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ABSTRACT

In this work, nanocrystalline cellulose (NCC)/polyvinylidene fluoride (PVDF) ultrafiltration composite
membranes reinforced with graphene oxide (GO) were successfully prepared by the Loeb-Sourirajan
phase inversion process. Firstly, the effects of mutual interactions between GO and NCC on membrane
surface structure, morphology, and performance were investigated in detail. The existence of hydrogen
bonds between GO and NCC in the membrane was confirmed by Fourier-transform infrared spectros-
copy. The morphology of the membranes was observed by scanning electron microscopy. The water
flux, bovine serum albumin rejection, and attenuate coefficient of the membranes were determined to
investigate the filtration performance, and the filtration performance was hardly affected with addi-
tion of GO. The NCC/PVDF membrane modified with 1.0 wt% GO showed the highest tensile strength
of 9.56 MPa, which was 58.01% higher than that of the unmodified membrane. Thermogravimetric
analysis indicated that the blend membranes modified with GO had higher thermal stability com-
pared with the unmodified NCC/PVDF membrane. When the NCC content was 0.5 wt% and the GO
content was 1.0 wt% (the content of GO was based on the weight of PVDF), the optimized performance
could be obtained due to the formation of hydrogen bonds between GO and NCC.

Keywords: Graphene oxide; Nanocrystalline cellulose; Polyvinylidene fluoride; Ultrafiltration
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1. Introduction

Ultrafiltration (UF) technology has attracted much atten-
tion in recent decades, which has been extensively used in
various industrial fields, such as water desalination, ultra-
pure water production, product recycling, and wastewater
treatment [1-5]. Hydrophilicity and porous structure of the
membranes are essential for the fabrication of UF membrane
[6]. The porous membrane used in these processes must have
high permeability, nice hydrophilicity, and excellent chemical
resistance to the feed streams [7]. Due to the easily controlla-
ble morphology and high porosity, polyvinylidene fluoride
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(PVDF) is extensively used for UF membranes preparation
[8-11], which is a polymer with high thermal stability, high
mechanical strength, and excellent chemical resistance to
aggressive reagents, such as organic solvents, acids, and
bases. However, there is a great drawback for PVDF mem-
branes, that is, their hydrophobic nature, which can cause
severe membrane fouling and low permeability, restricting
their application in water and wastewater treatment [12-15].
Therefore, it is necessary for PVDF membranes to tune their
surface hydrophilicity and improve their antifouling prop-
erty [16]. Consequently, considerable efforts have been made
to improve the hydrophilicity and fouling-resistant proper-
ties of PVDF membranes, including blending modification
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and surface modification. The ongoing development of sur-
face modification has enabled integration of hydrophilic or
superhydrophilic materials into the membrane surface by
grafting or coating strategies [17], thereby the comprehen-
sive performance of polymeric membranes is improved [18].
However, most surface coating and surface grafting tech-
niques result in flux reduction and unsustainability of the
functional layer. Blending modification is a practical method
for surface modification, and it does not require any pre- or
posttreatment procedures [19]. Recently, nanoparticle blend-
ing modification of polymer matrices has been investigated,
and the modified polymer matrices exhibit superior perfor-
mance to pure polymeric membranes [20,21]. However, the
compatibility of the nanoparticles is extremely important for
the membrane performance in PVDF solution.

Cellulose, as an abundant, cheap, biodegradable, and
renewable resource, has gained much attention with the
increasing interest in plant fiber blend materials [22].
Especially, nanocrystalline cellulose (NCC) has the features
of hydrophilicity and nanoparticles including very large
specific surface area, high mechanical strength, and high ten-
sile modulus [23], which can be applied to UF. According to
previous reports, NCC has been incorporated with polysul-
fone, polyether sulfone, or PVDF to enhance the hydrophilic-
ity and mechanical properties of the membranes [3,24,25].
However, due to the high hydrophilicity and low miscibility
in solvents of low or no polarity, there is a strong aggregation
tendency for NCC in hydrophobic polymer matrix, imped-
ing its feasible application in the UF technology [26]. Hence,
some approaches have been devoted to address such prob-
lems, including amphiphilic diblock copolymer doping [27],
and combining with carbon materials [28,29]. In particular,
the combination of NCC with graphene oxide (GO) is con-
sidered as a practical way to conquer the abovementioned
problems due to their unique properties [30].

Covalent functionalization on the surface of graphene
is one strategy to fabricate graphene-based polymer blends,
and it is an effective method to improve the interfacial inter-
action between graphene and the polymer matrix [31,32]. GO
is a modified version of graphene with oxygen and hydrogen
atoms bonded to the carbon atoms. Usually, GO is obtained
by oxidizing graphene with strong acids and oxidizers [33].
The oxidation process introduces several functional groups
into the graphene lattice, such as hydroxyl, epoxy, and car-
boxyl groups. The presence of oxygen and hydrogen-based
functional groups enables the nanosheets of GO to disperse
well in water and other organic solvents, which facilitates
preparation of GO-containing membranes [34,35]. In some
previous works, the influence of GO on thermal stability,
permeation, and antifouling performances of UF membranes
has been investigated [20,36]. Other scholars found that GO
is also an ideal nanomaterial for attaching NCC and enhanc-
ing the mechanical properties and thermal stability of GO/
NCC. The coupling of GO and NCC preparation of GO/NCC
nanocomposites has been verified well in previous studies
[28,29,37,38]. Thus, the GO/NCC nanocomposites have excel-
lent mechanical properties and thermal stability, which can
potentially be used as a reinforcing material for polymers.

Based on this conception and the body of previous
research, the objective of this work is to prepare UF com-
posite membranes with the addition of different GO ratios

via phase inversion method and study the synergistic effects
of NCC and GO nanomaterials in the matrix on the thermal
and mechanical properties of the GO/NCC/PVDF UF com-
posite membranes. These results offer a novel yet simple and
effective way of designing UF composite membranes with
extraordinary performance by incorporating with two nano-
materials. Membrane characterizations were confirmed in
terms of scanning electron microscopy (SEM), thermograv-
imetric analysis (TGA), pulling force instrument, pure water
flux, rejection, and others. Our results demonstrate that the
GO/NCC/PVDF UF composite membranes showed some
potential to be used as filtration membrane for water puri-
fication and/or wastewater treatment due to their structural
stability and enhanced thermal/mechanical properties.

2. Experimental procedure
2.1. Materials and methods

The PVDF (T.P) was purchased from the Dongguan
City Special Exhibition of Plastic Raw Material Co., Ltd.
(Dongguan, China). Polyvinylpyrrolidone K-30 (CP) and
bovine serum albumin (BSA, BR: 98%) were purchased from
Shantou Exiling Chemical Plant (Shantou, China) and Beijing
Aoboxing Biological Technology Co., Ltd. (Beijing, China),
respectively. Bamboo cellulose pulp (DP: 850-1,000) and GO
(BR: 298%) were provided by Shandong Huatai Paper Mill
(Shandong, China) and Jining Leader Nano Technology,
Co., Ltd. (Jining, China), respectively. Sulfuric acid (H,SO,,
95%-98%), and N,N-dimethylacetamide (DMAc, CP) were
purchased from Sinopharm Chemical Reagent Beijing Co.,
Ltd. (Beijing, China).

2.2. Preparation of NCC

Bamboo cellulose pulp was immersed in H,SO, (25 wt%)
solution under mechanical stirring at 85°C for 4 h, and the
solid to liquid ratio was 1:40. After the end of the reaction,
the pH of the solution was regulated until it was neutral by
adding deionized water. After sieving and drying, the sol-
ids were immersed into DMAc and homogenized with a
high-pressure homogenizer (NS1001S2K, GEA Niro Soavi
Co., Italy) at a high pressure of 100 MPa. Through this pro-
cess, the NCC was dispersed well into DMAc.

2.3. Preparation of the blend membranes

The possible membrane formation mechanism affected
by the synergetic effect between the GO and NCC are pre-
sented in Fig. 1. The membranes were prepared by the Loeb-
Sourirajan phase inversion process. The GO (0, 0.5, 1.0, 1.5,
and 2.0 wt% based on the weight of PVDF) nanomaterials
was first added to NCC/DMAc solution. The solution was
sonicated for 10 h, and PVDF was then dissolved in the GO/
NCC/DMACc solution. This casting solution was obtained
by swaying at 70°C under mixing with an electric blender
for 24 h. After stirring, the solutions were sealed and stored
at room temperature for up to 24 h to remove the bubbles.
A small amount of each casting solution (Table 1) was then
poured onto a clean glass plate and scraped with a home-
made scraper. After exposed to air atmosphere for 10 s, the
resultant membranes were soaked in distilled water for
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Fig. 1. The possible membrane formation mechanism affected by
the synergetic effect between GO and NCC.

Table 1
Compositions of the casting solutions (the content of GO was
based on the weight of PVDF)

Membrane PVDF PVP NCC GO DMAc
type wWt%)  (Wt%)  (wte)  (wt%)  (wt%)
MO 14 0.3 0.5 - 85.2
M1 14 0.3 0.5 0.5 85.2
M2 14 0.3 0.5 1.0 85.2
M3 14 0.3 0.5 1.5 85.2
M4 14 0.3 0.5 2.0 85.2

24 h to accomplish phase transformation and air-dried before
characterization.

2.4. Materials characterization

Transmission electron microscopy (TEM, JEM-1010,
JEOL, Japan) was used to determine the morphology of the
NCC, GO, and GO/NCC with an accelerating voltage of
80 KV. To enhance contrast in TEM, the NCC was negatively
stained with a 2 wt% aqueous solution of phosphotungstic
acid for 1 min. Nitrogen adsorption-desorption isotherms
were determined by using Brunauer—-Emmett-Teller (BET)
method using Micromeritics ASAP-2460 (Shanghai), and
GO was degassed at 50°C for several hours. And, the spe-
cific surface area of the GO was determined by employing
the BET equation. The dimension of GO was examined using
atomic force microscope (AFM), and the GO was dispersed
by sonication in water solution, then dried and tested under
non-contact mode.

2.5. Fourier-transform infrared spectroscopy

The membrane samples were completely dried at 50°C
in a drying oven, and then KBr pellets were prepared for
analysis. Before testing by Fourier-transform infrared (FTIR)
spectroscopy (Tensor 27, Bruker, Ettlingen, Germany),
the KBr pellets were placed on the sample holder. All of
the spectra were recorded in the wave number ranging
400-4,000 cm™.

2.6. Scanning electron microscopy

The GO/NCC/PVDF and NCC/PVDF blend membranes
were broken down in nitrogen liquid. After spraying with
gold, the fractured cross-sections and bottom surfaces of the
membranes were observed by SEM (S-3000n, Hitachi, Japan).

2.7. Thermogravimetric analysis

The thermal stability of the membranes was investigated
by TGA (TGA-600, Shimadzu, Japan). The experiments were
performed under an N, atmosphere (20 mL/min). The tem-
perature was increased from room temperature to 600°C at a
heating rate of 10°C/min.

2.8. Mechanical properties

A tensile testing machine (DCP-KZ300, Sichuan, China)
was used to test the tensile strength and elongation-at-break of
the membranes. The speed of the cross head was 20 mm/min.
The dried membranes were cut into rectangles with a width
of 15 mm and a total length of 100 mm. All of the membrane
samples were tested under ambient conditions. To minimize
the experimental error, the reported values were the average
of five samples.

2.9. Contact angle characterization and surface energy

The hydrophilicity of the dry membranes was examined
using a water contact angle measuring instrument (GBX
Instruments, Germany). A sessile drop was formed on the
membrane surface by slowly and steadily depositing 5 pL of
water with a microsyringe. The contact angle was measured
at the membrane-water—air interphase at room temperature
within 10 s of addition of the water drop. For each sample,
measurements were performed at six locations and the val-
ues were averaged. From the contact angle measurements,
the surface energy w, was calculated as follows:

0, =7, (1+C059) (1)
where v, was the surface tension (7.28 x 10 N/m).

2.10. Pure water flux and BSA rejection

The pure water flux of the membranes was determined
based on the previous methods [39]. Initially, the mem-
brane samples were compacted at an operating pressure of
0.15 MPa with pure water for 30 min. The volume of filtered
water (m°) in some portions of the membrane was obtained
with working pressure of 0.1 MPa and working time ¢ (h). All
the filtration experiments were carried out under this pres-
sure, and the permeated was collected every 5 min. To min-
imize the investigation error, seven samples were fabricated
for each type of membrane and measured, and the average
flux data were reported. The pure water flux J,, (L/(m*h))
was calculated as follows:

v
©(At) @
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where V was the volume of filtered water (m?), A was the
membrane area (m?), and t was the working time (h).

The rejection of BSA solution (1 g/L) was tested under a
working pressure of 0.1 MPa. The absorbance of the filtered
solution was measured at 280 nm with a UV-1801 ultraviolet—
visible spectrophotometer (Third Analysis Apparatus Co.,
Shanghai, China). The rejection R (%) was calculated as
follows:

R=|1 4 100%
o 3)

i

where A and A, were the absorbance of the filtered and initial
solutions, respectively.

2.11. Antifouling performance

First, the initial pure water flux of the membrane
J. (L/(m*h)) was measured before the UF process. Second,
BSA solution (1 g/L) was processed by the UF membrane for
1 h. The membrane was then cleaned with deionized water
for 1 h. After the membrane cleaning step, the recovery pure
water flux of the membrane ] (L/(m*h)) was determined.

The pure water flux attenuation coefficient M (%) was
calculated as follows:

m=Y71) 1009 @)

i

3. Results and discussion
3.1. Transmission electron microscopy

The TEM was used to investigate the morphology of the
NCC, GO, and GO/NCC composites; the NCC, GO, and GO/
NCC nanocomposites were relatively uniformly dispersed in
the DMAc. Fig. 2(a) shows TEM images of the NCC derived
from bamboo cellulose pulp board; the size of the NCC was
measured from the TEM images, which had lengths ranging
from 500 to 700 nm, and widths ranging from 20 to 50 nm
[40-42]. The NCC was prepared using the methods of dilute
sulfuric acid hydrolysis and physical high-pressure homoge-
nization in the range of aspect ratio from 10 to 35. According
to their relatively high aspect ratios, the prepared NCC could
be an effective reinforcement in nanocomposite for improv-
ing their mechanical properties [43]. The TEM micrograph
images of GO is shown in Fig. 2(b). It is observed that GO
had a wrinkled surface and wormlike structure, confirming
the successful exfoliation of GO layers. The similar results
were observed in the report of Safarpour et al. [44], and
according to their results the films were folded or continu-
ous at times and it was possible to distinguish the edges of
individual sheets, including kinked and wrinkled areas. In
order to measure the thickness of GO sheets, AFM observa-
tions were conducted. The tapping-mode AFM image of GO
is presented in Fig. 2(e). From cross-section analysis, it was
observed that GO had a height of 0.978 nm (Fig. 2(f)), corre-
sponding well with the reported thickness found in previous

Height profiles (nm)

Quagntity adsorption (mmol-g”')
e

0.0 0.2 08 10

04 06
Relative Pressure (P/P,)

Fig. 2. TEM images of (a) NCC, (b) GO, (c) GO/NCC, (d) GO/NCC/PVDE, () AFM image of GO, (f) height profiles of GO sheets, and

(g) N, adsorption-desorption isotherm of GO.
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literature [45]. Moreover, the specific surface area of GO was
determined by N, adsorption-desorption measurements.
According to the nitrogen isotherm shown in Fig. 2(g), the
surface area of GO was 334.05 m?/g, which was calculated
by BET equation. To further investigate the linkages between
the GO and NCC molecule, the GO/NCC nanocomposite is
shown in Fig. 2(c), revealing that GO was noticeably depos-
ited on a weblike structure of NCC. This indicated that GO
acts as anchoring sites for linking NCC due to the strong
interaction between GO and NCC. It is considered that there
was strong hydrogen bond link between the GO and NCC. In
addition, this image implied that the compatibility between
the GO and NCC was excellent enough to obtain nanosize
dispersion. The TEM image of GO/NCC/PVDF in Fig. 2(d)
shows that the GO/NCC/PVDF was uniformly distributed in
DMAc solution. Based on Fig. 2(d) of TEM resulted above,
it is concluded that the GO/NCC nanocomposites had good
compatibility in PVDF matrix.

3.2. FTIR analysis

Fig. 3 shows the FTIR spectra of pure PVDF, pure GO,
and the NCC/PVDF and GO/NCC/PVDF films. The FTIR
spectrum of GO (Fig. 3(d)) exhibited two absorption bands at
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Fig. 3. FTIR spectra of (a) PVDEF, (b) NCC/PVDE, (c) GO/NCC/
PVDF, and (d) GO.

1,737 and 1,618 cm™, which were assigned to the C=O stretch-
ing vibration of carboxyl group (COOH) and aromatic C=C
skeletal vibration, respectively. The bands appeared at 1,263
and 1,051 cm™ both represented the stretching vibrations of
aliphatic C-O, and C-O stretching vibration in epoxy groups
was also presented at 879 cm™ [46], while the peak at 1,404 cm™
could be assigned to the stretching and deformation vibra-
tion of aromatic C-OH [29]. Moreover, a broad ~OH stretch-
ing band observed from 3,000 to 3,500 cm™ appears in the
spectra of both NCC/PVDF and GO/NCC/PVDF films, which
was in accordance with results of Xu et al. [47]. In spectrum
of the PVDF film (Fig. 3(a)), the peaks at 1,402 and 1,180 cm™
could be attributed to the plane deformation (scissoring
motion) of CH, groups and the C-C stretching vibration,
respectively [48]. The peaks around 875 and 840 cm™ are
related to the C—C-C asymmetric stretching vibration and
C-F stretching vibration, respectively. The spectrum of the
NCC/PVDF blend film is similar to the film prepared from
pure PVDF beside the -OH stretching peak at 3,355 cm™,
indicating hydrophilic groups (-OH) provided by adding
NCC. Compared with the spectrum of the NCC/PVDF film,
the GO/NCC/PVDF film showed a broad C=O stretching
vibration peak around 1,679 cm™ in the spectra of GO/NCC/
PVDF film (Fig. 3(c)), indicating the successful incorporation
of GO. In addition, the peak at 3,355 cm™ became broadened
and the relative intensity of the C-O stretching vibration
changes in the GO/NCC/PVDF film as well. Moreover, the
peak corresponding to the -C=O skeletal vibration shifted to
a lower wavenumber (from 1,737 to 1,679 cm™), indicating
the hydrogen bond link between GO and NCC [28]. It was
noteworthy that the functionality of nanocomposite depends
not only on the natural properties of each component, but
also on the synergistic effect between them. An effective
interaction, such as hydrogen bonding, between GO and
NCC was important for mechanical properties of the blend
films. It also indicated that there is good miscibility between
GO and NCC [28,49,50].

3.3. Morphologies of the membranes

To investigate the effect of the GO content on the mem-
brane structure, SEM was performed to observe the surface
and cross-sectional morphologies of the various membranes.
The SEM images of the blend membranes with various GO
contents are shown in Fig. 4. Regarding to the cross-sectional
structure, all the membranes exhibited the typical asymmetric

Fig. 4. SEM images of the cross-sections and upper surfaces of the blend membranes with (a) 0, (b) 0.5, (c) 1.0, (d) 1.5, and (e) 2.0 wt% GO.
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structure, consisting of a skin layer as a selective barrier and
a much thicker fingerlike substructure. The skin layer was
relatively thin and compact, which resulted in the high resis-
tance and low flux, and the fingerlike porous sublayer plays
an important role for supplying mechanical strength [51]. This
main reason for this phenomenon was the high mutual dif-
fusivity of water and DMAc [52]. With the increasing GO in
GO/NCC/PVDF membranes from 0.5 to 1.0 wt%, the pore size
and porosity were slightly increased compared with NCC/
PVDF membranes (Figs. 4(b) and (c)). As reported elsewhere,
GO was one of the hydrophilic additives, which could expe-
dite the solvent and non-solvent exchange rate during phase
inversion process, resulting in the formation of larger pore
channels [19,53,54]. This increased the roughness of the mem-
brane and forms a dense hydrophilic layer, slightly enhancing
the hydrophilicity of the blend membrane and the pure flux.
However, the pore channel of GO/NCC/PVDF membranes
became a spongelike structure compared with the other mem-
branes, showing quite different structures in cross-sectional
morphology when the content of GO increased from 1.0
to 2.0 wt% that contributed to the strong interaction between
GO and NCC, which lead to agglomeration of the GO/NCC.
Thus, the SEM images indicated that the moderate addition of
GO influenced the NCC/PVDF membranes, thereby altering
the pore density and pore diameter of surface micropores [12].

3.4. Thermogravimetric analysis

Thermal degradation of NCC/PVDF film and GO/NCC/
PVDF films in nitrogen atmosphere is shown in Fig. 5.
The effects of temperature variations on the behavior of mate-
rial with the temperature heated up to 600°C from room
temperature. The T value was the initial decomposition
temperature, and T, was the temperature of the maximum
decomposition rate. From Fig. 5(a), the thermal properties of
GO/NCC/PVDF films with different amounts of GO indicated
that all of the GO/NCC/PVDF films exhibited the same degra-
dation pattern. And, the incorporation of GO had an apparent
effect on the thermal degradation temperature of NCC/PVDF
film. As seen in Fig. 5(b), the T and T __ of all the GO/NCC/
PVDF films were higher than that of the NCC/PVDEF film. For
example, the NCC/PVDF film, T =291°C, T =456°C, there
were two decomposition stages: 291°C—412°C, which was
attributed to the decomposition of NCC, and 412°C-506°C,
which was attributed to the decomposition of PVDF. For
the GO/NCC/PVDF films with 0.5 wt% GO, T =352°C,

T . =482°C, there also were two decomposi’silgﬁ stages:
352°C—-445°C, attributed to the decomposition of GO/NCC,
and 445°C-530°C, attributed to the decomposition of PVDFE.
It was worth mentioning that T and T, of the GO/NCC/
PVDF films with 0.5 wt% GO loading were about 61°C and
26°C higher than that of the NCC/PVDF film, respectively.
These results indicated that the GO flakes could improve the
thermal stability of NCC/PVDF because the mobility of the
polymer segments at the interfaces of NCC/PVDF and GO
flakes was suppressed by strong interactions between GO
and NCC. Thus, inclusion of nanoscale fillers into the poly-
mer matrix could enhance the thermal properties of the resul-
tant blend [55,56]. However, the efficiency strongly depended
on the dispersion, orientation, and intrinsic properties of
the fillers and the interfacial interactions between the fillers
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Fig. 5. (a) TGA and (b) DTG curves of the NCC/PVDF film and
GO/NCC/PVDF films containing 0.5, 1.0, 1.5, and 2.0 wt% GO.

and the matrix [57]. From Fig. 5(a), the char yield of the GO/
NCC/PVDF film was higher than that of the NCC/PVDEF films
because of the strong interaction between GO and NCC. For
example, at 510°C, the char yield of the NCC/PVDF film was
about 30%, whereas the char yield of the GO/NCC/PVDF film
was 32%. This meant that some GO remains in the blend at
high temperature. Thus, it was expected that the GO/NCC/
PVDEF blend film possesses better mechanical properties than
the NCC/PVDF film at high temperature [29].

3.5. Mechanical properties

The results of tensile strength and elongation-at-break
tests of the NCC/PVDF membrane and GO/NCC/PVDF
membranes with different GO contents are shown in
Fig. 6. Compared with the NCC/PVDF membranes, the
tensile strengths of the GO/NCC/PVDF membranes were
significantly improved. The tensile strength increased with
increasing contents of GO up to 1.0 wt%, and then it gradu-
ally decreased. The noticeable trend was explained in terms
of suitability of GO as a filler for the polymer materials,
which was due to its excellent mechanical properties, high
surface area, and high surface and high aspect ratio [48].
The GO in the casting solution began to aggregate when
its concentration was higher (>1.0 wt%), causing the tensile
strength to reduce. Furthermore, the elongation-at-break of
the blend membranes had similar variation trends with the
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Fig. 6. Effect of GO loading on the tensile strength and
elongation-at-break of the GO/NCC/PVDEF.

tensile strength. These results demonstrated that adding GO
into the NCC/PVDF membranes could cause the membrane
strength and elasticity increased. Compared with 6.05 MPa
and 24.18% for the NCC/PVDF membrane (increased by
58.01% and 21.96%, respectively), the highest tensile strength
and elongation-at-break of the GO/NCC/PVDF membrane
were 9.56 MPa and 29.49%. This was because both the static
regularity of the planar construction and the hydrogen bond-
ing interactions between GO and NCC act as an adhesive
in the GO layers improved the crystallinity of the mem-
branes, enhancing the mechanical strength and toughness
[58]. Therefore, a hybrid membrane with good mechanical
properties could be prepared by introducing an appropriate
content of GO, which could be used under higher pressure
conditions [59,60].

3.6. Contact angle characterization

The hydrophilicity of the membrane surfaces was inves-
tigated by water contact angle measurements (Fig. 7). The
initial contact angle was measured immediately after the
distilled water was dropped onto the membrane surface,
which reflects the natural wettability of the blend membrane.
Generally, the smaller the contact angle, the better the hydro-
philicity and surface energy. From Fig. 7, The NCC/PVDF
membranes possessed water contact angle of 63.2°, whereas
GO/NCC/PVDF membranes with content of 0.5, 1.0, 1.5, and
2.0 wt% GO achieved water contact angle of 60.8°, 59.6°, 62.8°,
and 64.9°, respectively. The amelioration of hybrid mem-
brane hydrophilicity might be ascribed to the spontaneous
migration of hydrophilic nanomaterials moving toward the
membrane/water interface to decrease the interface energy
during the phase inversion process [61-63]. When embed-
ding 1.0 wt% of GO, the contact angle of GO/NCC/PVDF
membranes decreased to the lowest, and a further increase
of GO (more than 1.0 wt%) did not result in decrease in the
contact angle. The reason could be explained as follows: on
the one hand, the GO with high content greatly enhanced
the electrostatic and m—m accumulation effect of GO, lead-
ing to the agglomeration of GO in casting solution [64]. On
the other hand, the oxygen-containing functional groups on

100
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Fig.7. Contact angles and surface energies of the blend membrane
with GO contents of 0, 0.5, 1.0, 1.5, and 2.0 wt%.

the surface of GO were reduced due to the hydrogen bond
between GO and NCC [65]. All of these could cause agglom-
eration of GO. On the other hand, the interaction between
GO and NCC certain reduced the hydrophilic groups of the
GO/NCC nanocomposite. Note that all of the membranes
with various GO loadings from 0 wt% to 2.0 wt% exhibited
a similar contact angle of around 62°, which was not simi-
lar to previous research studies [19,48,59,66]. The reason is
that when the loading of GO was no more than 1.0 wt%,
the change of hydrophilic angle was not significant. It was
mainly because that the hydrogen bond between oxygen fos-
sil GO and NCC weakened the hydrophilic energy of GO/
NCC/PVDF composite membrane [67]. However, when the
loading of GO was over 1.0 wt% or even reached 2.0 wt%, the
GO would have obvious agglomeration, which also weak-
ened the hydrophilic energy of GO/NCC/PVDF composite
membrane [68]. The influence of surface hydrophilicity was
a significant factor in determining the flux and antifouling
performance of membranes [53]. A compact water layer on
the top surface of the blend membrane would hinder organic
deposition on the blend membrane, which could improve the
antifouling performance [51].

3.7. Pure water flux and rejection

The effects of the GO content of the GO/NCC/PVDEF
blend membrane on the permeability and BSA rejection are
shown in Fig. 8, which suggest an obvious appearance that
the GO/NCC/PVDF membranes revealed similar water per-
meation fluxes and separation efficiencies compared with
NCC/PVDF membranes. According to Fig. 8, the highest pure
water flux of GO/NCC/PVDF membranes was 204.75 L/(m*h)
with adding 1.0 wt% GO, being 9.3% higher than that of
NCC/PVDF membranes (187.32 L/[m*h]). This improvement
was not obvious in the pure water flux due to the hydrogen
bond interaction between GO and NCC effected the hydro-
philic ability of composite membranes. As the contact angle
shown in Fig. 7, the variation trend of contact angle was
almost in accord with the trend of water permeability.

The BSA rejection properties of the NCC/PVDF and
GO/NCC/PVDF blend membranes are also presented in
Fig. 8. It was concluded that the rejection parameter of the
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Fig. 8. Effect of the GO content on the pure water flux and BSA
rejection ratio of the GO/NCC/PVDF membrane.

NCC/PVDF and GO/NCC/PVDF blend membranes was over
90%. These results might be explained by a combination of
the small pore size of the skin layer of membranes (which was
less than the size of BSA [69]) and the hydrophilicity based on
the principle of the interfacial hydration layer as protective
barrier membrane surface so as to hinder the protein mole-
cules to penetrate through the hybrid membrane during the
fouling or BSA filtration operating [66]. Moreover, the GO con-
tent had no significant effect on the BSA rejection of the blend
membrane, which might be due to the surface hydrophilic
groups were reduced by hydrogen bond interaction between
GO and NCC [67], On the other hand, after adding GO, the
changes in membrane surface pore not only improved the
infiltration capacity of the blend membrane, but also reduced
the interception capability trend of BSA molecules. This was
because the GO provided an advantageous porous surface
with a favorable inner structure of the membrane [70].

3.8. Antifouling performance

Cyclic filtration tests of the NCC/PVDF and GO/NCC/
PVDF membranes were performed to determine the effect of
GO on the fouling resistance. The initial pure water flux, BSA
solution flux, and recovery of the pure water flux of the NCC/
PVDF membrane and GO/NCC/PVDF membranes with the
addition of different GO are shown in Fig. 9(a). Reversible
protein adsorption leads to reversible fouling, which could
be removed by simple hydraulic cleaning. In contrast, irre-
versible fouling was caused by strong adsorption of protein
molecules on the surface or entrapment of protein mole-
cules in the pores [71]. As shown in Figs. 9(a) and (b), the
GO/NCC/PVDF membranes had similar antifouling per-
formance to the NCC/PVDF membrane, but their antifoul-
ing performance was higher than that of the nascent PVDF
membrane. One critical reason was that the ionized hydroxyl
groups of NCC and hydroxyl/carboxyl groups of GO could
interact with water molecules through Van der Waals force
and hydrogen bonds for the formation of water molecular
layer on GO/NCC/PVDF surface to avoid proteins deposition
(adsorption) [72]. It was worth mentioning that the presence
of hydrogen bonds between GO and NCC makes GO/NCC
nanocomposites more evenly dispersed in PVDF matrix (as
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Fig. 9. (a) Permeation flux and (b) attenuation coefficient of the
NCC/PVDF membrane and NCC/PVDF membranes containing
0.5, 1.0, 1.5, and 2.0 wt% GO.

shown in Fig. 2), but this interaction had certain effect on
hydrophilicity of the GO/NCC/PVDF blend membrane [73].
Therefore, the synergetic effects of NCC and GO had no obvi-
ous improvement on the antipollution performance of PVDF
UF membranes.

In addition, the comprehensive performance of GO/NCC/
PVDF membranes in this work was compared against pure
PVDF and GO/PVDF membranes from a recent literature,
and the data are presented in Table 2. It indicated that the GO/
NCC/PVDF membrane presented significantly upgraded the
water permeability thermal stability and mechanical prop-
erties compared with the pure PVDF or GO/PVDF hybrid
membranes, illustrating that such high-performance multi-
functional membranes might broaden the horizon of mem-
brane-based water and wastewater treatment technology.

4. Conclusion

Addition of GO obviously improved the mechanical
properties and thermal stability of the NCC/PVDF mem-
brane. The FTIR results showed that hydrogen bonds exist
between GO and NCC, and the TEM revealed that GO and
NCC is successfully dispersed in the blend membrane.
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Table 2

Comparison of the comprehensive performance for PVDF and its GO modification hybrid membranes reported in the literatures and
the GO/NCC-PVDF membrane in this work (the content of GO was based on the weight of PVDF)

Membrane PVDF dosage GO dosage Tensile strength Contact Pure water BSA Attenuation ~ Reference
(Wt%) (Wt%) (MPa) angle (°) flux (L/(m*h)) rejection (%) coefficient (%)
PVDF 15 - - ~87 ~160 ~70 ~40 [47]
PVDF 15 - 4.62 - 1212 ~95 - [24]
PVDE-GO 15 0.5 ~4 ~67 ~50 ~97 - [20]
PVDF-GO 15 0.5 - ~68 104.3 85 ~10 [47]
PVDF-GO 15 1.0 ~2.5 ~51 401.4 ~55 ~25 [57]
PVDF-GO/NCC 14 1.0 9.56 59.6 204.75 90.02 26.7 This work

The highest tensile strength and elongation-at-break of the
GO/NCC/PVDF membrane were 9.56 MPa and 29.49%,
which were 58.01% and 21.96% higher than those of the NCC/
PVDF membrane, respectively. Furthermore, TGA indicated
that the GO/NCC/PVDF membranes showed higher thermal
stability than that of the NCC/PVDF membrane. Compared
with the NCC/PVDF membrane, the T, and T, of the
GO/NCC/PVDF membrane were improved at 61°C and 26°C
when the content of GO was 0.5 wt%. The pure water fluxes
of the NCC/PVDF and GO/NCC/PVDF membranes were
187.32 and 204.75 L/(m2-h), respectively. The BSA rejections
of the NCC/PVDF and GO/NCC/PVDF membranes were
91.04% and 90.02%, respectively. Thus, it could be concluded
that the addition of GO did not have a remarkable effect
on the pure water flux and BSA rejection. Furthermore, the
attenuation coefficients of the blend membrane with and
without addition of GO were both approximately 27%.
Considering the above results, the high-performance mul-
tifunctional hybrid UF GO/NCC/PVDF membranes had
potential applications, such as fouling mitigation in practical
water treatment and suffer from greater pressure difference,
thus improved the service life of the blend membrane in dif-
ferent environment.
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