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ABSTRACT: In this study, effects of Tween-20 (polyoxy-
ethylene sorbitan monolaurate) as a variable surfactant
additive on morphology, permeation performance and
antifouling properties of asymmetric polyethersulfone
(PES) membranes were investigated. The membranes pre-
pared from PES/polyethylene glycol (PEG)/N,N-dimethyl-
formamide (DMF) system via phase inversion induced by
immersion precipitation in water coagulation bath. The
membranes performances were evaluated using ultrafiltra-
tion (UF) experiments. The scanning electron microscope
and atomic force microscopy analysis were performed to
investigate the membrane morphology. The obtained
results indicate that by increasing the concentration of

Tween-20, the membrane morphology changes slowly
from thin finger-like structure with spongy structure to
long and wide finger-like structure with some macrovoids.
Addition of surfactant to the casting solution increases the
porosity of the membrane sublayer. It was found out that
the rejection ratio of Bovine serum albumin (BSA)
decreases, while the flux recovery ratio remarkably
increases and the degree of irreversible fouling decreases.
VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 115: 504–513, 2010
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INTRODUCTION

Generally, polyethersulfone (PES) is widely used for
preparation of microfiltration (MF), ultrafiltration
(UF), and gas separation (GS) membranes. It has
been suggested as a polymeric material for prepara-
tion of phase inversion membranes. Because it has
favorable characteristics such as wide temperature
limits, wide pH tolerances, fairly good chlorine
resistance, wide range of pore sizes available for UF
and MF applications ranging from 10 Å to 0.2 lm
and good chemical resistance to aliphatic hydrocar-
bons, alcohols, and acids.1,2 UF, as a developing and
powerful pressure-driven separation technology, is
often used to concentrate or fractionate protein
solutions. However, adsorption and deposition of
biomacromolecules on membrane surfaces and/or
pore walls (the so-called membrane fouling), often
cause severe flux decline, substantial energy
consumption and significant operational cost. Appli-
cations of UF are seriously limited by the membrane
fouling. In recent years, many researchers have
revealed that increasing the hydrophilicity of the

membrane surfaces and pore walls can remarkably
reduce or suppress the membrane fouling.3–7 It was
found that in initial stage of UF, protein-membrane
interactions hava major influence on the membrane
fouling, while in subsequent stage, protein–protein
interactions govern the membrane fouling.8,9 A gen-
eral method to suppress the membrane fouling,
especially irreversible fouling is to inhibit protein-
adsorption on the membrane surface by increasing
hydrophilicity of the membrane surface.10–12 Accord-
ingly, hydrophilic molecules, such as poly(ethylene
glycol) (PEG) and zwitterionic molecules, have been
widely used to modify UF membranes.13,14 Genera-
tion of protein-adsorption-resistant surfaces has
attracted significant efforts for design and manipula-
tion of materials structure and composition.15–17

Many investigations have demonstrated that increas-
ing membrane surface hydrophilicity could effec-
tively inhibit membrane fouling. Therefore, various
methods including blending, coating, adsorption,
chemical-grafting, and radiation-induced grafting
have been invented to modify membrane surface
using hydrophilic modifiers.18–20 However, these
methods suffer the drawbacks of requiring addi-
tional complicated steps and offering random con-
trol over the resulting surface structure. A promising
in situ membrane surface modification approach is
to appropriately manipulate spontaneous migration
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of amphiphilic copolymers from membrane casting
solutions onto the membrane surfaces.21–24 Addition
of surfactant additives to the casting solutions can
influence morphology and performance of the mem-
branes. Some researchers studied the effects of sur-
factant additives with hydrophilic properties on the
membrane morphology and performance. Rahman
et al.25 studied the effects of Tetronic-1307 as a sur-
factant additive on morphology and performance of
PES porous hollow-fiber membranes and found that
increasing the Tetronic 1307 content increases hydro-
philicity of the membranes. Alsari et al.26 used
sodium dodecyl sulphate as a surfactant additive as
gelation media on formation of PES membranes. The
effects of Triton X-100 as a nonionic surfactant addi-
tive were also investigated by Rahimpour et al.27

There is no previous published article regarding
addition of Tween series surfactants as hydrophilic
additives for improvement of permeation and anti
fouling properties of the PES membranes. In this
work, Tween-20 as a hydrophilic surfactant additive
was selected to blend with PES in the membrane
preparation process. The effects of Tween-20 on
morphology and fouling-resistant ability of the PES
membranes were investigated in details.

EXPERIMENTAL

Materials

Polyethersulfone (PES Ultrason E6020P with MW ¼
58,000 Da) supplied by BASF was used as polymer
for preparation of the membrane casting solution.
These polymer flakes absorb moisture very rapidly.
Therefore, the flakes were dried for more than 12 h
at 100–120�C prior to the process. N,N-dimethylfor-
mamide (DMF) was used as solvent from Merck.
Polyethylene glycol (PEG, reagent grade, MW ¼
400 Da) supplied by Merck were used as a pore
former polymeric additive in the casting solution.
Tween-20 (Polyoxyethylene sorbitan monolaurate,
HLB ¼ 16.7) as a surfactant additive supplied by
merck was used as a nonionic surfactant additive in
the casting solution. The chemical structure of
Tween-20 is shown in Figure 1. De-ionized water

was used as the main non-solvent in the coagulation
bath. Bovine serum albumin (BSA, MW ¼ 67,000
g/mol) obtained from Merck (Germany) and was
used as protein in preparation of the model solution.

Preparation of the membranes

Asymmetric flat sheet PES membranes were prepared
by the phase inversion method. To the homogeneous
solution of PES in DMF, PEG 400 as invariable poly-
meric additive and Tween-20 as variable surfactant
additive were added and mixed by stirring for 8 h at
room temperature. In all experiments, PEG was
added to the polymeric solution by 5 wt %. The stir-
ring was carried out at 200 rpm. When necessary, an
ultrasonic bath (KUDOS SK3310HP, China) was
employed to help free up of the air bubbles
entrapped in the polymeric solution. The prepared
homogeneous solutions were cast using a film
applicator to 250 lm clearance gap on a glass plate
substrate. It was then moved to the distilled water
coagulation bath at room temperature for immersion
precipitation and kept for 24 h. This was done to
ensure complete removal or evaporation of residual
solvent from the membranes. Finally, the membranes
were dried by placing between two sheets of filter
paper for 24 h at room temperature. Composition of
the casting solutions is shown in Table I.

Characterization of the membranes

Scanning electron microscopy (SEM)

Structures of the prepared membranes were exam-
ined by scanning electron microscope (SEM). The

Figure 1 Tween-20 molecule structure.

TABLE I
Compositions of the PES Casting Solutions

Membrane
PES

(wt %)
PEG 400
(wt %)

DMF
(wt %)

Tween-20
(wt %)

T0 17 5 78 –
T1 17 5 77 1
T2 17 5 76 2
T3 17 5 75 3
T4 17 5 74 4
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samples were frozen in liquid nitrogen and then frac-
tured. They were then sputter coated with gold before
being viewed with SEM (JXA-840, JEOL, Japan).

Determination of mean pore size, surface porosity
and membrane roughness using AFM

AFM DualScopeTM scanning probe-optical micro-
scope (DME model C-21, Denmark) was employed
to analyze surface morphology of the membranes.
Small squares of the prepared membranes were cut
and glued on a glass substrate. The membranes
surfaces were examined in a scan size of 1 lm �
1 lm. Pore sizes of the membranes were calculated
from height profile of AFM images using SPM
software. Size of each randomly chosen pore was
obtained from information related to the height pro-
file and the pore entrance. The measured pore sizes
were arranged in ascending order, and the corre-
sponding median ranks (50%), v, were calculated
using the following equation28,29:

v ¼ j� 0:3

nþ 0:4
(1)

where j is the order number of pore sorted in
ascending order and n is the total number of meas-
ured pores. The medians were plotted against the
measured pores on log-normal probability paper.
This graph produces a straight line if pore sizes
have a log normal distribution. From this plot, mean
pore size (lp) and geometric standard deviation (rp)
can be obtained. The mean pore size is equivalent to
50% of the cumulative number of pores and the
geometric standard deviation corresponds to a ratio
between 84.13% and 50% of the cumulative number
of pores.28,29 The pore size distribution of mem-
branes can be obtained from the calculated values of
mean pore size and geometric standard deviation
using the following equation28,29:

df dp
� �

d dPð Þ ¼ 1

dP lnrP 2pð Þ0:5
exp

ln dP � ln lPð Þ2

2 lnrPð Þ2

" #
(2)

The surface porosity of membranes (Sp) is defined
as ratio of the area of pores to the total surface area
and can be obtained as28,29:

SP ¼ np
4

Xdmax

dmin

fid
2
i

 !
� 100 (3)

where n is the total number of pores and fi is the
fraction of pores with diameter di.

Water content

Water content is considered to be an important char-
acterization parameter as it indirectly indicates

degree of hydrophilicity or hydrophobicity of the
prepared membranes and also it is related to the
porosity of the prepared membranes.30 The mem-
branes were soaked in distilled water for 24 h and
weighed after mopping with blotting papers. The
dry weights were determined after the wet samples
were placed in an oven at 80�C for 24 h. From these
two values, the percent of water content was
obtained using the following equation31:

Water content ð%Þ ¼ Q0 �Q1ð Þ
Q0

� 100 (4)

where Q0 is the weight of wet membrane (g) and Q1

is the weight of dry membrane (g).

Permeation experiment

Cross flow UF system

Performance of the prepared membranes was
characterized using a cross flow UF system. This
laboratory scale system consisted of a reservoir, a
pump, valves, pressure regulators and a membrane
cell. A flat sheet membrane module made from
stainless steel was used in all the experiments. Effec-
tive area of the membrane in the module was 25
cm2. The channel height of the module on upstream
side was 1.5 mm. Schematic representations of the
module and the cross-flow set-up are shown in
Figures 2 and 3, respectively. As seen, retentate was
re-circulated to the reservoir and permeate was
collected and then weighed.

UF experiments

The prepared membranes were initially compacted
before evaluation in the separation experiments.
They were cut into the desired size needed for seal-
ing the cell and pressurized with distilled water at a
transmembrane pressure (TMP) of 220 kPa for 1 h.
Membrane permeability was then determined by
allowing de-ionized water to pass through the com-
pacted membrane. Pure water flux (PWF) through
the membranes was measured under steady state
condition. The experiments were carried out using a
cross flow UF system at a TMP of 100 kPa. All the
experiments were conducted at room temperature.

Figure 2 Schematic view of the experimental module.
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PWF was calculated as follows:

JW1 ¼
V

ADT
(5)

where JW1 is the PWF (L/m2h); V is the volume of
permeate (L); A is the membrane area (m2); and DT
is the permeation time (h).

After that UF experiments were carried out using
the protein solution. The protein, BSA, was dis-
solved in de-ionized water and its concentration was
kept constant at 1 g/L for all the experiments. In all
the experiments, the protein solution was adjusted
at a pH value of 7.2 using buffer solutions. The pro-
tein solution flux (JP) was calculated using eq. (5).
Rejection of BSA was calculated using the following
equation:

Rð%Þ ¼ 1�
Cp

Cf

� �� �
� 100 (6)

where, Cp is protein concentration in the permeate
stream and Cf is protein concentration in the feed
stream. Samples from the permeate and the retentate
were taken in order to determine their protein
concentrations using UV spectrophotometry
(ShimadzuVR UVmini-1240) at 280 nm.4,14 After UF of
the protein solution, the membranes were washed
with de-ionized water for 30 min and PWF of the
cleaned membranes, JW2, was measured. To evaluate
the fouling-resistant ability of membranes, flux
recovery ratio (FRR) was calculated using the
following expression32:

FRRð%Þ ¼ JW2

JW1

� �
� 100 (7)

To analyze the fouling phenomena in details,
several ratios were defined to describe the fouling-
resistant ability of the PES membranes. The first
ratio was defined as rt, was calculated using the
following equation32:

rt ¼ 1� JP
JW1

(8)

which describes the degree of total flux loss caused
by total fouling. rt and rir were also defined to dis-
tinguish flux reduction due to reversible fouling and
irreversible fouling. rr and rir were calculated using
the following equations32:

rr ¼
JW2 � JP

JW1
(9)

rir ¼
JW1 � JW2

JW1
(10)

Obviously, rt was the sum of rir and rr:

rt ¼ rr þ rir

RESULTS AND DISCUSSIONS

For a hydrophilic coagulant, hydrophilic surfactants
are able to improve the macrovoids formation and
hydrophilicity of the membranes. However, lipo-
philic surfactants do not have these properties. On
the other hand for a lipophilic coagulant, lipophilic
surfactants are more effective on changing the mem-
brane structure.27,33 In this work, the effects of con-
centration of Tween-20 as a nonionic surfactant on
morphology, permeation properties and fouling
properties of the PES membranes were investigated.

Effects of Tween-20 as hydrophilic surfactant
additive on morphology of the PES membranes

Microscopic studies using SEM images were carried
out to reveal qualitative information regarding cross-
sectional morphology of the prepared membranes.
SEM cross-sectional images of the prepared PES
membranes using different concentration of Tween-
20 as surfactant additive are presented in Figure 4.
The SEM images exhibit the typical asymmetric fin-
ger-like structure by spongy structure in the sub-
layer for the membrane prepared without Tween-20
[Fig. 4(a)]. Asymmetric structure of the membranes
consists of a dense top layer, a porous sublayer that

Figure 3 Schematic diagram of the experimental set-up.

PERMEATION PERFORMANCE OF POLYETHERSULFONE 507

Journal of Applied Polymer Science DOI 10.1002/app



is occupied by closed cell within polymer matrix,
and finger-like pores. Strathmann et al.34 investi-
gated that highly porous membranes can prepared
when the coagulant (NS) enters the nascent mem-
brane faster than the solvent escapes, while dense
membranes can be prepared when the solvent
escapes faster than the coagulant (NS) enters. The
SEM images indicate that macrovoids are formed in
the sublayer of the membranes prepared with
addition of little amount of Tween-20 to the casting
solution [Fig. 4(b,c)]. This phenomenon can be
explained by the miscibility between the added sur-
factant and the coagulant. However, the low solubil-
ity of Tween-20 as a hydrophilic surfactant additive
in a solvent such as DMF may be introduced as a
factor for changing the membrane morphology and
performance. The miscibility between the added sur-
factant and the coagulant plays an important role in
the formation process of macrovoids.33 The macro-
voids and finger-like pores in the sublayer can be
induced or suppressed by addition of appropriate
surfactants, depending on their miscibility with the
coagulant. A formation mechanism of macrovoids
was proposed by Smolders et al.35 They said that the

instantaneous demixing, resulting from the contact
between the casting solution and the coagulant, can
generate nucleated droplets of the polymer lean
phase in the casting polymer solution, and these
nuclei are responsible for the initiation of macro-
voids. Addition of the surfactants that have high
miscibility with the coagulant may be able to
enhance the formation of finger-like pores and
macrovoids. On the other hand, addition of the sur-
factants with low miscibility with the coagulant
suppresses the macrovoids formation. The SEM
cross-sectional images of the membranes prepared
with high concentrations (3 and 4 wt %) of Tween-
20 as a surfactant additive [Fig. 4(d,e)] indicate that
addition of large amount of Tween-20 to the casting
solution can incite macrovoids formation. As
observed from SEM images, there are big macro-
voids in the sublayer structure of these membranes.

Determination of membrane surface morphology,
mean pore size and surface porosity using AFM

Two and three dimensional surface AFM images of
the membranes prepared using 0 and 2 wt % of
Tween-20 are presented in Figure 5. In these images,
the brightest area presents the highest point of the
membrane surface and the dark regions indicate
valleys or the membrane pores. As observed in
Figure 5(a), the PES membrane prepared without
surfactant exhibits relatively large pores in the
selected surface area and the formation of nodules
on the membrane surface is approximately reduced.
The PES membrane prepared using 2 wt % of
Tween-20 demonstrates similar surface morphology
with a rough and mottled surface consisting of well-
defined depression pores and channels as observed
in Figure 5(b). By comparison of the images in
Figure 5(a,b), it can be observed that the size of
surface pores decreases by addition of 2 wt % of
Tween-20 to the casting solution. For quantitative
analysis, average pore size of the membranes surfa-
ces were obtained from AFM images using DME
SPM software (version 2.1.1.2). The size of 30 pores
in 1 lm � 1 lm area of the membrane surfaces were
measured from height profile of two-dimensional
AFM images using SPM software.28 Height profiles
at 10 randomly chosen lines were selected from
AFM micrographs. The 30 measured pore sizes were
drawn against the median ranks on log-normal
probability paper (Fig. 6). Curves with very high
correlation coefficients (R2 >0.94) through the
obtained data for both the membranes indicate a
log-normal distribution for the pore sizes. The mean
pore size (lp) and the standard geometric deviation
(rp) for the membranes were obtained from data
plotted in Figure 6. The results are presented in
Table II. Pore size distribution of the membranes

Figure 4 SEM cross-sectional images of the PES mem-
branes prepared with different concentration of tween-20:
(a) 0 wt %, (b) 1 wt %, (c) 2 wt %, (d) 3 wt %, and (e)
4 wt %.
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were generated on the basis of eq. (2) using the mean
pore size (lp) and the standard geometric deviation
(rp) measured using Figure 6. The results are pre-
sented in Figure 7. As can be observed there is a
change in pore size distribution for the membranes.
The pore size distribution shifted to the left by addition
of Tween-20 as a hydrophilic surfactant additive to the
casting solution. Surface porosity of the membranes
was obtained using eq. (3). The calculated results are
shown in Table II. The obtained data indicate that
surface porosity of the membranes increase by addi-
tion of 2 wt % of Tween-20 to the casting solution.

Permeation properties of the PES membranes

UF experiments were carried out to study perme-
ability and antifouling properties of the PES mem-
branes. The obtained results were presented in Table
III. As observed, PWF of PES membranes increases
by increasing Tween-20 concentration. For example,
PWF of T0 membrane prepared with no Tween-20 in
the casting solution is 36.9 L/m2h and increases to
152.8 L/m2h by addition 4 wt % of Tween-20 to the
casting solution (T4 membrane). Increasing PWF of
the PES membranes prepared via addition of
Tween-20 as surfactant additive to the casting solu-
tion may be due to the combined effects of porosity

and hydrophilicity of the PES membranes. Composi-
tion (concentration, solvent, additives) of the casting
solution was found to be one of the important key
factors influencing on morphology and performance
of the prepared membranes.36,37

Figure 5 Two and three dimensional AFM surface images of the PES membranes (a) T0 and (b) T2. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 6 Pore size distribution of the prepared mem-
branes obtained from AFM photos on log-normal probabil-
ity paper. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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The effect of Tween-20 addition to the casting so-
lution is presented schematically in Figure 8. Tween-
20 is amphiphilic (i.e. with hydrophilic head and
hydrophobic tail), water (nonsolvent) and DMF (sol-
vent) are hydrophilic, therefore a layer of Tween-20
molecules is formed at solvent (DMF) and nonsol-
vent (water) phase interface and this increases the
rate of nonsolvent-solvent exchange. When solvent
in the casting solution and nonsolvent in the coagu-
lation bath first contact with each other during the
membrane preparation process, most of the nonsol-
vent flows rapidly into the casting solution, leading
to the formation of more nuclei and the growth of
highly concentrated polymer in the porous sublayer
simultaneously.38 On the other hand, DMF is
hydrophilic and PES is hydrophobic. Tween-20
molecules and PES are likely to form a micelle-like
complex in the casting solution. Formation of this
complex reduces interaction between the polymer
chains. Both phenomena result in a delay in coag-
ulation of the polymer in the presence of Tween-
20. Consequently, the growth of skin layer is
diminished and formation of finger-like pores in
the support is improved.27 The formation of
Tween-20 micelles enables flexible adjustment of
the skin layer pore size Since addition of nonsol-
vent varies the casting composition, the membrane
casting system crosses the binodal boundary into
the unstable zone, and the first nucleus of the
Tween-20 micelle performs formation of the pores
in the skin layer. The micelles of Tween-20 are
trapped in the skin layer during the coagulation
process. The repulsive interaction between Tween-
20 micelles and PES looses the skin layers of the
formed membranes.38

Effect of TMP on PWF of the PES membranes

The effects different concentrations of Tween-20 on
PWF at various TMPs is presented in Figure 9. As
observed, PWF through all the membranes within a
TMP range of 0–140 kPa increases almost linearly
with pressure. This is because increasing the operat-
ing pressure increases the required driving force for
water permeation in UF process.39 Also, PWF
through all the membranes increases with increasing
Tween-20 concentration at a particular pressure. For
example, at 120 kPa, PWF increases from 43.2 to
189.3 L/m2h when Tween-20 concentration in the
casting solution increases from 0 to 4 wt %. The
slope of these straight lines can be used as an indica-
tion of the hydraulic resistance during UF. The
membrane with higher slope shows less resistance.
In the other words, the higher slope, the lower
resistance.40 Due to the combined effects of increas-
ing hydrophilicity and porosity of the membrane
surface, increasing Tween-20 concentration in the
casting solution increases the slope of straight lines.

Fouling-resistant ability of the PES membranes

Under constant TMP, the effects of membrane
fouling and concentration polarization are usually

TABLE II
Mean Pore Size, Standard Geometric Deviation and

Surface Porosity Calculated from AFM Images

Tween-20
(wt %)

Mean
pore size
(lp nm)

Standard
geometric

deviation (rp)
Surface

porosity (%)

0 96.1 1.32 29.60
2 73.2 1.53 35.31

Figure 7 Pore size distribution of the prepared mem-
branes. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

TABLE III
Permeation and Antifouling Properties of the PES Membranes (at TMP 5 100 kPa

and pH 5 7.2)

Membrane
JW1

(L/m2h)
JP

(L/m2h)
JW2

(L/m2h)
Rejection

(%) rt rr rir

FRR
(%)

T0 36.9 13.8 20.2 96.4 0.63 0.17 0.46 54.7
T1 59.4 24.4 37.8 94.8 0.59 0.23 0.36 63.6
T2 99.2 42.2 65.9 93.3 0.57 0.24 0.33 66.4
T3 121.8 69.4 99.4 92.1 0.43 0.25 0.18 81.6
T4 152.8 88.6 129.2 90.8 0.42 0.27 0.15 84.5
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observed by a considerable decline in permeation
flux with time. PWF values of the prepared mem-
branes, before and after UF of the BSA solution are
presented in Figure 10. As observed, PWF of all the
membrane decreases after UF of the BSA solution.
This reduction is less for the membranes prepared
with more concentration of Tween-20 in the casting
solution. For example, PWF decreases from 36.9 to
20.9 L/m2h for the membrane prepared with no
Tween-20 in the casting solution (T0 membrane),
while decreases from 152.8 to 129.2 L/m2h for the
membrane prepared with 4 wt % Tween-20 in the
casting solution (T4 membrane). Protein solution
flux (JP) of the PES membranes is presented in
Figure 11. As observed, JP increases with increasing

Tween-20 concentration in the casting solution. The
effect of Tween-20 concentration on the BSA
rejection through the membranes was presented in
Table III. As observed, BSA rejection decreases by
increasing Tween-20 concentration. For example,
BSA rejection decreases from 96.4 to 90.8% when the
Tween-20 concentration increases from 0 to 4 wt %.
This BSA rejection reduction is due to the macro-
voids formation in the membrane structure by
increasing the Tween- 20 concentration (Fig. 4). FRR
was introduced to evaluate the recycling property of
the PES membranes. The FRR values of the mem-
branes were calculated and presented in Table III.
FRR values of all of the PES membranes were higher
than 54.7%. As observed in Table III, FRR increases
by increasing Tween-20 concentration and reaches to
a maximum value of 84%, for the membrane

Figure 10 PWF of the PES membranes before and after
UF of the BSA solution.

Figure 11 Time-dependent protein solution flux of the
PES membranes during UF of BSA solution. UF was car-
ried out at a temperature of 25�C and a TMP of 100 kPa.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 9 Effect of TMP on PWF of the PES membranes.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 8 Presence of Tween-20 in the membrane prepara-
tion process; (a) status of Tween-20 in the casting solution,
(b) status of the cast film in the water coagulation bath.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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prepared with 4 wt % Tween-20 in the casting solu-
tion (T4 membrane). By addition of Tween-20 as a
nonionic surfactant additive with long polyether
chains as hydrophilic groups to the casting solution,
most of the protein fouling becomes reversible due
to the introduction of hydrophilic chains at the
membrane surface.41

Recycling of PES membranes

The excellent flux recovery property of PES mem-
branes prepared with Tween-20 as a hydrophilic
surfactant additive indicated that the prepared mem-
branes could be reused for several runs. To evaluate
the recycling potential of PES membranes prepared
with 0, 2, and 4 wt % Tween-20, three repetitive UF
runs were carried out, and the results presented in
Figure 12. As observed, PWF of the PES membrane
prepared with no Tween-20 in the casting solution
(T0 membrane), decreased to nearly zero after three
runs of UF. However, PWF of the membranes pre-
pared with 2 and 4 wt % Tween-20 in the casting so-
lution (T2 and T4 membranes), decreased to 40.08
and 170.2 L/m2h after three runs of UF. These
results revealed that the recycling potential of the
PES membranes prepared with Tween-20 improved
due to incorporation of hydrophilic properties and
formation of macrovoids in the PES membrane
structure.

Effect of Tween-20 concentration on water content
of the PES membranes

Water content of the prepared membranes calculated
using eq. (4) is presented in Figure 13. It was found
out that addition of Tween-20 to the casting solution
enhances water content of all the membranes. For
example, water content of the membranes increases
from 68.5 to 76.3%, when Tween-20 concentration in
the casting solution increases from 0 to 4 wt %.

Addition of Tween-20 as a hydrophilic surfactant
additive to the casting solution may favor formation
of larger pores in the support layer of the prepared
membranes, and as a result, the membranes become
more porous (Fig. 4). When the additive concentra-
tion increases, repulsive forces between the polymer
segments along with leachability of the additive
enhance and this favors formation of macrovoids
due to occurrence of more number of larger pores.31

The pores on the surface as well as the cavities in
the sublayer are responsible for accommodating
water molecules in the membranes.42

CONCLUSIONS

The effects of Tween-20 concentration as a hydro-
philic surfactant additive in PES/DMF casting solu-
tions on the fundamental characteristics of the
membranes such as cross-sectional and surface mor-
phology, PWF, water content, protein solution flux
and protein rejection were investigated. All the
membranes have asymmetric structure as observed
in the SEM cross-sectional images. By increasing the
concentration of Tween-20 in the casting solution,
the membrane morphology changed slowly from
thin finger-like structure with spongy structure in
the sublayer to long and wide finger-like structure
with some macrovoids in the sublayer. Surface anal-
ysis of the membranes showed that surface porosity
of the PES membranes prepared with Tween-20 in
the casting solution was higher, while their mean
pore size was lower compared with the membrane
prepared with no Tween-20 in the casting solution.
Accordingly, irreversible fouling and total fouling of
the PES membranes remarkably decreased. PWF
could be flexibly tuned by varying Tween-20 content
in the casting solution. Furthermore, the excellent
flux recovery rendered the PES membranes with
their desirable recycling potential were observed.

Figure 13 Effect of Tween-20 concentration on water con-
tent of the PES membranes.

Figure 12 Flux variation of the PES membranes during
three runs of UF (TMP ¼ 100 kPa).
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Finally, it was concluded that pore size and pore
size distribution and even porosity of the PES mem-
branes can be controlled by addition of Tween-20 as
a surfactant additive to the casting solution in the
immersion precipitation process.
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