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ABSTRACT

Poly(vinylidene fluoride) (PVDF) flat sheet membranes were fabricated by phase inversion method and
modified with poly(acrylic acid) grafting induced by argon plasma. The effects of solvent type and coag-
ulation bath temperature on membrane morphology and water flux were investigated. PVDF dopes
were prepared by dissolving polymer powder in three different solvents: N,N-dimethylacetamide
(DMACc), N,N-dimethylformamide (DMF) and 1-methyl-2-pyrrolidone (NMP). The differences in solu-
bility parameters between the non-solvent, solvent and PVDF affected the phase inversion process, and
the resulting morphology was observed by scanning electron microscopy (SEM). The results revealed
that membranes fabricated using DMF and DMAc as solvents both exhibited short finger-like struc-
tures with spongy substrates. Also, the membrane morphology was altered toward a finger-like struc-
ture when the temperature of the coagulation bath was increased from 5°C to 55°C. The membranes
with the highest water flux were modified with different concentrations of acrylic acid monomer and
characterized by attenuated total reflection (ATR), SEM, atomic force microscopy (AFM), contact angle
measurement and filtration tests. Results indicated that the membranes modified with higher concen-
trations of acrylic acid monomer displayed higher hydrophilicity and improved antifouling properties.
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1. Introduction

Poly(vinylidene fluoride) (PVDF) is a semi-crystalline
thermoplastic polymer that usually contains 59.4 wt% flu-
orine and 3 wt% hydrogen [1]. PVDF has several desirable
specifications such as chemical resistance, thermal stability
and high mechanical strength, which make it suitable can-
didate for membrane applications. PVDF is also a suitable
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material for use in water treatment applications due to
its resistance to most acids, bases and oxidizing agents.
Furthermore, PVDF can be easily dissolved in organic sol-
vents due to its polarity, resulting from CH,and CF, groups
in the polymer structure, which makes it possible for PVDF
porous membranes to be fabricated using phase inversion
techniques [1-5].

Phase inversion can be explained as a demixing pro-
cess in which the initially homogeneous polymer solution is
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converted from a liquid phase to a solid state [6]. This con-
version can take place in several ways, namely (a) thermally
induced phase separation; (b) solvent controlled evaporation;
(c) precipitation from the vapor phase and (d) immersion
precipitation [6]. One of the most significant factors in phase
inversion is the choice of solvent that has great impact on the
morphology of the resulting membranes and finally attain-
ing suitable membrane performance [7]. Among the solvents
introduced for PVDF, N,N-dimethylacetamide (DMAc), N,N-
dimethylformamide (DMF), 1-methyl-2-pyrrolidone (NMP)
and dimethyl sulfoxide (DMSO) are considered strong sol-
vents with high boiling points, while acetone and tetrahy-
drofuran (THF) are weaker solvents with low boiling points
[8-10]. Yeow et al. [7] indicated that different solvents can
have a great impact on the final membrane structure. They
found that symmetrical cross-sectional membrane structure
could be produced by using triethyl phosphate (TEP) as weak
solvent, and water as the coagulation bath in spite of asym-
metric morphology of membranes fabricated from dopes
containing strong power solvents such as DMAc, NMP and
DME. Li et al. [11] produced four different PVDF membrane
structures using four mixed solvents (trimethyl phosphate
[TMP]-DMAc, TEP-DMAc, tricresyl phosphate-DMAc and
tri-n-butyl phosphate-DMACc). The results of these experi-
ments showed that strong solvents, such as TMP-DMAc and
TEP-DMALC, resulted in higher precipitation rates and thus
higher membrane water flux. Munari et al. [8] used DMF
and NMP as solvents with high boiling temperatures in the
presence or absence of either acetone or THEF, as secondary
solvents with low boiling temperatures. They concluded that
evaporation time before immersion has no effect on the mor-
phology and characteristics of the membranes prepared from
solutions containing high boiling point solvents; however,
it significantly affects the membrane characteristics when
using low boiling point cosolvents [8].

Another factor that has considerable effect on the mor-
phology of membranes prepared by phase inversion process
is the temperature of the coagulation bath [7]. Cheng [12] has
evaluated the effect of coagulation bath temperature on the
morphology and crystalline structure of PVDF membranes
prepared from PVDF/DMF/1-octanol and PVDF/DMF/water
systems. Various temperatures between 25°C and 65°C were
employed in the coagulation bath during membrane forma-
tion. Since crystallization occurred earlier than liquid-liquid
demixing at 25°C, the final membranes were symmetrical in
structure and contained identical PVDF spherical crystals
[12]. On the other hand, asymmetric membranes featuring
dense skin layers and cellular structures were formed at
higher temperatures [12]. In another study, Wang et al. [13]
studied the effect of coagulation bath temperature on the
crystallinity of the resulting membranes. They observed that
membranes prepared in a coagulation bath at 15°C had higher
crystallinity than those formed at 60°C. They also found that
membranes prepared at 60°C showed only the a-type crystal
structure, while at 15°C the membranes contained a combi-
nation of both a- and p-type crystal structures [13].

After obtaining the appropriate structure, physical and
chemical properties of membranes should be optimized for
certain application. In spite of the broad advantages and appli-
cations of PVDF membranes, their hydrophobicity can pose
a disadvantage in some applications. With regard to water

treatment processes, the hydrophobicity of PVDF membranes
is a drawback. This characteristic leads to membrane fouling
by absorption of dissolved organic solutes and proteins on
the membrane surface. In efforts to overcome this issue, var-
ious methods of membrane modification to increase hydro-
philicity and reduce precipitation have shown promise. One
technique to improve PVDF hydrophilicity is blending with
different hydrophilic polymers like poly(vinylpyrrolidone)
(PVP), poly(vinyl alcohol) (PVA) and poly(ethylene glycol)
(PEG), although this modification can also alter the mechan-
ical strength of the resulting membrane in comparison with
pristine PVDF membranes [14,15]. Another way of increasing
membrane hydrophilicity and improving its performance
is the addition of inorganic nanoparticles (TiO,, SiO,, ALO,,
carbon nanotubes, graphene oxide) to the polymer dope. The
challenge with this method is nanoparticle agglomeration in
the casting solution, which influences the membrane’s mechan-
ical properties, morphology and performance [14,15]. Surface
treatment of PVDF membranes through physical or chemical
modifications is also an effective method for improving mem-
brane hydrophilicity. In physical modification, membranes
are immersed in hydrophilic polymer (PVA and chitosan) or
active monomer solutions (acrylic acid [AA], 2-hydroxyethyl
methacrylate or poly(ethylene glycol diacrylate)), and a thin
hydrophilic layer is deposited or coated on the membrane sur-
face [14,15]. Rahimpour et al. [16] used UV irradiation in order
to deposit AA on PVDF membranes to improve its hydro-
philicity, but resistance of PVDF to UV light resulted in inef-
ficient surface activation [15]. PVDF membranes are usually
activated by strong alkali or plasma treatment firstly to gener-
ate active groups [15]. To best of our knowledge, poly(acrylic
acid) (PAA) grafting induced by argon plasma on PVDF mem-
brane has not been reported in the literatures.

In this study, the morphology and chemical structure of
PVDF membranes prepared using three different solvents
including DMAc, DMF and NMP were investigated. Moreover,
the effect of changes in coagulation bath temperature from 5°C
to 55°C on the morphology of the membranes was studied.
Afterward, the best membrane was selected as a suitable sub-
layer for PAA grafting by consideration of their morphology
and water flux. The membrane surface was activated using
argon plasma and immersed in different AA solutions. The
resulting membranes were characterized by ATR, SEM, AFM,
contact angle measurement and fouling experiments.

2. Experimental
2.1. Materials

Commercial PVDF polymer powders (Kynar 740) were
supplied by Arkema, Philadelphia, USA. DAMc, NMP, DMF,
AA and ammonium iron (II) sulfate were purchased from
Merck, Germany, and used without further purification. In
all cases, distilled water was used as the coagulation bath
medium.

2.2. Fabrication of PVDF flat sheet membranes

PVDF polymer was dried at 50°C in a vacuum oven for
24 h to remove the moisture content. Dope solutions contain-
ing 20 wt% of polymer in various solvents (DMAc, DMF and
NMP) were prepared through homogeneous stirring of the
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mixture at 50°C for 24 h. Then, the dopes were degassed for
90 min in an ultrasonic bath (40°C) and stored at room tem-
perature for 24 h before casting. Polymer solutions were cast
as a thin film onto a glass plate at room temperature (25°C)
and 60% = 5% relative humidity with a 200-um gap casting
knife. The films were then immersed into a water bath at 25°C
after 10 s evaporation time. In order to investigate the effect
of coagulation bath temperature on the membrane morphol-
ogy, polymer solutions with NMP solvent were cast as men-
tioned and then immersed in a distilled water coagulation bath
(5°C-55°C) for 30 min. The prepared flat sheet membranes
were kept in distilled water for 2 d before characterization to
ensure the complete removal of the residual solvent.

2.3. Formation of PAA/PVDF composite membrane

PAA was grafted by argon plasma-induced polymeriza-
tion onto the PVDF membranes that displayed an appropriate
morphology and the highest water flux. Argon plasma mod-
ification can be explained as follows [17]: (1) During argon
plasma treatment of a polymer, energy transfers from the
plasma species to the polymer surface causing cleavage of cer-
tain chemical bonds and formation of free radicals. (2) After
treatment, atmospheric oxygen reacts with free radicals, and
functionalization occurs. (3) Peroxy radicals may react with
small polymer fractions (P'). In hydrogenated systems, (4)
chain peroxidation occurs and the POO* radical can abstract a
hydrogen atom from the polymer chain to form POOH, lead-
ing to the formation of another P* radical that can further react
with oxygen. Mohr’s salt was used to suppress homopolymer-
ization due to the fact that P'O* radicals can initiate homopo-
Iymerization. The effect of Mohr’s salt is to convert (5) the
diperoxides POOP' to P'O~ and (6) PO* and PO,"to PO* and O.
In these procedures, (7) the homopolymer initiating species is
*OH that is converted to OH™ by Fe*" [18-20].

P—P* 1)
OZ
P*—»PO,’ 2)
PO, +P' - PO,P’ @3)
PO," + PH — POOH + P* )
PO,P'+Fe** -»>PO" +P'O” +Fe™ (5)
PO," +Fe** - PO" + O™ +Fe™* (6)
‘OH +Fe> —OH" +Fe™ )

Surface grafting of AA was performed by exposing the
membranes to argon plasma (50 W, argon at 0.4 torr) for 1 min
and then to air in order to allow peroxide formation on the
membrane surface. Then the samples were immersed in aque-
ous AA solutions (30, 50 and 70 wt%) containing 0.0015 M
ammonium iron(II) sulfate at 80°C for 5 h. Finally, the sam-
ples were washed to remove ungrafted AA monomers. The
grafting degree was obtained by the following equation:

W —W,
8
W,

0

Grafting degree (%) =

®)

where W and W, are membranes weights after and before
grafting, respectively.

2.4. Characterization
2.4.1. ATR/FTIR analysis

The infrared (IR) spectra of the PVDF membranes with
different solvents and coagulation bath temperatures and
also composite membrane (PAA/PVDF) were recorded
by fourier transform infrared (FTIR) analysis (Bruker,
Germany) to study existing functional groups in the
samples surfaces over the range of 600-4,000 cm™.

2.4.2. Scanning electron microscopy (SEM)

The morphology of the fabricated membranes was exam-
ined using SEM analysis. The membrane samples were
immersed in liquid nitrogen and broken carefully. The sam-
ples were dried in a vacuum oven and sputtered with gold
prior to SEM analysis. The SEM micrographs of sublayer
cross sections and composite membranes were taken at vari-
ous magnifications.

2.4.3. Pore size and porosity

Membrane porosity, € (%), was determined by liquid dis-
placement method by immersing the sublayers in 2-ethylhex-
anol overnight and weighing before and after alcohol absorp-
tion. It should be noted that the use of the alcohol in this test
is related to its high persistence and permeability in PVDF
membrane, because of its high boiling point of 180°C-188°C
in the environment. The overall porosity was determined
based on Eq. (9):

mn
e= 7’)" (9)
14 mn
— + —
b, P
wherem,, p,, m and p are weight of absorbed 2-ethylhexanol

(g), 2- ethylhexanol den51ty (0.83 g/cm?®), weight of the dried
membrane (g) and PVDF density (78.1 g/cm?), respectively.
Weight of the absorbed 2-ethylhexanol is measured by the
difference of the wet and dry membranes.

The average pore radius (r,) of the substrate membrane
was calculated based on the pure water volume flux (J,,) and
porosity (¢), using the Guerout-Elford—Ferry equation [21]:

L \/(2.9—1.753)><8nt]w

10
eAAP (19

where 1) represents water viscosity (8.9 x 10* Pa s), € mem-
brane porosity (%), A effective membrane area (m?), t the
membrane thickness (m) and AP is the operating pressure
(0.1 MPa). It should be mentioned that the unit of pure water
volume flux, | , is m%s.
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2.4.4. Membrane filtration experiments

A dead-end filtration system with N, cylinder connection
(effective area of 28.26 cm? at 3 bar and 25°C) was used to
determine water flux of sublayers and bovine serum albumin
(BSA) rejection of composite membranes. First, the pure water
experiment was done for 30 min, and water flux values were
measured by weighing the permeate solution (J); then, the
BSA solution (0.5 mg/ml) was used as feed and the flux (J,), and
protein concentration was calculated in the permeate solution.
The BSA rejection was obtained using the following equation:

BSA Rejection (%) = [1 - E" ] %100 (11)

F

where C, and C, are BSA concentrations in the permeate and
feed, respectively, measured using the standard Bradford
method.

Finally, membranes were washed with distilled water,
and their water flux (J,) values were obtained. Flux recovery
and total flux loss were calculated by the following equations
[16]:

Flux Recovery(FR)(%): % %100 (12)

1

Total fluxloss = Lol (13)
J

1

2.4.5. Atomic force microscopy

Surface roughness plays an important role in mem-
brane wettability and antifouling properties. Top surface
topography of the composite membranes was characterized
using AFM (Dualscope/Rasterscope C26, DME, Denmark)
in non-contact mode. The average roughness over the sur-
face can be measured by AFM. Average surface roughness
(R) and root mean square roughness (R_ ) data indicate
significant deviations in texture characteristics [22]. R is the
average roughness evaluated over the complete surface and
defined as:

R, =] L|Z(x,y)|-dx-dy (14)

where Z is the height function of the area.

R is the root mean square (rms) roughness expressed as
follows:

R =[]z y) -dx-dy (15)

2.4.6. Contact angle

The hydrophilic character of the composite membranes
was assayed using a water contact angle analyzer (Contact
Angle Measurement System G10, KRUSS). A droplet of dis-
tilled water was mounted on the surface of each sample, and
the average of three measurements at different points on the
membrane was reported.

3. Results and discussion
3.1. Characterization of sublayers
3.1.1. Effect of solvent type on membrane morphology

Solvent type has a strong influence on the final proper-
ties and performance of the resulting membrane. Since the
solvent type regulates the extent of polymer dissolution, a
homogeneous or aggregated polymer solution can be formed
based on the type of solvent used. With this in mind, a solu-
tion facilitating high polymer chain mobility can be achieved,
as this property is controlled by both polymer—solvent and
polymer—polymer interactions. The final morphology of
fabricated membranes is largely dictated by physical fac-
tors including the solubility parameters of both the solvent/
non-solvent and polymer/solvent systems. Hansen’s
three-dimensional solubility parameter (d,), which consists of
a polar component ©®,), a dispersion force component (0,),
and a hydrogen bonding component (d,), can be used to ana-
lyze the relative affinity of a polymer/solvent/non-solvent
system [23]. Since materials with similar (,) values are likely
to be miscible, the interaction between a polymer and solvent
(Ad ) and interaction between a solvent and a non-solvent
(Ad,) defined in the Eq. 16 can be used to examine the relative
affinity of PVDF with NMPF, DMAc and DMF [1,23-25]:

ABZ'/ = [(6/01' - 6!’7)2 + (Bdi - de)z + (6;11 - 6;,]' )2 ]1/2 (16)

where i and j denote the polymer and solvent or solvent and
non-solvent, respectively. Table 1 lists the solubility parame-
ters of PVDF, NMP, DMF and DMACc [23].

Table 1

Solubility parameters (MPa)'? of PVDF, NMP, DMF, DMAc and water [23]
Chemicals 0, 0, 0, Molar volume 07 Ad, Ad
PVDF 17.0 12.1 10.2 - 23.22 - -
DMAc 16.8 115 10.2 92.5 22.77 0.632 32.48
NMP 18.0 12.3 7.2 96.5 22.95 3.168 35.38
DMF 17.4 13.7 11.3 77.0 24.86 1.982 31.14
Water 155 16.0 42.3 18.0 47.80 - -

“The data is calculated from the repeating unit of the polymer §, = /5% + SPZ +8,%.
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Large difference in solubility parameters between the
solvent and non-solvent (Ad ) facilitates diffusion of the
non-solvent into the polymer film, leading to an increase in
the exchange rate between solvent in the polymer film and
the non-solvent in the coagulation bath. Immediate demix-
ing caused by large differences in solubility is often associ-
ated with the formation of finger-like pores in the structure,
whereas slower demixing results in the formation of a more
sponge-like structure [23-25].

The phase separation behavior of PVDF as a
semi-crystalline polymer is more complex than other
amorphous polymers such as polysulfone and polyether-
sulfone [25]. In order to study the morphology of fabri-
cated membranes in this study, three dope solutions were
prepared using either DMAc (M,,,,, ), DMF (M, ) or NMP
(M,,,,) with equal PVDF concentration (20 wt%). The ATR
spectra of fabricated membranes are shown in Fig. 1. For
pristine PVDF membrane, the absorption bands at 875 and
1,400 cm™ are associated with C-F vibration, and the peak
at 1,178 ecm™ is attributed to the symmetrical stretching of
—CF, groups [26]. On the other hand, the peak at 763 cm™
can be assigned to in-plane bending in o phase, and the
peaks at 840 and 1,069 cm™ are due to stretching in 3 phase
[26]. The fraction of f phase can be calculated based on
the absorption bands of a phase (A,) and § phase (A,) as
follows [27]:

Mapss

M35

Mupas

Mars

Mpyr

Mpyiae

VOV

1400

o

1069 0

1700 1500 1300 1100 900 700

Wave length (cur)

2100 19‘00
Fig. 1. ATR spectra of fabricated membranes with different
solvents: DMAc, DMF in 25°C coagulation bath and NMP in 5°C,
25°C, 35°C and 55°C coagulation bath.

Table 2
Sublayers specification and water flux
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A

F(B):( -

—_— (17)
1264, +A,)

PVDF chains are crystallized predominantly in 3 phase.
As shown in Table 2, the F(B) for M. . is higher than for
M, and M - because of high Ad_ leading to fast solvent—
non-solvent exchange and causes increase in polymer con-
centration near the interface of membrane and non-solvent.
This increase in polymer concentration results in the forma-
tion of 3 phase in the top surface layers [27].

The SEM images of these membranes are shown in Fig. 2.
As observed in Fig. 2, irregular macrovoids can be observed
beneath the skin layer when NMP is used as the solvent. This
is indicative of rapid skin layer formation due to the high-
est amount of Ad_, which leaves insufficient time for the
further exchange of solvent/non-solvent under the surface.
Prevention of further solvent outflow from under the skin
layer led to the formation of macrovoids, where the solvent
remained as the non-solvent continued to enter. Furthermore,
flat sheet membranes fabricated using DMF and DMAc as
solvents both exhibited shorter finger-like structures with
spongy substrates. These two typical structures indicate a
slow solvent/non-solvent exchange rate in the immersion-
precipitation process. The mean pore size and porosity of
prepared membranes are presented in Table 2. The results of
Table 2 indicate that membranes prepared from NMP have
the highest porosity and larger pore size compared with
those prepared from DMAc and DMF. This observation is
consistent with SEM results.

Similar results reported by Bottino et al. [10] demon-
strated that the mechanism of PVDF membrane formation
was governed more so by the kinetic factor, i.e., the mutual
solvent/non-solvent diffusivity, rather than their thermody-
namic properties.

3.1.2. Effect of coagulation bath temperature

Precipitation temperatureis another critical factor influencing
the final morphology and crystallinity of PVDF membranes.
High precipitation temperatures tend to cause the formation of
finger-like structures, while lower temperatures lead to a more
sponge-like morphology and/or particle formation (if crystalli-
zation occurs) in the sublayer of PVDF membranes.

Dope solutions containing PVDF (20 wt%) with NMP as
solvent were used for fabrication of membranes through an
immersion—precipitation method. The IR spectra of prepared

Samples Polymer weight  Solvent Coagulation bath ~ F((3) Water flux Porosity Mean pore size
percentage (%) temperature (°C) (%) (kg/m2.h) (%) (nm)

M iac 20 DMAc 25 25.09 4.51 59.27 14.97

My, 20 DMF 25 21.41 5.28 52.36 15.72

M ips 20 NMP 5 38.93 6.19 55.11 14.66

Y/ R 20 NMP 25 37.41 8.35 60.7 15.81

M, o 20 NMP 35 35.75 9.32 62.32 16.35

M 20 NMP 55 33.47 10.76 72.68 17.26

NMP-55
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Performance in nanos

Fig. 2. SEM images of fabricated membranes with different sol-
vents: (a) NMP, (b) DMAc and (c) DMF in 25°C coagulation bath.

membranes with different coagulation bath temperatures are
shown in Fig. 1. The characteristic bands are the same as the
membrane with different solvents (section 3.1.1). The amount
of F() enhanced with coagulation bath temperature reduc-
tion. This means that crystallization occurs faster in lower
coagulation bath temperatures. Cheng [12] results confirmed
this observation.

Fig. 3 shows the SEM images of these membranes, where
it was found that an increase in the coagulation bath tem-
perature had an influence on the coagulation rate of PVDF
membrane. The morphology of the membranes in Figs. 3(a)
and (b) is finger-like with larger macrovoids in M. ...
Elevated coagulation bath temperatures enhanced the kinet-
ics of the solvent efflux and water influx. Therefore, at high
temperatures, crystallization can be suppressed long enough

SEM HV: 20.00 kV WD: 9.3790 mm
SEM MAG: 1.00 kx Det: SE 50 ym
Date(m/dfy): 06/18/14 guest

VEGAW TESCAN
-

Performance in nanospace n
Micro 1

SEM HV: 20.00 kv WD: 7.9137 mm
SEM MAG: 1.00 kx Det: SE
Date(m/d/y): 06/18/14 guest

VEGAW TESCAN

Performance in nanospace n
Micro 1

SEM HV: 20.00 kv WD: 9.7172 mm
SEM MAG: 1.00 kx Det: SE 50 um
Date(m/dA): 06/18/14  quest

VEGAWTESCAN

Performance in nanosbace n

Fig. 3. SEM images of PVDF membranes were casted in 5°C-55°C
coagulation bath temperature: (a) 55°C, (b) 35°C and (c) 5°C (sol-
vent is NMP).
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to allow thorough liquid-liquid demixing, which conse-
quently pushes the membrane structure toward a finger-like
morphology. On the other hand, gelation was induced at low
temperature by the occurrence of crystallization first in the
membrane formation sequence, and crystals were allowed
to grow due to slow liquid-liquid demixing; thus, the mem-
brane structure became more sponge-like as can be seen in
Fig. 3(c) [12]. Furthermore, by increasing the coagulation
bath temperature, membrane pore size and porosity are
increased (Table 2).

Cheng [12] also studied the effect of coagulation bath
temperatures on PVDF membrane morphology. In this study,
a change in the coagulation bath temperature from 25°C to
65°C incited a corresponding change in membrane mor-
phology from a symmetric structure composed of spherical
crystallites to an asymmetric structure with a dense top layer
accompanied by a cellular structure mixed with spherical
particles. The former morphology could be described by the
occurrence of crystallization-dominated precipitation, while
the latter is attributed to liquid-liquid demixing. A similar
conclusion was drawn by Wang et al. [13].

3.1.3. Membrane filtration experiments

The water fluxes of different sublayers, which were pre-
pared using different solvents and coagulation bath tempera-
tures, are reported in Table 2. The membrane prepared with
NMP as solvent had the highest permeability in comparison
with membranes prepared with DMAc and DMF, due to
its channel-like structure (Fig. 2(a)). Also at the maximum
coagulation bath temperature (55°C), the membrane water
flux was the highest because of its channel-like structure
(Fig. 3(a)) as opposed to the sponge-like structure of mem-
branes prepared in lower coagulation bath temperatures,
which was confirmed by SEM observation. Considering the
morphology and water flux of the prepared membranes,
M was chosen as the best sublayer for composite mem-

NMP-55 N
brane preparation.

3.2. Characterization of composite membranes
3.2.1. ATR/FTIR

ATR spectra of PVDF and PAA/PVDF composite mem-
branes are shown in Fig. 4. Plasma-generated free radicals on
membrane surface are then exposed to atmosphere resulting
in peroxide formation, which initiates grafting from polym-
erization in the presence of unsaturated monomers [26]. All
mentioned characteristic peaks (in section 3.1.1) of pristine
PVDF membranes can be observed for PAA/PVDF compos-
ite membranes. Moreover, an absorption peak at 1,728 cm™
[16-20,26,28], assigned to C=O bond stretching of the PAA
carboxylic acid groups, can be observed, which confirms
PAA formation.

3.2.2. SEM, grafting degree and contact angle

The SEM cross-sectional images of the PAA layer in the
composite membranes are shown in Fig. 5. It can be observed
that by increasing AA concentration in the grafting pro-
cess, the top layer became thicker. Furthermore, the graft-
ing degree and contact angle of prepared membranes with

PAA/PVDF composite membrane

1728

PVDF membrane

4500 4000 3500 3000 2500 2000 1500 1000 500 0
Wave length (cm)

Fig. 4. ATR spectra of unmodified and modified membranes.

10.0 KX 1um KYKY-EM3200 SN:0695

————
10.0 KX 1um

KYKY-EM3200 SN:0695

sy 18
12

26 KV 500 KX 10um KYKY-EM3200  SN:0695

Fig. 5. SEM images of modified membranes with: (a) 10% acrylic
acid solution, (b) 30% acrylic acid solution and (c) 70% acrylic
acid solution.
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Fig. 6. Surface topography of: (a) pristine PVDE, (b) 10% acrylic acid solution, (c) 30% acrylic acid solution and (d) 70% acrylic acid solution.

different concentrations of AA are presented in Table 3. With
increase in AA concentration, there was increase in the graft-
ing degree, which is confirmed by SEM analysis. There is a
logarithmic relationship between AA grafting to fluoropoly-
mers and its concentration, which increased with monomer
concentration increase [18]. Moreover, the contact angle of
the prepared membranes was reduced due to the enrichment
of PAA chains and remaining polar groups from plasma
treatment [26] on the membrane surface.

3.2.3. Surface topography

Surface topography and roughness parameters are
shown in Fig. 6 and Table 3. The average roughness of the
membrane modified with 10% AA increased compared with
pristine PVDF membrane. The highest R is for the mem-
brane modified with 70% AA and has direct effect on con-
tact angle results. Wenzel described the effect of roughness
on surface wettability. He claimed that increase in surface
roughness will result in enhancing the wettability caused by
the chemical properties [29]. In other words, if the surface
is hydrophilic chemically, surface hydrophilicity will rise by
introducing roughness. The contact angle results confirmed
the surface topography observations.

3.2.4. Antifouling properties

The water flux and fouling experiment results of com-
posite membranes are presented in Table 4. Membrane
hydrophilicity has an important role in membrane fouling,

Table 3
Unmodified and modified membranes’ grafting degree, contact
angle and roughness parameters

Samples Grafting Contact R, R,
degree (%) angel(°) (nm) (nm)
Unmodified - 88.2 20.24 2649
Modified in 10% AA 1.8 81.5 25.09 32.74
Modified in 30% AA 4.3 72.3 29.6  41.25
Modified in 70% AA 8.5 58.4 348 49.13

Table 4
Performance and antifouling properties of unmodified and mod-
ified membranes

Samples Water flux BSA Flux Total flux
(kg/m*h) rejection recovery loss
(%) (%)
Unmodified 10.76 91 57 0.89
Modified in 10% AA 8.42 94 59 0.82
Modified in 30% AA 6.14 95 62 0.76
Modified in 70% AA 4.89 98 69 0.69

and by increasing the hydrophilicity, the water adsorption
on membrane surface and as a result water permeation
increases for the membrane modified by 10% AA monomers.
But, the water flux of the modified membranes decreased
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with grafting degree enhancement due to thicker skin layer
formation. Also, increasing the grafting degree caused BSA
rejection improvement due to an increase in hydrophilicity,
which hinders protein adsorption on the membrane sur-
face and enhances the retention. Moreover, flux recovery
was enhanced by grafting degree, indicating PAA graft-
ing resulted in enhanced reversible fouling. Grafting PAA
reduces adsorption of BSA on PVDF membrane by weaken-
ing the hydrophobic interaction between BSA and PVDF on
membrane surface, and pollutants can be removed by wash-
ing easily.

4. Conclusion

Porous asymmetric PVDF membranes were prepared
by phase inversion induced by a non-solvent. The final mor-
phology of PVDF membranes after fabrication with three
different solvents, including NMP, DMF and DMAc, was
investigated. Experimental results revealed the distinctive
influences of various solvents on the resulting membrane
structure, indicating the main role of the solvent. Given
large differences in the solubility parameters between the
solvent and non-solvent (Ad_ ) led to an instantaneous demix-
ing, which is normally accompanied by the formation of a
finger-like structure. Effects of the coagulation bath tem-
perature on membrane formation were investigated using
SEM images. At lower temperatures, gelation was induced
by crystallization, and crystals were able to grow due to
slow liquid-liquid demixing, which ultimately resulted in
the membrane structure adopting a more sponge-like mor-
phology. After modifying the membrane surface with PAA,
membrane water permeation and fouling declined, and BSA
rejection capability was enhanced due to an increase in mem-
brane hydrophilicity.
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