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KEYWORDS Abstract Poly(vinylidene fluoride) (PVDF) composite membranes blended with nano-crystalline
Poly(vinylidene fluoride) cellulose (NCC) for ultrafiltration were prepared by a Loeb-Sourirajan (L-S) phase inversion
(PVDF); process. The effects of NCC concentration on the membrane performances were investigated. Surface
’ i - chemical compositions, surface and cross-section morphologies, degree of crystallinity and the
Nano-crystalline cellu
lose (NCC); thermal stability of the membranes were characterized by Fourier transform infrared spectroscopy
Composite membranes; (FTIR), scanning electron microscopy (SEM), X-ray diffraction (XRD) and thermal gravimetric
Improved performances analysis (TGA) respectively. The mechanical properties of the membranes were also investigated. All

the experimental results indicated that the properties of the composite membranes were improved due
to the addition of NCC. The pure water flux of composite membranes can reach 230.8 L/(m? h) and
increase up to 47.5% compared with pure PVDF membranes. At the same time, the rejection ratio of
a bovine serum albumin solution (1 g/L) was up to 92.5%. The porosity and the mean pore size of the
composite membranes were 65% and 49 nm, respectively. Due to the addition of NCC, the degree of
crystallinity was increased to 52.1% resulting in the enhanced mechanical properties. A typical
asymmetric structure, which was composed of sponge-like dense layer and finger-like microporous
support layer, was observed in SEM images of composite membranes.
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Introduction

Ultrafiltration (UF) is a filtration process in which pressure
difference is used to act as the driving force. There are many
small-sized pores on the surface of ultrafiltration membrane,
so ultrafiltation membrane has the capability of holding back
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Society. cles contained in the stock solution in order to achieve the
http://dx.doi.org/10.1016/j.pnsc.2012.04.011 purposes of separation, concentration and purification.

Due to its advantages such as easy operation, room
temperature operation and lower energy consumption, ultra-
filtration process has been widely applied in the domain
of water treatment, food processing industry and pharmacy
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industry, etc [1,2]. For example, ultrafiltration membrane is
being employed for water purification in the field of water
treatment. Under the action of pressure difference, when tap
water flows past the surface of ultrafiltration membrane,
colloid, sediment and large-sized particles contained in tap
water can be intercepted by ultrafiltration membrane, while
water molecules and beneficial minerals can get through the
ultrafiltration membrane. As a result, the purified water is
obtained.

Poly(vinylidene fluoride) (PVDF) is one of the most widely
used UF membrane materials due to its good thermal stability,
outstanding chemical and oxidation resistance, highly organic
selectivity (It means that PVDF could be dissolved only in
some highly polar organic solvents such as N, N-dimethylfor-
mamide, N, N-dimethylacetamide and N-methyl-pyrrolidone,
etc.) as well as good mechanical property and membrane
forming ability [3-7]. However, one of the common problems
encountered in the applications of PVDF membranes is
membrane fouling. Because of its nature of hydrophobicity,
the pure PVDF membranes are apt to be contaminated by
proteins and some other impurities in the domain of water and
wastewater treatment, which leads to a sharp drop of pure
water flux of the membrane [8]. So the permeability of
PVDF membrane can be reduced by membrane fouling.
The membrane fouling can be eased by membrane cleaning
to some extent but it will cost much money. In order to
improve the hydrophilicity, permeability and other properties
of PVDF membrane, many researches have been carried
out, e.g., physical blending, chemical grafting and surface
modifying, etc [9,10]. Comparatively speaking, physical blend-
ing presents the advantage of an easy preparation by the
method of phase inversion [9]. It is well known that nano-
particles have unique magnetic, electronic, mechanical and
optical properties to improve the capabilities of polymers in a
certain extent because of their small sizes, huge specific surface
area and strong activities [11,12]. So blending PVDF with
nanoparticles has received much attention. Some inorganic
nanoparticals, such as nano Al,Oj particles [13], nano TiO,
particles [14], etc, have been used to enhance hydrophilicity
and other performances of the membrane. However, a
potential problem in blending process they may face is
particles may not be well dispersed in the polymer solution
even at low concentrations.

It is well known that cellulose is an environmental friendly
biopolymer and an almost inexhaustible and sustainable
polymeric raw material [15]. Nano-crystalline cellulose
(NCC) not only retains the characters of natural cellulose
such as biodegradability, hydrophilicity and renewability, but
also has the features of nanoparticle including huge specific
surface area, high mechanical strength and tensile modulus
[16,17]. NCC can be generated by chemical or mechanical
treatment. The chemical method, such as strong acid hydro-
lysis, removes the amorphous regions of cellulose fiber and
produces nano-size fibrils [18]. The mechanical methods
include a high-pressure refiner treatment [19], a high-pressure
homogenizer treatment [20], and a grinder treatment [21,22].
Compared with inorganic nanoparticles, NCC with a high axis
(L/D) has earned much attention due to its easy availability,
low density and renewability [23,24]. In general, cellulose
fibrils in nanoscale are very popular for reinforcing polymers
and for enhancing hydrophilicity when preparing composite
materials [25].

In this study, NCC was prepared by combining with
chemical treatment and mechanical treatment. The raw mate-
rial of nano-crystalline cellulose was cellulose pulp. After the
process of acid hydrolysis, the cellulose pulp was homogenized
by a high-pressure homogenizer, so that the concentration of
the acid during hydrolysis was reduced and the properties of
the natural cellulose could be remained. Pure PVDF mem-
branes and NCC/PVDF composite membranes were prepared
by a Loeb—Sourirajan (L-S) phase inversion process. The UF
properties of prepared membranes were characterized by
pure water flux, rejection ratio of a bovine serum albumin
solution (1 g/L), porosity and mean pore size. Surface chemi-
cal compositions, surface and cross-section morphologies,
thermal stability and degree of crystallinity of the membranes
were characterized by Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), thermal gravi-
metric analysis (TGA) and X-ray diffraction (XRD) respec-
tively. The mechanical properties of membranes were also
measured.

2. Experimental
2.1. Materials

The poly(vinylidene fluoride) (PVDF) was purchased from
Dongguan city special exhibition of plastic raw material Co.,
Ltd. (Dongguan, China). PEG 4000 and bovine serum
albumin (BSA) were purchased from Shantou Xilong Chemi-
cal Plant (Shantou, China) and Beijing Aoboxing Biological
Technology Co., Ltd. (Beijing, China), respectively. Cellulose
pulp was provided by Shandong Huatai Paper Mill (Shan-
dong, China). H>,SO4 (95%-98%), and N, N-dimethylaceta-
mide (DMAc) were purchased from Beijing Chemical Plant
(Beijing, China).

2.2.  Preparation of nano-crystalline cellulose(NCC)

Cellulose pulp was immersed in H,SO4 (15 wt %) solution and
reacted at 85 °C by mixing sufficiently with an electric blender.
At the end of the reaction, the pH value of the solution was
regulated, using deionized water, until it was neutral. After
sieving and drying, the solids were submerged into DMAc and
were homogenized with a high-pressure homogenizer (GEA
Niro Soavi, Italy) [16]. Subsequently, a colloidal suspension
of NCC was obtained. This was then diluted to varying
percentages as: 0, 0.05, 0.1, 0.15, 0.2 and 0.25 wt %, in order
to check the effects of the NCC on the composite membrane
performances.

2.3. Preparation of the composite membranes

Composite membranes were prepared by a Loeb—Sourirajan
(L-S) phase inversion process. A quantity of PVDF (15 wt %)
and PEG 4000 (5 wt %) were dissolved in the prepared NCC
colloidal suspension (in different concentrations). The casting
solution was obtained by swaying at 60 °C in the table
concentrator for 24 h (constant-temperature table concentra-
tor, SHK-99-II, Beijing North TZ-Biotech Develop Co.,
China). After vacuum degassed (with a vacuum degree of
—0.1 MPa.), an appropriate amount of the solution was
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dispersed uniformly on a glass plate at ambient atmosphere.
After exposed in air for 10 s, the glass plate was immersed into
water bath at room temperature. After complete coagulating
and washing, the membranes were used for characterization.

2.4. Membrane characterization

2.4.1.  Fourier transform infrared (FTIR) of the composite
membranes

The powders from membrane samples were completely dried
at 50 °C in a drying oven before analysis and prepared as KBr
pellet. Before being tested by FTIR(Tensor 27, Bruker,
Ettlingen, Germany), the KBr pellets were placed on the
sample holder and all spectra were recorded in the wave
number range of 4000-400 cm ™.

2.4.2.  Pure water flux and rejection ratio

The pure water flux was tested according to the method
described by Zhang et al. [26]. The volume of filtered water V'
(m*) was obtained in some portions of the membrane with a
working pressure of 0.1 MPa and a working time [z (h)]. Next,
the pure water flux [J,, (L/(m?h))] was calculated with the
following equation:

Jw =V /(Af) (D

where V is the volume of filtered water (m’), 4 is the
membrane area (m?) and ¢ is the working time (h).

The rejection ratio of the BSA solution (1 g/L) was tested
under a working pressure of 0.1 MPa, and the absorbance of
the filtered solution was measured at 280 nm with a UV-1801
UV-vi spectrophotometer (Third Analysis Apparatus Co.,
Shanghai, China) [26]. The rejection ratio was calculated with
the following equation:

R=(1—A;/4;) x 100% )

where R is the rejection ratio (%) and A4, and 4; are the
absorbance of the filtered and initial solutions, respectively.

2.4.3.  Porosity and mean pore size

The porosity and mean pore size of the membranes were tested
according to the method provided earlier by Zhang et al. [26].
The membrane, having a known area, was weighed in hygro-
scopic state and then dried in an oven. The porosity [P, (%)]
and mean pore size [r (m)] of the membrane were evaluated
with Egs. (3) and (4).

Pr = (Ww_ Wd)/(dnAmLm) (3)

where W, is the weight of the wet membrane (g); W, is the
weight of the dry membrane (g); d,, is the water density (g/cm?);
and A4,, and L,, are the membrane area (sz) and thickness
(cm), respectively.

r=[8 x (2.9—1.75P,)-nLF /3600P,AP]'/? @

where 7 is the viscosity of water (Pas), L is the membrane
thickness (m), F is the pure water flux (L/(m? h)), and AP is the
working pressure (Pa).

2.4.4. Scanning electron microscopy (SEM)

The composite membranes and pure PVDF membranes were
broken in nitrogen liquid, and the fractured cross sections and
the bottom surface of the membranes were observed with SEM
(S-3000n, Hitachi, Japan) after being sprayed with gold [27].

2.4.5. Mechanical properties

In order to evaluate the mechanical properties of membranes,
a tensile testing machine (DCP-KZ300, Sichuan, China) was
employed to test the tensile strength and elongation-at-break
of membranes. The speed of cross head was 20 mm/min. The
dried membranes were snipped into the rectangle shape with
width of 15 mm and total length of 100 mm. All of the samples
of membranes were tested in ambient condition.

2.4.6. X-ray diffraction (XRD)

The degree of crystallinity of composite membranes was tested
with an X-ray diffraction instrument (XRD-6000, Shimadzu,
Japan) with Cu Ka radiation, a nickel filter, a wavelength of
0.154 nm, a scan range of 20=5-45°, and a scan step of
A20=0.1°/3s.

2.4.7.  Thermal gravimetric analysis (TGA)

Thermal stability of membranes was examined by a thermo-
gravimetric analyzer (SHIMADZU, TGA-600, Japan). The
experiment was carried out under the N, atmosphere (20 ml/
min). The temperature ranged from 30 to 600 °C with a
heating rate of 10 °C/min.

3. Results and discussion
3.1.  Fourier transform infrared (FTIR) analysis

FTIR was employed to investigate the chemical composition
of membranes. The FTIR spectrum of NCC was depicted in
Fig. 1. As could be seen from Fig. 1, the FTIR absorptions at
3340, 2901, 1430 and 1059 cm ™! were related to O—H stretch-
ing vibrations of cellulose, C-H stretching vibrations of
cellulose, CH, scissor bending vibration, and C-O stretching
vibrations of cellulose, respectively. The peak at 1112 cm™
represented stretching vibration of C—O-C that joins glucose
units in the molecule of cellulose. Besides, the absorption at
1632 cm™" was attributed to bending vibration of absorbing
H-O-H groups.

The FTIR spectra of the Pure PVDF membranes (a), and
Composite membranes (b) were depicted in Fig. 2. The chemical
structure of pure PVDF membranes was exhibited in Fig. 2a.
The bands located at 3022 and 2980 cm™" corresponded to the

T . T = T ¥ T L T - T ¥ T g T - T x. 1

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wave Number (cm™)

Fig. 1 FTIR spectrum of the NCC.
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Fig. 2 FTIR spectrum: (a) Pure PVDF membranes, (b) Compo-
site membranes.

CH, asymmetric and symmetric vibration of PVDF. The
absorption peak appeared at 1403 cm ™! was attributed to CH,
wagging vibration. The C—C band of PVDF was observed at
1185 cm™" [28]. The peaks at 878 and 840 cm™' were related to
C-C—-C asymmetrical stretching vibration and CF stretching
vibration of PVDF [29].

The chemical structure of composite membranes was
showed in Fig. 2b. It was observed that the characteristic
absorption peaks of the pure PVDF membranes were retained
by the spectrum of composite membranes (Fig. 2b). For
instance, the peaks at 3022 and 2980 cm™' were related to
the CH, asymmetric and symmetric vibration of PVDF. The
peak at 1403 cm™' represented CH, wagging vibration was
displayed. The peak at 840 cm~' corresponded to C—F
stretching vibration of PVDF was also observed in Fig. 2(b).
However, there were differences between Fig. 2(a) and (b). For
example, a peak at 3340 cm ™! could be observed in Fig. 2(b),
while it could not be found in Fig. 2(a). The occurrence of the
new absorption peak was attributed to O—H stretching vibra-
tion of cellulose. It indicated that the molecule of NCC was
existed in the composite membranes. In addition, no other
new peaks were observed in the spectrum of composite
membranes.

3.2. Pure water flux and rejection ratio

The data of the pure water flux of different membranes were
depicted in Fig. 3. As could be seen from Fig. 3, when the
content of NCC ranged from 0 to 0.1 wt %, the pure water
flux went up with increasing of NCC contents in the casting
solution. This trend may be explained as follows: PVDF
belongs to hydrophobic polymer. NCC has good hydrophilic
nature. Because it possesses huge specific surface area and it
has abundant of hydroxyl groups at its surface. The instanta-
neous phase separation process could be accelerated due to the
addition of NCC to the casting solutions. The permeability of
PVDF membranes could be improved by adding certain
content of NCC. When the content of NCC was 0.1 wt %,
the pure water flux reached a peak value of 230.8 L/(m? h) and
increased 47.5% compared with the pure PVDF membranes.
When the content of NCC was more than 0.1 wt %, the pure
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rejection ratio of the composite membranes.
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Fig. 4 Effects of the NCC content on the porosity and mean
pore size of the composite membranes.

water flux decreased slightly. This was because the phenom-
enon of agglomeration, which could weaken the permeability
of the membranes, could be caused by adding over dose of
NCC in the casting solution.

The BSA rejection ratio results of different membranes were
also depicted in Fig. 3. As could be seen from Fig. 3, all of
membrane’s rejection ratio of BSA could remain at a high
level, from 92% to 95%.

3.3.  Porosity and mean pore size

The effects of the nano-crystalline cellulose (NCC) content on
the porosity and mean pore size were listed in Fig. 4. Both
porosity and mean pore size of membranes were increased
with the addition of NCC. The porosity of prepared mem-
branes ranged from 51% to 65%. When the content of NCC
was 0.1 wt %, the porosity reached its peak value of 65% and
increased 27.5% compared with the pure PVDF membranes.
The similar variation trend was also exhibited in the data of
the mean pore size with different content of NCC. When the
content of NCC was 0.1 wt %, the mean pore size reached its
peak value of 49 nm and increased 25.6% compared with the
pure PVDF membranes. The difference could be interpreted as
follows. NCC was a kind of hydrophilic material. During the
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membrane preparation process, the diffusion rate between gels
(water) and solvent (DMAc) could be accelerated by NCC.
The occurrence of phase separation process, which was good
for the generation of polymer-poor phase, was also facilitated
by the presence of NCC in membrane preparation process. So
the existence of NCC could be beneficial to the formation of
membranes with high porosity and mean pore size.

According to the above experimental analysis, a conclusion
could be made that 0.1 wt % of NCC in the casting solution
was more properly during the process of the preparation of
composite membranes.

3.4.  Morphologies of the membranes

In order to investigate the microstructure of both pure PVDF
membranes and composite membranes, SEM images of cross
sections and bottom surface of membranes with different
compositions had been obtained. A typical asymmetric struc-
ture, which was composed of sponge-like dense layer and
finger-like microporous support layer, was observed in SEM
images of cross section (Fig. 5C and D). In addition, the size
of finger-like pore of composite membranes (Fig. 5D) was
larger than that of the pure PVDF membranes (Fig. 5C). This
was because the process of the pervasion of water getting into
the casting solution was accelerated by the presence of NCC.
The process of instantaneous phase separation, which pro-
vided good condition for the generation of polymer-poor
phase, was also speeded up by the existence of NCC and thus
structures with large pores were formed. As depicted in Fig. 5,
pores were well distributed on the bottom surface of all
membranes. Compared with pure PVDF membranes, more
pores were exhibited on bottom surface of the composite
membranes. This porous structure had a positive effect on
improving the pure water flux of composite membranes.

10um

b2,

According to the above experimental observations, the results
indicated that due to the addition of NCC, the composite
membranes had a larger size of finger-like pores in cross
section and had more pores in the bottom surface.

3.5, Mechanical properties

The tensile strength and elongation-at-break of the composite
membranes were depicted in Fig. 6. Both of the characteriza-
tions were enhanced with adding NCC to the casting solu-
tions. The index of the tensile strength firstly increased with
the addition of NCC, attained its peak value when the content
of NCC was 0.1 wt % and then decreased in the wake of
adding over dose of NCC to the casting solutions. A similar
variation trend was observed from the data of the elongation-
at-break of composite membranes. The data of the elongation-
at-break firstly increased with the addition of NCC, reached
its peak value when the content of NCC was 0.1 wt % and
then decreased with adding over dose of NCC to the casting
solutions. These trends may be explained as follows. The nano
effect endowed NCC with lots of characters such as fine
mechanical property. Due to its net structure on nanometer
scale, NCC had the excellent mechanical property. As a result,
the mechanical properties of membranes could be improved by
adding appropriate content of NCC. However, the phenom-
enon of agglomeration, which would weaken the tensile
strength and elongation-at-break of the membranes, could
be caused by adding excessive amount of NCC in the casting
solutions. It was the reason why both of the tensile strength
and elongation-at-break decreased when the content of NCC
was more than 0.1 wt %. In conclusion, the composite
membranes that contained 0.1 wt % NCC had the best
mechanical properties. The tensile strength increased from
4.62 MPa of pure PVDF membranes to 6.23 MPa of the

Fig. 5 SEM images of the pure PVDF membranes and composite membranes. (A) Bottom surface of pure PVDF membranes;
(B) bottom surface of composite membranes; (C) cross section of pure PVDF membranes; (D) cross section of composite membranes.
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Fig. 7 X-ray diffraction of NCC (a), pure PVDF membranes (b)
and composite membranes (c).

optimal composite membranes. The elongation-at-break of the
optimal composite membranes could reach 145.6%, compared
with 84.0% of the pure PVDF membranes.

3.6. XRD study

XRD patterns for NCC, pure PVDF membranes and compo-
site. membranes were depicted in Fig. 7 respectively. XRD
pattern for NCC was showed in Fig. 7(a). Two obvious
characteristic peaks at 206=16.6° and 22.6° were related to
(002) and (001) crystallographic planes, respectively. Both of
the two peaks could be attributed to cellulose I, which had a
monoclinic structure [2]. The trough appeared at 260=18°
corresponded to amorphous region of NCC. A weak peak at
20=34.6° was attributed to (004) crystallographic plane. The
above experimental observations indicated that NCC
belonged to semi-crystalline polymer, which contained crystal-
line regions and amorphous regions. Crystalline form of
cellulose I, which had a monoclinic structure, was retained
by NCC. The degree of crystallinity of NCC was 59.1%
according to calculation by XRD software. In Fig. 7(b), one
obvious peak at 20=38.2° and three weak peaks at 20=18.2°,
19.6° and 26.4° were observed. The peaks at 26=18.2°, 19.6,

100 q
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Fig. 8 TGA Curves of NCC (a), pure PVDF membranes (b) and
composite membranes (c).

26.4° and 38.2° were related to (020), (100), (021) and (002)
crystalline peaks of PVDF a crystalline phase, respectively
[30,31]. All of the above characteristic peaks could be observed
in the XRD pattern for composite membranes (Fig. 7c), and
only the peaks at 20=18.2°, 38.2° became slightly more
intensive. A weak peak at 260=22.6° could be found in the
XRD pattern for composite membranes (Fig. 7c). This
characteristic peak was attributed to (001) crystallographic
planes of NCC. It indicated that NCC existed in composite
membranes. According to calculation by XRD software, the
degree of crystallinity of composite membranes was 52.1%
and increased by 17.6% compared to that of the pure PVDF
membranes. This difference could be attributed to the addition
of NCC with high degree of crystallinity.

3.7. TGA analysis

The thermogravimetric curves of NCC, pure PVDF mem-
branes and composite membranes were displayed in Fig. 8. On
account of differences in chemical constitution, NCC and
PVDF normally decomposed at different temperature.

Only one weight loss step related to the thermal decomposi-
tion of NCC was exhibited by curve a. The weight loss event
was observed at 310-340 °C. The weight loss ratio of NCC was
34% at 600 °C. Only one weight loss step ranged from 440 °C
to 500 °C was displayed by curve b. This process could be
explained as the process of the thermal decomposition of pure
PVDF membranes. The weight loss ratio of PVDF was 76.3%
at 600 °C. Two weight loss steps were observed in curve c. The
first weight loss step observed at 320-360 °C was related to the
thermal decomposition of NCC. The second one ranged from
450 to 500 °C was attributed to the thermal decomposition of
PVDF. The above experimental observations indicated that the
weight loss in composite membranes did not occur until the
temperature reached 320 °C.

4. Conclusions

Poly(vinylidene fluoride) (PVDF) composite membranes blended
with nano-crystalline cellulose (NCC) for ultrafiltration were
prepared by a Loeb—Sourirajan (L-S) phase inversion process.
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The permeability of the composite membranes was improved by
adding NCC. When the content of NCC was 0.1 wt %, the pure
water flux of the composite membranes reached 230.8 L/(m> h)
and increased 47.5% compared with pure PVDF membranes,
and the rejection ratio of a BSA solution (1 g/L) was up to
92.5%. The porosity and the mean pore size of the composite
membranes were 65% and 49 nm, respectively. In comparison
with the pure PVDF membranes, the porosity and the mean pore
size of the composite membranes were increased by 27.5%
and 25.6%.

The existence of NCC in the composite membranes was
confirmed by the analysis of FTIR. A typical asymmetric
structure, which was composed of sponge-like dense layer and
finger-like microporous support layer, was observed in the
composite membranes images of SEM. Compared with the
pure PVDF membranes, the composite membranes had a
larger size of finger-like pores in cross section and had more
pores in the bottom surface. These observations indicated that
the structures of the composite membranes were affected by
the addition of NCC.

Both of the tensile strength and elongation-at-break of the
composite membranes were enhanced due to the addition of
NCC. The crystal structure of cellulose I was retained by NCC
according to XRD analysis. The degree of crystallinity of
composite membranes was enhanced by adding NCC. A very
high thermal stability (the first decomposition temperature
was 320 °C) of the composite membranes could be proved by
TGA analysis results. Two weight loss steps existed in the
TGA curves of composite membranes because of different
thermal degradations of PVDF and NCC, respectively.
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