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ABSTRACT: On the basis of the excellent fouling resistance Pollutant

of zwitterionic materials, the super antifouling polyvinylidene
fluoride (PVDF) membrane was efficiently prepared though
one-step sulfonation of PVDF and polyaniline blend
membrane in situ. The self-doped sulfonated polyaniline
(SPANI) was generated as a novel zwitterionic polymer to
improve the antifouling property of PVDF ultrafiltration
membrane used in sewage treatment. Surface attenuated
total reflection Fourier transform infrared spectroscopy, X-ray
photoelectron spectroscopy, surface zeta potential, and water
contact angle demonstrated the successful fabrication of
zwitterionic interface by convenient sulfonation modification.
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The static adsorption fouling test showed the quantified adsorption mass of bovine serum albumin (BSA) pollutant on the
PVDF/SPANI membrane surface decreases to 3(+2) ug/cm? and the water flux recovery ratio (FRR) values were no less than
95% for the three model pollutants of BSA, sodium alginate (SA), and humic acid (HA), which were corresponding hydrophobic,
hydrophilic, and natural pollutants in sewage, respectively. This Research Article demonstrated the antifouling advantages of
zwitterionic SPANI and aimed to provide a simple method for the large scale preparation of zwitterionic antifouling ultrafiltration

membranes.
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1. INTRODUCTION

Membrane fouling, diminishing the separation performance and
shortening the service life of membrane modules, has been the
key factor for limiting the advancements of membrane
technologies.l_5 For the commercial used ultrafiltration (UF)
membrane such as polyvinylidene fluoride (PVDF) and
polyether sulfone (PES), numbers studies have demonstrated
that the improved hydrophilicity of UF membrane is the
primary approach to effectively reduce the membrane fouling
problem.®® PEG based polymer, amphiphilic polymer, hydro-
philic nanoparticles, and zwitterionic materials are the most
used hydrophilic modifiers for improving the wetting ability of
hydrophobic membrane.”~"?

According to the relevant literature of past five years,
zwitterionic materials have been considered to be the most
effective antifouling medium due to the excellent antifouling
ability, the adsorption mass of zwitterionic polymer brush is as
low as S ng/ cm? even in the plasma and serum environment.
The conventional zwitterionic polymers such as polymethacry-
loyloxylethyl phosphorylcholine (PMPC), polysulfobetaine
methacrylate (PSBMA) and poly(amino acid) all exhibit the
remarkable antifouling properties due to the superior ion
hydration effect,'™"> and Morisaku'® reveales about 23 H,O
molecules corresponding to per PC repeat unit in the PMPC
polymer by thermal analysis, so there are a lot of attempts
about using zwitterionic materials to prepare low fouling UF
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membrane. However, there is a fatal limit for the application of
zwitterionic polymer to modify the UF membrane due to the
significant difference of solvent, zwitterionic polymer can be
dissolved in water, but the super ion hydration capacity make it
insoluble in the organic solvent used for the fabrication of
PVDF and PES UF membranes. All the reported applications of
zwitterionic materials in the UF membranes field are still at
experimental stage only by synthesis of harsh precursor and
surface graft polymer brushes,'’~"* multistep process and harsh
reaction conditions make it is yet a great challenge for the large
scale fabrication of zwitterionic antifouling UF membrane.
Polyaniline (PANI), known as a conductive polymer for its
facile synthesis, electrical conductivity and environmental
stability, can be dissolved in polar aprotic solvents such as N-
methylpyrrolidone (NMP) and N,N-dimethylformamide
(DMF),”~** which are used as conventional solvent to prepare
UF membranes including PVDF and PES membranes. It is
worth noticed that sulfonated polyaniline (SPANI), as self-
doped polyaniline derivatives with both positive and negative
charges equipped along the polymer chains,”>** exhibits the
potential as zwitterionic material. This current study aims to
introduce a distinct simple method to fabricate novel
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Figure 1. Schematic diagram: (A) Preparation process of PVDF/SPANI membrane. (B) Doping and self-doping effect of PANIL

antifouling PVDF UF membrane, in situ sulfonation method
(one step modification) is employed to modify PVDF/PANI
blend membrane to introduce the antifouling property of
zwitterion. The impacts of different polyaniline derivatives on
membrane surface property and the antifouling ability of
modified PVDF membrane were investigated with the static
adsorption fouling test of bovine serum albumin (BSA) and the
dynamic filtration fouling test using different model pollutants.
It is expected that this work could provide a convenient and
large-scale method to fabricate antifouling membrane with
zwitterionic feature.

2. EXPERIMENTAL SECTION

2.1. Materials and Chemicals. PVDF (FR 904) was purchased
from 3F New Materials Co. (China), polyaniline emeraldine base
(PANIL, M,, ~ 15000) and polyaniline emeraldine salt from p-
toluenesulfonic acid (PANI-ES, M,, =~ 20000) were purchased from
Alfa Aesar. Bovine serum albumin(BSA, 67000 Da) and poly-
vinylpyrrolidone (PVP, K30, M, ~ 40000) were purchased from
Sinopharm Chemical Reagent Co.(China). Humic acid (HA, fulvic
acid >90%) and sodium alginate (SA) were purchased from Aladdin
(China). N-methylpyrollidone (NMP) and fuming sulfuric acid (20%
SO,) were purchased from the local chemical company and were of
analytical grade, all the reagents were used as received without further
purification.

2.2. Membranes Preparation. The membrane preparation
process was shown in Figure 1A, and all the PVDF membranes
were fabricated by the nonsolvent induced phase separation method
(NIPS). PANI (0.5 g) was dissolved in 100 mL of NMP solvent; 15 g
of PVDF and 1 g of PVP K30 were added into the solution and
dissolved by mechanical stirring; the casting solution was casted on a
glass plate with the cast knife of 200 um; and the plate was
immediately immersed into water coagulating bath at room temper-
ature. All the prepared membranes were kept in water at least 24 h to
remove the residual pore former.

In situ sulfonation modification of PVDF/PANI membrane was
executed at room temperature, and the freeze-dried PVDF/PANI
membrane was placed into the fuming sulfuric acid for 1 h. After that,
the modified membrane was taken out and washed using deionized
water sufficiently for the further use. PVDF/PANI-ES blend
membrane without sulfonation process was prepared using doped
PANI with the same molar proportion of PANI Neat PVDF
membrane were prepared and treated by fuming sulfuric acid as the
reference sample.

2.3. Membrane Characterization. Surface and cross-section
morphology of membranes were viewed with the field emitting
scanning electron microscope (SEM, Hitachi SU8010, Japan), all the
samples were coated with gold before observation and fractured by
being immersed in liquid nitrogen to obtain the cross section.
Attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR, Nicolet 8700) was used to examined the surface

composition of PVDF membranes with an aperture angle of 45°.
Membrane surface chemical composition was also tested using X-ray
photoelectron spectroscopy (XPS, Kratos, AXIS UltraDLD), Al K-a
X-ray was used as radioactive source with the takeoff angle at 90°, all
survey and high-resolution spectra were recorded with the resolution
of 0.68 eV/(C 1s) using a charge neutralization system. The surface
zeta potential of neat and modified PVDF membranes were tested
using the nanoparticle size analyzer (DelsaNano, Beckman Coulter,
USA) by switching to the test mode of zeta potential. Water contact
angles (CA) on the membranes were measured by OCA40Micro
(Dataphysics Co., Germany) at room temperature to evaluate the
surface wetting ability using the drop shape image analysis system.

2.4. Permeation Experiments. The separation properties of all
the prepared membranes were measured by a dead end unit with the
effective filtration area of 12.5 cm? the pressure of filtration cell was
supplied by a water pump and all the filtration experiments were
carried out at the pressure of 0.1 MPa. The flux volume of filtered
water was collected for a certain time and flux was calculated by the
following eq 1. The rejection ratio (R) of BSA (1 g/L, pH 7.4) was
calculated according to the following eq 2, the feed and the permeate
concentrations were tested via UV spectrophotometer (UV-1800,
Shimadzu).

_ Vv
CAXt (1)

J

CP
R=|1-—2|x 100%
C )

where J (L/m?h) is the volume of permeated water, t (h) is the
permeation time, and A (m?) is effective area for filtration, and C and
C, are the concentrations of BSA in the feed and permeate,
respectively.

2.5. Assessment of Membrane Fouling. To evaluate the
antifouling properties of the modified membranes, static adsorption
fouling tests were executed though quantitative analysis with BSA as
model protein pollutant. All The tested membranes were cut into
regular shape of 3 X 3 cm? and immersed into 50 mL of BSA (0.5 g/L,
pH7.4) phosphate buffer solution, and triplicate samples for each
polymer membrane were tested to obtain the mean values. After
oscillating incubation for 12 h at room temperature to reach
adsorption equilibrium, the adsorption mass (M) were calculated
according to the eq 3 based on the changed concentrations of BSA
solution before and after adsorption.

M= 10%(Cy — CYV
- 28 ©)

where M is the adsorption mass (ug/cm?), C, and Cg are the feed
concentrations (g/L) of BSA solution before and after adsorption test,
V (L) is the BSA solution volume, and S (cm?) is membrane area.
On the basis of the dynamic filtration fouling test, the water flux
recovery ratio (FRR), the irreversible flux decline ratio (IFR) and
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Figure 2. Characterization of prepared membranes: (A) Water contact angle, (B) ATR-FTIR spectra, (C) XPS spectra of PVDF/SPANI and fuming
sulfuric acid treated PVDF membranes, and (D) surface zeta potential of PVDF/SPANI and PVDF/PANI membranes.

relative fouled flux ratio (RFR) were employed to the evaluate
antifouling ability,”® it should be notice that the membrane with the
higher value of FRR and lower value of IFR indicated the better
antifouling properties. The used pollutant solution including BSA (1g/
L, pH 7.4), HA (1 g/L), SA(1 g/L), and mixed pollutants as mimetic
sewage (0.3 g of BSA, 0.3 g of HA, and 0.4 g of SA in 1 L of water).
The loop filtration process was executed consists of three steps, first of
all, stable flux (J) was obtained via pure water filtration, second, the
feed solution was changed to pollutants solution (BSA, HA, SA, and
mimetic sewage) and another stable flux (Jp) was obtained, then a
cleaning process was introduced and the membrane was taken out
from the filter system to immerse in the phosphate butter for 10 min
and rinsed with pure water for 20 min, and reinstalled back into
filtration system, the second flux (J,) of pure water was recorded at the
end. All the FRR, IFR, and RFR values were calculated by the egs 4, S
and 6, respectively.

FRR = % X 100%

4)
IFR = (1 - é) X 100%
J ©)
RER = 22
(6)

3. RESULTS AND DISCUSSION

As shown in Figure 1A, for the prepared PVDF/PANI
membrane with NIPS method, only one step sulfonation was
needed to fabricate modified PVDF membrane with SPANL
According to the doping effect of PANI illustrated in FigurelB,
PANI can be doped with additional acids to be more
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hydrophilic because of the positive charge group of N*
belonging to the quinoid unit. In addition, in the case of self-
doping, both positive charge and negative charge are along the
chain bones of SPANI after sulfonation reaction with fuming
sulfuric acid, exhibiting the characteristic of zwitterionic
polymer, which is considered to be one kind of the best
antifouling materials.”® Based on the resistance to strong acid
solution of PVDF materials and sulfonated properties of PANI,
in situ sulfonation reaction can be employed to generate
zwitterionic SPANI on the PVDF/PANI membrane surface by
one step modification, which provides the theoretical possibility
for the efficient preparation of antifouling membrane with
zwitterionic feature.

The physical and chemical characteristics of the membrane
surface were studied in details and shown in Figure 2. Figure 2A
exhibited the wetting ability of neat and modified PVDF
membranes, the water contact angle of neat PVDF was as high
as 92° and there was no obviously improvement for the
blended PVDF/PANI membrane. However, the contact angle
of PVDF/PANI-ES was declined clearly with doped PANI
being added into PVDF membrane due to the improved
hydrophilicity of modified membrane surface by the charged
PANL The lowest contact angle of 29° was observed from the
PVDF/SPANI membrane, indicating sulfonation in situ was
able to improve the wetting ability of PVDF/PANI membrane
based on the SPANI formed on the membrane surface, and the
improved hydrophilicity also provides the basis for the
antifouling properties of PVDF membrane. Surface composi-
tions of PVDF and modified membranes were studied by ATR-
FTIR as show in Figure 2B. Two new peaks at 1570 cm™'and
1512 ecm™! were viewed on the spectra of PVDF/PANI and
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PVDF/PANI-ES membranes, which were attributed to the
stretching vibration of C=C ring in PANI backbone. In
addition, compared with PVDF/PANI membrane, two addi-
tional peaks at 1035 cm™'and 715 cm™'were observed from the
spectrum of PVDF/SPANI, which were attributed to the
symmetric stretching vibration of S=O band and stretching
vibration of S—O band belonging to the —SO;H group in self-
doped SPANIL”” and the —SO;H group was able to introduce
the self-doped effect to PANI to obtain the special character-
istics of zwitterionic polymer. As for the XPS results shown in
Figure 2C, according to the spectra of PVDF/SPANI
membrane and fuming sulfuric acid treated neat PVDF
membrane, sulfur (S, 1.53%) element was only detected in
the PVDF/SPANI membrane surface, which was assigned to
the introduced sulfonated groups on the PVDF/PANI
membrane surface. Referring to the characteristic IR absorption
peak of —SO;H in Figure 2B, it was confirmed that the sulfonic
acid groups are generated on the membrane surface. Because
each S atom corresponded to one pair of charged group, and
according to the number of atoms in every unit of PVDF and
SPANI (emeraldine base), it could be inferred that the number
ratio of CH,—CF, units and zwitterionic units was bout 12:1 on
the membrane surface. The surface zeta potential of PVDF/
SPANI membrane were shown in Figure 2D, PVDF/PANI
membrane exhibited positive charge below the pH value of 11,
but PVDF/SPANI membrane exhibited positive charge at low
pH value and negative charge at high pH value, which was
consistent with the zeta potential feature of zwitterionic
materials. It was definite that zwitterionic surface was
successfully fabricated. In addition, it was need to know that
fuming sulfuric acid as small molecules could enter the
membrane pores to sulfonate the pores surface, so all the
membrane surface and pores surface should be endowed with
zwitterionic property after sulfonation.

To analyze the effect of blend and sulfonation on membrane
morphology, SEM was used to investigate the surface and cross
section structure of all the prepared PVDF membranes. As
shown in Figure 3, according to the images A—D, there were no
obviously difference for the cross section morphology of all the
PVDF membranes with a large number of finger holes and
dense skin layer resulting from NIPS method. In addition, due
to the comparison of images a—d, there were no large pores or
defects, indicating the product resulting from sulfonation
reaction was not directly dissolved in water, so blend and
sulfonation method were advantageous for preparing homoge-
neous PVDF membrane without spoiled skin layer by
introducing PANI and its derivatives to PVDF materials.

The pure water fluxes and BSA rejections of neat and
modified PVDF membranes were shown in the Figure 4.
Obviously, the highest flux value was obtained from PVDE/
SPANI membrane based on the improved hydrophilicity as the
CA results showed, as a contrast, added hydrophobic PANI was
not conducive to enhancing the flux value. The rejections of all
the membrane were between 90% and 95% without significant
changes. And considering with the SEM results, it can be
concluded the modified PVDF membranes with considerable
separation performance can be prepared though blend and
sulfonation of PANL

To further investigate the antifouling properties of modified
PVDF membranes, the adsorbed mass of BSA on the neat and
modified PVDF membranes were quantitated as static fouling
test. As shown in Figure S, the BSA adsorption mass of
hydrophobic PVDF membranes was as high as about 30 ug/

Ysim101 0k 52

Figure 3. Cross section and surface SEM images of prepared
membranes: (A, a) PVDF, (B, b) PVDF/PANI, (C, ¢) PVDE/
SPANI, and (D, d) PVDF/PANI-ES. A—D: Cross section. a—d:
Surface.
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Figure 4. Separation performance of prepared PVDF membranes.

cm?, as a contrast, the BSA adsorption value of PVDF/SPANI
was as low as 3(+2) pg/cm? indicating the antiadsorption
capacity of PVDF membrane can be improved by introducing
zwitterionic SPANI onto membrane surface. Zwitterionic
surface could significantly reduce the anchor sites of pollutants
and effectively inhibit the nonspecial adsorption of hydrophobic
pollutants to decrease the total amount of adsorbed pollutants
on the PVDF membrane surface, this result was better than the
reported values of absorbed BSA mass in the literature.”**’
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membranes.

Membrane fouling during membrane separation process was
an extremely common problem, in order to investigate the
antifouling properties of modified PVDF membranes during
dynamic filtration fouling test, three model pollutants of BSA,
SA and HA (corresponding hydrophobic, hydrophilic and
natural pollutants, respectively) were employed to evaluate the
antifouling ability by FRR, IFR, and RFR values. According to
the time dependent flux dates in the Figure 6A using BSA as
pollutant solution, when the solution was changed to pollutant
solution, flux values of all the membranes declined promptly,
after 3 circle filtration fouling, there was almost no decline in
the water flux of modified PVDF/SPANI membrane. As shown
in Figure 6B, the neat PVDF and PVDF/PANI exhibited high
IFR values, indicating hydrophobic membrane were more likely
to be fouled. On the other side, PVDF/PANI membrane
exhibited the highest RFR value based on similar rejection,

indicating the improved the penetration ability for pollutant
feed. After membrane cleaning process, the tiny IFR value (5%)
was observed from PVDF/SPANI membrane due to the better
hydrophilicity and stronger hydrated ability of zwitterionic
surface to inhibit pollutants blocking membrane pores, and the
detected FRR value was higher than the reported results in the
similar literature.’>”" For the other pollutants such as HA and
SA (Figure 6B and 6C), the FRR and IFR values showed the
same trend with BSA pollutant, the PVDF/SPANI membrane
exhibited the highest FRR values no less than 95%. Due to the
zwitterionic surface resulting from sulfonation reaction in situ,
water molecules were preferential adsorbed onto the membrane
surface and pores surface based on the excellent ion hydration
ability to inhibit the absorption of pollutants, and the reduction
of anchor sites for pollutants in the entire UF membrane
increased the removable possibility of pollutants by water
flushing. Figure 7 showed the dynamic fouling test with the
mimetic sewage (complex pollutants feed), the FRR value was
close to 100%, indicating the excellent prospect of zwitterionic
UF membrane used in sewage treatment.

4. CONCLUSIONS

A novel PVDF UF membrane was efficient prepared though
one step modification, zwitterionic SPANI was fabricated in situ
to generate zwitterionic surface used in sewage treatment. The
PVDEF/SPANI exhibited excellent antifouling property for the
three model pollutant such as BSA, HA and SA with the FRR
values no less than 95%, and the adsorption mass of BSA on
membrane surface was as low as 3(+2) pug/cm?, the irreversible
fouling in UF membrane was distinctly remitted due to the
antifouling features of zwitterion. This paper aimed to provide a
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convenient method for the large scale preparation of
zwitterionic antifouling UF membrane.
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