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Abstract: Modified polyvinylidene fluoride (PVDF) mem-
branes were prepared by the phase inversion method via
blending in situ formed nanosilver (Ag) and nanozirco-
nium dioxide (ZrO,). Scanning electron microscopy of the
membranes revealed that the surface pore size of the
membranes was increased and distributed widely with
the addition of modified nanosilver (Ag) and nanozirco-
nium dioxide (ZrO,). The pores of the membrane were
reduced due to excessive modification of the material
when the content of zirconium dioxide was increased to
0.4%. XRD characterization showed that in situ synthesis
of nanosilver (Ag) and nanozirconium dioxide (ZrO,) had
been successfully blended in the membranes. The contact
angle of the modified membrane ranged from 82.72° to
67.37°, which showed that the hydrophilic properties of
the membrane were improved. The pure water flux of the
modified membrane increased from 28.43 to 143.2L/m?h,
indicating that the hydrophilicity of the modified mem-
brane was enhanced significantly. The flux recovery rate
of the modified membrane was obviously increased in the
fouling experiment with BSA as the source of organic
pollutants. The antimicrobial contamination of the mem-
brane was greatly enhanced with the E. coli microbial
contamination experiment.
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1 Introduction

Membrane separation technology, e.g., microfiltration
[1,2], ultrafiltration [3,4], nanofiltration [5,6], and reverse
osmosis [7,8] plays an important role in the sewage treat-
ment technology, which has wide applications in many
fields such as the industrial production separation [9,10],
water and wastewater treatment [11], etc. Polyvinylidene
fluoride (PVDF), a kind of organic polymer membrane
material with the advantages of strong chemical stability,
thermal stability, and high mechanical properties, has
been used in membrane separation technology. However,
the pristine PVDF membrane has strong hydrophobicity,
which causes the adhered organic substance to form
membrane contamination and then decreases its func-
tionality. Membrane modification is an effective method
to resist membrane fouling. The main methods of the
hydrophilic modification of PVDF membrane are copoly-
merization modification and blending modification.
Copolymerization is modified by chemical methods to
endow the molecular chains of PVDF with hydrophilic
groups or monomers to improve the hydrophilicity of the
membrane. Zhang polymerized poly(acrylic acid) (PAA)
side chains on the PVDF membrane with TiO, by sol-gel
preparation and found that the hydrophilicity and the anti-
fouling abilities of the membrane were enhanced signifi-
cantly [11]. PVDF was also blended with the hydrophilic
material to improve the hydrophilicity of the membrane
[12-18] with a simple and easy blending modification
method. The main blending materials are hydrophilic poly-
mers such as PMMA (poly(N-isopropyl-acrylamide)) [19],
CA (cellulose acetate) [20], PU (polyurethane) [21], etc., or
inorganic nanoscale particles such as silica [22], titanium
dioxide [23], blending silver [24], alumina [4], etc. It can be
found that via blending inorganic nanomaterials, not only
the hydrophilic properties and the anti-pollution perfor-
mances of the membrane can be improved, but the mechan-
ical properties can also be enhanced. Pang modified the
PVDF membrane with in situ formed nano-ZrO, [25], and
found that the hydrophilicity and the antifouling perfor-
mances of the modified PVDF membrane were improved.
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In addition, ZrO, had higher stability and was suitable for
liquid-phase separation under extreme conditions. So, the
anti-pollution performance of the anti-organic membrane
could be improved by hydrophilic modification [26-29].

Biological fouling is a vital factor induced by the
reduction of the membrane flux. Li employed in situ
formed nanoscale Ag particles to modify the PVDF mem-
brane and found that Ag played an important role in
the antimicrobial properties and also could improve the
hydrophilic properties of the membrane [30]. However,
using Ag as a hydrophilic substance to improve the hydro-
philic properties of the PVDF membrane was expensive.
So, a cheaper and high efficiency method was developed
by the modification of the membrane with two kinds of
nanomaterials.

In this paper, a certain amount of AgNO; as a raw
material was used to synthesize nanoscale silver to improve
the antimicrobial properties of the membrane, while ZrO,
as the main material was used to improve hydrophilic prop-
erties. The modified PVDF membrane was prepared by
the phase inversion method via blending in situ formed
nanosilver (Ag) and nano-zirconium dioxide (ZrO,) under
ultrasonic dispersion. The membrane was further characteri-
zed by XRD and scanning electron microscopy (SEM).
Hydrophilic and antifouling performances were also stu-
died to obtain more insights into the membrane properties.

2 Experimental

2.1 Materials

Poly(vinylidene fluoride) (PVDF: CAS: 24937-79-9, FR904,
Shanghai) was purchased from Sanaifu. Silver nitrate (AgNOs;
analytical grade), and N,N-dimethylformamide (DMF; CAS:
68-12-2, d > 99%, reagent) were obtained from Jinhuada
Co. Ltd of Guangzhou City; polyvinylpyrrolidone (PVP, CAS:
9003-39-8, reagent) was purchased from Zhengzhoupaini Co.,
Ltd; nano-zirconium dioxide (ZrO,) (CAS: 53801-45-9, 50 nm,
Shanghai) was obtained from Macklin Biochemical Co., Ltd;
and bovine serum albumin (BSA, CAS: 9048-46-8) protein
was obtained from Biofroxx.

2.2 Preparation of the Ag/ZrO,-PVDF
membrane

For the preparation of the Ag/ZrO,-PVDF membrane,
AgNO; (0.5%) was dissolved in an appropriate amount

Modification of the PVDF membrane =— 539

of DMF stirring until the solution changed from light
yellow to brown and then nano-ZrQ, particles were added
and dispersed ultrasonically for 30 min in a 50°C water
bath. In another container, PVP (1%) was dissolved in
DMF, and then PVDF (15%) was continuously added.
The mixture was stirred in a water bath at 50°C to obtain
a homogeneous clear solution. The Ag/ZrO, solution was
added into a uniform PVDF solution and stirred for
3 h at 50°C in a water bath to obtain a yellow casting
solution, indicating that a well-dispersed Ag and ZrO,
solution was obtained, which was then dispersed ultra-
sonically for 30 min and allowed to stand one day for
removing the bubbles and to obtain a homogeneous
casting solution. The casting solution was poured into a
glass plate that was washed with ethanol and deionized
water, and then the membrane was scraped with a scratch
knife until the plate was naturally dried. The glass was
then put in deionized water to induce the liquid-liquid
phase conversion to obtain the membrane PVDF and
Ag/7Zr0,-PVDF 0-4. PVDF membrane is a pristine mem-
brane, Ag/ZrO,-PVDF 0-4 is a nanosized silver and nanos-
cale-zirconia modified membrane, where 0-4 refer to the
modified membrane prepared under different concentra-
tions of zirconium dioxide (Table 1).

2.3 Characterization of the Ag/ZrO,-PVDF
membrane

X-ray diffractometer (XRD, Bruker AXS Co., Ltd., D8
ADVANCE) was used to analyze the surface compositions
of the membranes with a copper Ka radiation source at a
scan rate ranging from 10° to 90° at 2°/min. The chemical
composition of the membrane was studied using Fourier
transform infrared spectroscopy (FTIR-ATR, PerkinElmer
Spectrum Two). After drying and spraying the membrane
with gold, the surface morphology of the membrane was
observed with an SEM (SEM, Hitachi S-4800). The contact

Table 1: Composition of the cast solution (mass%)

PVDF Ag/ Ag/ Ag/ Ag/ Ag/

Zr0,- Zr0,- Zr0,- Zr0,- Zr0,-

PVDFO PVDF1 PVDF2 PVDF3 PVDF4
PVDF (%) 15 15 15 15 15 15
DMF (%) 84 83.5 83.4 83.3 83.2 83.1
PVP (%) 1 1 1 1 1 1
AgNO5 (%) 0 0.5 0.5 0.5 0.5 0.5
Zr05 (%) 0 0 0.1 0.2 0.3 0.4
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angle was measured with a contact angle measuring instru-
ment (Shanghai Zhongchen Digital Technology Equipment
Co., Ltd., JC2000C). To measure the hydrophilicity of the
membrane, 3 pL of water was dropped on the surface of
the membrane, and the contact angle meter was used to
record for 1 min. Each membrane was tested five times and
the averaged data was obtained.

2.4 Flux experiment

The membrane flux and rejection were measured with a
flux testing device under 0.1 MPa pressure and at room
temperature. First, the membrane was cut into a disc of
size 12.56 cm” and pre-pressured with deionized water for
30 min to get a stable flux, J,,. BSA rejection was mea-
sured at 0.1 MPa and prepressured with deionized water
for 30 min; the water flux was recorded every 5 min. The
deionized water was replaced by a BSA solution until the
flux reached a stable value. The concentration of a certain
period of penetration solution is calculated as the rejec-
tion R:

%4

]W:Axt

)

where J,, is the pure water flux of the membrane (L/ m?h);
V is the volume of penetrative water (L); A is the effective
membrane area (m?); and ¢t is the running time (h).

C
R= (1 - —p) x 100% )
Ce

where R is the rejection of BSA (%); Cp is the concentra-
tion of BSA in the permeation solution; and C; is the
concentration of BSA in the feed solution.

2.5 Evaluation of antifouling properties

The multicycle filtration test was used to evaluate the
antifouling properties of the membrane. First, the mem-
brane was pre-pressured with deionized water for 30 min
at 0.1 MPa and room temperature. The water flux Jyy was
recorded, the deionized water was replaced by BSA solu-
tion, and the flux J, of the BSA solution was recorded by
suction filtration at 0.1 MPa for 30 min. The water flux of
the membrane was tested again after the membrane was
rinsed with deionized water (J;). According to the multi-
cycle filtration test, the membrane relative flux reduction
and flux recovery ratio were calculated by the following
equations:
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1)
RFR (%) = 1 - 32 x 100% 3)
FFR (%) = ]]—f % 100% )

2.6 Evaluation of antibacterial properties

The antibacterial properties of the membrane were eval-
uated by the inhibition zone method, and the size of the
zone of inhibition was a direct indication of the ability to
assess the antimicrobial contamination of the membrane.
First, the Luria-Bertani (LB) broth in a certain ratio was
processed in an autoclave. E. coli was inoculated into
the liquid LB broth, which was incubated at 37°C for
24 h. Then, the LB agar was sterilized in a certain ratio
in an autoclave and poured into a plate. Then, the cul-
tured E. coli was inoculated into a solid medium and
uniformly coated; then the membrane was cut into a
disc of 12.56 cm? and placed in a medium inoculated
with E. coli cultivated for 24 h in an incubator at 37°C
and the experiment result was recorded.

3 Results and discussion

3.1 Chemical constitution of the membrane
surface

The XRD pattern of the modified PVDF membrane is
shown in Figure 1. It can be seen that the diffraction
peaks of PVDF appeared in the spectra 1-6 at 260 around

—1 PVDF

—2 Ag/7r02-PVDF-0
—3 Ag/ZrO)-PVDF-1
—4 Ag/Zr02-PVDI-2
—5 Ag/Zr02-PVDF-3
—6 Ag/7.r02-PVDF-4

Intensity(a.u.)

T T T T T

0 10 20 30 40 50 60 70 80 90
20

Figure 1: XRD patterns of PVDF, Ag/ZrO,-PVDF-0, Ag/Zr0O,-PVDF-1,
Ag/Zr0,-PVDF-2, Ag/Zr0,-PVDF-3, and Ag/ZrO,-PVDF-4.
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20°, and the intensity of the diffraction peak weakened
with the addition of the modified nanosilver and nano-
Zr0, in the membrane. For the 2-6 XRD pattern, a weak
diffraction peak appeared around 20 of 41°, corresponding
to the diffraction peak of nano-Ag. The diffraction peaks
of ZrO, appeared at 27° and 30° at 26 in spectra 3-6, cor-
responding to the monoclinic phases (111) and (-111),
respectively. As the concentration of zirconia increased,
the peak intensity increased. All the above results demon-
strated that nanosilver and nanozirconia are successfully
doped into PVDF membranes.

As shown in Figure 2, 1-6 were the Fourier transform
infrared spectra (FTIR-ATR) of PVDF, Ag/ZrO,-PVDF-0,
Ag/Zr0,-PVDF-1, Ag/Zr0O,-PVDF-2, Ag/Zr0,-PVDF-3, and
Ag/7r0,-PVDF-4, respectively. In the infrared spectrum
of a pristine PVDF membrane, the absorption peak of
C—C is at 879/cm, the deformation vibration absorption
peak of —CH, connected to —CF, is at 1405.6/cm and the
stretching vibration absorption peak of CF, in PVDF is at
1173.1/cm; and the peak appearing at 1,667/cm corre-
sponds to C=0, which is probably the chemical bond
of DMF remaining in the film. The difference from the
pristine PVDF spectrum is that the corresponding peak
of Zr-0 appears at 748.1/cm. The integrated XRD results
show that it is ZrO,, and the intensity of the peak increases
with the increase of the content of doped ZrO,.

3.2 Membrane morphology

Scanning electron micrographs of the PVDF membrane and
the modified membrane Ag/ZrO,-PVDF 0-4 to determine

C=0 | CFy 7r0,
. CHy C-C|

Transmittance(a.u.)

4000 3500 3000 2500 2000 1500 1000 S00 O

Wavenumbers(cm'l)

Figure 2: FTIR-ATR spectra of PVDF, Ag/ZrO,-PVDF-0, Ag/ZrO,-PVDF-1,
Ag/Zr0,-PVDF-2, Ag/Zr0,-PVDF-3, and Ag/ZrO,-PVDF-4.
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the surface morphology are shown in Figure 3. It can be
seen that there are a few pores on the surface of the pristine
PVDF membrane, which has a smaller pore size than the
modified Ag/ZrO,-PVDF membrane. On increasing the con-
centration of ZrO,, the number of pores increased. When the
mass of ZrO, was increased to 0.4%, it could be seen that
the number of pores was reduced due to the excessive
amount of the modified material. The reason for a distinct
difference between the pristine membrane and modified
membrane was that the stronger repulsive force of PVDF
and hydrophilic substance led to the shrinkage of the
organic phase in the process of membrane modification.
Meanwhile, the addition of hydrophilic materials acceler-
ated the phase separation of the solvent and nonsolvent,
resulting in the formation of porous structures. The casting
solution became viscous; the speed of phase separation
decreased as the content of ZrO, increased, and when the
content of ZrO, increased to 0.4%, the membrane pores
agglomerated, which resulted in the decrease in the number
of the membrane pores, as shown in Figure 3f.

3.3 Membrane hydrophilicity

The contact angles of the PVDF membrane and Ag/ZrO,-PVDF
membrane are shown in Figure 4. We evaluated the hydro-
philicity of the membranes by comparing the contact angles.
As shown, the contact angle decreased from 82.72° to 60.13°
with the addition of the hydrophilic nanoscale Ag and the
amount of nanoscale ZrO,, thereby increasing the hydro-
philicity of the modified membrane. The contact angle of
the Ag/ZrO, PVDF membrane increased as the mass of ZrO,
reached 0.4%, possibly due to the agglomeration of ZrO, on
the membrane surface, which led to the increased roughness
of the membrane surface thus increasing the contact angle.
The contact angle of the membrane depends on the hydro-
philicity of the membrane: the higher the hydrophilicity, the
smaller the contact angle. At the same time, the roughness of
the membrane surface also has a greater influence on the
contact angle. From SEM characterization, it was evident
that with the increase of the Ag/ZrO,, the pore size of
the modified PVDF membrane increased. But when the
amount of Ag/ZrO, reached 1%, the pore size became
smaller, and the water flux of the membrane tends to
decrease thereby causing an increase in the retention
rate. All of the above proved that the hydrophilic proper-
ties of the modified Ag/ZrO,-PVDF membrane increased
with the increase of hydrophilic substances. The number
of modified substances reached the breaking point when
the content of Ag/ZrO, is increased to 1%. The surface
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Figure 3: SEM images of membranes to determine the surface morphology: (a) PVDF, (b) Ag/ZrO,-PVDF-0, (c) Ag/ZrO,-PVDF-1,
(d) Ag/Zr0,-PVDF-2, (e) Ag/Zr0O,-PVDF-3, and (f) Ag/ZrO,-PVDF-4.

roughness of the subsequent PVDF membrane increases,
which causes an increase in the contact angle.

The changes in the contact angle of the PVDF mem-
brane and the Ag/ZrO,-PVDF membranes were recorded in
this experiment after dropping the water onto the membrane
for 1 min. It revealed that the contact angle of the membrane
decreased as the hydrophilic substance increased, indicating
that the membrane hydrophilicity increases as the amount
of hydrophilic material blend increases.

\\

A\

3.4 Filtration performance of the membrane

PVDF AZPVDF-U ATZ-PYDF-1 AZ-PVDF-2 AZ-PVDF-3 A/Z-PVDF-4

Figure 4: Contact angles of PVDF, Ag/ZrO,-PVDF-0, Ag/Zr0,-PVDF-1, The water flux and the BSA rejection rate are shown in
Ag/Zr0,-PVDF-2, Ag/ZrO,-PVDF-3, and Ag/Zr0,-PVDF-4. Figure 5. It can be seen that the water flux of the pristine
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Figure 5: Water flux and BSA rejection rates of PVDF, Ag/Zr0,-PVDF-0,
Ag/Zr0,-PVDF-1, Ag/ZrO,-PVDF-2, Ag/ZrO,-PVDF-3, and Ag/ZrO,-PVDF-4.

membrane was lower (28.43 L/m?h) compared with the
modified membrane, which had obviously improved water
flux. From SEM characterization, it was evident that with
the increase of modified materials, the pore size and dis-
tribution of the membrane became larger and wider. The
obvious difference between the pure PVDF membrane and
Ag/7Zr0,-PVDF membrane was due to the strong repulsion
between the PVDF and hydrophilic materials, which led
to the shrinkage of the organic phase in the process of
membrane modification. At the same time, the addition
of hydrophilic materials accelerated the phase separation
of the solvent and nonsolvent, resulting in the formation of
porous structures. In addition, the increase of the hydro-
philic material had a great influence on the water flux.
Therefore, the water flux of the pure PVDF membrane is
much lower than that of the modified PVDF membrane.
It was found that the membrane water flux decreased
significantly after the membrane was contaminated by
BSA, which was treated as organic pollutants in the
experiment, and then the water flux of the membranes
tends to be stable after the recycle contamination experi-
ment. However, the water flux of the membrane tends to
decrease when the content of ZrO, was increased to 0.4%,
which may be contributing to the change in the mor-
phology of the membrane; due to the excessive amount,
the blockage of the membrane pore made the water trans-
port difficult. The PVDF membrane had the largest rejec-
tion among the membranes, and the reason for the change
in the rejection rate of the membrane was due to the addi-
tion of the hydrophilic substance, which increased the
pore diameter and decreased the adsorption of organic
substances such as proteins, etc. However, the rejection
rate increased when the ZrO, was increased to 0.4%,
which was consistent with the reason for the decrease in
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water flux. Above all, it is evident that the water flux could
be increased by modifying the PVDF membrane to improve
the hydrophilicity of the membrane.

3.5 Organic antifouling performance of the
membrane

The pure water and BSA flux changes of the PVDF mem-
brane and Ag/ZrO,-PVDF membrane are shown in
Figure 6. After the membrane was contaminated with
BSA, it was found that the water flux of the membrane
dropped significantly, which indicated that BSA caused
the membrane surface fouling and inner fouling. The
membrane water flux recovers but does not return to
the flux level prior to fouling after rinsing with deionized
water. A further cycle of membrane fouling experiments
revealed that the membrane water flux tended to be
stable, which showed that BSA adsorption and diffusion
to the surface of the membrane reached equilibrium. The
relative flux reduction and flux recovery rate of the PVDF
membrane and Ag/ZrO,-PVDF membrane were obtained
through the calculation of two pollution cycle experi-
ments. As shown in Figure 7, the pristine PVDF mem-
brane had the highest RFR and the lowest FRR, which
may be due to the strong hydrophobicity of the PVDF
membrane and thus irreversible membrane fouling.
Figure 7 shows that the flux decay rate of PVDF mem-
branes decreased from 78% of pure PVDF membranes to
65% of Ag/Zr0,-PVDF (0.5%) membranes. This implies
that the modified PVDF membrane in the BSA cyclic

. —=— PVDF
2504 o Ag/ZrO,-PVDF-0
—a— Ag/ZrO,-PVDF-1
200 v Ag/ZrO,-PVDF-2
= —+— Ag/ZrO,-PVDF-3
“E 150- < Ag/ZrO,-PVDF-4
E h Rinse BSA Rinse
1
=
= 100+
Aveee
‘u_:\'.\
50 ; Yelll
il
0 -y
T T T T

0 20 40 60 80 100 120 140 160

Time(min)
Figure 6: The changes in pure water and BSA flux of PVDF, Ag/ZrO,-PVDF-0,

Ag/Zr0,-PVDF-1, Ag/Zr0O,-PVDF-2, Ag/ZrO,-PVDF-3, and Ag/ZrO,-PVDF-4
with time.
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Figure 7: RFR and FRR values of PVDF, Ag/ZrO,-PVDF-0, Ag/ZrO,-PVDF-1,
Ag/Zr0,-PVDF-2, Ag/Zr0O,-PVDF-3, and Ag/ZrO,-PVDF-4 with time.

pollution experiment showed good resistance to protein
pollution. The flux recovery rate also increased from 50%
of pure PVDF membrane to about 70% of Ag/ZrO,-PVDF
(0.5%) membrane, indicating that the modified mem-
brane had better anti-pollution performance compared
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with the pure PVDF membrane. The strong hydrophobi-
city of the PVDF membrane can easily cause the blockage
and fouling of BSA in the pores severely, and thus lead to
irreversible membrane fouling. As the content of hydro-
philic substances increased, a hydration layer was formed
on the membrane surface, the relative flux of the mem-
brane decreased, and the flux recovery rate increased. So,
the hydrophilic modification can protect the membrane
from organic pollution effectively.

Hydrophilic modification of the membrane revealed a
decrease in the relative flux reduction of the membrane
flux and an increase in the rate of flux recovery, indicating
that the membrane can be more effectively protected
against organic pollution by hydrophilic modification.

3.6 Bacterial antifouling performance of the
membrane

In this experiment, the inhibition zone method was used
to evaluate the antibacterial properties of the membrane.

Figure 8: The effect of Ag on the inhibition zone thickness of (a) PVDF, (b) Ag/ZrO,-PVDF-0, (c) Ag/ZrO,-PVDF-1, (d) Ag/Zr0O,-PVDF-2,

(e) Ag/Zr0,-PVDF-3, and (f) Ag/Zr0O,-PVDF-4 with time.
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As shown in Figure 8, the PVDF membrane was contami-
nated during the cultivation of E. coli in Figure 8a, which
illustrated that the pure PVDF membrane had no inhibi-
tory effect on E. coli. It was clear that the zone of inhibi-
tion is formed around the PVDF membrane modified by
in situ nanosilver blending in Figure 8b, which counter-
acted microbial contamination effectively. Meanwhile,
the size of the suppression band formed in Figure 8c—f
was almost the same as in Figure 8b, thus illustrating that
the modification of the PVDF membrane by blending
nanoscale-silver ions synthesized by in situ synthesis
method was an effective method for protection from con-
tamination by the antimicrobial.

4 Conclusion

In this experiment, the PVDF membrane was modified
with nanoscale-zirconia and in situ synthesis of nanos-
cale-silver by the phase inversion method and blending
modification.

It was found that the number and the size of pores
were increased first and then decreased with the increase
of hydrophilic materials, and the contact angle decreased
by 15.35° with the increase of the content of hydrophilic
polymer and the water flux significantly improved. This
indicated that the surface morphology of the PVDF mem-
brane was affected by the formed blending nanoscale-Ag
and nanoscale-Zr0O,, thus making a significant improve-
ment in the hydrophilic properties of the membrane.
After the membrane was contaminated with BSA as an
organic pollutant, it revealed that the flux recovery of
the membrane increased with the increase of hydrophili-
city, indicating that the anti-fouling performance of the
Ag/ZrO,-PVDF membrane after modification was improved.
At the same time, the pristine PVDF membrane and
Ag/Zr0,-PVDF membrane contaminated by E. coli indi-
cated that the nanoscale-silver ions synthesized by the in
situ synthesis method have a significant effect on the
microbial antifouling performance of the membrane. In
conclusion, the properties of the modified Ag/ZrO,-PVDF
film have been greatly improved.
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