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ABSTRACT

With the development of the economy, environmental pollution is becoming more and more
serious. As a new and green separation technology, membrane separation has been paid
more and more attention to environmental treatment. In this study, the poly(vinylidene fluoride)
(PVDF) membrane modification was performed utilizing the water-soluble graphitic carbon
nitride nanosheets in order to generate photocatalytic properties under visible light irradiation.
The water-soluble g-C,N, nanosheets (WS-CNNS) were successfully prepared by using the KOH/
NaOH melt. The characteristics of synthesized PVDF-X membranes were determined using
X-ray diffraction, Fourier-transform infrared spectra, scanning electron microscopy, transmis-
sion electronic microscopy, thermogravimetric analysis, porosity and water contact angle mea-
surements. Basing on those characteristics, it was proved that the introduction of WS-CNNS
accelerated the phase inversion of the casting solution, and made the pore diameter and pore
diameter of the composite membrane change. Compared with the PVDF-0, the pure water flux
of PVDEF-3 increased from 90.3 to 253.7 L m™? h™', the average pore size decreased from 38.02 to
12.05 nm and the contact angle of PVDF-3 decreased from 87.6° to 46.3°. Moreover, the separa-
tion of bovine serum albumin and the degradation of Methylene blue on the modified membrane
was further studied. This novel PVDF membrane surface modified by WS-CNNS has a strong

photocatalytic property and high application potential for water treatment.
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1. Introduction

The demand for secure drinking water is increasing
with the continuous growth of the population. As a new
and green separation technology, membrane separation
has been paid more and more attention in the field of
water treatment. However, the water flux attenuation and
membrane surface pollution greatly limited the practical
application. It is therefore imperative to improving the
anti-fouling property of the membrane [1-8].

* Corresponding author.

A number of nanoparticles with photocatalytic self-
cleaning performance have been studied. These studies
primarily utilize the special photocatalytic performance of
nanoparticles, such as the TiO,, ZnO,, Fe,O, and ZnIn,S,.
However, such oxides or sulfides of transition metals suf-
fer from the high price and the complicated synthesis pro-
cess, which greatly limits its practical application [9-12].
In recent years, graphitic carbon nitride (g-C,N,) has drawn
attention worldwide because of its abundance, nontoxicity,
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stability and narrow bandgap, especially visible light
response [13-17]. Kolesnyk et al. [18] performed poly
(vinylidene fluoride) (PVDF) membrane modification uti-
lizing g-C N, in order to generate photocatalytic properties
under visible light irradiation. Compared to the pristine
membrane, activation of the membrane surface with a car-
bonate buffer and modification with g-C,N, significantly
improved the membrane permeability and decreased the
membrane resistance owing to changes in its hydrophilic-
ity. Cui et al. [19] fabricated Z-scheme 2D/3D g-C,N /BiOIl
heterojunction blended in B-phase polyvinylidene fluoride
membrane (B-phase PVDF) via solvent crystallization
and phase inversion technique. As expected, the designed
g-C,N,/BiOI/B-phase PVDF photocatalytic membranes
(CN/BI/B-phase PVDF PMs) achieved exceptional photo-
catalytic degradation efficiency for tetracycline (94.6%) as
compared to the CN/BI heterojunction power (84.0%) and
two other control membrane matrixes (CN/BI/PAN and
CN/BI/CA PMs) within 120 min. The membrane matrix
was supplemented with nano-ZnO of different content
for membrane modification [19]. However, graphitic car-
bon nitrides tend to agglomerate because of their small
size effect, which results in decreases in the reaction rate
and efficiency [20-22]. It is noteworthy highlighting that
few studies reported utilizing the water-soluble g-C.N,
nanosheets (WS-CNNS) to modify PVDF for further
improving the hydrophilicity and photocatalytic activity.

Herein, we synthesized the WS-CNNS by a facile and
green method to modify the PVDF membrane surface in
an attempt to develop a novel method for improving the
anti-biofouling performance. The performance of the mod-
ified membranes used for the decomposition of Methylene
blue (MB) under visible light irradiation was evaluated.
The mechanism of degradation MB by membranes was
additionally assessed. This research was the potential to
provide new insight into membrane material for wastewater
treatment.

2. Experimental
2.1. Chemicals

Melamine was obtained from Tianjin Kermel Chemical
Reagent Co., Ltd., (Tianjin, China). MB was received from
Tianjin Bei Chen Fang Zheng Reagent Factory, (Tianjin,
China). Sodium hydroxide (NaOH), potassium hydroxide
(KOH), polyethylene glycol (PEG)6000 and bovine serum
albumin (BSA) were purchased from Sinopharm Chemical
Reagent Co., Ltd., (China). Sodium sulfate (Na,SO,) was
purchased from Energy Chemical. Polyvinylidene fluoride
was obtained from Shanghai Sanai Fu New Material Co.,
Ltd., (Shanghai, China). N,N-Dimethylformamide (DMF)
was received from Sinopharm Chemical Reagent Co., Ltd.,
(China). All chemicals were analytical grade and used with-
out further purification.

2.2. Synthesis of WS-CNNS

A mixture of KOH, NaOH and melamine was heated in
a covered crucible at a rate of 5.0°C/min up to 360°C and
maintained at that temperature for 2.0 h. The obtained
solid was collected by centrifugation, washed with in 1.0 M

Na,SO, aqueous solution until neutral, and dried in the
oven at 60°C overnight.

2.3. Membrane preparation

Firstly, 0.9 g PEG6000 was dissolved in 30 mL DMF.
Then added 4.0 g PVDF slowly and raised the tempera-
ture to 60°C, and stirred for 4 h until completely dissolved.
WS-CNNS was dissolved in 30 mL deionized water and then
added into DMF containing PVDF drop by drop. After that,
the mixture was ultrasonicated for 30 min. Then continued
stirring for 2 h to obtain the evenly mixed WS-CNNS/PVDF
casting solution. After standing at room temperature for
12 h, the prepared casting solution was poured on the flat
membrane equipment at 25°C and scraped to form a homo-
geneous membrane with an average thickness of 0.2 mm.
After standing in the air for about 30 s, it was immersed in
the coagulation bath (deionized water) at room temperature
to form a membrane and soaked in deionized water for 24 h
for standby. On the basis of literature review and existing
research, the WS-CNNS/PVDF composite membrane pre-
pared in this paper was named PVDF-1, PVDE-2, PVDEF-3
and PVDF-4 with the addition of WS-CNNS of 1%, 3%, 5%
and 7%, respectively. The pure PVDF membrane was named
PVDE-0 by the same method.

2.4. Characterizations

The properties and crystal structures of the synthe-
sized products were characterized by the X-ray diffraction
technique (XRD, Bruker D8, Germany). The morphology of
the materials was inspected by scanning electron micros-
copy (SEM, Quanta 250 FEG). Fourier-transform infra-
red spectra (FT-IR, Tensor 27, USA) were recorded from
4,000 to 1,000 cm™. Thermogravimetric analysis (TGA)
was performed in SDT Q600 (USA). The morphologies of
WS-CNNS and the membranes were obtained with trans-
mission electronic microscopy (TEM, FEI Tecnai G2 F20,
USA). The contact angle tests were carried out by a con-
tact angle goniometer (JY-82C, China). The phase sep-
aration rate of the casting solution was determined by
the UV-Vis spectrophotometer (UV-2100, China).

2.5. Membrane performance evaluation
2.5.1. Porosity measurement

The porosity was measured by the dry wet weight
method. The moisture on the surface of the wet film
(5 cm x 5 cm) was dried with filter paper and weighed as W .
Then the sample was put into a vacuum oven (60°C) for 24 h
and weighed as W,. It is calculated by Eq. (1):

W -W
£=—2 1 %100% 1)

pr 0

where ¢ is the porosity of the separation membrane; W _and
W, are the weight (g) of the membrane in the wet state and
dry state respectively; A and &, represent the area (cm?) and
thickness (cm) of the separation membrane, respectively;
p, is the density of pure water (g cm™).
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2.5.2. Pore size determination

The average pore size of the membrane was determined
by the ultrafiltration method and calculated by Eq. (2) of
the Kaute—Erfurtfery equation.

(2.9-1.75¢)x8nIQ

;o= = 2
" ex AxAP @

where 1) is the viscosity of water (8.9 x 10 Pa-s); € is the
porosity (%), [ is the thickness of the membrane (2 x 10~ m);
Q is the water flux per unit time (m® s); A is the effective
area of the membrane (m?), and AP is the device pressure
(0.1 MPa).

2.5.3. Flux measurement of PVDF-X composite membrane

The self-made ultrafiltration device (500 mL) was
used to test the filtration performance (shown as Fig. 1),
including the pure water flux, the BSA rejection rate and
the recovery rate. The original concentration of BSA was
1 g L7, the test conditions were room temperature, 0.1 MPa
operating pressure, and the effective area of the separation
membrane a =50 cm™. The specific test process is as follows:

e DPut the separation membrane into the filter device
and added 200 mL pure water. Press the membrane at
0.15 MPa for 30 min under N,. Adjusted the pressure to
0.1 MPa after stabilization and collected data after the
stable flux of water.

¢ The pure water flux (/ /L m™ h™) can be calculated by
Eq. (3) when the test pressure was 0.1 MPa and the
volume of pure water filtered through the membrane
was v.

e After filtering pure water for a certain time (30-60 min),
changed the pure water in the ultrafiltration cup into
BSA solution (C,;=1g L) and collected the filtration
volume (V) of the ultrafiltration membrane within a
certain time () under the same test pressure of 0.1 MPa,
which can be calculated by Eq. (3). At the same time, a
UV-2100 spectrophotometer was used to measure the
absorbance of the initial and filter solution at 280 nm,
and the BSA concentration C,, in the filtration night was
converted. Combined with the initial concentration C,
the BSA rejection rate R of the separation membrane
could be calculated by Eq. (4).

e After filtration of BSA solution for 30 min, the membrane
was taken out and washed repeatedly with deionized
water for 5 min, and then step (2) was repeated to obtain
the pure water flux ] after washing.

e Each filtration of pure water BSA solution is a cycle, and
each membrane is tested for three cycles, followed by
120 min pure water flux test water flux cycle test to ver-
ify its pollution resistance, and the corresponding | , ],
J. and R after each test are recorded.

The pure water flux and BSA protein rejection were
calculated according to the following equations:

Vv

= w 3
o= ©)

Vv C
P R=[1-—L|x100% (4)
Axt [ C f]

where | is the pure water flux (L m™ h™); V (L) is the
volume of pure water passing through the membrane;
V(L) is the volume passing through the bovine serum
albumin solution. ¢ is filtrate volume (L) and filtration time
(h), respectively; A is the effective area of separation mem-
brane (m?); R is the rejection rate (%) of BSA; Cp and Cf were
BSA concentration (g L) of filter solution and the stock
solution respectively.

2.5.4. Membrane antifouling experiments

The antifouling performance of the separation mem-
brane can be evaluated by the recovery rate of water flux
(FRR). The higher the recovery rate of water flux, the bet-
ter the antifouling performance of the surface membrane.
FRR can be calculated by Eq. (5):

FRR = ]]—'x 100% ()

w

The antipollution performance of the separation mem-
brane can also be evaluated by the total pollution rate (R, %).
The total pollution rate includes reversible pollution rate
(R, %) and irreversible pollution rate (R,, %). The specific
calculation formula is as follows:

R = ey 1009 (6)
R = L7 100% @)
R = ]];] x100% 8)

w

2.5.5. Photocatalytic activity tests

The photocatalytic degradation experiments were
tested by degradation of MB (10 ppm) using a 500 W Xenon
lamp acting as a light source. In a typical experiment,
PVDE-3 (5 cm x 5 cm) and 100 mL MB solution were put in
a quartz tube reactor and thoroughly stirred uniformly to
form a suspension. Then the mixture solution was stirring
for 60 min in the dark to reach the adsorption-desorption
equilibrium before turning on the xenon lamp. After turn-
ing on the light, 1 mL of suspension was collected at cer-
tain time intervals and the photocatalysts were separated
by filtration with 0.22 mm. The concentration of MB was
detected by UV-2100.

3. Results and discussion
3.1. Characterization of WS-CNNS and the modified membranes

From the SEM and TEM results in Fig. 2, it can be
seen that the WS-CNNS appears as a 2D sheet-like
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Fig. 2. (a) Scanning electron microscopy and (b) transmission electronic microscopy pictures of water-soluble g-C,N, nanosheets.

structure, which was the same as the structure reported by
Igor et al. [23] and indicated that, we successfully synthe-
sized WS-CNNS. FT-IR spectroscopy was conducted to inves-
tigate the chemical structure of WS-CNNS, and the results
are shown in Fig. 3. The peak at 3,450 cm™ may be assigned
to the stretching vibrations of OH™ groups incorporated into
the poly(heptazine imide) structure as a result of the alkali
melt treatment. The peaks that appeared in the range 2,150
2,175 cm™ may be assigned to the v(C=N) vibrations [24].
XRD patterns were used to analyze the crystallization
of the PVDF-X composite membrane. As shown in Fig. 4a,
the pure PVDF-0 showed a diffraction peak at 20 = 19.7° cor-
responding to the diffraction peak of the a-phase. Notably,
the diffraction peak of the a-phase-shifted to 20.7 after
coating with WS-CNNS, indicating there is an interaction
between WS-CNNS and PVDF [24-26]. To characterize the
chemical structure of the PVDF-X composite membrane,
FT-IR experiments were also conducted and results are
shown in Fig. 4b. The absorption bands were observed at 763
and 976 cm™ corresponding to typical vibration characteris-
tics of the nonpolar a-phase. After coating with WS-CNNS,

Transmittance(%)

ol

o
1 1 1 1 1 C-O
4000 3500 3000 2500 2000 1500 1000
Wave number(cm™)

Fig. 3. Fourier-transform infrared spectra of water-soluble g-C,N,
nanosheets.
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Fig. 4. (a) X-ray diffraction pattern and (b) Fourier-transform infrared spectra of PVDF-0 and PVDF-X.

the intensity of WS-CNNS absorption bands increased
gradually with an increase in the WS-CNNS content.
Notably, the hydrophilic groups (such as -OH) in WS-CNNS
greatly increase hydrophilicity, which can effectively
restrain the foulant adhesion and improve the antifouling
tendency [27].

The morphologies of the obtained membranes were
examined by SEM. Fig. 5a reveals that the upper surface of
pure PVDEF-0 was smooth without obvious holes. At 5,000
times magnification, the scanning images showed that
PVDEF-0 was loose and open according to SEM at the bot-
tom of the membrane. Notably, the pores at the bottom of
the membrane were uniform and dense after the addition
of WS-CNNS (Fig. 5b—e). WS-CNNS appeared in PVDF-X
and adhered to each other. The bottom of PVDF-4 was
the densest, but almost no microspheres were observed.
The reasons for these differences were as follows: (1) when
hydrophobic PVDF and hydrophilic WS-CNNS were
mixed, which produced strong repulsive force, led to the

existence of large interfacial pressure between them and
was conducive to the formation of interfacial pores in the
process of phase separation. (2) The addition of WS-CNNS
accelerated the solvent nonsolvent diffusion, which
was conducive to the formation of porous structure and
microspheres, which is consistent with the change of phase
separation rate. The cross-section of the PVDF-X was the
typical asymmetric structure. This was due to the outer
surface of the membrane being first contacted with air and
then immerses in water for phase transformation [28,29].
The solvent on the surface of the casting solution had a vol-
atilization process and the solvent was directly exchanged
with water, resulting in the formation of an asymmetric
structure. With the addition of WS-CNNS, the finger-like
pores in the cross-section of the PVDF-3 membrane first
increased and then disappeared. The finger-like pores in the
PVDEF-3 membrane were the widest and most orderly, and
the channels were smoother and connected up and down.
The change of membrane cross-section shape was largely

Fig. 5. Scanning electron microscopy morphologies of (a) PVDF-0, (b) PVDE-1, (c) PVDEF-2, (d) PVDE-3 and (e) PVDF-4.
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Fig. 6. (a) Thermogravimetric analysis and (b) split-phase velocity of PVDF-0 and PVDF-X.

determined by thermodynamics and kinetics involved in
phase transformation, polymer-solvent interaction and sol-
vent nonsolvent exchange rate [30]. No WS-CNNS aggrega-
tion was found at the bottom of the membrane or at the top
surface of the membrane, indicating that WS-CNNS were
uniformly dispersed in the PVDF matrix.

The pyrolysis process of the PVDF membrane changed
obviously after adding WS-CNNS and the TGA analysis
results of PVDF-0 and PVDF-X are compared in Fig. 6a.
Clearly, the decomposition temperature of the PVDF-0 was
at about 425°C, which was higher than PVDF-X. Moreover,
with the increase of WS-CNNS content, the pyrolysis
temperature decreased gradually, which can be attributed to
the decomposition of WS-CNNS in PVDF-X. This phenom-
enon showed that the added WS-CNNS affected the grain
size and the void size of the PVDF formed in the process of
membrane formation [31,32].

The split-phase velocity of PVDF-0 and PVDEF-X
are shown in Fig. 6b. Clearly, the phase separation rate
first increased and then decreased with the increase of
WS-CNNS content. This phenomenon was closely related
to the content of WS-CNNS and the viscosity of the casting
solution. In general, the addition of hydrophilic materials
would accelerate the exchange of solvent and non-solvent
in the process of phase transformation. On the other hand,
with the increase of WS-CNNS content, the increase of
viscosity of casting solution would lead to the decrease of
phase separation rate of the casting solution. When the con-
tent of WS-CNNS was low, the hydrophilicity of the PVDF
membrane would greatly influence the phase separation
rate and increased the phase separation rate. When the
content of WS-CNNS reached a certain level, the viscosity
would be too high, which would affect the phase separation
process and decreased the phase separation rate [33].

3.2. Membrane performance

As shown in Table 1, the ultrafiltration performance
of PVDF-3 was the best. Compared with the PVDEF-0,
the pure water flux of PVDF-3 increased from 90.3 to
253.7 L m™? h7, the average pore size decreased from 38.02

to 12.05 nm and the contact angle of PVDF-3 decreased
from 87.6° to 46.3°. These results have shown that the
hydrophilicity of the PVDF membrane increased slightly
after coating with WS-CNNS. On the other hand, coat-
ing with WS-CNNS changed the pores and increased the
number of pores, which was helpful to improve the water
flux. Moreover, BSA rejection of modified PVDF mem-
brane containing various concentrations of WS-CNNS is
further illustrated in Table 1. Clearly, the BSA rejection was
increased by loading WS-CNNS into the PVDF membrane.
This behavior could be attributed to the reduction of pore
size of PVDF-X membrane compared with pure PVDF
membranes [34,35].

The stronger the anti-fouling performance, the higher
the flux recovery. As shown in Fig. 7a, the flux recovery
rates of PVDF-X membrane were superior to PVDEF-0
and the total pollution rates R, were lower than PVDF-0.
Moreover, the corresponding reversible pollution and
irreversible pollution were also reduced compared with
PVDEF-0. These phenomena may be due to the hydrophilic-
ity of the membrane. The hydrophilicity of PVDF-0 was
increased after coating with WS-CNNS, which was easier
to form a hydration layer and reduce the contact between
the membrane and the pollutant [36-38]. The introduction
of WS-CNNS would greatly enhance the anti-fouling prop-
erty of the PVDF-0. To further investigate the anti-fouling
of PVDF-X membranes, a repeated experiment with five
cycles was performed. As displayed in Fig. 7b, all the
PVDF-X membranes retained the superior pure water flux
performance after five recycles experiments, indicating
excellent reusability.

3.3. Photocatalytic experiments

MB was chosen as representatives of organic pollut-
ants to evaluate the photocatalytic activity of membranes
modified with WS-CNNS. At the first stage, adsorption of
MB by PVDEF-3 membrane from the solutions of an initial
concentration of 10 ppm before turning on the xenon lamp
was conducted to reach the adsorption-desorption equi-
librium [39]. After turning on the light, it can be seen from
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Table 1
Performance of the PVDF-0 and PVDF-X membranes
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Membrane € T, I, I, R Contact angle
(%) (nm) (Lm2h7) (Lm2h7) (%) ©)

PVDE-0 50.60 38.02 90.3 35.6 48.4 87.6
PVDEF-1 76.60 23.93 110.8 98.64 77.8 67.9
PVDE-2 81.60 30.07 176 137.6 84.7 66.0
PVDE-3 86.98 12.05 253.7 208.6 94.4 46.3
PVDF-4 84.57 11.405 217.6 174.08 95.8 59.3

(2) (b) . , : : .

100 | M= rgr Cyclel | Cycle2 | Cyce3 | Cycle4 | Cycle5 |

- 300 | = PVDF0 + PVDF-1 » PVDF-2 + PVDF-3 + PVDF4

ol By, =5 @ @H o= H | ol
250 EF¥éie

60

40

20

PVDF-0

PVDF-1 PVDF-2 PVDF-3 PVDF-4

Membranes

Feviss—
~200 | *oer

v5. | AASALTIZIT Ve e ovuiny B

FER AW ERYRE AR W T bk

xbag Souy
Ty, »
ey i
100 B leen_. ..._‘.'_..'_._._ hadL 1YY asn N
" - e, LYY
.
e,
or . LLE
Sany LI Bumagl®t
0 1 1 A 1 bl 1 1
30 60 9 120 150 180 210 240 270 300
Time (min)

Fig. 7. (a) Comparison of the FRR, R, R, and R, of PVDF-0 and PVDF-X membranes. (b) Cycling runs for the anti-fouling over
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Fig. 8. Methylene blue degradation for the photocatalytic
degradation of Methylene blue by PVDF-3.

Fig. 8 that the degradation of Methylene blue was obvi-
ous, indicating that PVDF-3 had excellent photocatalytic
activity [40-43].

4. Conclusions

The PVDF membranes modified with WS-CNNS were
investigated for BSA separation and MB degradation.

The SEM images of membranes indicated that the distri-
bution of WS-CNNS into the PVDF and the WS-CNNS
had an important role in the performance of synthesized
PVDEF-X membranes. It has been proved that the introduc-
tion of WS-CNNS accelerated the phase inversion of the
casting solution, and made the pore diameter and pore
diameter of the composite membrane change. Moreover,
the pure water flux of PVDF-3 increased from 90.3 to
253.7 L m? h7, the average pore size decreased from 38.02
to 12.05 nm and the contact angle of PVDF-3 decreased
from 87.6° to 46.3° compared with the PVDF-0. The incor-
poration of WS-CNNS increased the hydrophilicity of
PVDEF, which improved the performance of the membrane
toward the separation of BSA and the degradation of MB.
This study is expected to provide a new perspective for
the development of efficient and stable membranes and
has a potential application prospect.
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