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a b s t r a c t
The surface of polyvinylidene fluoride (PVDF) membrane is modified with styrene and acetyl sulfate 
by the method of solution bulk polymerization graft, and polystyrene sulfonated (PSSA) grafted–
modified membrane (PVDF-PSSA) is prepared. The surface structure and performance of PVDF-PSSA 
membrane are characterized and analyzed using scanning electron microscope, Fourier-transform 
infrared spectroscopy-attenuated total refraction, UV-visible spectrophotometer, X-ray photoelectron 
spectrophotometer, X-ray diffractometer, contact angle (CA), mercury porosimetry, thermogravi-
metric analyzer-differential thermal analysis and electronic tensile testing machine, respectively. The 
flux and separation performance of PVDF-PSSA membrane are studied. The results show that PVDF 
membrane surface occurs to have defluorination reaction so as to generate an unsaturated double 
bond through the alkali treatment. Styrene and sulfonic group are grafted to membrane surface. The 
modified membrane inherits α-phase crystalline phase, and the thermal decomposition temperature 
is over 300°C. The CA of modified membrane decreases from 114° to 33°. Both hydrophilicity and per-
meability are enhanced. The pure water flux of modified membrane increases compared with PVDF 
membrane, and rejection rate for diesel fuel can reach to 99.8%. The flux decline ratio of modified 
membrane reduces from 39.92% to1.34%, and the flux recovery ratio increases from 60% to 84.87% 
after cleaning. The modified membranes exhibited enhanced stability, antifouling properties, and 
rejection rate, which can prove the potential of the membrane in petrochemical wastewater treatment.

Keywords:  Polyvinylidene fluoride membrane; Surface modification; Performance; Oil–water 
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1. Introduction

Membrane technology created by multidisciplinary 
development over the past 30 years or so is a new water 
treatment technology. It not only purifies wastewater, but 
also recycles useful substances effectively. Compared with 
the traditional methods [1], membrane technology has had 
many advantages, such as low energy consumption, high 
single-stage separation efficiency, non-secondary pollution, 

good selectivity, etc. It has found a wide application in the 
field of wastewater treatment, food hygiene, environmen-
tal protection, and other processes. Polyvinylidene fluoride 
(PVDF) membrane is considered to be one of the most attrac-
tive polymer materials in membrane technology. It exhibits 
more excellent characteristics with better thermal stability, 
chemical resistance, and mechanical properties [2]. For this 
reason, it has been widely used in ultrafiltration, microfil-
tration, gas separation, and wastewater treatment. Although 
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the PVDF membrane exhibits excellent performance, it has 
had a big membrane permeability resistance and low water 
flux. In the oil/water separation process, the organic matter, 
protein, and others are readily adsorbed on the membrane 
surface, thus causing serious membrane fouling pores. The 
membrane flux can be greatly attenuated, and service life is 
reduced. These can restrict application of PVDF in the field of 
membrane separation greatly [3]. Therefore, modification of 
PVDF membrane is important, and it has received extensive 
attention from a majority of researchers.

Many studies show that an increase in hydrophilicity 
will help promote membrane permeability performance and 
effectively reduce membrane fouling [4–8]. There are many 
methods to modify hydrophilic of PVDF membrane includ-
ing body modification and surface modification [9,10]. Owing 
to poor compatibility of the modified material, the physical 
properties of modification membrane was reduced after body 
modification [11–13], thus limiting the scope of application. 
The surface modification could not only maintain good physi-
cal properties of PVDF membrane, but also endow the surface 
with new properties [14–17]. PVDF membrane after being 
grafted can be widely used because of its good mechanical 
properties and special functional groups on the surface of the 
materials. Although graft modification has had many advan-
tages, water flux decreases distinctly after graft modified 
[18,19]. Rahimpour et al. [20] have modified PVDF membrane 
by UV photografting of hydrophilic monomers. The study 
has found that pure water flux of all modified membranes 
is decreased. Some approaches of PVDF membrane surface 
hydrophilic modifications have been used to optimize the 
membrane performance [21,22], but more effective methods 
need to be developed to further improve membrane antifoul-
ing properties and oil/water separation performance. Due to 
the desirable hydrophilicity, styrene sulfonate is considered 
as an attractive additive for graft modification of PVDF mem-
brane, most of them adopt body modification [23,24]. The 
modified membranes have been intensively investigated in 
the application of direct methanol fuel cell [25,26], and there is 
less research on oil/water separation performance. Therefore, 
the research modified of PVDF membrane using styrene 
sulfonic acid as additive is necessary.

The aim of this paper is not only to make PVDF modi-
fication membrane to maintain excellent performance, but 
also to improve membrane fouling resistance, hydrophilic, 
pure water flux, and oil/water separation performance. 
Styrene and acetyl sulfate as additive is proposed to mod-
ify PVDF membrane using surface graft method, and the 
PVDF-polystyrene sulfonated (PSSA)-modified membrane 
has been prepared. The structure and properties of modified 
membrane are studied. Oil/water separation performance 
of PVDF-PSSA-modified membrane is discussed with ideal 
experimental results obtained.

2. Experiment

2.1. Materials

Hexadecyl trimethyl ammonium bromide (CTMAB) was 
purchased from BASF Chemical Co., Ltd. (Tianjin, China). 
Phenylethene was obtained from ChengDu Kelong Chemical 
Co., Ltd (Chengdu, China). Benzoyl peroxide (BPO) was 

supplied by Kemiou Chemical Reagent Co., Ltd. (Tianjin, 
China). Alkylphenol ethoxylates (OP-10) was purchased from 
Shan Pu Chemical Co., Ltd. (Shanghai, China). Diesel oil was 
obtained from Sinopec Co., Ltd (Xian, China). The PVDF mem-
brane was supplied by Shanghai Diqing Filtering Technology 
Co., Ltd. (China, film thickness 65 μm and porosity 75%).

2.2. Experimental mechanism

The chemical equation of PVDF membrane surface 
modifying is shown in Fig. 1. First, in strong alkali oxida-
tion system or strong alkali phase-transfer catalytic system, 
hydrogen fluoride was removed from PVDF membrane and 
generated carbon–carbon double bond [27,28]. Then, under 
the action of the initiator BPO, it reacted free radical polym-
erization (P) with styrene (S) and produced the copolymer 
of PVDF membrane and styrene (PVDF-PS). The PVDF-PS 
reacted sulfonation reaction with fresh acetyl sulfate and 
generated the sulfonated styrene grafted membrane (PVDF-
PSSA) eventually.

2.3. Alkali treatment of PVDF membrane

PVDF membrane was infiltrated in ethanol for 10 min, 
taken out for washing with deionized water, dried at 30°C, 
and then it was put into the solution consisting of 3.0 mol/L 
of KOH and 5.0% of KMnO4 (referred as System 1). The reac-
tion time was 3 h under the condition of 80°C water bath, 
and then the PVDF membrane was taken out for washing 
with deionized water until washing deionized water became 
neutral. As a result, the PVDF-1 membrane was obtained. 
Another dried PVDF membrane was placed in the solution 
consisting of 1.0 mg/mL of phase-transfer catalyst CTAB and 
3.0 mol/L of NaOH (referred as System 2). The reaction time 
was 2 h under the condition of 60°C water bath, the PVDF 
membrane was taken out for washing with deionized water 
until washing deionized water became neutral, as a result, 
the PVDF-2 membrane was obtained.

2.4. Preparation of PVDF-PSSA membrane

A total of 15.0 mL of acetic anhydride was added to an 
equal volume of 1,2-dichloroethane (DCE) at 5°C and stirred 
well. When the temperature dropped to 5°C, 10.0 mL of con-
centrated sulfuric acid was added dropwise, and then reacted 
for 30 min. The fresh acetyl sulfate was prepared after rapid 
stirring l0 min, and then set aside.

In total, 0.3 g of BPO was added into 100.0 mL of the mixed 
solution consisting of styrene and tetrahydrofuran (referred 

Fig. 1. The chemical equation of PVDF membrane surface 
modifying.
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as Solution A). The volume ratio of styrene and tetrahydro-
furan was 5:1. Under the protection of nitrogen, PVDF-1 
membrane reacted with Solution A in 78°C water bath for 
12 h to obtain a PVDF-PS-1 membrane. The PVDF-PS-1 mem-
brane was swelled for 2 h under 70°C in DCE. And then it 
was put into the fresh acetyl sulfate solution, and reaction 
time was 4 h under the condition of 70°C. The PVDF-PSSA-1 
membrane was obtained. The PVDF-2 membrane was used 
to prepare the PVDF-PSSA-2 membrane in terms of the above 
steps, so as to obtain the PVDF-PSSA-2 membrane.

2.5. Structural characterization of PVDF-PSSA membranes

The surface and cross-sectional morphology of the 
PVDF-PSSA membranes were observed with a field emis-
sion scanning electron microscope (SEM, JSM-6700F, Japan). 
The membrane was immersed in ethanol for 5 min, put into 
liquid nitrogen for about 2–3 min, and then it was taken 
out for fracturing. The sample was positioned on a metal 
holder, then sputter coated with gold under vacuum for 
5 min before testing. The pore size of the membrane was 
determined by mercury porosimetry (AutoPore IV9500, 
Micromeritics, USA), the equilibration time was 10 s, and 
maximum intrusion volume was 1.000 mL/g. The surface 
functional groups of modified membrane were analyzed 
using IRAffinity-1-type Fourier transform infrared spec-
troscopy (FTIR-ATR, Shimadzu, Japan). Instrument resolu-
tion was 4.0, and the scanning was in a wavelength range of 
650–4,000 cm–1. The characteristic functional groups of mod-
ified membrane surface were investigated using UV-3600 
type UV-visible spectrophotometer (UV-Vis, Shimadzu, 
Japan) with PVDF membrane as reference. X-ray photoelec-
tron spectrophotometer (XPS) spectra for the element com-
position and chemical bond of modified membrane surface 
were recorded on a K-Alpha X-ray photoelectron spectro-
photometer (Thermo, Britain) employing Al Ka excitation 
radiation (hν = 1,486.6 eV). XRD-7000-type X-ray diffrac-
tometer (XRD, Shimadzu, Japan) was used to analyze the 
crystal structure of modified membrane employing CuKα 
radiation and a scanning speed of 4°/min. The hydrophobic-
ity of PVDF-PSSA-modified membrane was studied based 
on the contact angle (CA) by OCA20-type of contact angle 
measuring instrument (Dataphysics, Germany). The contact 
time of each sample with the droplet was 5 s by the pendant 
drop method, and each sample was measured for five times 
with average value taken to minimize the experimental 
error. A thermogravimetric analysis was conducted to study 
the thermal stability of the membranes using a DTG-60AH 
thermogravimetric analyzer (TGA-DTA, Shimadzu, Japan). 
The samples were heated to 1,000°C at a heating rate of 
20°C/min. The mechanical property of modified membrane 
was determined according to literature [29]. The properties 
of simulated diesel wastewater (such as mean particle diam-
eter, particle size distribution) were measured using DelsaTM 
nano C particle analyzer (Beckman coulter, Inc., USA) at 
25°Cwith accumulation times 30 s.

2.6. Preparation of simulated diesel wastewater

A total of 1.0 mg alkylphenol polyoxyethylene ether 
(OP-10) was added to 100.0 mg 0# diesel oil (ρ = 0.835 g/mL) 

with ultrasonic oscillation for 10 min. Then, it was diluted 
with water to 1.0 L with continuous ultrasonic oscillation 
for 1 h, so that simulated diesel wastewater solution of 
100.0 mg/L was obtained. The particle size distribution of 
simulated diesel wastewater is shown in Fig. 2. As indicated 
in Fig. 2, the particle diameter of simulated diesel wastewater 
was mainly distributed in 435–665 nm. And the mean particle 
diameter was 638.6 nm.

2.7. Membrane flux measurement

A self-made dynamic circulation membrane performance 
experimental setup [29] was used to measure membrane 
flux. The absolute pressure of the system was adjusted to 
125.02 KPa after preloading 40 min under the pressure of 
145.02 KPa. The pure water and simulation diesel wastewater 
(100.0 mg/L) were filtered with the stirring rate of 500 rpm, 
respectively. Then the membrane was rinsed with deionized 
water and ultrasonic concussion 10 min, and the flux recov-
ery was recorded. The volume of the effluent liquid was mea-
sured at an interval of every 10 min. The membrane flux (J), 
flux decline ratio (FDR), and flux recovery ratio (FRR) were 
calculated using Eqs. (1)–(3) [30], respectively. And the effec-
tive membrane area was 1.32 × 10–3 m2.

J V
A t

=
∆  (1)

FDR(%) 1001 2

1

=
−

×
J J

J  (2)

FRR(%) 100wc

wo

= ×
J
J

 (3)

where V is the volume of the effluent (L), A is effective mem-
brane area (m2), t is effluent time (h), J1 is starting flux of sim-
ulation diesel wastewater, J2 is last flux of simulation diesel 
wastewater, Jwo is pure water flux of the new membrane, and 
Jwc is pure water flux of the membrane after cleaning.

Fig. 2. The particle size distribution of simulated diesel waste-
water.
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2.8. Rejection rate measurement of PVDF-PSSA membranes

The simulation diesel wastewater was disposed at the 
absolute pressure of 125.02 KPa with the stirring rate of 
500 rpm. The measurement was carried out in the exper-
imental setup of literature [29]. Diesel concentration was 
determined by UV-spectrophotometer at the wavelength of 
224 nm. The rejection rate of the membrane was calculated 
according to Eq. (4) [30].

R
C C
C f

=
−

×feed perm

eed

100%  (4)

where R is rejection rate (%); Cfeed is diesel concentration in 
the feed phase (mg/L), and Cperm is diesel concentration in the 
permeated liquid (mg/L).

3. Results and discussion

3.1. FTIR-attenuated total refraction (ATR) and UV-Vis analysis

The FTIR-ATR spectra of PVDF membrane by the alka-
line treatment is shown in Fig. 3. The PVDF-1 and PVDF-2 
show characteristic bands at 1,596 cm–1(characteristic of 
~C=C–C=C~ backbone carbon–carbon double bond stretch-
ing vibration), 2,926 cm–1 and 2,854 cm–1(symmetric and 
asymmetric C–H stretch). These indicate that carbon–carbon 
double bonds are formed on the surface of PVDF membrane 
through defluorination reaction. Furthermore, the peak 
intensity of the PVDF-2 membrane is larger than PVDF-1 
membrane. It can be explained that a phase-transfer catalyst 
system can result in obvious changes in molecular structure 
of PVDF membrane surface so that more carbon double 
bonds are formed.

The FTIR-ATR spectra of modified membrane are shown 
in Fig. 4. Four characteristic peaks of PVDF are observed in 
the spectra of all membranes at 1,406 cm–1(C–H bending of 
methylene stretching vibration), 1,169 cm–1(C–C stretching 
vibration), 1,230 cm–1, and 1,070 cm–1 (C–F stretching vibra-
tion). The peak intensity of the PVDF-PSSA-2 membrane is 
larger than PVDF-PSSA-1 membrane. Compared with the 
spectrum of the PVDF membrane, new peaks appear at 
3,443 cm–1 and 1,682 cm–1 in the spectra of modified mem-
brane. They are attributed to the characteristic absorption 
peaks of –SO3H·H2O and benzene skeleton vibration. In addi-
tion, some other new peaks are also observed, being ascribed 
to the characteristic peaks of hydrogen on benzene ring at 
672 cm–1, characteristic of para-substituted benzene peak 
at 1,032 cm–1 and 1,124 cm–1, and S–O of –SO3H symmetric 
stretching vibration characteristic peaks at 1,004 cm–1 in the 
spectra of modified membrane. These results indicate that 
the styrene is grafted onto the PVDF membrane surface and 
a sulfonic acid group is introduced into the para position of 
the benzene ring.

Fig. 5 is UV-Vis spectra of the modified membrane. It can 
be seen from Fig. 5 that a B-band absorption peak with mod-
erate intensity appears at 200–300 nm, and the peak shape is Fig. 3. FTIR-ATR spectra of alkaline-treated PVDF membrane.
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Fig. 4. FTIR-ATR spectra of PVDF and modified membrane.
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similar to the conjugate characteristic absorption peak of a 
benzene ring. It indicates that there is a benzene ring on the 
modified membrane. A bimodal appears near 250 nm, which 
may be due to the influence of the introduction of sulfonic 
acid groups.

3.2. XPS analysis

The XPS spectra of the membrane are shown in 
Fig. 6. Fig. 6(a) shows that the peaks at binding energy (BE) 
of 284.6 eV, 688 eV, 833.08 eV, and 1,228 eV correspond to C1s, 
F1s, auger peak of F, and auger peak of C, respectively. Also, 
the peak at BE of 168.5 eV, 532.5 eV, and 979.1 eV are associ-
ated with S2p, O1s, and auger peak of O, respectively. It indi-
cates that S and O elements are combined with PVDF mem-
brane in some chemical bonds. In Fig. 6(b) for the spectrum 
of C1s, there are two peaks at 290.1 eV and 286.6 eV corre-
sponding to the BE of C–F2 and C–H2 and the two peak areas 
are 11,346.68 and 12,967.61, respectively. The two peak area 
ratios are closed to 1:1. This indicates that the C–F and C–H Fig. 5. UV-Vis spectra of modified membrane.
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Fig. 6. XPS spectra of modified membrane: (a) the survey spectra of modified membrane and PVDF membrane, (b) C1s spectra, 
(c) O1s spectra, and (d) S2p spectra.
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bands on the PVDF membrane surface are broken simulta-
neously. The peaks at 284.7 eV and 285.5 eV belong to C1s 
of the benzene ring and (–C*H2–C*(CH3)(C6H5))–n, respec-
tively. This suggests that the F or H of modified membrane 
surface should be replaced by polystyrene group, and that 
the polystyrene groups are combined with PVDF membrane 
by chemical bonds. Fig. 6(c) shows that characteristic peak 
appears at 532.5 eV corresponding to the BE of O1s in sul-
fonic group. And the peak area is 6,094.96. In the Fig. 6(d), 
S2p3/2 peak is located at 168.5 eV corresponding to S–O BE 
in toluenesulfonic acid. The area of peak was calculated as 
1,780.00. The peak area ratio of S2p3/2 and O1s is approxi-
mately 1:3, whereby further inferring that there might exist 
O and S as a sulfonic group.

3.3. XRD analysis

The XRD patterns of the membranes are provided in Fig. 7. 
As can be seen from Fig. 7, the PVDF membrane shows that 
there are three perceptible peaks at 2θ value 18.54°, 19.89°, 
and 39.4°. These are typical α-phase PVDF characteristics 
peaks. They correspond to (020), (110), and (131) diffraction 
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PVDF-PSSA-2
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PVDF

Fig. 7. XRD patterns of PVDF and modified membrane.
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Fig. 8. SEM images of the membrane: (a)–(c) PVDF membrane; (d)–(f) PVDF-PSSA-2 membrane; (g)–(i) PVDF-PSSA-1 membrane.
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planes of the crystalline region, respectively [31]. The (110) 
planes of the crystalline region of PVDF-PSSA-1 and PVDF-
PSSA-2 membrane do not change significantly, whereby indi-
cating that the modified membrane retains the α-phase of the 
original film. It can be seen from Fig. 8 that the intensity of 
the sharp PVDF peaks decreases and peak shape is passiv-
ated. This may be due to the breakage of strong polarity of 
C–F bond, so that the crystallinity of PVDF decreases. The 
crystal structure transforms the ordered state into the dis-
ordered state, and amorphous region of the membrane is 
increased. Therefore, we can say that amorphous region of 
the membrane increases by surface modification but does not 
damage the original crystalline phase. The PVDF-PSSA mem-
brane remains the original crystal characteristics of PVDF 
membrane.

3.4. SEM analysis

Fig. 8 indicates SEM images of the membranes. Albo 
et al. [32,33] reported that the separation characteristics of 
the membranes were mainly attributed to two different struc-
tures, which is a dense matrix and highly permeable regions 
of the membrane. Fig. 8 shows that the PVDF-PSSA mem-
brane has had two different structures. First, there are cross-
linked structure holes that can increase the apparent retention 
rate. Second, there are finger holes indicating where there 
are highly permeable regions. The structure is similar to the 
above reports in the literature, and there should be good sep-
aration performance. Figs. 8(d) and (g) show that there is an 
obvious polymer layer on the surface of PVDF-PSSA mem-
brane. PVDF-PSSA-2 membrane surface is relatively flat, and 
the pore size is smaller than that of PVDF membrane. Fig. 9 
shows the pore size distribution of PVDF and modified mem-
brane. As depicted in Fig. 9, the modified membrane shows 
smaller pore size than the PVDF membrane. The median 
pore diameter of PVDF, PVDF-PSSA-1, and PVDF-PSSA-2 
membranes is 786.8, 652.3, and 612.2 nm, respectively. This 
is helpful to improve the membrane rejection rate. It can be 
seen from Figs. 8(e) and (h) that the through hole structure 
of PVDF-PSSA-2 membrane surface is more obvious, and 
PVDF-PSSA-1 membrane surface is crosslinked structure 
hole. Moreover, the cross-sectional images Figs. 8(c), (f), and 
(i) show that the sub-layer of PVDF-PSSA-2-modified mem-
brane maintains finger hole structure of PVDF membrane 
which can improve permeability of the membrane. It is due 
to the phase-transfer catalyst accelerating the phase trans-
fer speed, and conducive to the formed finger macropores. 
It could reduce the permeability-resistance of PVDF-PSSA-2 
membrane and increase permeability. Therefore, the System 
2 is much more conducive to hydrophilic modification of 
PVDF membrane.

(d) (e) 

(a) (b) (c) 

Fig. 10. The contact angle images of the membrane: (a) PVDF membrane, (b) PVDF-1 membrane, (c) PVDF-2 membrane, (d) PVDF-
PSSA-1 membrane, and (e) PVDF-PSSA-2 membrane.
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3.5. Hydrophilicity and permeability analysis

Fig. 10 shows the CA of membrane. The CA of PVDF-1 
and PVDF-2 membranes are dropped from 114° to 78°, and 
72°, respectively. This is because that the strong hydropho-
bic group (–F) is taken off, and the hydrophilicity of the 

membrane surface is enhanced. The CAs of PVDF-PSSA-1 
and PVDF-PSSA-2 membranes are 45° and 33°, respectively. 
It is suggested that the hydrophilicity of PVDF-PSSA mem-
brane should be improved significantly. This is because that 
the hydrophilic groups –SO3H are introduced to the mem-
brane surface. The more hydrophilic groups are grafted to 
the membrane surface, the greater hydrophilicity will be 
and the smaller CA of membrane will become. Therefore, 
grafting rate of –SO3H in the System 2 is higher than that of 
the System 1, and System 2 is much more conducive to the 
hydrophilic modification of membrane.

The curve for CA change over time is shown in Fig. 11. It 
can be drawn from Fig. 11 that the CA of modified membrane 
decreases with an increase in time, and that the membrane is 
completely infiltrated with water at 90 s. There is almost no 
change in the CA of PVDF membrane in 90 s. This indicates 
that water is gathered on PVDF-PSSA membrane surface by 
–SO3H, so as to promote water to diffuse into the membrane 
matrix, and enhance the permeability of the membrane [34].

3.6. Thermal stability analysis

Thermal properties of modified membrane are studied by 
TGA-differential thermal analysis (DTA), as shown in Fig. 12. 
Fig. 12 shows that the endothermic peak of all samples appears 
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at 172.9°C in the curve of DTA, it is caused by loss of bound 
water in PVDF membrane [35]. Only one-step weight loss pat-
tern can be observed from Fig. 12(a). PVDF membrane begins 
to decompose at 463 °C, completely decomposed at 607°C, and 
the final decomposition rate is 99.46%. Both of PVDF-PSSA-1 
and PVDF-PSSA-2 membrane exhibit two similar weight loss 
processes in Figs. 12(b) and (c). The first stage of slow decom-
position appears between 300°C and 450°C, and the decompo-
sition rate is about 20%. It is attributed to the decomposition 
of sulfonic acid groups [36,37]. The second stage of rapid 
decomposition occurs between 450°C and 600°C, completely 
decomposes at about 607°C, and the final decomposition rate 
is more than 98%. It is consistent with the weight loss curve of 
PVDF membrane; therefore it corresponds to the decomposi-
tion of PVDF polymer chain. It is suggested that the thermal 
stability of modified membrane is influenced by hydrophilic 
modification. However, the modified membrane still remains 
a good thermal stability, because the thermal decomposition 
temperature is over 300°C, and it can satisfy the application 
requirements.

3.7. Mechanical property analysis

Stress–strain tests results are presented in Fig. 13. The figure 
shows that the influence of pre-treatments and surface modi-
fication upon mechanical properties of the membrane is very 
significant. After surface modification, the tensile strength of 
PVDF-PSSA-1 and PVDF-PSSA-2 are decreased from 15.93 to 
10.45, and 12.44 MPa, respectively. Also, the strain at break 
of PVDF-PSSA-1 and PVDF-PSSA-2 significantly decreases 
from 39.00% to 22.57%, and 30.55%, respectively. This implies 
that the elastic property or flexibility is weaker after surface 
modification. It has been proposed that mechanical properties 
changes are due fundamentally to the reactions between the 
chemical reagents and the membrane’s some specific func-
tional groups [38]. According to the literature [39], the reduc-
tion in mechanical properties of modified membrane is linked 
to the chain breaking of membrane materials. Chain breaking 
on membrane polymer influences continuing deterioration of 
the membrane layer and as a result, the interaction between 
polymer molecules is weakened and becomes easier to frac-
ture. Particularly for PVDF, it is believed that the reduction in 

the membrane’s mechanical properties after the NaOH treat-
ment could be due to the chemical reaction between PVDF 
and NaOH [40]. The reduction in mechanical properties of 
modified membrane is attributed to the dehydrofluorina-
tion reaction. This is consistent with the FTIR-ATR and XPS 
analysis results. It can be seen from Fig. 13 that the tensile 
strength and strain at break of PVDF-PSSA-2 is better than 
PVDF-PSSA-1. This indicates that the pre-treatment through 
the System 1 has had a greater bearing on the mechanical 
properties of membrane. It may be due to phase-transfer cat-
alysts are added to System 2 in the pre-treatment process. 
As a consequence, the reaction on the surface of the mem-
brane is more homogeneous. Thus the mechanical properties 
of PVDF-PSSA-2 membrane are reduced slightly compared 
with PVDF-PSSA-1 membrane.

3.8. Membrane flux analysis

The flux curve of the membrane is shown in Fig. 14. As 
can be seen from Fig. 14, the pure water flux of PVDF, PVDF-
PSSA-1, and PVDF-PSSA-2 membrane are 210.0, 391.1, and 
464.5 L/(m2·h), respectively. Simulation diesel wastewater was 
disposed after 60 min, the membrane flux decreased to 77.2, 
201.4, and 242.2 L/(m2·h) from 128.5, 243.3, and 279.6 L/(m2·h), 
respectively. After cleaning, pure water flux of the mem-
brane recovered to 126, 312.6, and 394.2 L/(m2·h), respectively. 
The pure water flux of PVDF-PSSA-1 and PVDF-PSSA-2 
membrane increase significantly compared with the PVDF 
membrane. According to Eqs. (2) and (3), the FDR of PVDF, 
PVDF-PSSA-1, and PVDF-PSSA-2 membranes are 39.92%, 
1.72%, and 1.34%, respectively, and the FRR are 60%, 79.92%, 
and 84.87%, respectively. It indicates that the pure water flux 
of modified membrane increase significantly compared with 
the PVDF membrane. Through surface modification, the 
FDR of membrane reduces after fouling and FRR increases 
after cleaning. The modified membranes showed relatively 
better stability performance and antifouling properties than 
those of unmodified membrane. This is because the sul-
fonic acid group is grafted on the PVDF membrane surface 
to enhance the hydrophilicity of membrane surface, which is 
in good agreement with the CA measurement in Fig.10 and 
SEM measurement in Fig. 8. The enhancement of surface 
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hydrophilicity is advantageous to reduction of the perme-
ation resistance and improvement of antifouling performance 
[32,41,42]. The surface charge of PVDF-modified membrane 
is negative after grafting PSSA. The hydrophilic layer can 
be formed on the membrane surface due to the electrostatic 
and hydrogen-bonding interactions between water mole-
cules and sulfonic acid group. This also is helpful for increas-
ing FRR and improving antifouling properties of modified 
membrane [43,44].

3.9. The rejection rate analysis

The equilibrium curve of the membrane for intercept sim-
ulated diesel wastewater is shown in Fig. 15. As can be seen 
from Fig. 15, the diesel concentration of the treated water 
sample by PVDF membrane is higher than 60.02 mg/L, but 
treated by modified membrane is 6.15 mg/L. The rejection 
rates of PVDF-PSSA-2 and PVDF-PSSA-1-modified mem-
brane and PVDF membrane for simulated diesel wastewa-
ter are calculated using Eq. (4). They are 99.8%, 93.9%, and 
40.0%, respectively. The rejection rate of PVDF-PSSA-2 film 
is as high as 2.45 times of the PVDF membrane. The mod-
ified membrane exhibited higher rejection rates compared 
with the PVDF membranes. It may be due to the modified 
membrane PVDF-PSSA has smaller pores [45,46] and better 
hydrophilicity compared with the PVDF membrane [47]. 
According to the literature [48–50], the separation of oil/
water by hydrophilic ultrafiltration membrane followed the 
membrane phase-separation mechanism. The separation 
mechanism is mainly attributed to the concentration polar-
ization of water on the membrane surface during a mem-
brane phase-separation process. Due to the membrane is 
hydrophilic, oil is difficult to get close to the membrane sur-
face, thus the concentration of oil is lower when the distance 
from membrane surface is smaller, and the pure water layer is 
formed near the membrane surface. As the hydrophilicity of 
the membrane increases, the thickness of the pure water layer 
may increase, thus is able to block larger pores. The diffusion 
of water in the membrane matrix was promoted. It is also 
helpful to improve the rejection rates of membrane. It means 
that PVDF-PSSA-2-modified membrane can effectively sepa-
rate oil/water of wastewater [51].

4. Conclusion

In this study, preparation, structure characterization, and 
performance of PVDF-PSSA membrane are investigated and 
the following conclusions can be obtained:

Styrene monomer and sulfonic group are grafted to 
PVDF-PSSA membrane surface. The polystyrene groups 
are combined with PVDF membrane by chemical bonds. 
The modified membrane can maintain finger hole structure 
of PVDF membrane and the pore size decreases compared 
with PVDF membrane. The hydrophilicity and permea-
bility increase greatly. The mechanical properties of the 
membrane become weak after modification. The modified 
membrane has inherited good crystalline and thermal sta-
bility characteristics from PVDF membrane. The alkali 
phase-transfer catalyst system is much more conducive 
to the hydrophilic modification of PVDF membrane. The 
pure water flux of modified membrane increases and rejec-
tion rate for diesel fuel can achieve 99.8%. Compared with 
PVDF membrane, the modified membranes exhibited rela-
tively better stability and antifouling properties than PVDF 
membrane.
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