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ABSTRACT

Fouling problem is now the bottleneck in the wide application of membrane technology in the water
and waste-water treatments, and membrane antifouling modifications have been well developed
recently. In this paper, positively charged porous membranes were prepared by blending a cationic
polyionicliquid (PIL) and polyvinylpyrrolidone with polyvinylidene fluoride (PVDEF). Increased sur-
face hydrophilicity (water contact angle of 54.07°) and enlarged pure water flux (764.8 L/m? h bar)
were detected. The obtained blend membranes with cationic PIL showed obvious positive charge
whilst the pristine PVDF was negatively charged. Filtration tests of bovine serum albumin (BSA)
solution at pH 3.6 indicated that the blend membranes showed an enhanced antifouling property
(75.3% of flux recovery rate) due to the positively charged surface.

Keywords: Membrane modification; Polyionic liquid; Hydrophilicity; Positively charged membrane;

Anti-fouling property

1. Introduction

Membrane technology has gradually demonstrated
its advantages in water and waste-water treatments [1,2].
Polyvinylidene fluoride (PVDF) is regarded as the oldest and
widely used membrane material due to its good film-forming
properties, simple preparation process, low price, etc., [3].
However, the fouling problem restricts the fast development
of PVDF membrane in water treatment. Studies on PVDF
membrane modification have been developed well, most of
them are hydrophilic modification [4,5] because the PVDF
membrane is hydrophobic (~80° of water contact angle).
Hydrophilic membranes help the formation of a thin hydra-
tion layer between the membrane surface and contaminants
in water, inhibiting the direct contact of contaminants onto
the membrane.

* Corresponding authors.

Besides the hydrophilic modifications, surface charge
modification [6] also can be utilized. Because most of the
contaminants in water are charged, for example, the pro-
teins in wastewater can be positive charge or negative charge
at different pH. By carrying out the membrane charge
modification, the pore size screening effect and the charge
repulsion effect may work synergistically during the separa-
tion of pollutants from water, especially to the charged pol-
lutants. Lin et al. [7] developed a negatively charged function
on the PVDF membrane by irradiation graft modification.
Therefore, it is repelled from the negatively charged oil and
suspended matter in the oily sewage, so that the crude oil
does not adhere to the membrane, thereby prolonging the
service life of the membrane. Zhao et al. [8] immersed the
oxidized PVDF membrane into an aqueous acrylic acid solu-
tion to carry out surface graft polymerization to provide a

1944-3994/1944-3986 © 2020 Desalination Publications. All rights reserved.



120 L. Zhang et al. / Desalination and Water Treatment 189 (2020) 119-125

polyacrylic acid surface-modified PVDF membrane. It is then
placed into a polyanionic electrolyte solution, a polycationic
electrolyte solution or a zwitterionic betaine-based polymer
solution for adsorption to prepare a porous PVDF membrane
having a different charged surface.

Compared with the surface grafting or surface coating
modifications, the blending method demonstrates the advan-
tages that the prepared membrane has good uniformity
and the process is easy to handle and favorable for indus-
trial production. In blending modified materials, polyionic
liquids (PILs) combine the dual properties of ionic liquids
(ILs) and polymers [9,10]. They have been widely applied
in fabricating functional materials, such as carbon dioxide
adsorbent materials [11], polyelectrolytes [12]. Du et al. [13]
reported a charged block PIL brush copolymer, poly(methyl
methacrylate-b-1-[(2-methacryloyloxy)ethyl]-3-butylimid-
azolium bromine) P(MMA-b-MEBIm-Br), and blended it
with PVDF to prepare an ion-sensitive PVDF membranes.
However, the pure water flux in the report was low, and the
maximum pure water flux was 343 L/m?h.

Polyvinylpyrrolidone (PVP) usually acts as a mature
porogen and can be added in the preparation of porous
membranes. The addition of PVP into the casting solution
system results in a larger and looser pore structure during
membrane phase transformation, which is quite useful
for the improvement of membrane water flux [14,15] and
enhances the anti-pollution performance of the membranes
[16]. The addition of PVP was also reported to help the
anti-aging and anti-erosion performance during the actual
operation of the membrane module [17].

In this study, a cationic PIL obtained in our lab, poly(poly-
ethylene glycol methacrylate-co-1-butyl-3-vinylimidazolium
bromide) [P(PEGMA-co-BVIm-Br)] (Fig. 1), and porogen
PVP were both added into the blending of PVDF membranes
to prepare the positively charged membranes. The modifica-
tion effects including the hydrophilicity and the antifouling
properties were carefully explored.

2. Experimental

2.1. Materials and reagents

PVDF (FR 904, >99.5%, Mw = 400,000), 3F New Materials
Co. Ltd., Neimenggu, China; PVP (>99.0%), Tianjin Zhiyuan
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Fig. 1. Chemical structure of P(PEGMA-co-BVIm-Br).

Chemical Reagent. The above chemicals were dried before use.
Polyethylene glycol methacrylate (PEGMA), Sigma-Aldrich,
Shanghai, China; 1-Vinylimidazole (C.H,N,, 99%), 1-bromobu-
tane (C,H,Br, >99%), N,N-dimethylformamide (DMF, AR),
and azobisisobutyronitrile (AIBN, 98%), Macklin Biochemical
Technology (Shanghai, China); bovine serum albumin (BSA,
Mn = 67 kDa), Aladdin Biochemistry Technology (Shanghai,
China). Petroleum ether and other reagents are analytical
reagent grades from Jiangsu Qiangsheng. All reagents were
used as received without further purification, and the desired
solution was prepared in all experiments using Millipore’s
Milli-Q system purified deionized water (18.2 MQ).

2.2. Preparation of blend PVDF membrane

The PIL P(PEGMA-co-BVIm-Br) (Fig. 1) was synthesized
via a reversible addition-fragmentation chain transfer (RAFT)
polymerization between PEGMA and 3-butyl-1-vinyl-1H-im-
idazol-3-ium bromide (BVIm-Br). The BVIm-Br was synthe-
sized from the addition reaction [18] between 1-vinylimidaz-
ole (C,H,N,) and 1-bromobutane (C,H,Br). PEGMA (8 mmol),
BVIm-Br (4 mmol), and AIBN (0.06 mmol) were mixed in
10 mL of DMF under nitrogen protection. The mixture was
stirred at 65°C for 24 h. After stopped the reaction in an
ice-water bath, the mixture was allowed to settle in petroleum
ether and gave a pale yellow viscous liquid which was further
purified by dissolving it in dichloromethane and resettled in
petroleum ether. The crude was concentrated in vacuum to
give P(PEGMA-co-BVIm-Br) as a pale yellow viscous liquid.

Flat membrane was prepared by an immersion precip-
itation phase inversion method (L-S method). The dried
PVDF was dissolved in DMF in a certain weight ratio
(Table 1) with the obtained PIL P(PEGMA-co-BVIm-Br)
and PVP for 24 h. After that, the obtained casting solution
was cooled to room temperature and left to defoam. The
defoamed casting solution was spread onto a clean, dry
glass with a knife thickness of 300 pm, and was placed into
DI water at 30°C. Then, the obtained membrane was moved
to a fresh DI water (room temperature) for 48 h, and finally
naturally dried. The membrane samples were stored at
desiccator for further tests.

2.3. Characterization of the membranes
2.3.1. Surface chemical composition analysis

An attenuated total reflectance-Fourier-transform infra-
red spectroscopy (ATR-FTIR) spectrometer (Thermo Fisher
6700, USA) was used to investigate the functional groups on
the membrane surface.

2.3.2. Membrane morphology and pore size distribution

The morphologies of the prepared membranes were
observed with a scanning electron microscope (SEM, Phenom
Pro). The surfaces and cross-sections of the prepared mem-
brane samples were scanned for the SEM images with an
excitation voltage of 5 kV.

The average pore size was measured by a specific sur-
face area and pore size analyzer (V-Sorb 2800TP), and was
determined byBJH model calculation method.
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Table 1
Composition of the casting solutions of the membranes
Membrane PVDF (wt.%)  Additive (wt.%) Ratio of PVDF/Additive =~ PVP (wt.%)  DMF (wt.%)
Pristine PVDF 15 None None None 85.0
M1 15 None None 2 83.0
M2 15 PEGMA (8) 15/8 2 75.0
M3 15 P(PEGMA-co-BVIm-Br) (6) 15/6 2 77.0
M4 15 P(PEGMA-co-BVIm-Br) (8) 15/8 2 75.0

2.3.3. Water contact angle and mechanical properties

The water contact angles (WCAs) of the membranes
were tested using a contact angle goniometer (Ramé-Hart
500) through the static sessile drop method. Several mea-
surements at different locations of each sample were made,
at least five data for each sample were collected and the
average value of the measurements with an error less than
3° was used as the representative WCA of the tested mem-
branes. Tensile strengths and tensile strains at the breaks of
the membrane samples were measured using an electronic
tensile testing machine (Instron 5944, USA) operated at
room temperature with a strain rate of 1 cm/min. For each
condition used, the average value of at least three tests was
reported.

2.3.4. Surface zeta potential measurement

The surface charge properties of the membrane were
measured by a flow potential method. Flow potential mea-
surements were made using a membrane/solid sample flow
field potential analyzer (Surpass, Anton-Paar, USA). The zeta
potential of the membrane was measured using a 1.0 mM
KCl solution.

2.4. Membrane permeability and anti-protein tests

Membrane permeability was evaluated by using a
dead-end filtration system. All membrane samples were
pressurized with DI water at trans-membrane pressure of
0.15 MPa for 30 min until membrane performance was sta-
ble. The constant flux was recorded as ] at 0.1 MPa. Each
sample was measured three times with the average values
as the membrane water flux. The pure water flux (J ) was
estimated by the following equation: ] = V/(A x At), where
the parameters V, A, and At were defined as the DI water or
permeate volume (L), membrane area (m?), and permeation
time (h), respectively.

Anti-protein tests were performed by filtration of a
serial of BSA solutions at different pH conditions. A 1.0 g/L
BSA solution was prepared by dissolving 1 g BSA in 1 L of
100 mM buffer solution. Where, the buffer (pH 3.6) was pre-
pared by dissolving 5.6 g acetic acid and 0.5 g anhydrous
sodium acetate in 1 L DI water.

After obtaining the pure water flux (J ) for the selected
membrane, the prepared BSA solution was pressurized at
0.10 MPa to filtrate through the membrane, and the flux
after 120 min was recorded as ] . After rinsing the mem-
brane with DI water, it was then put back into the system

and the stable pure water flux was measured again and
recorded as ..

The relative flux decay (RFD) was calculated by
RFD =[(J - ]P)/ J,] x 100%, and the flux recovery ratio (FRR),
indicating the extent of the possible reversible fouling, was
calculated by FRR = (J /] ) x 100%. The BSA retention or rejec-
tion rate (R) was calculated by the equation R, = (1 - C/
C,) x100%. Where C and C, are the concentrations of proteins
in the solution before and after filtration, respectively, mea-
sured by a UV-vis spectrometer, at a wavelength of 280 nm.

3. Results and discussion
3.1. Chemical composition of the membrane surface

The surface chemical composition of different mem-
branes (Table 1) were analyzed by ATR-FTIR. As shown in
Fig. 2, 3,020 and 2,980 cm™ were C-H stretching vibrations,
and 1,402 cm™ attributed to the deformation rocking vibra-
tion of CH, [19]. The peak of 1,170 cm™ should be the CF,
stretching vibration, and sharp absorption at 1,070 cm™ was
assigned to vibration absorption peak of the crystal phase
[20]. There were obvious observations of carbonyl group
(C=0) at 1,724 cm™ [21] for blend membranes M3 and M4,
this attributed to the carbonyl group in the additive poly-
mer P(PEGMA-co-BVIm-Br), and the adsorption peaks were
enhanced with the increasing additive. The peak observation
at 1,662 cm™ attributed to the carbonyl group of amide in
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Fig. 2. FTIR spectra of the membranes.
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Fig. 3. Surface (a) and cross-sectional (b) SEM images of the membranes.

PVP. Although the carbonyl group exists in PEGMA, there
was no obvious adsorption peak of carbonyl group in the
surface IR spectrum of the blend membrane M2 (6 wt.%
of PEGMA). This may be caused by the good solubility of
PEGMA in water, and most of the added PEGMA moved to
the coagulation bath (DI water) during the membrane for-
mation. Comparably, most of the synthesized P(PEGMA-co-
BVIm-Br) retained well on the membrane surface.

3.2. Membrane morphology and pore size distribution

The SEM images of the blend membranes are shown in
Fig. 3, and the pore size data are listed in Table 2. It can be
found in Fig. 3a that, the pores on the surface of the pris-
tine PVDF membrane were unevenly distributed and the
pore sizes were different. The pristine PVDF (M1) containing
PVP had a significantly increased upper surface pore diame-
ter (Table 2, 84.02 nm). The surface pores of the blend mem-
brane M3 and M4 were more and more uniform than M1, the
pore sizes were increased to 92.36 nm for M4 with the more
additive.

As shown in Fig. 3b, the skin layer for pristine PVDF
membrane was dense, and it was supported by a thick
sponge layer. By mixing PVP into the mixture, the cross-
section of the membranes became thicker and looser, more
finger-like pores were observed. With the addition of PIL,
more macro-voids were formed. The appearance of mac-
ro-porous structures indicated that the additive in the blend
membrane accelerated the solvent-nonsolvent diffusion rate,
thus accelerating the transient liquid-liquid phase separa-
tion of PVDF and solution [22].

3.3. Water contact angle and mechanical strength

As summarized in Table 3, the water contract angle
(WCA) for pristine PVDF membrane was 77.75°. The PVP

Table 2
Average pore diameter of the membranes

Membranes Average pore diameter (nm)
Pristine PVDF 17.61
M1 84.02
M3 91.87
M4 92.36

addition into PVDF decreased the WCA of M1 to 63.88°,
because the porogen helped the formation of membrane
porous structure, and it has been described in the previ-
ous part that the average pore sizes of M1 was much larger
than pristine PVDF membrane, and this is quite good for
the water affinity. The WCA of Membrane M2 (61.89°) who
was prepared from blending 6 wt.% PEGMA was similar
as M1, this can be explained from the FTIR analysis that
there was seldom PEGMA were observed on the mem-
brane surface. However, the PIL, P(PEGMA-co-BVIm-Br)
greatly affected the membrane hydrophilicity. The WCAs
of the blend membranes gradually decreased, and the
WCA of M4 became 54.07°. It has been proved that PIL
retained on the membrane surface by the FTIR analysis.
Therefore, the synthesized P(PEGMA-co-BVIm-Br) demon-
strates a good hydrophilic property and acts as an efficient
hydrophilic modifier. However, with the addition of PVP
or PIL, the mechanical properties of the membranes were
damaged. The tensile stress was decreased from 1.43 to
0.55 MPa, and the elongation was dropped from 20.4% to
10.5%, this may be explained by the compatibility between
the blend materials. This can be predicted from the SEM
images that more macro-voids were found for the blend
membranes M3 and M4, which is unfavorable to the
mechanical properties.
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Table 3
Basic properties of the membranes

Mechanical strength
Pure water flux

Water contact

Membranes angle (°) Tensile stress (MPa) Elongation (%) (L/m? h-bar)
Pristine PVDF 77.75+2.63 1.43 204 17.2+0.9
M1 63.88 +2.35 0.93 19.6 478.1+5.6
M2 61.89 +1.64 0.55 14.5 Untested
M3 54.80 +1.84 0.66 14.1 699.2 +6.5
M4 54.07 + 0.43 0.52 105 764.8+9.5

3.4. Water flux analysis

The water flux of the pure PVDF membrane increased 604 .

greatly from 17.2 to 478.1 L/m? h bar due to the addition of 45 4 ¥ S vy

the porogen PVP. With the increase of the amount of copo- 30 s

lymer added, the water flux of the blend membrane M3 154

and M4 also increased, and the water flux of membrane

M4 reached a maximum of 764.8 L/m? h bar. It is indicated S 1

that as the amount of copolymer added increases, the sur- E -154

face of the blend membrane is provided with a hydrophilic N -30-

group. At the same time, the porogen PVP changed the 45

internal structure of the membrane, resulting in an increase &6 TE—fe .

in the pore size in the membrane (Table 2) which benefits R s A qe?

the improved water flux. 75

3.5. Zeta potentials

As shown in Fig. 4, the surface of the pristine PVDF
membrane was negatively charged at a pH of 2~12, and
the membrane surfaces of M1 and M2 were also negatively
charged. The surfaces of the blend membranes M3 and M4
were positively charged, this is because the imidazole group
in the synthesized P(PEGMA-co-BVIm-Br) was positive
and made the cationic P(PEGMA-co-BVIm-Br) positively
charged, finally enriched at the membrane surface. However,
as the content of P(PEGMA-co-BVIm-Br) in the blend mem-
brane increased, the surface charge of the membrane did
not increase obviously. It is proposed that the blend mem-
brane was not only surface-charged because the large pore
size of the blend membrane was observed (Table 2), but also
internal charged, the excessive addition of the cationic PIL
did not greatly enhance the surface charge of the membrane.

3.6. Anti-protein performance

The prepared membranes were tested for filtration by
using a typical protein, BSA. BSA has an isoelectric point (pI)
at 4.7, a positive charged BSA could be obtained at solution
pH <4.7. The antifouling ability of the modified membranes
M1, M3, and M4 were evaluated by the BSA solution at pH
3.6. The flux change of the membranes are illustrated in
Fig. 5, and the corresponding FRD, FRR, and R of the mem-
branes during filtration of BSA Filtration are summarized in
Table 4.

As shown in Fig. 5, the pure water flux (] ) of the mem-
brane M1 was 478.1 L/m? h bar, it is much greater than that
of pristine PVDF (17.2 L/m? h bar). This huge improvement

Fig. 4. Zeta potential diagram of the membranes at different pH

values (C, =1 mM).
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Fig. 5. Flux change of the membranes during filtration of BSA
(room temperature, 0.1 MPa, pH = 3.6).

was caused by the addition of PVP that a more porous mem-
brane structure was formed. With addition of PIL, the blend
membrane gave a water flux at 699.2 L/m? h bar, and mem-
brane M4 who has the higher content of PIL gave the highest
water flux at 764.8 L/m? h bar. This result is accorded to the
previous SEM and pore size analysis that more macro-voids
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Table 4
FRD, FRR, and R of the membranes

Membrane R (%) FRD (%) FRR (%)

M1 14.6+0.2 384+54 61.6+9.5
M3 19.8+0.2 25.1+2.9 749+7.1
M4 22.0+0.6 247 +32 753+ 6.8

were detected for M3 and M4, and the pore size of M3
and M4 were bigger than M1. That is, by adding PVP and
P(PEGMA-co-BVIm-Br), the water flux of the modified
PVDF membranes have been dramatically improved, which
is necessary for the practical water or waste-water treatment.

It has been mentioned that M3 and M4 had larger pore
size than M1, where, the pore size screening effect for M3
and M4 were smaller than M1, but higher rejections were
observed for membranes M3 (19.8%) and M4 (22.0%) than
M1 (14.6%), as shown in Table 4. Therefore, during the fil-
tration of BSA solution for modified membranes M3 and
M4, instead of the pore size screening effect, the electro-
static repulsion between the positive BSA and the positive
membrane surface should be the major separation mecha-
nism. M4 showed the best rejection because of the higher
content of P(PEGMA-co-BVIm-Br) in the blend PVDF
membrane and the relatively more positive charged mem-
brane surface.

As shown in Fig. 5, although the initial pure water flux
(J,) of the modified membranes were very high, after filtra-
tion of BSA solutions, the flux (J) dropped to 42.6, 105.1,
and 117.6 L/m? h bar for M1, M3, and M4, respectively. And,
38.4%, 25.1%, and 24.7% of FRD were calculated for the
membranes, the modified membrane M4 gave the lowest
flux relative decay. After a simple water flushing, the water
fluxes (J ) for each membrane were recovered to 294.6, 523.6,
and 575.8 L/m? h bar, respectively. And, the FRR were 61.6%,
74.9%, and 75.3%, in which, membrane M4 still showed the
highest flux recovery. Therefore, M4 who is fabricated from
the higher ratio of P(PEGMA-co-BVIm-Br) in the blending
with PVDF demonstrated the best antifouling ability. Both
the greater hydrophilicity and higher positive charge on the
membrane surface resulted in the good antifouling property.
The greater hydrophilicity helps the formation of hydration
layer on the membrane surface that can resist the contact
of the contaminants, and the higher positive charge further
strengthens the repulsion between the positive membrane
surface and the positive pollutants.

4. Conclusions

In this study, positively charged porous PVDF mem-
branes were fabricated from the blending of the cationic
P(PEGMA-co-BVIm-Br) and PVP with PVDEF. The addition
of PVP and PIL into the PVDF membrane greatly improved
the membrane hydrophilicity, the water contact angle was
reduced from 77.75° of pristine PVDF membrane to 54.07°.
A huge improvement of pure water flux was found for the
modification that the water flux was increased from 17.2 to
764.8 L/m? h bar, which is quite favorable for practical appli-
cation. By adding the cationic PIL into the PVDE, the blend

membrane showed a positive surface while the pristine
PVDF membrane was negatively charged. During the filtra-
tion of the positive BSA molecules at solution pH 3.6, with
the assistance of the electronic repulsion between the positive
membrane surface and positive pollutant, the rejection rate,
FRD, and FRR were enhanced. The positively charged PVDF
membrane with a higher content of cationic PIL showed
improved antifouling performance.
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