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ABSTRACT

Using DMAc as solvent, water as non-solvent, modified poly (vinylidene fluoride) (PVDF)
ultrafiltration membranes (PSi, PA, PS) were prepared by precipitation phase inversion,
blending with nano-silica (SiO2), polyvinyl alcohol (PVA), and styrene maleic anhydride.
The physical-chemical properties and morphology of PVDF membranes were characterized
by FT-IR, water contact angle (WCA), swelling index, scanning electron microscopy, atomic
force microscopy, etc. Considering reactive black 5 and congo red as the representatives of
dye effluent pollutions, the filtration behavior to dye wastewater of four different types of
PVDF UF membranes was discussed. Experimental results showed that, compared with
original PVDF UF membrane, for three kinds of modified membrane, the first bubble
pressure and strength (S) fell off to a certain extent, and the membrane surface roughness
increased. Additionally, the cross-sectional macroporous and pure water flux (J) all
increased. Especially, owing to the addition of PVA and SiO2, the WCA and the adsorption
amount (Q) of PA and PSi membranes were reduced extraordinarily, and flux recovery rate
increased obviously. As a result, the hydrophilicity of PVDF membrane was improved
significantly. Moreover, the rejection (r) to two dyes was also remained well, which showed
a better anti-fouling ability.
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1. Introduction

The dye wastewater contains color and pollutants
mainly formed by natural organic matter and
synthetic organic compounds. Because of different
fiber fabric of the dye used in printing and dye
process, there were many traditional methods for dye
wastewater treatment. However, membrane separation

technology has been widely used in the field of dye
wastewater treatment owing to its high separation
efficiency and relatively simple process [1].

As reported, reverse osmosis (RO) and nanofiltra-
tion (NF) membranes were the first to be used in the
membrane process of the treatment of dye wastewater.
The applicability of RO membranes was limited by
high osmotic pressure. RO membrane filtration has
problem with fouling, which result in low fluxes and
poor separation efficiency [2,3]. NF was proven to be*Corresponding author.
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an ideal method for the pretreatment of highly concen-
trated and complex solutions [4]. However, NF separa-
tion was not very efficient, and NF operation pressure
was a little bit higher than UF. In view of these above-
mentioned problems, ultrafiltration (UF) technology of
low-pressure operation has entered into the stage of
the dye wastewater treatment research. Han et al. [5].
prepared a copoly (phthalazinone biphenyl ether sul-
fone) (PPBES) UF membrane with a low molecular
weight cut-off, and it was suitable to be utilized in dye
wastewater treatment. Srivatava et al. [6] reported the
performance of a modified poly(vinylidene fluoride)
membrane for textile wastewater UF, obtained lower
membrane fouling for separation and purification of
dye solutions. On this basis, a UF membrane was con-
firmed by studies on removal of color and turbidity of
dye effluent [7].

The same as the other processes of membrane
treatment, membrane fouling has also become the
bottleneck problem of the membrane treatment tech-
nology in the treatment of dye wastewater [8]. Some
point of views support that the degree of membrane
fouling is small when the charged dye molecules are
the same as the electrification of the membrane sur-
face, and the hydrophilic surface of the membrane will
decrease the irreversible adsorption of contaminants
on the membrane surface. When membrane materials
have polar and dissociated functional groups, after
contacting with the solution, because of the solvate
and dissociation, the membrane surface will be
charged [9].

Therefore, this study took inorganic nano-silica
(SiO2), hydrophilic polymer polyvinyl alcohol (PVA),
and styrene maleic anhydride (SMA) copolymer with
anhydride functional groups into the PVDF UF
membrane, and examined the effect of the nature of
the membrane materials and membrane structure on
characteristics of membrane fouling behavior in
the process of wastewater treatment. In dye waste-
water removal, low-pressure UF is a meaningful
reference.

2. Experimental

2.1. Materials

Poly(vinylidene fluoride) (PVDF, Solef, 6,020,
MW ≈ 573,000 Da, density = 1.76 × 103 kg/m3) was
received from Belgian Solvay. Poly(vinylalcohol)
(PVA, 18–99) was purchased from Sigma Company.
Poly(ethylene glycol) (PEG, MW = 400) was purchased
from Guangdong Guanghua Sci-Tech Co., Ltd. SMA
was purchased from Polyscope Company. Silicon

dioxide (SiO2, NB, 99.99%) was received from Shang-
hai. Reactive black 5 (RB5) (MW = 991.8) and Congo
red (CR) (MW = 696.7) were obtained from Zhejiang.
The molecular structures of both dyes are shown in
Fig. 1.

2.2. Preparation of the UF membrane

The preparation method of PVDF UF membranes
is described in the literature [10]. The composition of
casting solution and membrane numbers are shown in
Table 1. The cast solution was cast onto a glass plate
to form a liquid film with the thickness of 200 μm.
After 5 s exposure to air, the plate was immersed into
a deionized water bath at 40˚C.

2.3. Membrane characterization

2.3.1. Membrane morphology

Scanning electron microscope (SEM, JSM5800,
Japan, JEOL) was used to inspect the cross-section and
surface of the membranes. The membranes pieces
were immersed in liquid nitrogen for freezing. And
then the frozen membrane segments were kept in air
for drying. The dried samples were gold sputtered for
producing electric conductivity [11].

The surface roughness of membranes was analyzed
by atomic force microscopy (AFM, DME model C-21,
Denmark), the test condition are as in [12].

2.3.2. The properties of UF membrane

The chemical composition of the UF membrane
was measured by FT-IR. Before testing, the film
samples were required to dry in the 50˚C vacuum
oven. (Test parameters: scan the wavelength range
4,000 to 400 cm−1, the scanning precision 4 cm−1, room
temperature (25 ± 1˚C), humidity 15%).

Water contact angle (WCA) was measured using
the VCA-Optima (AST products, Inc, MA, USA). Five
microlitre of distilled water was dropped on the
membrane surface from a microsyringe with a
stainless steel needle at room temperature (25 ± 1˚C).
WCA value was obtained for both top and bottom
surface of each membrane sample and the time was
kept 30 s [13].

The dry film was immersed in deionized water at
25˚C for 24 h. Then, the films were taken out from the
water and wiped with filter paper. Wet weight was
defined after soaking. The degree of swelling (SI) can
be calculated:
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SI ¼ MS �MD

MS
� 100% (1)

where MS is the weight of the wet membrane (g), MD

is the weight of the dry membrane (g).
The mechanical strength of the membrane was

measured by electronic single yarn tensile strength
tester (HD021NS) samples with width of 1 cm, length
of 15 cm, the folder distance was 100 mm, and the
tensile speed was 100 mm/min. The test parameters
are as in [14].

2.3.3. Structure parameters of the membrane

Structural parameters: Porosity of the membrane
(ε) was measured by wet and dry membrane weight
method [15].

e ¼ MW �MD

qwAl
� 100% (2)

where MW, MD are the wet and dry membrane weight
(g), respectively, A is the membrane area (cm2), l is
the average thickness (cm), ρw is the density of water
(g/cm3).

Fig. 1. Molecular structure of CR and RB5.

Table 1
The compositions of different casting solution and membrane numbers

Membrane PVDF (%) PEG (%) PVA (%) SiO2 (%) SMA (%) LiCl (%) DMAc (%)

P 17 3 0 0 0 3 77
PA 17 0 3 0 0 3 77
PSi 17 0 0 0 3 3 77
PS 17 0 0 3 0 3 77
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A flow-rate method was used to determine the
pore size [16].

rm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2:9� 1:75eÞ8glJ

eA�P

r
(3)

where ε is porosity, η is viscosity of water (Pa·S), l is
the average thickness (cm), ΔP is transmembrane
pressure (MPa), A is effective membrane area (cm2),
and J is the flux of pure water (Lm−2 h−1).

The first bubble pressure (FBP) of the membrane
was measured by an automatic filter integrity tester
(FJLGUARD-311) using ethanol as medium [17].

2.3.4. Permeability experiment

The water permeability and anti-fouling property
of the membranes were evaluated in a dead-end
stirred cell filtration system (Fig. 2). The sample
membrane disk was precisely installed in a stirred
dead-end cell with the transmembrane pressure was
0.1 MPa. All experiments were conducted at room
temperature (25 ± 1˚C). The pure water flux was
calculated by Eq. (4):

JP ¼ Q

A�T
(4)

where JP is pure water flux (Lm−2 h−1), Q is the vol-
ume of permeated water (L), A is effective membrane
area (m2), and ΔT is the permeation time (h).

2.4. The filtration of dye wastewater and membrane fouling

2.4.1. Static adsorption

The membrane piece (4 cm × 5 cm) was placed
into 50 mL of dye solution with the concentration of

50 mg/L, then the absorbance of the solution was
determined at 488 nm and 598 nm after 24 h,
respectively. Static adsorption amount was calculated
by the Eq. (5):

Q ¼ VðC0 � CÞ
S

(5)

where Q (mg/cm2) is static adsorption amount, V
(mL) is the volume of dye solution, C0 (mg/mL) the
initial concentration of the solution, C (mg/mL) is dye
solution concentration after the membrane adsorption,
and S (cm2) is the membrane area.

2.4.2. Treatment of dye effluent

The synthetic RB5 and CR dye solutions were
prepared separately in 50 mg/L concentration. The
synthetic dye solutions were passed through PA, PS
and PSi membranes in a dead-end UF stirred cell at
50 TMP and the flux was calculated using Eq. (6)
every half hour. The concentration of dyes in the dye
solution and permeate was analyzed using the UV-
spectrophotometer, at 595, 495 nm for RB5, CR dyes,
respectively. The rejection of dye was evaluated using
Eq. (6):

R ¼ 1� Cf

Cp

� �
� 100% (6)

where Cf and Cp are feed and permeate concentrations
of the dye solutions, respectively.

2.4.3. The properties of membrane anti-fouling

Two processes were used in order to estimate the
antifouling property of modified PVDF UF membranes

Nitrogen

Pressure-relief valve

Magnetic stirrers

Balance

Water collector

Data-out

Computer

Ultrafiltration cup

Feed opening

PPressure gage

Fig. 2. Dead-end stirred cell filtration system.
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in respect to RB5 and CR dye solutions. Before two
processes, the steady-state water flux (Jws) of the
membrane was measured. For the first phase, the UF
cell was empty, the membranes were cleaned with
water and pure water flux in the first run was
measured for 2.5 h. The membrane was rinsed with
water after the first run was performed to remove
trace amounts of dye adsorbed on the membrane. In
the second phase, the same procedure was followed
with the CR dye solution. The permeate flux of the
CR dye solution in the second run (Jwf) and pure
water flux in the second run were measured. Flux
recovery (FR) was calculated using Eq. (7):

FR ¼ Jwf
Jws

� �
� 100% (7)

3. Results and discussion

3.1. Chemical composition of different PVDF membranes

Fig. 3 shows the FT-IR spectra of P, PA, PS, and
PSi. Compared with the spectra of P, the characterized
absorption of Si-O-Si at 1,103 and 798 cm−1, the
characterized absorption of the benzene ring between
700–900 cm−1 and anhydride at 1,820 and 1,760 cm−1

existed in the PS membrane. Therefore, these indicated
that a certain amount of additives remained in blend
membranes. It can be also found that there existed
characterized absorption of –OH at 3,300 cm−1 in the
PA and PSi membranes. So, this showed that PA and
PSi membranes had obvious hydrophilic properties.

3.2. Morphology of blend membranes

Fig. 4 shows the cross-sectional SEM images of P,
PA, PSi, and PS membranes, and the arrows in the

figure refer to the top surface of the membranes.
Compared with the original P membrane, it can be
seen that the cross-sectional macropores of the modi-
fied membrane increased, and the structure support
layer became loose gradually, this kind of structure
was beneficial to the increase of the flux. Particularly,
for the PA membrane, the spongy structure was
emerged in the sub-layer, which is associated with the
hydrophilicity of PVA itself and the influence of PVA
on film-forming process [18].

Fig. 5 shows the AFM images of P, PA, PSi, and
PS membranes. It can be seen from Fig. 5 that, com-
pared with the original P membrane, the membrane
surface roughness of the modified membrane
increased, but the values of Ra were relatively close.
The main reason of this kind of rough behavior was
that thermodynamic properties of the casting solution
became unstable to a certain extent because of the
introduction of additives. Thus, the film-forming
process of the PVDF UF membrane was changed.

3.3. Properties of different PVDF UF membranes

Table 2 shows the structure parameters and perfor-
mance data of the P, PA, PS, and PSi membranes. It
can be seen from Table 2 that, compared with the P
membrane, the WCA, S, and FBP of three modified
films decreased, and the SI and Jp increased.
Meanwhile, it can be also found that, compared with
the PS membrane, the above-mentioned properties of
the PA and PSi films changed more obviously. This
indicates that the membrane structure parameters and
hydrophilicity of the PVDF UF membrane were
largely improved. Furthermore, attention should be
paid to the fact that the data of porosity and pore size
of the PA and PSi films might be larger than the
actual value. The reason might have something to do
with the above-mentioned improvement of the
hydrophilicity. On the whole, it coincided with the
SEM structure analysis, WCA, and swelling index of
the membranes.

3.4. Antifouling behavior of modified membranes

Table 3 shows the static adsorption, rejection, and
FR after continuous filtration to RB5 and CR of four
PVDF UF membranes. Compared with the original P
membrane, the data in the table show that the static
adsorption amount to dyes of three membranes all
reduced, but the rejection and FR rate to dyes
increased. Particularly, the static adsorption and flux
of PA and PSi films to CR and RB5 showed a more
outstanding performance. And the reason may be
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Fig. 3. FT-IR spectra of PA, PS and PSi membrane.
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related to the fact that PA and PSi films had high
hydrophilicity. Meanwhile, the concave and convex
structure on the rough surfaces was not conducive to
the deposition and adsorption of dye molecules on the
surface of the membrane [19]. Therefore, the filtration
experiment showed that the modified membrane had
a good treatment effect on RB and CR dyes.

Fig. 6 shows diagrams of a continuous filtration of
dyes for the four film fluxes. In this diagram, the

water flux attenuation of the P membrane was the
most severe. That means that the original P membrane
was easily contaminated. On the contrast, the flux of
the PS and PSi membranes was very stable. Hence,
the fouling speed of the PS and PSi membranes was
lower compared to the P membrane. Additionally,
attention should be paid to the fact that the flux
attenuation behavior of the PA membrane may be
associated with the membrane structure [20]. But in
continuous filtration, PA and PSi membranes all kept
a good cleaning recovery rate. It is suggested that
these two kinds of membrane fouling behaviors were
reversible, and this may have resulted from the fact
that for the PA and PSi membranes hydrophilicity and
rough behavior at the membrane surface can prevent
the adsorption of foulants on the membrane surface
(see data in Table 3). Besides, three kinds of the
modified membranes all had a great water production
rate, so this has an important significance in the
process of production.

PA PSi PSP

Fig. 4. SEM images of a PVDF blend UF membrane (1,000×).

Ra = 13.74 nm Ra = 13.20 nm 

P PA PSi PS 

Ra = 13.47 nm Ra = 9.85 nm 

Fig. 5. AFM images of PVDF blend UF membranes.

Table 2
Properties of different PVDF UF membranes

Membrane number rm (nm) ε (%) SI (%) WCA (˚) Jp (Lm−2 h−1) S (MPa) FBP (MPa)

P 3.61 67.07 1.21 82.67 14.33 4.90 0.47
PA 5.16 87 3.47 58 56 3.52 0.35
PS 3.67 62 1.42 73 25.2 4.75 0.45
PSi 4.28 79.5 1.56 65 48 4.35 0.42

Table 3
The adsorption and rejection to CR and RB5 of different
PVDF UF membranes

Membrane

QCR

(mg/cm2)
RCR

(%)

QRB

(mg/cm2)
RRB

(%)
FR
(%)

P 0.363 61.4 0.412 65.5 69.0
PA 0.139 92.10 0. 205 91.2 98.4
PS 0.250 95.35 0. 375 96.0 88.6
PSi 0.086 96.56 0. 175 97.2 94.2
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4. Conclusions

Taking CR and RB5 as representatives, the filtra-
tion process and membrane behavior to foulants
were investigated by three different types of modi-
fied PVDF UF membranes and the original PVDF
membrane. Results showed that with the introduc-
tion of three kinds of additives, the membrane
surface roughness increased, and the membrane
hydrophilicity improved to a certain extent (WCA
was lower than 73˚). Meanwhile, the mechanical
properties of the membrane reduced to different
degrees. Although the FBP and S fall off to different
degrees, FBP and S were still higher than 0.35 MPa
and 3.52 MPa, respectively. However, the membrane
performance and structure parameters were
improved. The porosity of the membrane was
greater than 79%, and the average pore size
increased, >3.67 nm. Meanwhile, the penetration of
the modified membrane was enhanced, the flux of
pure water was more than 25.2 Lm−2 h−1. Owing to
the introduction of PVA and SiO2, the hydrophilicity
of PVDF UF membrane was effectively improved.
The adsorption of PA and PSi membranes which
had great hydrophilicity to two dyes decreased, and
the amount of static adsorption was lower than
0.375 g/m2. FR rate was extremely high. And the
cleaning recovery rate of PA and PSi was greater
than 94.2%. Rejection of these two membranes to
RB5 and CR maintained good rates, >91%, that is to
say, PA and PSi the flux in the filtration of dyes
were stable, and water yield was large.
Consequently, it showed good anti-fouling properties
and practical application value.
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