted by ethyl alcohol,
t-butanol/ethyl alcohol (1/1) and t-butanol for 12 h suc-
cessively. Then the samples were freeze dried for 24 h, fol-
lowed to be cut off by a razor blade. Thereafter, they were
sputtered with gold and recorded through SEM.

The mean pore size of the each membrane was deter-
mined by using automatic mercury porosimeter (AutoPore
IV-9500, Tektronix, USA). The hydrophilicity of membrane
surface was characterized by water contact angle that was
measured using a contact angle goniometer (DSA-100,
KRUSS, German). Static water angles contact were taken 10
s after the contacting of the drop with the surface.

2.5. permeation performance measurements

The pure water flux of the membranes was determined
by a cross-flow batch (Fig. 2). The pressure difference across
the membrane was 0.1 MPa under the condition of outside
feeding.

The protein solution flux of the membranes was mea-
sured with 1000 mg/L BSA aqueous solution at 0.1 MPa.
The BSA rejection was calculated from the BSA concen-
tration in feed solution and permeate solution. The con-
centration of feed solution and permeate solution were
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Fig. 2. Schematic diagram of cross-flow filtration apparatus. [17]

determined by ultraviolet (UV) spectroscopy at wavelength
of 280 nm, using a spectrophotometer (TU-1810, Purkinje
General, China).

After BSA solution filtration for 60 min, the membranes
were cross-flow cleaned with pure water for 10 min to
recover their permeability. The flux recovery rate was cal-
culated as the ratio of the pure water flux after cleaning to
the pristine pure water flux.

2. 6. Mechanical property tests

The tensile properties of the hollow fiber membranes
were tested at room temperature through electromechani-
cal testing machine (JBDL-200N, Yangzhou Jingbo, China).
The gripping range and tensile rate were 100 mm and 100
mm/min, respectively.

The interfacial shear strength between the coating
layer and the braid was determined through pull-out test
(Fig. 3a). The hollow fiber membrane was partially embed-
ded in an epoxy resin, and only the coating layer with
length of 1 cm contacted with the epoxy resin. The pull-out
force of the braid from the coating layer/epoxy resin was
measured through electromechanical testing machine and
the pull-out strength was calculated using Eq. (1):

F

where P was the pull-out strength (Pa), F was the pull-out
force (N), d was the diameter of the braid (m), and [ was the
length of the embedding membrane (m).

The bursting strength of the membranes was measured
by using an apparatus with nitrogen cylinders, pressure
gauge and gas flowmeter as shown in Fig. 3b.

3. Results and discussion
3.1. Characterization of GOs

Several characterization techniques (TEM, AFM and
FTIR) were used to understand the unique physicochem-
ical properties of GO nanosheets. The GOs prepared by
the improved Hummers method have a yellowish/light
brown color, indicating that the carbon lattice structure is
distorted by the added oxygenated functional groups, since
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Fig. 3. Schematic diagram of (a) pull-out test and (b) bursting
test.
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Fig. 4. Characterization of GO nanosheets. (a) TEM image, (b) AFM image, (c) FTIR spectra, (d) AFM height profile of GO.

pure graphene or graphite is black. Fig. 4a shows that the
GO sheet is ultrathin and transparent, which indicates that
the GO sheet have obviously high specific surface area. It
is seen from the AFM image (Fig. 4b) that the lateral size of
the GO nanosheet is 2 pm or so. The height profile (Fig. 4d)
obtained by analyzing the AFM image demonstrates that
the thickness of GO nanosheet is within a range of 1.0-1.5
nm, indicating the GO nanosheet contains either single or
double layers of carbon lattice. In addition, the morphol-
ogy of the other GO nanosheet (GO-b) was difficult to be
observed by TEM and AFM, because of the larger size and
pleated sheet.

FTIR is a powerful tool of investigating functional
groups of the GOs. In Fig. 4c, the peaks emerging at 1680/
cm and 3300-3600/cm correspond to carboxyl group and
hydroxyl group, respectively. The hydrophilic properties of
these oxygen-containing functional groups on the surface
of the two kinds of GOs will be beneficial in evidencing the
improvement of the dispersibility of GOs in aqueous solu-
tion and the membrane hydrophilicity.

3.2. Characterization of membranes

The FTIR spectra of the membrane separation layer are
shown in Fig. 5. The neat CA membrane shows a band at
1742 /cm, which is attributed to the stretching vibration
of C=0. The band at 1230/cm in fingerprint region cor-
responds to the stretching modes of C-O single bond in
acetates. Besides, there is no obvious absorption peak of
O-H bond. These demonstrate that there are plenty of ace-
tyl groups and few hydroxyl groups in the CA membrane.
Compared with the spectrum of neat CA membrane, there
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Fig. 5. FTIR spectra of the neat CA and 1 wt% GO modified CA
membranes

is no obvious change in the GO modified CA membranes,
which results from the low GO/CA ratio (1 wt%). The main
effect of the modification of GOs is to change the structure
of the membrane, which can be seen from the SEM photos.

In order to investigate the effect of GO modification on
the microstructure of the membranes, SEM micrographs of
braid-reinforced CA membrane and GO modified mem-
branes have been obtained. As depicted in Fig. 6 (series 1),
there is no obvious difference in the dense outer surface of
the membranes. Fig. 6 (series 2 and 3) shows the cross-sec-
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Fig. 6. SEM morphology of braid-reinforced hollow fiber membranes. (a) CA, (b) CA/GO-a (1 wt%), (c) CA/GO-b (1 wt%); (1) Outer

surface, (2) Whole cross-section, (3) Enlarged separation layer.

tion and enlarged separation layer morphology views of
the membranes. Obviously, a microporous coating layer
is formed at the outer surface of the hollow tubular braid
through the concentric circles coating method with the dope
solution. There is favorable interfacial bonding between the
separation layer and the braid due to the infiltration of the
dope solution and the partial dissolution of CA fiber in the
braid. The separation layer of all the membranes presents
asymmetric structure with a selective thin upper skin on
porous sub-layer with finger-like structure. This structure
is mainly due to the mutual diffusivity of solvent (DMAc)
and non-solvent (water). Compared with the neat CA mem-
brane, the CA/GO-a and CA/GO-b membranes exhibit
the more and longer finger-like macro-void and the longer
finger-like macro-void results in the thinner skin layer. It
can be explained by the affinity of GO with many types
of hydrophilic groups, which increased mass transfer rate
between solvent and non-solvent during phase inversion.
Therefore, larger pore channels would form due to the
rapid mass transfer [11]. The phenomena undoubtedly ben-
efit the water permeability. Moreover, the used GO-a and
GO-b have the similar chemical property, which can be seen
from the FTIR spectra showed in Fig. 4c. So, little difference
between the CA/GO-a and CA/GO-b membrane could be
observed through the SEM images.

From Table 1, the mean pore sizes of the membranes
are initially increased by incorporation of low amount of

GO and then, slightly reduced by more addition of GO.
On one hand, the incorporation of GO increases the solu-
tion thermodynamic instability in the coagulation bath,
which promotes a rapid phase demixing, resulting in
large pore formation in low amount of the additives on
the membrane surface [19]. On the other hand, the vis-
cosity of blend solutions increases along with the content
of GO. As a result, the increase of the viscosity typically
delays the exchange of solvent and nonsolvent as well as
suppresses the formation of large pore size. Besides, it
could be seen that the GO modification has little impact
on the surface hydrophilicity of the braid-reinforced CA
membrane because of the low GO/CA ratio mentioned
before.

3.3. Permeation performance

The addition of GO also have an impact on the perme-
ation performance of the braid-reinforced CA membrane.
Fig. 7a presents pure water flux and BSA rejection of the
membranes. The pure water flux of the membranes are
initially increased by incorporation of low amount of GO
and then, reduced by more addition of the additives; the
rejection of membranes decreases slightly with the addi-
tion of GO. Obviously, 1 wt% GO/CA membranes have
the highest flux, and the CA/GO-b membranes present
better permeability than the CA/GO-a membranes in
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Table 1
Characterization of braid-reinforced hollow fiber membranes

Membrane GO/CA Inner diameter ~ Outer diameter ~Coating layer Skin layer Mean pore  Contact
ratio (wt %)  (mm) (mm) thickness (um)  thickness (um)  size (nm) angle (°)
CA 0 0.41 +0.07 1.83 +0.02 155 + 33 21.7 +5.3 131 62.3 +4.1
CA/GO-a 0.5 0.42 = 0.08 1.78 + 0.01 162 + 28 37+x09 151 62.7 £3.6
1 0.37 £ 0.06 1.76 + 0.03 174 + 30 23+07 214 63.8 44
1.5 0.40 + 0.06 1.77 +0.02 159 + 26 25+07 204 614 +37
CA/GO-b 05 0.43 +0.07 1.79 +0.01 155 + 31 32+06 165 632=+31
1 0.41 = 0.06 1.82 £ 0.02 165 + 34 27+0.6 193 64.1+4.3
1.5 0.38 + 0.07 1.78 +0.02 161 +29 3.6+0.8 157 619 +4.0
200 : 100 120
@ —hree——— (b)
£ 180 Red: CA/GO-a {90 1or —=—CA
£ Blue: CA/GO-b = —o— CA/GO-a(1 wt%)
< 160 2 E 100} —— CA/GO-b(1 wt%)
3 §§ 180 g 2
E Hor % % § é “r .-"\-/.\-—\'_\\‘\H_.
© 4170 3
5 120t % £ § 80F
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Fig. 7. Permeation performance of braid-reinforced hollow fiber membranes. (a) Pure water flux and BSA rejection; (b) Time-depen-
dent BSA solution permeate flux.

low amount of GOs. The pure water flux of membrane
increases from 129.8 L/m?h to 158.1 L/m?h by introduc-
ing 1 wt% GO-a. As shown in Fig. 8, the permeability of
the membranes is affected by the water channels, which
can be tuned by the GO content and GO structure. The
thin skin layer in the separation layer plays a role of the
main fluid flow resistance through the membrane. The
membranes modified by GOs have the thinner skin layer
(Table 1), which undoubtedly benefit the water permea-

bility. This can be seen from the SEM photographs shown l ' I l— e p—
in Fig. 6 (series 3). On the other hand, some of the GO — =
nanosheets existing in the CA matrix parallel to the mem- O O (
brane surface, which endow the water permeating with
() ®
& & &

GO nanosheet

tortuous or zigzag channel [20] and undoubtedly gener-
ate membrane resistance. In addition, the length of the
water channels in membrane is mainly determined by
the GO content level and sheet size. GO-a has the bet-
ter dispersion than GO-b because of the smaller sheet
size, which could render the water channels longer and
the pure water flux lower in GO/CA ratio of 0.5 and 1
wt%; As the GO loading increase, the membrane resis-
tance caused by tortuous water channels per unit thick-
ness increase (Table 2), which results in the reduced pure
water flux in GO/CA ratio of 1.5 wt%. All things con-
sidered, the additive content of GO have more influence
on the membrane permeability than the nanosheet size.
As for the BSA rejection, the pore size of the membranes
plays a crucial role, based on the sieving mechanism. Fig. 8. Mechanism for water permeation through the skin layer.
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Fig. 7b shows the variation with time of the flux in the
permeation of protein solution under a fixed pressure (0.1
MPa). The initial protein solution fluxes of the GO modi-
fied CA membranes, especially the CA/GO-b membrane,
are above that of the CA membrane; after filtration for 60
min, the steady fluxes of the GO modified CA membrane
are still higher than the CA membrane. Besides, the CA
membrane has a low flux decline rate of 8.6% during the
protein solution filtration; while the flux decline degrees are
16.5% for the CA/GO-a (1 wt%) membrane and 24.7% for
the CA/GO-b (1 wt%) membrane, which are higher than
the neat membrane in spite of the higher protein solution
flux (Table 3). The flux decline in the membrane filtration

Table 2
The resistance analysis of the membranes

Membrane GO/CA Membrane Membrane resistance /
ratio resistance  skin layer thickness
(wt %) (x10"2 m™) (x107 m™)

CA 0 277 1.28

CA/GO-a 0.5 249 6.73
1 2.53 11.00
1.5 3.05 12.21

CA/GO-b 0.5 2.35 7.34
1 2.28 8.44
15 3.43 9.53

Table 3
BSA solution filtration characterization of CA and 1 wt% GO
modified CA membranes

Membrane Initial Steady Flux Flux
protein protein decline recovery
solution solution rate (%) rate (%)
flux (L/m?h) flux (L/m?h)

CA 88.2 80.6 8.6 91.2

CA/GO-a  100.5 83.6 16.5 94.5

CA/GO-b 1153 86.8 24.7 96.7

40
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is attributed to two main sources: the concentration polar-
ization and membrane fouling. Concentration polarization
can be reduced by modifying the flow over the membrane
(such as cross-flow velocity). The flux recovery rate is intro-
duced to evaluate the fouling properties. From Table 3, the
flux recovery rate values for the CA, CA/GO-a and CA/
GO-b membranes are 91.2, 94.5 and 96.7%, respectively.
The high flux recovery during the process of protein solu-
tion filtration indicates the anti-fouling properties of all the
membranes are well. Thus, the incorporation of GO, espe-
cially GO-b, not only brings about increased permeate flux
during the process of protein solution filtration, but also
keeps the flux recovery rate at a high or higher value. These
effectively reduce the frequency and strength of the wash-
ing process, which can indirectly improve the service life of
the membranes.

3.4. Mechanical performance

The high mechanical strength is the biggest advan-
tage of braid-reinforced hollow fiber membrane. The
stress-strain curve of the hollow tubular braid and the
braid-reinforced hollow fiber membranes are shown in
Fig. 9a. The initial modulus of the raw braid is below the
braid-reinforced membranes, because of the transforma-
tion of the braid structure from loose condition to jam-
ming condition at the initial stage of tension. While the
coating layer of the braid-reinforced membranes which
withstand the most forces restrains the transformation
at the initial stage of tension. Besides, the elongation at
break of the braid-reinforced CA membranes is lower
than the braid. This results from that the dope solution
which infiltrates into the braid reduces the fiber orien-
tation at break. The tensile strength of the membranes is
about 30 MPa, which is much higher than the conven-
tional solution spinning hollow fiber membrane. It can
also be seen that there is no obvious difference in the ten-
sile curve of the membranes, and the tensile strength of
all the membranes close to the braid, which indicates that
the tensile strength of the braid-reinforced hollow fiber
membranes mainly depend on the braid.

Unlike the tensile strength, the pull-out strength and
bursting strength can reflect more the strength of the inter-
face and coating layer, respectively. From Fig. 9b, the pull-

1.2
(b) 2 Pull-out strength
10F Bursting strength
< osf Z
=3
£ 06F
o
c
o
& 04}
0.2
0.0

CA

Fig. 9. Mechanical properties of neat CA and 1 wt% GO modified CA membranes. (a) Stress-strain curve; (b) Pull-out and bursting

strength.
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out strength of the GO modified CA membranes is slightly
lower than the CA membrane, which could because that the
higher viscosity of the CA/GO dope solutions leads to the
lesser interface bonding strength due to the reduced infiltra-
tion and dissolution. Besides, the GO modified membranes
acquire an increase in bursting strength compared with the
CA membrane. This indicates that the porous coating layer
of the modified membranes with GO are becoming stronger.
The enhancement is attributed to that the brick-and-mor-
tar architecture [21] and interfacial interaction can render
effective load transfer. The GO nanosheet with extremely
high specific surface area has a strong interaction with the
CA matrix and the significantly improved adhesion at inter-
faces is obtained.

4. Conclusion

This study aims to improve the permeability, anti-
fouling and mechanical performance of CA hollow fiber
membrane. Braid-reinforced method, where a simple coat-
ing process is implemented with high-strength hollow
tubular braid as the reinforcement, is adopted to prepare
the reinforced CA hollow fiber membrane; and graphene
oxides (GOs) with various sheet size and additive content
are incorporated into the separation layer to optimize the
permeability and antifouling performance of the mem-
brane. SEM images showed that the braid-reinforced hol-
low fiber membranes have a favorable interfacial bonding
state between the separation layer and the braid; the more
and longer finger-like macro-void and thinner skin layer
appeared in the separation layer by the addition of GOs.
The maximum pure water flux (158.1 L/m?h) of GO mod-
ified CA membranes are obtained as the GO sheet size
is 30-50 pm and the GO/CA ratio reaches to 1 wt%. The
rejection of the membranes toward BSA decreases slightly
because of the increased pore size after doping GOs. Intro-
duction of 1 wt% GOs, especially with the larger sheet size
of 30-50 um, brings about increased protein solution per-
meate flux and flux recovery during the process of protein
solution filtration, the increased flux recovery indicates
that the anti-fouling properties of the braid-reinforced CA
membranes are improved. The tensile strength (about 30
MPa) of the braid-reinforced membranes mainly depends
on the braids, which is much higher than the conventional
solution spinning hollow fiber membrane. Meanwhile,
there is a decent boost in the bursting strength of the mem-
brane by GOs modification.

In view of the conclusion discussed above, the braid-re-
inforced CA membrane possesses main advantage in
mechanical performance which is barely affected by the
composition of the coating solution. The membrane mod-
ified by GO hold a certain potential for improving the
permeability and antifouling performance and need to be
further exploited fully.
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