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ABSTRACT

In this study, we report a new method for the in situ preparation of a polyvinylidene fluoride
(PVDF)-based composite membrane. The strategy used in this method involves the combination of
a one-step synthesis of the gel-sol method with a traditional immersion precipitation process. The
TiO,/GO (graphene oxide) composite was uniformly dispersed in N,N-dimethylformamide solu-
tion in different proportions, and then the PVDF polymer was dissolved into the resulting N,N-
dimethylformamide sol system to obtain a homogeneous casting solution. A homogeneous TiO,/
GO/PVDF casting solution was then obtained by dissolving PVDF in the N,N-dimethylformamide
(DMF) sol with different contents of TiO,/GO particles. Scanning electron microscopy (SEM), X-ray
diffraction, and X-ray photoelectron spectroscopy analysis showed that the prepared composite
particles were a uniform mixture of TiO, and GO. Based on the precipitation kinetics and mem-
brane morphology, we proved that the introduction of TiO,/GO particles accelerated the phase
inversion of the casting solution and made the pore diameter and pore diameter of the composite
membrane change. The performance test of the composite membrane showed that TiO,/GO and
PVDF were effectively bonded, TiO,/GO was transferred to the membrane surface during the phase
conversion process, and the hydrophilicity of the composite membrane surface was enhanced.
From the results of the separation and anti-fouling properties of the composite membrane,
the composite membrane with 5% TiO,/GO particles had excellent anti-fouling properties.

Keywords: Gel-sol method; Different content; Uniform mixture; Phase conversion; Bovine serum
albumin

1. Introduction However, the hydrophobic nature of PVDF membranes
makes it easy to adsorb or accumulate organic matter
on the surface and inside [3], resulting in membrane pol-
lution, resulting in a rapid decrease of water flux, and
directly affecting the work efficiency and service life.
Therefore, researchers around the world have performed
extensive and in-depth studies on how to improve the
anti-fouling performance of membrane materials [4-6].
When v-ALO,, ZrO,, SiO,, TiO,, FeOOH, ALO,, Fe3O4’
and other inorganic nanoparticles [7-18] were added to
the casting liquid system, the hydrophilic separation and

Among the many water treatment technologies avail-
able, membrane separation has been extensively used to
remove pollutants from wastewater due to the low energy
consumption, high separation efficiency, and environmen-
tally friendly characteristics [1,2]. Polyvinylidene fluoride
(PVDF) is a type of polymer material widely used in the
production of ultrafiltration membranes. PVDF has good
mechanical properties, thermal stability, and chemical sta-
bility and is very popular in the water treatment industry.
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pollution resistance of the prepared PVDF composite
membranes were greatly improved. Many studies verified
that the antibacterial and antifouling properties of porous
polymer membranes can be significantly improved by
modification with nanoparticles, such as TiO, [19-24]. Bet-
Moushoul et al. [25] prepared a TiO,/PVDF hybrid mem-
brane by blending TiO, nanoparticles with PVDF. The
results showed that the surface of TiO, particles is rich in
hydroxyl groups, which can effectively improve the hydro-
philicity of the membrane and improve the mechanical
properties and anti-fouling effects of the hybrid membrane.

In recent years, the coupling of photocatalytic tech-
nology and membrane separation technology of TiO, has
attracted the attention of scientists for new membrane
materials [26-30]. However, in practical applications,
TiO, is difficult to recover, easy to agglomerate in mem-
brane systems, and has a low photocatalytic efficiency.
In membrane separation technology, it has become a
research hotspot to modify TiO, to improve its effi-
ciency, and then to integrate it with an ultrafiltration
membrane to better stimulate the synergistic effect
of the two [31-35]. Graphene oxide (GO) has recently
attracted great interest due to its large specific surface
area, good water-dispersion ability, and high adsorp-
tion capacity [36-38]. Additionally, GO sheets can be a
proper host for the decoration and dispersion of other
inorganic nanoparticles, which makes it more appro-
priate for the modification of polymeric membranes
[39-41]. Adding GO particles to TiO, nanosheets may
allow us to efficiently impart antibacterial, antifouling,
and selectivity characteristics to the sheets [42].

Safarpour et al. [43] dispersed TiO, in a PVDF casting
solution after modification by GO, and the hybrid mem-
brane demonstrated excellent photocatalytic performance.
The hydrophilicity, degradation rate, and anti-fouling of
the membrane were significantly improved. Shao et al.
[44] and others analyzed and compared the introduction
of TiO,, GO, and TiO,/GO into the membrane matrix, and
found that the TiO,/GO particles had a more distinct effect
on improving the hydrophilicity and separation of the
membrane.

Ayyaru et al. [45] used GO with TiO,, and TiO,/GO
composite particles prepared by the sol-gel method. The
influence of the introduction of composite particles on
the structure and properties of ultrafiltration membranes
was explored. Through a series of characterizations,
the morphology and properties of the composite mem-
branes changed greatly. Compared with pure membranes,
the roughness of the composite membranes increased, the
hydrophilicity increased, the contact angle decreased, and
the water flux increased. The retention and photocatalysis
were all improved.

In this study, TiO,/GO composite particles were pre-
pared with a one-step synthesis method on the existing
basis. Scanning electron microscopy (SEM), X-ray diffrac-
tion (XRD), and X-ray photoelectron spectroscopy (XPS),
and Fourier-transform infrared spectroscopy (FTIR)
were used to analyze the microparticles. Then, we added
different contents of TiO,/GO to the PVDF casting solu-
tion. Based on the phase transformation mechanism, a
simple casting method was used to prepare TiO,/GO/

PVDF composite membranes. The effect of different TiO,/
GO contents on the properties of membranes was inves-
tigated based on the pure water flux, static water contact
angle, FTIR, surface and cross-section morphology, and
fouling tests. The separation performance of the pre-
pared membranes was studied by the rejection of bovine
serum albumin (BSA). The anti-fouling performance of the
membranes was evaluated by the recovery rate of the water
flux and the time extended for flux attenuation of 30%.

2. Experimental
2.1. Reagents and instruments

We used titanium tetraisopropoxide (TIPO, Sigma-
Aldrich, Germany); triethanolamine (TEOA, Xilong Chemical
Co., Ltd., China); graphene oxide (GO, Sinopharm Chemical
Reagent Co., Ltd., China); polyvinylidene fluoride (PVDE
Shanghai San Ai Fu New Material Co., Ltd., China); N,N-
dimethylformamide (DMF, Sinopharm Chemical Reagent
Co., Ltd., China); polyethylene glycol PEG6000 (Sinopharm
Chemical Reagent Co., Ltd., China); and bovine serum
albumin (BSA, formula weight 67000, Sinopharm Chemical
Reagent Co., Ltd., China). The morphology and structure
of the samples were characterized by transmission electron
microscopy (JEM-200CX) and scanning electron microscopy
(SEM, HITACHI S-3400N II, Japan). Powder X-ray diffraction
(XRD) patterns were recorded on a Bruker D8 Multipurpose
XRD system (Germany). FTIR spectroscopy was performed
on a Nicolet iS10 spectrometer (United States). XPS and
valence band X-ray photoelectron spectroscopy spectra were
performed on a PHI 5000 VersaProbe instrument (China)
with binding energies referenced to adventitious carbon at
284.6 eV.

2.2. Preparation of TiO,/GO composites

We mixed 36.62 g of titanium tetraisopropanol and
38.06 g of triethanolamine, and added the mixture into
a 250 mL volumetric flask for calibration with ultrapure
water. We injected nitrogen into the volumetric flask for
3 min, sealed the mouth with sealing tape, and then used it
as the mother liquor (including 10.3 g TiO,). We measured
40 mL of ultra-pure water and added 0.515 g of graphene
oxide. After ultrasonic treatment at 400 W power for 2 h,
the graphene oxide was uniformly dispersed in the aque-
ous solution. We measured 40 mL of the mother liquor and
ultra-pure water dispersed with graphene oxide and added
them to the hydrothermal reactor with a polytetrafluoroeth-
ylene lining. We slowly added high-concentration sodium
hydroxide solution to the reactor until the pH was 12 and
kept it at 190°C for 24 h. Finally, we washed and filtered the
product, put it into a muffle furnace, calcined it at 400°C
for 2 h, and obtained the final TiO,/GO composites [45].

2.3. Preparation of the TiO,/GO/PVDF composite membrane

The TiO,/GO composite was uniformly dispersed in
N,N-dimethylformamide solution in different proportions,
and then the PVDF polymer was dissolved into the resulting
DMF sol system to obtain a homogeneous casting solution.
A homogeneous TiO,/GO/PVDEF casting solution was then
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obtained by dissolving PVDF in the DMF sol with different
content TiO,/GO particles. Specifically, we weighed 2.7 g
of PEG6000 and dissolved it in 90 mL of DMF. We slowly
added 12 g of PVDF, raised the temperature to 60°C, and
mixed with the magnetic force for 4 h until it was completely
dissolved. We added a certain proportion of TiO,/GO com-
posites in batches and continued to mix with the magnetic
force for about 2 h to obtain a transparent and uniform
TiO,/GO/PVDF membrane casting solution.

After the prepared casting solution of the membrane
was standing and defoaming at room temperature for 12 h,
we poured the solution on the flat membrane equipment at
25°C and scraped to form a homogeneous membrane with
an average thickness of 0.2 mm. After standing in the air
for approximately 30 s, we immersed it in the coagulation
bath (deionized water) at room temperature to form the
membrane. We left the membrane standing in deionized
water for 24 h for standby. In this study, PVDF compos-
ite membranes with different content of TiO,/GO (1%, 3%,
5%, and 7%) were prepared and named PVDEF-1, PVDE-2,
PVDE-3, and PVDF-4. A pure PVDF membrane was pre-
pared by the same method and named PVDE-0. The detailed
preparation process was shown in Fig. 1.

2.4. TiO,/GO composites characterization

SEM analysis was completed using a JSM-6380LV scan-
ning electron microscope from Japan’s JEOL Company.
FTIR analysis was completed using a Tensor 27 Fourier-
infrared spectrometer of Germany’s Bruker Company.
XRD analysis was completed using a D8 ADVANCE X-ray
diffractometer of Germany’s Bruker Company; X-ray pho-
toelectron spectra were recorded on a Thermo Escalab
250Xi X-ray photoelectron spectrometer (XPS).

2.5. Characterization of the TiO,/GO/PVDF
composite membrane

SEM analysis using JSM-6380LV from Japan’s JEOL
Company was completed with a voltage of 30 kV. FTIR
analysis was completed using a Tensor 27 Fourier-infrared
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spectrometer from Germany’s Bruker Company. XRD was
performed using a D8 ADVANCE X-ray diffractometer
from the Bruker Company in Germany. Thermogravimetric
analysis was performed using a SDT Q600 from the TA
Company in the United States.

2.6. Ultrafiltration performance of TiO,/GO/PVDF
hybrid membrane

A self-made ultrafiltration device was used to test the
water flux of the hybrid membrane, and the appropri-
ate size of the membrane (50 cm™) was cut (Fig. 2). Under
the pressure of N,, the membrane was pre-compressed for
30 min under a pressure of 0.15 MPa. After adjusting the
pressure to 0.1 MPa, the pure water flux (/,, L m? h™) of
the membrane was measured. Then, the deionized water
was changed into 1 g of BSA solution, and the above oper-
ations were repeated to determine the membrane flux
(J, Lm™h™) of the hybrid membrane to the pollutant solu-
tion. Simultaneously, the UV-2100 UV-Vis spectrophotom-
eter from Unocal Shanghai Instrument Co., Ltd., (China)
was used to measure the BSA retention at 280 nm (the
wavelength of BSA is 280 nm). The porosity was measured
using the dry wet membrane method. All the above data
were measured five times, and the average value was taken.

The specific formulas are as follows:
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Fig. 1. The preparation flow chart of the composite membrane. Polyethylene glycol PEG6000, N,N-dimethylformamide, and

polyvinylidene fluoride.
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Fig. 2. Ultrafiltration device. (1) Pressure gauge; (2) nitrogen
pressure cylinder; (3) ultrafiltration cup; (4) membrane test;
(5) magnetic stirrers; (6) measuring cylinder.

where V(L) is the volume of pure water passing through
the membrane, V (L) is the volume passing through the
bovine serum albumin solution, A (m?) is the area of the
tested membrane, ¢ (h) is the test time, C, (g/L) is the ini-
tial concentration of the bovine serum albumin solution,
C, is the concentration of the bovine serum albumin solu-
tion in the filtrate, m . is the mass completely soaked
in deionized water, and m dry is the mass at the constant
weight in the oven at 60°C.

The mean pore radius , of the membrane was deter-
mined using the filtration velocity method and was
calculated from the Guerout-Elford-Ferry equation [46]:

. \/(2.9 1.75¢) x 8n1Q -
" ex AxAP
where 1) denotes the water viscosity (8.9 x 10 Pa s), ¢ sig-
nifies the membrane porosity (%), [ is the membrane
thickness (m), Q is the volume of permeating water per
unit time (m® s?), A is the membrane active area (m™),
and AP is the operation pressure (0.1 MPa).

2.6.1. Hydrophilicity

The dynamic contact angle of the film was measured
using the drop method. The contact angle of the membrane
was completed using the Hebei Chengde Dingsheng Co.,
Ltd., (China) testing equipment JY-82C. The phase sepa-
ration rate of the casting solution was completed using a
UV-2100 UV-visible spectrophotometer from the Unocal
Shanghai Instrument Co., Ltd., (China) and the bottom
10 mm part of two cuvettes were wrapped with black tape
to avoid UV penetration. We placed 2 mL of deionized
water into a cuvette as a blank. We added 1 mL of cast-
ing solution to another quartz cuvette, placed the cuvette
into the UV spectrophotometer, took 1 mL of deionized
water, dropped it into the cuvette, and quickly closed the

UV spectrophotometer. We set the UV spectrophotometer
to record the absorbance value of DMF at 257 nm every 4 s
for 10 min.

2.6.2. Pollution resistance

The membrane used in 2.6.1 was rinsed repeatedly
with deionized water, and then the pure water (/, L m?h™)
was tested again with deionized water. The recovery
rate of the membrane flux (FRR, %), total pollution rate
(R;, %), reversible pollution rate (R, %), and irrevers-
ible pollution rate (R,, %) were determined using specific
calculation formulas as follows [47]:

]r

FRR = 2= x100% )
R, = el q00% @)
R = I q00% @)
R, =Ry, - R, ®

3. Results and discussion
3.1. TiO,/GO composite

The morphology of the prepared TiO,/GO compos-
ite was observed using SEM. As shown in Figs. 3a and b,
the TiO,/GO composite essentially maintained the mor-
phology of TiO,, which may be due to the small amount
of GO. In addition, the element composition of the com-
plex was further analyzed with energy-dispersive X-ray
spectroscopy. From Fig. 3¢, it can be clearly seen that the
composite is composed of C, O, and Ti elements, in which
the Ti element came from the prepared TiO,, the O ele-
ment came from TiO, and graphite oxide, and the C ele-
ment came from graphene oxide, which further explains
the successful combination of GO and TiO,.

An X-ray diffractometer was used to study the crys-
tal structure of the TiO,/GO composite. As shown in
Fig. 4, there are characteristic peaks at 11.1° and 42.6° in
the XRD spectrum of GO, corresponding to the (002) crys-
tal surface of GO. There are obvious diffraction peaks at
25.6°, 38.1°, 48.2°, 54.1°, 55.2°, 62.9°, 69.1°, 70.6°, and 75.4°
in the XRD spectrum of TiO,, which shows that the TiO,
we synthesized was anatase crystal type [48]. The TiO,/
GO composite shows the characteristic peak of TiO,, and
there are weak diffraction peaks at 27.2° 36.2° and 37.2°
in the XRD spectrum of TiO,/GO, which may be caused
by the synergistic effect of TiO, and GO. However, no
characteristic peak of GO was observed, which may
be due to the low content of GO in the composite or the
relatively uniform distribution of GO on the TiO, surface.

XPS data provided more information on the surface
composition and binding interactions of TiO,/GO com-
pounds. The Ti 2p region (Fig. 5a) depicts three peaks at
458.6, 461.3, and 464.4 eV. The peaks appearing at 458.6



H. Wang et al. / Desalination and Water Treatment 224 (2021) 95-105 99

|1|1[1|||||\|4||'|__i"'|"{"|(|||)|l||||||||r|||]

[ S

Kev

Fig. 3. Scanning electron microscopy (SEM) of (a) TiO,, (b) TiO,/GO, and (c) element distribution.
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Fig. 4. X-ray diffraction (XRD) of GO, TiO,, and TiO,/GO.

and 464.4 eV can be assigned to Ti 2p,, and Ti 2p, , of TiO,,
verifying the presence of TiO, in the respective TiO,/GO
compounds. The peak appearing at 461.3 eV corresponds
to the Ti—C bond confirming the embedment of TiO, in the
TiO,/GO compounds via Ti-C linkage.

Fig. 5b presents the high-resolution spectrum of the C
1s peak fitted into four peaks. The main peak at 284.8 eV is
attributed to sp*hybridized carbon (C-C) from the carbon
layers. The peak at 286.1 eV originated from the hydroxyl
carbon (C-O), and the peak at 288.7 eV is assigned to

carboxyl carbon (O=C) or C-N. The Ti-C peak located at
283.9 eV demonstrates that part of the carbon was success-
fully embedded into the lattice of TiO, nanoparticles. Fig. 5c
shows the O 1 s level spectra of the TiO,/GO compounds.
The O 1s signals can be deconvoluted into two peaks at
approximately 530.8 and 532.1 eV. These peaks are attributed
to the Ti-O and chemisorbed H,O, respectively [49,50].

3.2. Microscopic characterization of the TiO,/GO/PVDF
composite membrane

3.2.1. Analysis of the chemical functional groups on
the membrane surface

GO presented a typical FTIR spectrum with many dis-
tinct, strong absorption peaks corresponding to oxygen
functional groups. As shown in Fig. 6b, a wide peak at
approximately 3,422 and 1,360 cm™ can be attributed to the
OH and C-N stretching vibrations of GO. The GO curve
shows a stretching vibration of CH at 3,178 cm™, and the
four absorption peaks at 1,730; 1,620; 1,200 and 1,040 cm™
are induced by the C-O, C=C, C-O, and C-O-C vibrations,
respectively. Fig. 6a shows that the spectra of the PVDEF-
0, PVDEF-1, PVDF-2, PVDEF-3, and PVDF-4 membranes are
essentially the same, and their vibration absorption peaks
of C-OH, C-F, C-O-C, and C-H were found near 1,384;
1,186; 1,052 and 885 cm™, all of which came from PVDF.

The vibration absorption peaks of carbon = carbon
double bonds (C=C) appear at 1,620 cm™ in the PVDF-1,
PVDE-2, PVDF-3, and PVDF-4 membranes. The vibration
absorption peaks of hydroxyl (-OH) appear at 3,346 cm™
in the PVDF-3 and PVDF-4 membranes corresponding to
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Fig. 5. X-ray photoelectron spectroscopy (XPS) of TiO,/GO.

the tensile vibration of TiO,/GO. The FTIR spectrum shows
a new peak centered at 2,100 cm™ in PVDEF-3, which con-
firms the synergy of the TiO, and GO. Fig. 6a shows that the
composite membrane did not change the structure of PVDF;
TiO,/GO was a physical combination. TiO,/GO can introduce
polar groups to improve the water flux and pollution resis-
tance of a membrane [51]. The absorption peaks of -OH and
C=C were stronger for the PVDF-3 membrane than for other
membranes, indicating that the addition ratio was better.

3.2.2. Elemental characterization of TiO,/GO/PVDF
composite membrane

The crystal structures of the PVDF-0, PVDF-1, PVDEF-2,
PVDE-3, and PVDF-4 membranes were studied using XRD.
As shown in Fig. 7, the characteristic peaks of the five
membranes were almost the same. Characteristic peaks
appear at 16.6°, 20.1°, and 23.2°, which is due to the PVDF.
PVDE-2, PVDEF-3, and PVDF-4 demonstrate weak peaks
at 25.6° and 27.4°, deriving from the TiO,/GO. Through

a C-OH

PVDF-2

/(\

PVDF-1

j
R
)

Transmittance(%)

PVDF-0

o
S P P A
-

N

C-0-C c.H|

)
== = —

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wave number(cm'l)

H. Wang et al. / Desalination and Water Treatment 224 (2021) 95-105

careful observation, there are peaks at 29.2° for PVDF-2 and
PVDE-3, peaks of PVDE-2 at 36.4°, and of PVDEF-3 at 42.6°,
which indicates the existence of TiO,/GO. The reason why
the characteristic peak is not strong is that the content of
the TiO,/GO composite is too small and the distribution
of the TiO,/GO on the surface of the PVDF membrane is
relatively uniform.

3.2.3. Phase separation kinetics of the TiO,/GO/PVDF
composite membrane

Different membrane preparation conditions lead to
different mass transfer processes, which affects the phase
separation rate and membrane pore structure. By examin-
ing the change of absorbance of DMF in deionized water,
the phase separation rate of the casting solution in the
membrane forming process was analyzed. The absorbance
of DMF in the casting solution of PVDF-0 was higher than
PVDEF-2 and PVDF-4, and lower than PVDF-1 and PVDF-
3, which indicates that the addition of 1% and 5% TiO,/
GO particles increased the phase separation rate. This is
because the barrier of nanoparticles reduces the interac-
tions between the polymer and the solvent, making it eas-
ier for the solvent molecules to diffuse from the polymer
matrix. In addition, PVDE-1 had the highest analysis rate.

The phase separation rate of PVDF membranes is related
not only to hydrophilic particles but also to viscosity. As
the amount of added particles increases, the viscosity of
the prepared casting solution gradually increases (Fig. 8).
The increase of viscosity is unfavorable to the diffusion of
water and solvent and reduces the phase separation rate of
the casting solution. It can be seen from the figure that, under
the combined action of TiO,/GO particles and the viscosity
of casting solution, the phase separation rates of PVDF-1
and PVDEF-3 were relatively high, which is conducive to
the formation of the porous structure of the membrane,
thus, improving the separation performance [51].

3.2.4. Thermodynamic properties of PVDF membranes

Fig. 9 shows that the pyrolysis process of the PVDF
changed after adding TiO,/GO. Clearly, the decomposi-
tion temperature of the PVDF-3 was higher than that of
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Fig. 6. Fourier-transform infrared (FTIR) spectra of (a) PVDF-0, PVDEF-1, PVDF-2, PVDF-3, PVDF-4, and (b) GO.
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the other membranes. This phenomenon may indicate the
decomposition of functional groups on the surface of the
modified membrane. The results show that the added 3%
TiO,/GO became nucleation centers in the process of the
PVDF solution-induced phase conversion, which affects
the grain size and the void size of the PVDF formed in
the process of membrane formation.

3.2.5. Morphology characterization of the membranes

As shown in Fig. 10, the difference of the microstruc-
ture on the surface of all membranes was not obvious,
and they were all smooth. The cross-section is essentially
a typical asymmetric structure composed of finger-like
pores and sponge-like supporting layers, which shows
that the basic morphology and structure of the mem-
brane were not changed by adding particles. The num-
ber of pores at the bottom of the membrane increased
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Fig. 9. Thermogravimetric analysis of PVDF-0, PVDF-1, PVDEF-2,
PVDEF-3, and PVDF-4.

and the distribution was more compact after adding
TiO,/GO, and the number of pores first increases and
then decreases with the increase of the additive amount,
which is consistent with the experimental results of the
porosity measurements. The membrane cross-sectional
spongy structure was reduced, the finger-like pores
were increased and became more orderly, the pores first
became larger and then tended to be stable, and they were
connected from top to bottom, which is consistent with
the experimental structure of the water flux measurement.

The change rules of the finger-like pores and porosity
further prove that the phase separation rate first increased
and then decreased with the increase of TiO,/GO parti-
cles addition. The addition of fewer particles promoted
the phase separation process, leading to the formation of
larger finger-like pores. However, the addition of more
particles led to a larger rate of the casting solution, thus,
reducing the phase separation rate, leading to a reduction
in the pore number and a small change in the pore size.
This is consistent with the phase separation rate curve as
measured by ultraviolet spectrophotometer.

3.3. Performance test of the composite membranes
3.3.1. Ultrafiltration performance of the composite membranes

As shown in Table 1, the porosity, water flux (J,), BSA
flux (]p), and separation rate of PVDF-1, PVDF-2, PVDEF-
3, and PVDF-4 were higher than PVDF-0; however, the
contact angle decreased, and the average pore diameter
increased slightly. The results showed that the addition
of particles increased the phase separation rate of the
casting solution, changed the pores, increased the num-
ber of pores and the formation of macropores, and thus
improved the hydrophilicity of the membrane. The ultra-
filtration performance of PVDF-3 was the best, as the |
was more than two times that of PVDF-0, the | increased
from 35.6 L m? h™' for PVDF-0 to 146.6 L m? h’!, and
the separation efficiency was also improved to about 91.2%.

Combined with Fig. 11, this shows that, after TiO,
was modified by GO, more hydrophilic groups were
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Fig. 10. SEM morphologies of PVDF-0, PVDEF-1, PVDF-2, PVDEF-3, and PVDF-4.
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Table 1
Performance of the PVDF-0, PVDEF-1, and PVDEF-2 membranes

103

Membrane € T, I, ]p FRR R Contact angle
(%) (nm) (Lm=h) (Lm=h) (%) (%) ©)

PVDE-0 50.6 38.02 90.3 35.6 68.03 64.7 87.6

PVDE-1 66.2 35.43 120.6 754 75.9 73.2 80.4

PVDE-2 67.8 39.11 170.5 98.4 86.8 80.3 73.2

PVDE-3 73.2 42.21 203.5 146.6 96.05 91.2 61.7

PVDF-+4 68.8 42.67 186.8 124.6 91.17 85.3 70.8

FRR, flux recovery rate

introduced and a synergistic effect was produced to catalyt-
ically degrade part of BSA. All the BSA fluxes of the mem-
branes were lower than the water flux, and the deionized
water flushing produced restoration. Fig. 11 shows that
the PVDE-3 flux recovery rate (FRR) was the highest, more
than three times PVDEF-0, which explains the improved
stain resistance, mainly due to TiO,/GO particles with more
negative charges, PVDEF-3, and the repulsive force between
BSA enhancement, which has strong stain resistance.

3.3.2. Anti-fouling of the composite membranes

As shown in Fig. 12, the flux of PVDF-0 decreased
significantly with the filtration time, while the PVDF-1,
PVDE-2, PVDEF-3, and PVDF-4 filtration curves showed
a gentle downward trend. After 30% attenuation, this
tended to be stable, and the required time increased from
180 min for PVDE-0 to 260, 310, 440, and 490 min, indicat-
ing that the filtration cycle and service life of the membrane
after adding TiO,/GO particles was significantly extended
[46]. Notably, the downward trend of PVDF-3 was the
least obvious, indicating the longest filtration cycle and
service life.

The anti-fouling performance of the composite mem-
brane was directly proportional to the FRR, and the
stronger the anti-fouling performance was, the higher
the FRR was (Fig. 13). The FRRs of the PVDF-0, PVDF-1,

PVDF-2, PVDE-3, and PVDF-4 composite membranes were
68.03%, 75.9%, 86.8%, 96.05%, and 91.17%, respectively. The
composite membranes were superior to PVDF-0 in pollu-
tion mitigation, and the hydrophilicity was also improved.
In addition, the total pollution rates R, (R,, = R,_+ R) of
PVDEF-1, PVDEF-2, PVDE-3, and PVDF-4 were 49.3%, 30.85%,
27.97%, and 33.91%, which were lower than PVDF-0 (59.11%).

The corresponding reversible pollution and irreversible
pollution were also reduced, because the stronger hydro-
philic membrane more easily formed a hydration layer,
reducing the contact between the membrane and the pol-
lutant and, thus, enhancing the anti-fouling property of
the membranes. The PVDF-3 composite membrane had
the best anti-fouling performance, mainly due to the addi-
tion of the appropriate TiO,/GO to carry a certain amount
of negative charges, which increased the electrostatic
repulsion against pollutants and reduced the membrane
adsorption of pollutants.

4. Conclusion

The addition of TiO,/GO particles prepared by the
one-step synthesis method to the casting solution in differ-
ent proportions, and the composite membrane prepared
by phase transformation method demonstrated excellent
hydrophilicity and anti-fouling properties. Compared with
the PVDF-0 membrane, the specific results were as follows:

BAS
adsorbs to
surface

Adsorb BAS
breakdown
Light by*OHradicle

%L

Final products
O desorb
(CO,,Water,

mineral acids)

00
=0

§ 0P T

VAN VAN

. s
BAS degradation 773 GO/TiO, hybrid membrane

Fig. 11. Schematic of the membrane separation with bovine serum albumin (BSA).
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Fig. 12. The water flux varied with the filtration time in the inter-
ception process of BSA (0.1 g L) for PVDF-0, PVDEF-1, PVDE-2,
PVDE-3, and PVDF-4.
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The TiO,/GO particles were uniformly dispersed in
groups in the casting solution without agglomeration.
The separation, anti-fouling, and thermal properties were
significantly improved.

The PVDE-3 prepared with a TiO,/GO addition ratio of
5% had a relatively large split phase velocity, the pores
at the bottom were more abundant and evenly distrib-
uted, there were smoother and more ordered finger
pores in the cross section and connected from top to bot-
tom, and thus the PVDF-3 was highly hydrophilic and
anti-fouling. The water flux and BSA flux were as high
as 203.5 and 146.6 L m2 h!, the FRR increased to 96.05%
from 64.1% in PVDEF-0, the contact angle decreased by
25.9°, and the total rate of pollution decreased from
59.11% in PVDEF-0 to 27.97%. The downward trend of
PVDE-3 was the least obvious from the results of the

H. Wang et al. / Desalination and Water Treatment 224 (2021) 95-105

water flux variation with filtration time, indicating the
longest filtration cycle and service life.
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