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ABSTRACT

In the present work, ultrafiltration membranes were prepared using emulsion polyvinyl chlo-
ride (EPVC) with the addition of various concentrations of polyethylene glycol (PEG) to
investigate the morphological structure and separation properties. The effects of polymer con-
centration, coagulation bath temperature (CBT), and PEG (6 kDa) concentrations—a pore for-
mer hydrophilic additive—were studied. Through the phase inversion, the membranes—
which were induced by immersion precipitation in a water coagulation bath—were fabricated
through dissolving EPVC in N-methyl-pyrrolidinone, a polymer solvent. Morphological fea-
tures of the membranes were characterized through scanning electron microscopy, pore size
and porosity, and contact angle measurements. Water and bovine serum albumin (BSA) were
used in order to study the separation and permeation performance of the fabricated mem-
branes at 3 bar, which is operating pressure. The results which were obtained from contact
angle test indicated an increment in the membranes hydrophilicity with an increase in PEG
concentrations, and then it decreased again. Increasing the CBT led to macrovoid formation in
the membrane structure and the appreciation of both membrane permeability and BSA rejec-
tion. The addition of PEG resulted in a more porous structure and a higher water flux for those
membranes, which were prepared with 13 wt.% EPVC; while, for those which were fabricated
with 15 wt.% polymer, an opposite trend was observed.

Keywords: Emulsion polyvinylchloride; Ultrafiltration membrane; Antifouling; Hydrophilicity;
Coagulation bath temperature

1. Introduction

Membrane technology is always looking for new
compounds for the purpose of inexpensive manufac-

turing of membranes. The polymers which have ade-
quate mechanical strength, good thermal and chemical
resistance, ease of preparation, high efficiency, and
high selectivity are suitable for the fabrication of ultra-
filtration membranes. During the last decades, UF
membranes have been produced by several types of
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polymers such as polysulfone (PS) [1–3], polyethersul-
fone [4–6], polyetherimide [7], polyvinylidene fluoride
[8–10], polyacrylonitrile [11,12], and other polymers.
Polyvinyl chloride (PVC) is a polymer that can be pro-
duced by three methods of polymerization such as
bulk polymerization, suspension polymerization, and
emulsion polymerization [13]. The main use of emul-
sion polyvinyl chloride (EPVC), the PVC which is syn-
thesized by emulsion polymerization method, is
manufacturing flexible materials such as artificial
leather. EPVC is an excellent polymer because of its
incredibly good characteristics, including stiffness,
lower price, excellent physical properties and
mechanical performance, good thermal stability, and
innocuity. In addition, it has strong chemical resis-
tance to the solvents, inorganic acids, halogens, oxi-
dants, and alkalis, all of which are widely used in
industries. One of the best advantages of PVC, as a
polymer, is its ease of dissolution in common organic
solvents such as N-methyl-pyrrolidinone (NMP), N,N
dimethylacetamide (DMAc), dimethylformamide
(DMF), and tetrahydrofuran (THF). Since PVC is not
soluble in water, PVC membranes can be easily fabri-
cated by the phase inversion method [14,15]. The
phase inversion method is a well-known technique for
the fabrication of asymmetric membranes [16–18],
which can be performed by almost all kinds of tech-
niques such as non-solvent-induced phase separation,
thermally induced phase separation, vapor-induced
phase separation, and evaporation-induced phase sep-
aration [10,19]. In these years, research on PVC mem-
branes has focused on the morphological study of the
membranes which are fabricated via the phase inver-
sion method.

Xu and Xu [20] have studied the morphology and
performance of the hollow fiber membrane which con-
tained PVC, DMAc, water, and additives. They
reported that the addition of PVP or PEG, as an addi-
tive, increased the membrane porosity and enhanced
the permeation due to changing the membrane mor-
phology. However, in their work, antifouling proper-
ties were not investigated. Okuno et al. [21] have
reported that the fabrication of flat sheet PVC mem-
brane, which is appropriate for pervaporation systems,
depends on some factors such as solvents (DMAc,
DMF, and THF), degrees of PVC polymerization, PVC
concentrations, and additives (water, methanol, etha-
nol, and n-propanol). Bodzek and Konieczny [22] have
investigated the effects of molecular mass of PVC,
concentration of polymer, and pressure of filtration
process on morphology and separation of the UF
membranes which are prepared by the combination of
PVC, DMF, and water. Hirose et al. [23] have fabri-
cated PVC membranes and discussed the relationship

between membrane structures and the phase separa-
tion process. Vigo et al. [24] have studied the effect of
high frequency discharge on membrane characteristics
as a function of discharge time, power and pressure,
and the type of gas employed. Peng and Sui [25] have
investigated the effect of the increase in hydrophilicity
of PVC membranes, caused by blending them with
polyvinyl butyral (PVB) as the second polymer. They
demonstrated that the addition of PVB can improve
the hydrophilic property of the PVC membranes and
that the addition of PVC can increase the pore diame-
ter at the bottom of PVB membranes. Babu and Gaikar
[26] demonstrated that the effects of blending carboxy-
lated polyvinyl chloride with PVC can result in an
increase in transport properties and structural speci-
fications of ultrafiltration membranes. Mei et al. [27]
have used PEG, PVP, and small organic molecular
sucrose as various additives in PVC/DMAc/water
solution systems in order to develop high performance
membranes. They studied the effect of the additives
on viscosity profile and investigated phase separation
behavior of PVC/DMAc polymer solutions at different
temperatures. Also, the influence of different additives
on the final structure of PVC membranes has been
studied by them. In all these studies, the suspension
polyvinyl chloride was used. Its properties were
improved with additives such as PVP and PEG in
order to improve morphology, surface characteristics,
performance, and mechanical strength.

In the current study, however, different concentra-
tions of PEG were applied to improve the perfor-
mance of EPVC as an ultrafiltration membrane. As a
novel study, based on its mentioned good characteris-
tics, EPVC rather than SPVC was used in the fabrica-
tion of ultrafiltration membranes. The effect of
different coagulation bath temperatures (CBTs) on the
morphology and performance of the prepared mem-
branes was investigated to reach the best performance.
The membrane structure and performance were speci-
fied by pure water flux (PWF), porosity and pore size,
scanning electron microscopy (SEM), and static water
contact angle analyses. Fouling resistance and the
rejection of the fabricated membranes were studied,
using bovine serum albumin (BSA) as a foulant.

2. Materials and methods

2.1. Materials

EPVC from Arvand Petrochemical Co., Iran, was
used as the polymer-forming membrane. Polyethylene
glycol (PEG) with 6,000 g/mol molecular weight
(Merck) was used as the additive. The solvent used
was 1-methyl 2-pyrrolidone (NMP) with an analytical
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purity of 99.5% (Merck). Distilled water was used as
the non-solvent agent. BSA was obtained from Sigma
and used as a foulant.

2.2. Preparation of UF EPVC membranes

The flat sheets of EPVC ultrafiltration membranes
were prepared by the phase inversion method via the
induced immersion precipitation. The homogeneous
blended solutions were prepared by dissolving 13 and
15 wt.% of EPVC polymer at different concentrations
of PEG (0–6 wt.%) as a pore former and hydrophilic
additive. The compositions and preparation properties
of the prepared membranes are presented in Table 1.

The prepared solutions were stirred continuously
at around 25˚C until the polymers were completely
dissolved in the solvent. When the casting solutions
were prepared, which is determined by observing
clear solutions, the outcome homogeneous polymer
solutions were sonicated for 30 min to remove air bub-
bles and then were kept away from direct sunlight so
as to slow down its aging process for 24 h. Then, the
solutions were poured and casted on smooth glass
plates, using the Elcometer casting knife with 200 μm
thickness. The nascent membranes were instantly
immersed in a non-solvent coagulation bath without
any evaporation time to complete the phase separa-
tion, where the solvent (NMP) and the non-solvent
(water) were exchanged. The resulted thin polymeric
films were separated from the glass surface within a
few seconds. After the main phase separation and
membrane formation, the prepared membranes were
washed and stored in fresh distilled water for 24 h in
surrounding temperature to leach out the remaining
solvents and additives completely and to guarantee
complete phase separation. As an ultimate stage, the

membranes were placed between two sheets of filter
papers for 24 h at room temperature for drying.

2.3. Characterization of the membranes

2.3.1. Scanning electron microscopy

The cross-sectional morphology of the fabricated
membranes was inspected, using a VEGA║ (TES-
CAN, Czech Republic) SEM with magnification of
1,000 and 5,000. All of the samples were sputter-
coated with a thin layer of gold to minimize sample
charging. SEM images were taken under very high
vacuum conditions, operating at 20 kV.

2.3.2. Contact angle

Deionized water was used as the probe liquid in
order to specify the hydrophilicity at the membrane
surface. The images of 3 μl deionized water droplets
on the membrane surface were obtained, using
OCA20, Dataphysics Instruments, Germany, which are
taken at 25˚C with a relative humidity of 50%. Equilib-
rium sessile drop contact angles were determined by
the steady-state angles, which were typically observed
to gain a constant value between 30 and 120 s after
the drop had contacted the membrane surface. At
least, five measurements were taken at different
locations on the membrane surface to determine the
average contact angle value.

2.3.3. Water permeation experiments

The evaluations of PWF and protein rejection were
performed, using a dead-end membrane cell, as was
shown in our previous article [28], which had a

Table 1
Compositions and preparation conditions of EPVC UF membranes

Membrane code

Solution compositions

CBT (˚C)Polymer EPVC wt.% PEG 6000 wt.%

13E, 0P 13 0 25
13E, 2P 13 2 25
13E, 4P 13 4 25
13E, 6P 13 6 25
15E, 0P 15 0 25
15E, 2P 15 2 25
15E, 4P 15 4 25
15E, 6P 15 6 25
13E, 4P, 5T 13 4 5
13E, 4P, 45T 13 4 45
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membrane effective area of 19.6 cm2. Before measure-
ments, all the membranes were pretreated and com-
pacted at the high pressure difference of 4 bar for
30 min. Then, the PWF tests were conducted at an
operation pressure of 3 bar. The permeates were col-
lected and weighed over a given period. The water
flux (J), whose unit is “kg/m2 h”, was calculated,
using Eq. (1):

J ¼ M

ADt
(1)

where M (kg) is the mass of permeated water, A (m2)
is the membrane area, and Δt (h) is the permeation
time. The experiments were carried out at 25 ± 1˚C.

2.3.4. Analysis of membrane fouling resistance

For the analysis of the membrane fouling resis-
tance, after water flux tests, the stirred cell was
rapidly refilled with 500 mg/l BSA solution (pH 7.0 ±
0.1). The flux for protein solution, Jp (kg/m2 h), was
measured based on the permeate quantity leaking
from the membranes at 3 bar for 90 min.

For concentration evaluation of the permeated
BSA, UV absorbance of the permeates was measured
at 280 nm. The percentage of BSA rejections (R) was
evaluated by Eq. (2), where Cp (ppm) and CF (ppm)
were the BSA concentration in permeate and feed
solutions, respectively. There is very little difference
between the initial and final volume of the BSA solu-
tions in the cell. Also, the BSA concentration in the
permeate, as compared to the feed, is very low. In this
regard, using Eq. (2) is an appropriate way to
calculate the rejection of the BSA.

R ð%Þ ¼ 1� Cp

CF

� �
� 100 (2)

After the filtration of BSA solution, membranes were
removed from the stirred cell and washed with dis-
tilled water. The membranes were initially rinsed, and
then they were submerged in distilled water for
30 min. This was followed by the measurement of
water flux of the cleaned membranes Jw,2 (kg/m2 h).
The flux recovery ratio (FRR) was calculated by the
following equation, where Jw,1 (kg/m2 h) is the first
water flux:

FRR ð%Þ ¼ Jw;2
Jw;1

� �
� 100 (3)

Jw,1 and Jw,2, which were used as the flux of
membranes, are stable fluxes. Generally, higher FRR
indicates a better antifouling property of the prepared
membrane.

2.3.5. Porosity and pore size

Using the gravimetric method, the membranes
overall porosity (ε) was calculated as follows [29]:

e ¼ w1 � w2

A� l� dw
(4)

where w1 and w2 (g) are the weights of the wet and
dry membranes, respectively. l (m) is the membrane
thickness, A (m2) is the membrane area, and dw is the
water density (0.998 g/cm3). First, in order to make
sure that all the pores of the membranes are filled
with water, a certain piece of membrane is immersed
in distillated water for at least 12 h. Shortly after that,
the sample was supposed to be weighed just after the
water on the surface of the samples is cautiously
cleaned. Afterwards, the samples are placed in an
oven for 2 h at 60˚C to let the water evaporate from
membrane pores and be weighed again. Concerning
this, to calculate the porosity of membranes, we can
use Eq. (4).

Mean pore radius (rm, nm) of the membranes was
also measured by the Guerout–Elford–Ferry equation,
as follows [29]:

rm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2:9� 1:75eÞ � 8glQ

e� A� DP

r
(5)

where Q (m3/s) is the water flux, η is the water
viscosity (8.9 × 10−4 Pa s), and ΔP is the operation
pressure (0.3 MPa).

3. Results and discussion

3.1. Characterization and morphology of EPVC membranes

3.1.1. Effects of PEG on membrane morphology

SEM images were taken in order to visualize the
effects of PEG concentrations, as an additive, on mem-
brane morphology. It is important to mention that the
SEM observation for the membrane surface was
repeated at least four times for every membrane, and
similar images were obtained for all the samples.

A morphological characteristic of an asymmetric
membrane consists of a dense top layer and a porous
sub layer with a finger-like structure, both of which
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were observed for all of the membranes. The dense
top layer is responsible for the permeation and rejec-
tion of solutes, while the sub layer plays a role as a
mechanical support. The phenomena behind the
formation of this typical structure had been explained
in quite a few previous publications [30,31].

Figs. 1 and 2 illustrate SEM cross-sectional images
of the prepared membranes—13 wt.% EPVC, 0–6 wt.%
PEG, and 15 wt.% EPVC, 0–6 wt.% PEG—respectively.
By observing these images, it becomes obvious that,
when PEG concentration is increased, macrovoids
develop in number and size, promoting the formation

Fig. 1. The SEM cross-sectional images of the 13 wt.%
EPVC membranes.

Fig. 2. The SEM cross-sectional images of the 15 wt.%
EPVC membranes.
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of many finger-like pores. The finger-like pores gradu-
ally lengthened to the bottom of the membranes at
higher concentrations of PEG, which results in mem-
branes with more porosity. Similarly, Kim and Lee
[32] have shown that, the bigger the PEG/NMP ratio
becomes, the greater the pore size of the top surface
gets, the more porous the top layer becomes, and the
larger the distance from the top surface to the starting
point of the macrovoid formation will be.

According to Fig. 1, it can be perceived that, at
constant CBT (25˚C), for 13 wt.% EPVC, the increase
in PEG concentration from 0 to 6 wt.% leads to the
formation of more finger-like structures and porous
structures on the surface of the membranes. As was
observed, the membrane prepared with no PEG in
their casting solution has a thicker dense top layer.

Fig. 2 shows that, at constant CBT (25˚C), for
15 wt.% EPVC, increasing PEG concentration from 0
to 6 wt.% leads to the development of more finger-like
structures. Also, it can be realized that increasing PEG
concentration from 0 to 6 wt.% results in the formation
of a denser structure on the top layer of the
membrane.

The results which appeared suggest that the
addition of the PEG in different concentrations may
be used to prepare a desired membrane for
ultrafiltration.

The comparison between SEM images related to
13 wt.% EPVC and 15 wt.% EPVC shows that increas-
ing 2 wt.% in EPVC concentration leads to a change in
the skin layer structure from dense to finger-like. Also,
the sub layer changed from macrovoid to a finger-like
structure.

Fig. 3 demonstrates the comparison between sur-
face images of “13E, 0P” and “13E, 4P” membranes. It

can be concluded that the 13E, 4P membrane had a
larger pore size than 13E, 0P. Apart from this, it can be
seen that the pore density of the 13E, 4P membrane is
higher than that of the 13E, 0P membrane. The pores
on the top of the surfaces seem to be unclear, but the
roughness of 13E, 0P partly increases with the addition
of 4 wt.% PEG. Generally, it can be said that the pore
size of the membrane depends upon the size of such
congregated particles as macromolecules, piles, or pile
congregated [33,34]. Increasing the pore size can be
roughly estimated from the increase in the roughness
and size of the congregated particle which is observed
at the top surface. This analysis seems to be reasonable
if it agrees well with the permeation results, which can
be influenced not much by the top layers in asymmet-
ric structures. As to the membrane morphologies, the
porosity of the top layer is closely related to the macro-
void formation. When a more porous top layer is cre-
ated, the macrovoids formation is largely suppressed.
The more porous top layer needs a larger distance
from the top surface to the starting point of macro-
voids in order to limit the large non-solvent inflow to
the sub layer, because a large non-solvent inflow
induces many nuclei formation in the sub layer,
thereby preventing the macrovoids formation [32].

3.1.2. Effects of CBT on the morphology of the EPVC
membrane

The effects of three different levels of CBT (5, 25,
and 45˚C) on the membranes morphology for the best
characterized membrane—that is—“13E, 4P”, are illus-
trated in Fig. 4. It is generally accepted that the
instantaneous demixing leads to the creation of a
macrovoid structure, while the postponed demixing

Fig. 3. The SEM surface images of 13 wt.% EPVC membranes with (a) 0 wt.% PEG and (b) 4 wt.% PEG.
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leads to a sponge-like structure in the cross section
images [35]. As was observed in the cross-sectional
SEM images of the membrane, which is prepared at
5˚C, it has an asymmetric structure with bigger
macropores in its sub layer. In comparison to the
cross-sectional SEM images of the skin layer of the
membranes that are prepared at various levels of CBT,
it is perceived that the membrane prepared at 5˚C
CBT has a denser skin layer. Increasing the CBT from
5 to 25˚C results in the appreciation of the size of the
surface pores of the membrane. By doing so, the struc-
ture of the sub layer of the membrane changes from
macrovoid to fully developed finger-like pores. Gener-
ally, the formation of microvoids occurs under quick
precipitation conditions, which occurs faster at higher
temperatures [36]. Concerning the slow demixing,
nucleation happens after a certain period of time. By

so doing, polymer concentration increases in the top
layer of the membrane. Then, nucleation starts in the
minor layer at a short time period. Accordingly, the
composition and size of the nucleus in the former
layer is similar to the new nucleuses, which are gradu-
ally formed in their proximity [37]. In other words, in
slow demixing, the high-handedly growth of the lim-
ited nucleuses is prevented on the top layer, as a
result of which, a large number of small nucleuses are
created and distributed all over the polymer film. As a
result, opposite to instantaneous demixing, the forma-
tion of macrovoids is repressed, and denser mem-
branes are created as well. Increasing CBT to 45˚C
dramatically increases bilateral diffusivities between
the solvent (NMP) and non-solvent (water) in the cast-
ing solution during the solidification process of poly-
meric film. After the immersion of the casting solution
into the distilled water bath, this phenomenon rapidly
limited the growth of the nucleuses and prevented
their formation quickly. This results in the formation
of a few numbers of large nucleuses in each part of
the casting solution [36,38]. As is shown in the cross-
sectional SEM images, the membrane which is fabri-
cated at 45˚C CBT has big macrovoids in its structure.
These observations are in agreement with the report
mentioned in the literature [35].

3.2. Permeation, antifouling, and rejection characteristics of
EPVC UF membranes

3.2.1. PWF of the membranes

The presence of PEG as an additive in the casting
solution had a significant effect on water permeability
of the membranes. As is shown in Fig. 5, for those
membranes which have 13 wt.% EPVC in their casting
solutions, the appreciation of PEG concentration from
0 to 6 wt.% resulted in the growth in the amount of

Fig. 4. The SEM cross-sectional images of the “13E, 4P”
various CBT membranes.
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Fig. 5. PWF of the prepared 13 wt.% EPVC membranes
with different concentrations of PEG.
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water permeability. As is shown in SEM images
(Fig. 1), increasing the PEG concentrations result in
the formation of a more finger-like structure on the
top layer of the membranes, which can lead to an
increase in the PWF. However, the membranes con-
taining 15 wt.% EPVC in their casting solutions
showed an opposite trend. Based on Fig. 6, with
increasing PEG concentration from 0 to 6 wt.%, the
PWF decreased. As can be seen in Fig. 2, although
increasing the PEG concentrations improved the
formation of finger-like structures, the formation of a
denser structure on the top layer of the membrane led
to decreasing the PWF. In high concentrations of
EPVC, the addition of PEG polymeric additive may
increase the casting solution viscosity to reach the

critical area of polymeric solution that caused the
reduction of diffusional exchange rate between the sol-
vent (NMP) and non-solvent (water) during the solidi-
fication process, thus hindering instantaneous
demixing in the phase separation technique and
decreasing the PWF. This phenomenon led to delayed
demixing, and as a result, to the formation of a denser
structure [39].

Membrane hydrophilicity and morphology are the
two main parameters which can affect the permeation
flux [40]. It is clear that, with modifying the mem-
brane material or changing it to a hydrophilic one, the
permeation flux increases [41]. Also, by increasing
membrane pore size and porosity and by developing
a finger-like structure, the permeability of membranes
is enhanced [40,42].

The hydrophilicity of the surface of membrane can
be analyzed by water contact angle measurement. A
lower contact angle indicates that the membrane sur-
face is more hydrophilic in nature. It should be noted
that PEG is more hydrophilic in comparison with
EPVC, and consequently its presence in the membrane
structure increases the membrane hydrophilicity.
Figs. 7 and 9 depict the static contact angle of the pre-
pared membranes. As can be observed in Fig. 7, for 13
and 15 wt.% EPVC membranes, the contact angle
declined significantly with the increase in PEG
concentrations from 0 to 4 wt.% into the casting
solution and then increased with increasing PEG con-
centration from 4 to 6 wt.%. The 13E, 0P membrane
showed the highest water contact angle, 70.4˚. For the
13E, 4P membrane, the water contact angle reduced to
60.3˚.
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with different concentrations of PEG.
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Fig. 8 shows the changes in the PWF of mem-
branes with altering the CBT. As was mentioned
above and according to the SEM images presented in
Fig. 4, an increase in CBT always increases membrane
porosity. Thus, the mentioned increase in PWF can be
related to membrane porosity and hydrophilicity.
According to Fig. 9, increasing CBT form 5 to 25˚C
resulted in a lower contact angle, and consequently, in
higher membrane hydrophilicity. The membrane
which is prepared at the highest temperature, that is,
45˚C, showed the highest contact angles. The molecu-
lar weight of PEG employed in this work was not very
low, and consequently it cannot be completely washed
out during the formation of the membranes [42]. Thus,
it can be expected that some of the PEG is entrapped
in the membrane structure in general and in the mem-
brane pores in particular. The quantity of the residual
PEG, which has a direct relationship with the mem-
brane hydrophilicity, highly depends on CBT. At
higher CBTs, particularly at 45˚C, because of higher
solubility and diffusivity of PEG, it can be more easily
washed out with the solvent during the membrane

formation process. In this regard, the phenomenon
resulted in a higher contact angle because of the
reduction of the membrane hydrophilicity.

The growing trend of PWF, by increasing the CBT
presented in Fig. 8, revealed that the intensive reduc-
tion of the membrane hydrophilicity (an increase in
the contact angle) in 45˚C did not reduce the mem-
brane permeability. This phenomenon indicates that
the structure of the prepared EPVC membrane has
more influence than hydrophilicity does. Concerning
this, the role of porosity and morphology is pretty
important. Also, the intensive increasing trend of PWF
with increasing CBT from 5 to 25˚C can lead to a
change in the membrane structure and porosity
(Fig. 4) and to the increasing membrane
hydrophilicity.

There is an important parameter, porosity of the
membranes. As is shown in Table 2, with an increase
in PEG concentration, the porosity of the membranes
increased. There is an agreement on this observation
and literature [20]. One of the advantages of increas-
ing porosity is flux enhancement. As is reported in
Fig. 5, an increase in porosity led to the flux enhance-
ment. However, increasing porosity for those mem-
branes that have 15 wt.% EPVC in their casting
solution, led to a decline in flux. This unexpected phe-
nomenon, as we mentioned, can be attributed to the
formation of a denser structure on the top layer of the
membranes because of high concentrations of EPVC/
PEG polymer. An increase in CBT led to increasing
porosity of the membranes, for the formation of micro-
voids which occurs faster at the higher temperatures
[36].

On the parameters that have effect on FRR is mean
pore radius of the membranes. The “13E, 4P, 45T”
membrane has a mean pore radius of 13.4 (±0.9), and
it shows the fouling capability of the membrane. This
is because of the entrapping of the foulant molecules
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Fig. 9. Static water contact angle of the “13E, 4P” various
CBT membranes (average contact angle of five replicates
are reported).

Table 2
Porosity and mean pore size of the UF membranes

Membrane Porosity (%) Mean pore radius, rm (nm)

13E, 0P 70.7 (±3.3) 12.3 (±0.5)
13E, 2P 76.9 (±3.5) 10.9 (±0.6)
13E, 4P 78.3 (±3.8) 10.1 (±0.7)
13E, 6P 80.2 (±4.1) 12.5 (±0.9)
15E, 0P 64.9 (±3.4) 12.9 (±0.8)
15E, 2P 66.9 (±3.5) 11.8 (±0.6)
15E, 4P 68.5 (±3.2) 9.1 (±0.6)
15E, 6P 72.7 (±3.1) 8.9 (±0.7)
13E, 4P, 5T 68.3 (±3.4) 11.5 (±0.6)
13E, 4P, 45T 82.6 (±4.0) 13.4 (±0.9)
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in the pores of the membrane. A change in pore
radius can affect fouling capability.

3.2.2. Evaluation of antifouling properties

Fouling is a major obstacle concerning hydrophobic
membranes such as EPVC. It leads to the interaction

between the membrane surface and the foulant. Foul-
ing results in a decline in flux or an increase in applied
pressure, and reduces membrane life time as well.
Therefore, the reduction of the membrane fouling is
one of the main aims of the researchers [14].

Figs. 10 and 11 show the flux of membranes dur-
ing three steps: pure water permeation, BSA filtration,
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Fig. 10. Flux vs. time for 13 wt.% EPVC membranes at 3 bar during three steps: PWF for 90 min, BSA solution (500 ppm,
pH 7 ± 0.1) flux for 90 min, and water flux after 30 min washing with pure water for 90 min.
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Fig. 11. Flux vs. time for 15 wt.% EPVC membranes at 3 bar during three steps: PWF for 90 min, BSA solution (500 ppm,
pH 7 ± 0.1) flux for 90 min, and water flux after 30 min washing with pure water for 90 min.
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and PWF after membrane washing. Although all
membranes showed similar trends of BSA flux decline,
the decline in the BSA flux for the 13 wt.% EPVC
membranes was seen less when the increase in PEG
concentration is up to 4 wt.%, and the least decline of
BSA flux for the 15 wt.% EPVC membranes was seen
in 15E, 6P membrane.

The BSA rejection value of the membranes is
shown in Fig. 12. All of the prepared membranes had
a BSA rejection of more than 96%. The EPVC mem-
brane which contained no additive had the highest
protein rejection, while the membranes which had an
additive in their casting solutions showed a lower
protein rejection.

The fouling resistance ratio (FRR) demonstrates
antifouling property of the membranes. Fig. 13 shows
that 13E, 6P and 13E, 0P membranes with 69 and 71%,
respectively, had a low FRR value, while maximum
FRR belonged to the 13E, 4P with the mean value of
103%.

It can be concluded that the antifouling capability
of EPVC membrane was significantly improved with
an increment in PEG concentration. This phenomenon
was attributed to the increased surface covering of
hydrophilic groups, which can create a denser and
more stable hydration layer. The hydrophilic groups
on the surface of EPVC–PEG membranes are the result
of the addition of PEG, which decreases the affinity
between the membrane and the foulant and weakens
the interactions between the protein molecules and the
membrane surface. This would in turn result in easily
washing the membrane surface, thus contributing high
recyclability to the membranes.

As an exception, the antifouling properties (FRR)
of the 13E, 6P membrane was lower than those of all
the membranes which contain 13 wt.% EPVC. It is due
to the lower hydrophilicity of this membrane, which is
the most important parameter in controlling the
antifouling characteristics of ultrafiltration membranes.
This observation is consistent with the high water
contact angle of 13E, 6P membrane.

Fig. 13 demonstrates the increase in FRR with
increasing PEG concentration in 15 wt.% EPVC mem-
branes. Raising PEG concentration increases mem-
brane hydrophilicity that is in contact with the
aqueous phase, weakening the interactions between
the protein molecules and the membrane surface. This
phenomenon results in the ease of washing the mem-
brane surface, thus contributing high recyclability to
the membranes.

Fig. 14 shows the effect of CBT on PWF, the flux of
BSA solution, and BSA fouling condition. By an
increase in CBT, the PWF increases. An increase in
CBT from 5 to 25˚C led to 35% increase in PWF, while
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Fig. 12. BSA rejection of EPVC membranes.
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Fig. 13. FRR of prepared EPVC membranes after BSA fouling.
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increasing CBT from 25 to 45˚C CBT resulted in 2%
PWF enhancement. This comparison indicates that
with increasing CBT, the enhancement rate of PWF
declined. The membrane which prepared at 5˚C
showed the lowest BSA solution permeation, but, its
flux recovery is higher than the membrane, which
prepared at 45˚C.

Fig. 15 illustrates the BSA rejection for the “13E,
4P” membranes which were prepared in various
CBTs. The BSA rejections for all the membranes are
above 95%. The rejection enhances to almost 97.5% for
the membrane which fabricated in 25˚C CBT. A

change in CBT from 25 to 45˚C led to a decrease in
BSA rejection of membranes because of increasing
mean pore radius and a decrease in residual PEG in
the structure of the membrane. As to a change in CBT
from 5 to 25˚C, it is clear that a decrease in mean pore
radius resulted in the enhancement of BSA rejection.
An increase in the mean pore radius led to increasing
membrane fouling because of the ease of entrapping
foulant materials in a bigger pore of the membranes.

Apart from this, the BSA rejection can attributed to
hydrophilicity of the membranes. As is presented in
Fig. 9, it can be perceived that a change in
hydrophilicity of the membrane can directly affect the
BSA rejection and other fouling parameters. Concern-
ing a hydrophilic membrane, there is a weak interac-
tion between foulant and the surface of the
membrane, leading to better fouling characteristics.

Fig. 16 represents FRR parameter for the “13E, 4P”
membranes which were prepared in various CBTs.
According to this figure, maximum FRR belongs to
the “13E, 4P” membrane that is fabricated in 25˚C
CBT. As mentioned, the quantity of residual PEG in
membrane, which has a direct relationship with the
membrane hydrophilicity (Fig. 8), highly depends on
the CBT. It can be expected that with an increase in
CBT, the quantity of the PEG that is washed out from
the membrane during formation process increases.
Therefore, the lowest value of FRR for the “13E, 4P,
45T” membrane is due to decreasing hydrophilicity,
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caused by more PEG leaching [43]. The FRR value of
the “13E, 4P, 5T” membrane is 93% and it was attribu-
ted to the hydrophilicity of the membrane. Based on
water contact angle, the hydrophilicity of “13E, 4P,
5T” membrane is lower than “13E, 4P” membrane.

Generally, performance tests showed that the “13E,
4P” membrane has the best efficiency. The parameters
which led to introduce “13E, 4P” membrane as the best
membrane among the fabricated membranes were the
lowest flux decline, the high PWF, and the best FRR.

4. Conclusion

EPVC ultrafiltration membrane was improved by
adding PEG as a pore former and hydrophilic addi-
tive. The addition of PEG to EPVC resulted in increas-
ing hydrophilicity up to optimum concentration, and
then in decreasing it. The results demonstrated that, in
13 wt.% EPVC, the PWF increased with increasing
PEG concentration, but, in 15 wt.% EPVC, the trend
was vice versa. The permeability of membranes was
dependent on the concentration of PEG and EPVC in
the casting solution. The SEM images illustrated that
the prepared membranes possessed a finger-like struc-
ture. Antifouling experiments, using BSA filtration,
indicated that the two parameters of hydrophilicity
and pore size determine the antifouling properties of
the membranes. The best antifouling membrane
against protein fouling should have the highest
hydrophilicity and should have the most finger-like
structure in its surface. Investigating the effects of dif-
ferent CBT on morphology and performance showed
that the membranes fabricated in high CBT have a
higher PWF, but its antifouling properties were poor.
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