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uoride) grafted polystyrene
(PVDF-g-PS) membrane based on in situ
polymerization for solvent resistant nanofiltration†

Fang Yuan, Yi Yang, Rui Wang and Dongju Chen *

A poly(vinylidene fluoride) grafted polystyrene (PVDF-g-PS) solvent resistant nanofiltrationmembrane (SRNF)was

designed and prepared. A PVDF porousmembrane was firstly prepared by phase inversion in a non-solvent bath.

PS was grafted onto the PVDF porous membrane to form a PVDF-g-PS nanofiltration membrane. The influence

of grafting degree and concentration of the casting solution on the morphology of the membranes was

investigated by Scanning Electron Microscopy (SEM). Separation performance was evaluated by filtering three

different dyes: Rose Bengal (RB), Acid Fuchsin (AF) and Bromothymol Blue (BTB) using water, ethanol and IPA

as solvents. The RB retentions of the PVDF-g-PS20 membrane in water, ethanol and IPA could reach 92.3%,

91.2% and 90% respectively. The RB retentions in water, ethanol and IPA of the PVDF-g-PS20 membrane

were all higher than 90%, both in aqueous and organic solvent systems. All the results showed that the graft

porous membrane was very promising for SRNF.
Introduction

Over the past years, solvent resistant nanoltration (SRNF) has
experienced increasing attention, as it holds a wide potential for
novel applications in the ne chemicals, pharmaceutical, food
and petrochemical industries.1–5 Pressure driven membrane
processes have been widely used in aqueous systems, such as,
reverse osmosis (RO), nanoltration (NF) and microltration
(MF). However, membrane separations in non-aqueous systems
(organic solvents) are just starting to become exploited, showing
huge potential.6–8 The membrane processes used in non-
aqueous systems could offer considerable energy savings and
their easy integration in existing unit operations renders SRNF
economically viable.9,10 For membranes to be useful in SRNF,
a high chemical stability is needed.11,12 Therefore, a lot of
research focuses on the development of new membrane mate-
rials that would meet these requirements.13–15

PVDF is a semi-crystalline polymer, which is well-known for
being thermally stable, possessing a high mechanical strength,
low surface energy and an excellent resistance to most corrosive
chemicals and organic compounds. PVDF has thus been widely
used to fabricate porous membranes, used in a variety of
industrial applications.16–19 They are commonly prepared via the
phase inversion technique.20–23 And the resulted porous PVDF
membranes show very good chemical stability and mechanical
properties.24,25 However, for the best of our knowledge, PVDF has
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so far seldom been used as NFmembrane probably due to its high
hydrophobicity, which limits its use for aqueous applications.
Nevertheless, due to its intrinsic excellent chemical resistance,
mechanical strength and thermal stability, it could be an excellent
candidate for preparation of SRNF-membrane. As found in
preliminary experiments, themain challenge in fabricating a SRNF
membrane from PVDF is to reduce the ‘pore size’ in the selective
layer down to the NF range. Copolymers, like poly(vinylidene
uoride-triuoroethylene) (P(VDF-TrFE)),26 poly(vinylidene uo-
ride-co-chlorotriuoroethylene)-P(VDF-CTFE)27 have been devel-
oped to obtain more specic properties to meet the specic
requirements of novel application areas. The morphology, hydro-
phobicity, thermal andmechanical properties of these copolymers
can be well-controlled by different phase separation (NIPS) tech-
nique,28 which was easy to operate.

Graing is one of the most efficient ways to improve the
properties of membranes.29–34 Qiu reported that permanent
hydrophilicity was achieved by graing styrene/maleic anhy-
dride copolymer (SMA) on PVDF membrane surfaces.35 Freger
et al. graed acrylic acid (AA) monomers onto polyamide
membranes to improve the anti-fouling properties of polyamide
membranes.36 Li et al. studied ultraltration (UF) membranes
consisting of polystyrene graed onto polyacrylonitrile matrix
via low-temperature plasma in the vapor phase. The gra
modication improved the hydrophobicity of the membrane
surface and increased both ux and rejection.37

We now report the use of radical gra polymerization
with redox initiation to convert a UF PVDF-membrane to
a SRNF-membrane. The porous PVDF membrane was prepared
via phase inversion,20–23 aer which the PVDF-g-PS membrane
was obtained by graing styrene as the monomer using benzoyl
RSC Adv., 2017, 7, 33201–33207 | 33201
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peroxide (BPO) as the initiator. The separation layer of the
PVDF-g-PS membrane thus became dense enough to realize
rejections in the SRNF range.
Experimental
Materials

PVDF powder (Mw ¼ 534 000 Da) and benzoyl peroxide (BPO)
was purchased from Sigma-Aldrich Ltd. Styrene was purchased
from Acros and used without any further purication. Bengal
rose (Mw ¼ 973.67 Da), acid fuchsin (Mw ¼ 585.54 Da) and
bromothymol blue (Mw ¼ 646.37) were used as dyes. N-Methyl
Pyrrolidinone (NMP), tetrahydrofuran (THF), chloroform,
ethanol and isopropanol (IPA) were obtained from Tianjin
Damao Chemical Reagent Factory as analytical grade.
Membrane preparation

The starting membranes were prepared from PVDF/NMP/THF
solutions by phase inversion.38 The solution was cast with a 250
mmwet thickness by using a lab-made casting knife and immersed
into deionized water for about 15 min. All membranes were
washed three times with ethanol in order to remove the water
trapped in the pores before immersing into a KOH/ethanol solu-
tion which eliminate some of the H and F atoms from the PVDF to
generate double bonds, which will form the graing point in the
next step preparation. The concentration of the KOH/alcohol
solution was 0.1 M and the membranes were immersed for 30,
90, 150 and 210 minutes. The membranes were then washed
several timeswith deionizedwater until a constant pHwas reached
before immersing them into the graing solution. This solution
contained 80 vol% volume styrene and 20 vol% THF, and the
radical initiator BPO with a concentration of 3� 10�3 g mL�1. The
graing reaction was performed at 80 �C for 8, 16, 24 and 32 hours.
The membrane was extracted with chloroform to remove unreac-
ted monomer and uncoupled homopolymer.
Mechanical stability

The mechanical stability of membranes was determined by
a material test-machine (AG-2004, Shimadzu) at a loading
velocity of 5 cm min�1. Each result was an average value of at
least three parallel experiments.
Water contact angle

The water contact angle was measured by a sessile drop method
(JC2001A, POWER-EACH®, China). The image was frozen as soon
as 10 mL deionized water was dropped onto membrane surface.
UV-vis and ATR-IR

UV-vis was recorded on a double-beam UV-vis spectrophotom-
eter (TU-1901). Attenuated total reectance (ATR) infrared
spectra were obtained by using a BRUKE TENSOR 27 spectro-
photometer. Infrared spectra (IR) were recorded over the range
from 3100 to 500 cm�1 (average of 64 scans at 4 cm�1

resolution).
33202 | RSC Adv., 2017, 7, 33201–33207
Scanning electron microscope (SEM) and eld emission
scanning electron microscope (FESEM)

The surfaces and cross-sections of membranes were observed
with scanning electron microscopy (SEM) using a Philips XL30
FEG scanning electron microscope, i.e. a semi-in-lens type
microscope with a cold eld emission electron source. The
cross-sections were obtained aer breaking the membranes in
liquid nitrogen. FESEM was carried out on a Philip XL-30-ESEM-
FEG to investigate the morphology of the membranes. To
reduce sample charging under the electron beam, the samples
were coated with a thin gold layer by using a Cressington HR208
high resolution sputter coater for 2 min at 20mA to render them
conductive.
Membrane performance

Solvents and solutes. The membrane performance (rejection
and permeance) was tested with 3 solvents: water, IP and
ethanol. In addition, toluene and chlorobenzene were also
tested for permeance tests only. Three types of solutes were
selected for the separation experiments: Acid Fuchsin (AF), Rose
Bengal (RB), Bromothymol Blue (BTB), on the base of easy
detection. The properties of solvents and solutes have already
been reported.39

Filtration. NF experiments were carried out with a stainless
steel dead-end stirred ltration cell with 19 cm2

ltration area.
The cell was lled with 100 mL of feed solution and pressurized
with nitrogen to 4 bars at room temperature. In order to mini-
mize concentration polarization, the feed solution was contin-
uously stirred during ltration procedure at a speed of 700 rpm.
Permeate samples were collected 2 hours aer ltration started
and at least 10 mL were collected in cooled asks. All reported
values are equilibrium measurements. The solvent permeance
(Lp) was calculated using:

Lp ¼ V

P� t� A
(1)

where V is the total amount permeated (L), time (h) pressure
(bar), and A membrane area (m2).

The retention values (R) were calculated by:

R ¼
�
1� Cp

Cf

�
� 100 (2)

Where Cf and Cp are the concentration of the feed and the
permeate respectively. The concentration of the feed solution
was 35 mM.

All retention results are average values based on at least three
distinct samples. The standard deviation on the measurements
was within 5%. All measurements were carried out on single dye
solutions.
Results and discussion

Fig. 1 shows the ATR-FTIR spectra of PVDF and PVDF-g-PS
membranes. Several new bands appeared only in the modied
membrane spectra and are attributed to the benzene group of
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM images of the cross sections and the surfaces of the PVDF
and PVDF-g-PS membranes.
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the styrene monomer. The band at 699 cm�1 is due to the in-
plane CH-bending vibration of the substituted benzene ring.
The bands close to 1601 cm�1 and 1493 cm�1 can be ascribe to
the in-plane stretching vibration of the benzene ring, and the
2930 cm�1 and 2850 cm�1 bands are due to the asymmetric and
symmetric stretching vibrations of CH2, respectively.40 These
data conrm that the styrene has been successfully graed on
the PVDF membrane. The b-phase content of the prepared
PVDF membranes, calculated from ATR-FTIR result according
to a previous report,28 were 0.47 for PVDF, 0.59 for PVDF-g-PS12,
0.595 for PVDF-g-PS16 and 0.746 for PVDF-g-PS20, respectively.

SEM images indicated the effect of solution concentration
the morphology of membranes before and aer modication.
From Fig. 2, it is clear that the separation layer and sub-
morphology of PVDF and PVDF-g-PS membranes change with
the casting lm concentration. As solution concentration
increases, the sub-morphology becomes less interconnected.
The inuence of graing on the membrane surface can be
observed in Fig. 2. Aer gra polymerization with styrene, the
membrane pores disappear and the surfaces of the PVDF
membranes is covered with the newly graed layer. Fig. 2 gives
the detailed information of cross-sections of PVDF and PVDF-g-
PS membranes. It is less obvious to observe the PS coating on
the pore walls than on the membrane surface.

Three different types of porous PVDF membranes were
prepared by phase inversion based on different casting
concentrations. The membrane selectivities measured with the
dye solutions are presented in Fig. 3 and the permeance was
presented in Fig. 3a. The permeance results show that the pores
in the selective layer of the PVDF12 membranes are quite open,
as was already observed in Fig. 2. This open separation layer
leads to very low retentions on the dyes and high solvent per-
meance with this membrane. Slightly better separation results
and comparatively lower permeance were found for PVDF16 and
Fig. 1 ATR-IR spectra of PVDF and PVDF-g-PS series membranes.
PVDF-g-PS membrane prepared from PVDF casting solution contains
12% PVDF (PVDF12), 16% PVDF (PVDF16) and 20% PVDF (PVDF20).

Fig. 3 (a) The membrane permeance measured with different dye
solutions; (b) RB retention of PVDF membranes as a function of
different PVDF casting concentration; (c) BTB retention of PVDF
membranes as a function of different PVDF casting concentration; (d)
AF retention of PVDF membranes as a function of different PVDF
casting concentration.

This journal is © The Royal Society of Chemistry 2017
PVDF20. This is because the higher concentration of the casting
solution leads to a denser skin layer and smaller pore size,11 as
was already seen in Fig. 2.

The porous membrane formation process is inuenced by
non-solvent/solvent exchange rates, which is the kinetic aspect
of the phase inversion process. Under rapid de-mixing condi-
tions, membranes with a macrovoid substructure and thin skin
layers can be expected. Membranes prepared under delayed
demixing conditions, on the other hand, typically show a dense
RSC Adv., 2017, 7, 33201–33207 | 33203
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skin layer and a less interconnected substructure, hence lower
porosities.38,41,42 By increasing the initial PVDF concentration,
a higher concentration was obtained at the polymer/non-solvent
interface when the wet polymer solution lm was immersed
into the non-solvent coagulant bath. Non-solvent in-diffusion
was thus slowed down due to the high viscosity and the dem-
ixing was delayed, resulting in denser skin layers as evidenced
by SEM results.

In order to develop PVDF membranes for SRNF applications,
post-synthesis membrane modications have been applied in
this study. Polystyrene was graed on the surface of the PVDF
membrane to make an active layer with smaller pores. This
densication process was thus assumed to improve the sepa-
ration performance of PVDF membranes to bring the retention
of porous PVDF-g-PS membrane to the NF level.

In the following paragraphs, the inuence of a selection of
casting and graphing parameter was studied. Fig. 4 show the
pure solvent permeance (Fig. 4a) and retention results of PVDF-
g-PS membranes with pristine PDVF membranes cast from
different PVDF concentrations. It was found that the PS graing
proved effective only when the pores of the pristine PVDF-
membrane were not too big. Indeed the performance of the
PVDF12 membrane and the PVDF-g-PS12 membrane was
comparable. This means that the graing of polystyrene does
not signicant increase the separation capability of this
membrane. For PVDF-g-PS16membrane, the retentions of RB in
water and ethanol slightly increased following graing (from
15.3% to 20.2% in water, from 14.8% to 19.1% in ethanol)
(Fig. 4b). The improved RB retention evidenced that the graing
densication began to inuence the separation capabilities of
membranes. However, the retentions of the smaller dyes BTB
(Fig. 4c) and AF (Fig. 4d) remain the same as the retentions for
the PVDF16 membrane. The retentions of dyes increased
Fig. 4 (a) Pure solvent permeance of PVDF-g-PS membranes as
a function of PVDF concentration in the casting solution; (b) RB
retention of PVDF-g-PS membranes as a function of different PVDF
casting concentration; (c) BTB retention of PVDF-g-PS membranes as
a function of different PVDF casting concentration; (d) AF retention of
PVDF-g-PS membranes as a function of different PVDF casting
concentration.

33204 | RSC Adv., 2017, 7, 33201–33207
strongly when the concentration of the casting solution of the
PVDF pristine membrane was 20%. The RB retentions of PVDF-
g-PS20 membrane in water, ethanol and IPA reached 92.3%,
91.2% and 90% respectively, while the other two dyes also
became better retained. The retentions of BTB are higher than
65% and the retentions of AF are higher than 70% in all solvents
used.

Since the graing condition was the same for the PVDF12,
PVDF16 and PVDF20 membranes, it is reasonable to believe
that all three membranes have a similar degree of graing. In
this case, a different performance of the fabricated SRNF
membranes is probably a consequent of the physicochemical
difference of the pristine membrane. Since all pristine
membranes were PVDF, it can be assumed that the different in
the surface morphology i.e., the MWCO or the active layer of the
pristine membrane, is the main parameter that inuences the
graed membrane performance.

The PVDF12-g-PS thus did not result in a SRNF membrane.
As the skin layer pore size of the PVDF12 membrane was quite
large as discovered on the SEM image, even aer graing, the
pores size of PVDF-g-PS12 membranes was still not small
enough to bring the separation performance to the NF range.
Compared with the PVDF12 and PVDF16 membranes, the
original pores in the PVDF20 membrane were the narrowest
one. Based on this denser separation layer, it was possible to
decrease the pore sizes enough to obtain NF-performance
(Scheme 1). The RB retentions in water, ethanol and IPA of
PVDF-g-PS20 membrane were all higher than 90%, both in
aqueous and inorganic solvent systems. These membranes can
thus be truly considered as SRNF-types. The retentions of dyes
with lower MW, BTB and AF, increase strongly as well: the BTB
retentions are higher than 65% and the retentions of AF higher
than 70%. The morphology changes and the separation prop-
erties of pore lled PVDF-g-PS series membranes are illustrated
in Schemes 1 and 2.

The membrane hydrophilicity is an important factor in
determining membrane performance. Water contact angle was
performed to investigate the effect of graing time of PS on the
hydrophilicity of PVDF membrane. The water contact angle
value decreases from 91� to 78.5� from origin PVDF (20)
membrane to PVDF (20) treated with KOH for 150 minutes and
then graed for 32 h (Fig. S2†). The decrease of water contact is
resulted from enhancement of membrane hydrophilicity
brought by PS graing on membrane surface and in the pores,
leading to the lower surface free energy of original hydrophobic
PVDF (20) membrane.

As known in literature and from Fig. 4, it is noted that the
retention of a specic solute is different in the three solvents.43
Scheme 1 Illustration of the pore size changes realized in the PVDF-
g-PS membranes upon grafting.

This journal is © The Royal Society of Chemistry 2017
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Scheme 2 Schematic illustration of the morphology and the separa-
tion properties of pore filled PVDF-g-PS membranes.

Fig. 5 (a) d.o.g. of PVDF-g-PS membrane based on grafting time; (b)
RB retention of PVDF-g-PS membranes as a function of grafting time;
(c) AF retention of PVDF-g-PS membranes as a function of grafting
time; (d) BTB retention of PVDF-g-PS membranes as a function of
grafting time.
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For each dye, the retention is the highest when water is used as
solvent and the lowest with IPA as solvent. The same trends are
also observed for BTB and AF.

Adequate mechanical properties are essential for the use of
the membranes in SRNF.27 Thus the mechanical properties of
prepared membranes (PVDF (20), PVDF (20) treated with KOH
for 150 minutes, PVDF (20) treated with KOH for 150 minutes
and then graed for 8 h, 16 h, 24 h and 32 h) were detected and
as displayed in Fig. S1.† Normally the mechanical stability of
membranes will decrease aer radiation graing modication.
To our surprise, the tensile strength of the modied PVDF
membranes showed no obvious changing, while the elongation
ratio increase simultaneously aer modication. This
phenomenon is probably due to PS graing on the whole
membrane which decreased the porosity and pore size, result-
ing better membrane rigidity and tenacity.

The inuence of graing time on the performance of a PVDF-g-
PS membrane was investigated. The PVDF20 membrane was
chosen because it showed separation performance at the NF level
aer graing. The membranes resided in the graing solution for
8 h (PVDF-g-PS8h), 16 h (PVDF-g-PS16h), 24 h (PVDF-g-PS24h), and
32 h (PVDF-g-PS32h), respectively. Different graing times led to
different degrees of graing (d.o.g.). The degree of graing (d.o.g.)
was determined gravimetrically, according to the following
equation:
This journal is © The Royal Society of Chemistry 2017
d:o:g: ¼ M �m

m
� 100% (3)

where m is the mass of the initial PVDF membrane andM is the
mass of the polystyrene graed membrane.

Fig. 5a shows the relationship between the d.o.g. and the
graing time. The d.o.g. increased from 5.6% (16 h) to 18% (24
h), which showed that the graing process mainly happened
aer 16 h. Fig. 5a also showed that the d.o.g. did not increase
aer 24 hours. The separation performances and permeances
shown in Fig. 5b–d show that the permeance decreased with
increasing graing time, while retentions increased steadily. A
longer graing time led to denser membrane. Compared with
PVDF20 membrane, the retentions of dyes of PVDF-g-PS8h and
PVDF-g-PS16h membranes were at the same level, due to the
insufficient d.o.g. of membranes. The surface of the membrane
with lower d.o.g. was thus not dense enough to retain the dye
molecules. The retention of RB reached 90% when PVDF-g-
PS24h was used, of which the d.o.g. was 21%. The RB retention
of PVDF-g-PS32h membrane was the same as PVDF-g-PS24
membrane, in agreement with their comparable d.o.g. AF and
BTB retentions also increased to more than 70% and 67%
respectively.

The inuence of KOH treatment time was also investigated
by using PVDF20 membrane as pristine membrane. The d.o.g.
is shown in Fig. 6a. When the PVDF membrane was immersed
in the KOH solution, H and F were eliminated from the PVDF
chains. At the same time, –(CH]CF)n– and –[C(OH)]CH–C(O)–
CH]CH–C(OH)–CH–C(O)–CH]CH–(OF)–]n were formed.41,44

BPO subsequently produced active sites at the –C]C– substrate
site and styrene molecules could easily be graed onto PVDF
membranes. PVDF20 membrane was chosen as pristine
membrane and 30 minutes (PVDF-g-PS30m), 90 minutes (PVDF-
g-PS90m), 150 minutes (PVDF-g-PS150m) and 210 minutes
(PVDF-g-PS210m) as KOH treatment times were chosen. As ex-
pected, the longer KOH treatment time produced more sites for
RSC Adv., 2017, 7, 33201–33207 | 33205
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Fig. 6 (a) d.o.g. of PVDF-g-PS membrane prepared from PVDF20
membrane as a function of KOH treatment time; (b) RB retention of
PVDF-g-PS membrane prepared from PVDF20 membrane as a func-
tion of KOH treatment time; (c) AF retention of PVDF-g-PS membrane
prepared from PVDF20 membrane as a function of KOH treatment
time; (d) BTB retention of PVDF-g-PS membrane prepared from
PVDF20 membrane as a function of KOH treatment time.
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reaction which led to more styrene graed onto the membrane.
As the KOH treatment time lasted longer, the d.o.g. increased
from 9.2% to 18%. The retention and permeance are shown in
Fig. 6b–d. The more densied surfaces led to lower solvent
permeances and higher dye rejections. The retention of RB in
water increased from 62%, aer 30 minutes of KOH treatment,
to 92%, aer 90 minutes. The same trend was also observed
when different solvents were used. The d.o.g. didn't increase
anymore aer 150 minutes treatment time in KOH, which
meant that no more –C]C– active sites were produced aer 150
minutes, and compared with PVDF-g-PS150m membrane. The
surface of PVDF-g-PS210m membrane was thus no more
densied. The retention and permeance of these PVDF-g-
PS210m membranes were indeed the same as PVDF-g-PS150m
membrane.

Among all membranes prepared via graing modication,
several have retentions that are somewhat lower than that of
Fig. 7 Long term stability of PVDF-PS20 membrane.
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a MPF-50 commercial membrane, while the permeance is
signicantly higher when IPA is used as solvent.45,46 The
prepared PVDF-g-PS membranes thus seem to be slight more
open in structure than the MPF-50 membrane.

The longer-term stability of PVDF-g-PS20 membranes was
evaluated by ltration of RB in different solutions for a period of
24 hours. The results are depicted in Fig. 7. Only a slight decline
in retention occurred during the rst 10 hours of ltration aer
which the retention remained stable, indicating excellent
stability of prepared membrane.

Conclusions

The PVDF-based SRNF-membrane was reported. Applying only
the phase inversion process proved incapable of producing
membranes with MWCO with NF-range. The graing was
required to further densify the selective layer and increased the
separation capability. The reported fabrication process of
creating PVDF-g-PS membrane provides a versatile route to
develop good SRNF membranes with optimum performance.
The ability to modify the surface of this chemical, thermal and
dimensional stable membrane opens up vast opportunities to
ne-tune the characteristics of porous membranes, enabling
the development of better SRNF membranes. In addition, the
research on the permeance of pure solvents provided an
opportunity to further enhance the understanding of the
physico-chemical SRNF transport mechanism in general and
for this new membrane type in particular.
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