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a  b  s  t  r  a  c  t

Three  kinds  of membranes  were  prepared  via  non-solvent-induced  phase  separation  using  poly(ethylene-
co-vinyl  alcohol)  (EVOH),  polyether  sulfone  (PES)  and  poly(vinylidene  fluoride)  (PVDF),  which  are  used
widely membrane  materials.  The  resulting  membranes  had  structures  with  skin  layers  and  macrovoids,
and  their  molecular  weight  cut-offs  (MWCOs)  and pure  water  permeabilities  were  45–130  kDa  and
70–100  L/(m2 bar h),  respectively.  In  BSA  filtration  experiments,  the  EVOH  membrane  showed  high  rel-
ative  permeability  after  60 min of  filtration,  while  the  PVDF  membrane  showed  severe  permeability
decline.  The  results  of  filtrations  for  BSA  solution  by  three  membranes  could  not  be  explained  by  the
difference  of  pure  water  permeabilities  and  initial  MWCOs.  The  adsorption  behaviors  of BSA  on the
polymers  were  examined  using  a quartz  crystal  microbalance  with  the  dissipation  monitoring  (QCM-D)
method.  The  order  of BSA  adsorption  amounts  on polymers  measured  by QCM-D  was  in  agreement  with

the order  of  BSA  rejection  during  filtration.  PVDF  showed  the highest  adsorption  amount  and  the  most
rigid  adsorption  layer,  while  EVOH  showed  the lowest  adsorption  amount  and  the  softest  adsorption
layer.  Adhesion  force  measurements  of  PVDF–BSA  and  BSA–BSA  were  also  conducted  using  atomic  force
microscopy.  The  PVDF–BSA  interaction  was  much  stronger  than  the BSA–BSA  interaction,  indicating  that
membrane  fouling  resulted  from  the physicochemical  interactions  between  polymers  and  BSA rather
than  that  between  BSA  and  BSA  on  the membrane  surface.
. Introduction

The application of membrane technology including microfiltra-
ion (MF) and ultrafiltration (UF) membranes in water treatment
rocesses is increasing owing to this technology’s advantages
uch as complete particle removal, reduced chemical use and
mall footprint [1].  The main limitation of the use of mem-
rane technology in widespread water treatment is membrane
ouling, which causes a significant reduction of permeate flux
uring long term filtration [2].  On the basis of many studies on
embrane fouling, it was determined that membrane fouling is

ttributed to natural organic matter (NOM) such as humic sub-
tances and polysaccharide-like and/or protein-like substances [3].
ecent studies have reported that hydrophilic NOM, including
olysaccharide-like and/or protein-like substances, are a signifi-
ant cause of membrane fouling [4–6]. To better control membrane

ouling, it is necessary to elucidate the relationship between mem-
rane fouling and membrane properties such as their structures
nd materials. Lee et al. examined MF/UF membrane fouling with
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E-mail address: matuyama@kobe-u.ac.jp (H. Matsuyama).
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© 2011 Elsevier B.V. All rights reserved.

NOM. They reported that the hydrophilic fraction of NOM caused
significant flux decline, and that membrane roughness is a more
important factor in membrane fouling than hydrophilicity of the
membrane [7].  Schäfer et al. also reported that membrane prop-
erties of hydrophilic or hydrophobic membranes did not play a
major role in the filtration of mixed solutions of inorganic mat-
ter and NOM [8]. On the other hand, Fan et al. examined membrane
fouling of hydrophilic and hydrophobic membranes with fraction-
ated NOM based on hydrophilicity and charge. They reported that
hydrophilic neutral NOM had higher fouling potential and that
hydrophobic membranes showed a higher fouling rate compared
with hydrophilic membranes [9].  Kimura et al. examined mem-
brane fouling of different MF/UF membranes with NOM collected
from different origins. In their paper, it was reported that the
hydrophilic fraction of NOM caused irreversible membrane fouling
and hydrophilic membranes showed high antifouling properties
[10]. One of the reasons for differences among the findings of
previous studies is that membrane properties such as pore size,
pure water flux and membrane structure, which also contribute to

membrane fouling, were not constant. Therefore, it is necessary to
elucidate the influence of the membrane material itself, without
any differences in membrane structures, to clarify the mechanisms
underlying membrane fouling.

dx.doi.org/10.1016/j.memsci.2011.09.015
http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:matuyama@kobe-u.ac.jp
dx.doi.org/10.1016/j.memsci.2011.09.015
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Fig. 1. Schematic diagram showing the appa

For a quantitative understanding of the influence of mem-
rane material on membrane fouling, the strengths of interactions
etween membrane and NOM and between NOM on the mem-
rane surface and NOM in the bulk solution must be determined.
ucker et al. reported that the force between a planar surface and

ndividual colloid particle in solution could be measured directly
sing atomic force microscopy (AFM) [11,12].  The interaction forces
etween membrane and NOM and between NOM on the mem-
rane surface and NOM in the bulk were examined using a similar
FM method, in which functionally modified microspheres such as
arboxyl-modified microspheres, used as a model of humic acid,
ere attached to the cantilever [13–15].  Li and Elimelech [13] and
osta et al. [14] reported that the addition of calcium into humic
cid solution caused significant RO and NF membrane fouling due
o cross-linking between humic acid in the bulk solution and humic
cid in the fouling layer by calcium.

Adsorption phenomena also play an important role in the ini-
ial stage of membrane fouling. Quartz crystal microbalance with
issipation monitoring (QCM-D) is a useful method for obtaining

nformation about the amount of NOM adsorbed on a membrane
urface and the properties of the adsorption layer [16–18].  Tanaka
t al. examined the adsorption behavior of BSA and fibrinogen on
oly(2-methoxyethylacrylate), poly(2-hydroxyethylmethacrylate)
nd polypropylene. They attributed the difference in adsorption
ehavior to a difference in the detachment rate constants among
he three polymers using a dynamic QCM method [16].

The objective of this study was to elucidate the effects of dif-
erent kinds of membrane materials on membrane fouling with
ovine serum albumin (BSA). Three kinds of membranes were
repared via non-solvent-induced phase separation (NIPS) using
oly(ethylene-co-vinyl alcohol) (EVOH), polyether sulfone (PES)
nd poly(vinylidene fluoride) (PVDF). The differences in membrane
ouling behaviors among the three kinds of membranes are dis-
ussed based on AFM and QCM-D measurement results.

. Experimental

.1. Materials

EVOH (Nippon Gohsei Co., Soarnol ET3803, ethylene con-

ent = 38%), PES (BASF Co., Ultrason E6020 P) and PVDF (Solvay
dvanced Polymers Co., Solef 6020) were used as membrane
aterials. Dimethyl sulfoxide (DMSO, Wako Pure Chemical Indus-

ries, Japan) and N-methylpyrrolidone (NMP, Wako Pure Chemical
n bath Take-up winder
 for preparation of hollow fiber membranes.

Industries, Japan) were used as solvents for membrane prepara-
tion via NIPS. N,N-Dimethylformamide (DMF, Wako Pure Chemical
Industries, Japan) was  used as a solvent for the preparation of a
polymer spin-coated QCM sensor. N,N-Dimethylacetamide (DMAc,
Wako Pure Chemical Industries, Japan) was  used as a solvent for the
preparation of polymer films for contact angle measurements. The
bovine serum albumin (BSA) solution was prepared by mixing BSA
(Wako Pure Chemical Industries, Japan) with a buffer solution of pH
7.0 made of sodium dihydrogen phosphate (Wako Pure Chemical
Industries, Japan) and disodium hydrogen phosphate (Wako Pure
Chemical Industries, Japan). A solution containing four dextrans
with molecular weights of 17.5, 75, 195 and 450 kDa (Wako Pure
Chemical Industries, Japan) was used to determine the molecular
weight cut-off for EVOH, PES and PVDF membranes. All chemicals
were used without further purification.

2.2. Preparation of hollow fiber membrane

Hollow fiber membranes were prepared using a batch-type
extruder as shown in Fig. 1 via NIPS. The preparation conditions
are shown in Table 1. EVOH polymer and DMSO were mixed for
17 h at 298 K in a vessel equipped with a stirrer. The polymer solu-
tion was then degassed for 1 h. The homogeneous polymer solution
was fed to a spinneret with inner tube diameter of 0.7 mm  and an
outer tube diameter of 1.0 mm by a gear pump. The hollow fiber
was extruded from the spinneret with water as an inner coagu-
lant, and was  passed through an air gap of 50 mm into a water bath
with a temperature of 298 K, where phase separation occurred and
the porous structure was solidified. The hollow fiber was wound at
a take-up speed of 0.09 m/s. Finally, DMSO in the membrane was
extracted by water. PES and PVDF membranes were also prepared
in the same manner.

2.3. Filtration experiment

Filtration–backwashing experiments for 50 mg/L BSA solution
(pH 7.0) were conducted using a module in which a single hol-
low fiber membrane of about 110 mm in length was packed
into a tube with a diameter of 3 mm.  Effective membrane sur-
face areas for EVOH, PES and PVDF membranes were 3.3 × 10−4,

3.2 × 10−4, 2.2 × 10−4 m2, respectively. Cross-flow filtration with
rate of 0.04 m/s  was carried out from the outer surface to the
inner surface of the hollow fiber at a transmembrane pressure of
50 kPa. Both permeate and concentrate were operated in one-pass
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Table 1
Preparation conditions for hollow fiber membranes.

Membrane EVOH PES PVDF

Spinneret size (mm)  1.0/0.7 (outer/inner diameter)
Polymer solution EVOH (16 wt%) PES (16 wt%) PVDF (16 wt%)

–DMSO –NMP –NMP
Solution temperature (K) 298 298 298
Polymer solution flow rate (m/s) 0.06 0.04 0.06
Inner  coagulant DI water DI water DI water
Inner coagulant flow rate (m/s) 0.14 0.17 0.14
Inner  coagulant temperature (K) 298 298 298
Take-up speed (m/s) 0.09 0.09 0.09
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Air gap (mm)  50 

Bath  composition Water 

Bath  temperature (K) 298 

ode without recycling to feed tank. For each filtration experi-
ent, deionized (DI) water was permeated as a feed at first and the

ure water permeability (J0) was measured. Then, BSA solution was
ltrated and the permeability for BSA solution (J) was measured.
fter 20 min  of filtration, backwashing using DI water was carried
ut at a pressure of 50 kPa for 1 min. The filtration–backwashing
ycle was repeated three times. During filtration of BSA solution,
SA concentrations in feed and permeate solutions were measured
sing a spectrometer (Hitachi Co., U-2000, Japan) at a wavelength
f 280 nm.  Rejection of BSA was calculated using the following
quation:

ejection [%] = C0 − C

C0
× 100 (1)

here C0 and C are the concentrations of BSA in feed and permeate
olutions, respectively.

.4. SEM observations

The EVOH, PES and PVDF hollow fiber membranes were freeze-
ried using a freeze dryer (EYELA, FD-1000, Japan). The dry hollow
ber membranes were immersed in liquid nitrogen and fractured.
he fractured hollow fiber membranes subjected to Au/Pd sputter-
ng. Scanning electron microscope (SEM) images for hollow fiber

embranes were obtained using an accelerating voltage of 15 kV
Hitachi Co., JSM-5610LVS, Japan).

.5. Molecular weight cut-off curve measurement
Molecular weight cut-off (MWCO) curves for the EVOH, PES and
VDF membranes were generated using dextrans with molecular
eights of 17.5, 75, 195 and 450 kDa. Mixed solutions of 1000 mg/L
extran and 1000 mg/L ethylene glycol as an internal standard were

Fig. 2. Schematic diagram showing th
50 50
Water Water
298 298

filtrated by hollow fiber membrane. The concentrations of dextran
and ethylene glycol in feed and permeate solutions were measured
by HPLC (Shimadzu Co., Japan) using a Shodex OHpak SB-805 HQ
column (Showa Denko K.K, Japan). The rejections of dextran were
calculated according to Eq. (1).

2.6. Measurement of BSA adsorption on polymer film

Quartz crystal microbalance with dissipation monitoring (QCM-
D) was  used to measure the adsorbed amounts of BSA on EVOH,
PES and PVDF films. The schematic diagram showing the QCM-D
measurement device is shown in Fig. 2. The method of preparation
of polymer-coated QCM sensors is as follows. Piezoelectric quartz
crystal sensors with a fundamental resonant frequency of 4.95 MHz
and a diameter of 14 mm  (Q-Sense Co., QSX 301) were pre-cleaned
using UV/Ozone cleaner (BioForce Nanosciences Co., Pro Cleaner
110). Then, sensors were spin-coated with 0.5 wt% polymer solu-
tions (EVOH in DMSO, PES in DMF  and PVDF in DMF) at 2000 rpm
for 60 s, followed by drying on a hot plate (KATHERM Co., C-MAG
HP4) at 353 K for 30 min.

QCM-D measurements were conducted in a flow chamber
equipped with EVOH-, PES- and PVDF-coated quartz crystal sen-
sors. The buffer solution was fed into the flow chamber at a flow
rate of 40 �L/min for more than 10 min to stabilize the sensor. Then,
BSA solutions of 5–1000 mg/L were supplied for 30 min. When BSA
was adsorbed to the QCM sensor, the resonance frequency of the
sensor decreased. The adsorbed amount per unit surface area of BSA
on the QCM sensor (�m)  is correlated to the change in frequency

(�f) in accordance with the Sauerbrey equation [19]:

�m = −C
�f

n
(2)

e QCM-D measurement device.
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Table 2
Properties of EVOH, PES and PVDF membranes.

Membrane EVOH PES PVDF
60 M. Hashino et al. / Journal of Me

here C is the mass sensitivity constant (=17.7 ng/cm2/Hz at
 = 4.95 MHz) and n is the overtone number (n = 3, 5, 7). If the adsorp-
ion layer has a viscoelastic property, energy dissipation is caused.

hen driving power to the piezoelectric crystal oscillator is off,
he amplitude of quartz crystal resonance decays exponentially.
issipation factor D is defined by following equation [20]:

 = 1
�f�

(3)

here f is resonant frequency and � is decay time constant. The
hange in dissipation factor �D  = D − D0 is obtained by the QCM-D
easurement, where D0 is the dissipation factor of the pure quartz

rystal immersed in the buffer solution. From the plot of �D  against
f, information about the adsorption layer can be obtained.

.7. Adhesion force measurements

AFM was used to measure the interfacial forces between PVDF
lm and BSA. PVDF film was used instead of a hollow fiber mem-
rane to eliminate any effect of an inhomogeneous morphology of
he porous membrane surface. PVDF powder was pressed under
he conditions of 523 K and 0.3 MPa  using a press machine (Imoto
o., 1MC-181D, Japan) and then PVDF film was prepared. Force
easurements were conducted using BSA-modified 3-�m micro-

pheres made of silica (Corefront, Japan) attached to the top of a
antilever made of SiN (Olympus, OMCL-RC800PSA-1, Japan) under
he conditions reported by Yamamura et al. [21]. The BSA-modified

icrospheres were attached to the top of the cantilever using a
icromanipulator equipped with a scanning electron microscope

Shimazdu Co., Superscan SS-550, Japan).
Force measurements were carried out in buffered water (1 mM

aHCO3, pH = 7.8) with the use of AFM apparatus (Seiko Instru-
ents Inc., S-image SPA-400, Japan). After PVDF films were

mmersed in the buffer solution for 30 min, force measurements
ere conducted at three different locations of a 20 �m × 20 �m

rea in the film and ten force curves were obtained at each location.
he raw AFM data of cantilever deflection versus scanner position
ere converted to force versus separation distance of colloid sur-

ace to film surface using the method reported by Yamamura et al.
21]. Briefly, the cantilever deflection was converted to the loading
orce using the spring constant of the cantilever (0.05 N/m). The
eparation distance was calculated by subtracting the onset where
he relationship between cantilever deflection and scanner position
s linear from each scanner position. An approaching force curve
nd a retraction force curve were obtained by AFM measurements.
he interaction force between PVDF film and BSA was  expressed as
dhesion forces with a maximum value of cantilever deflection in
he retraction force curves. The adhesion force is the force needed
o separate the colloid probe from the PVDF film, which relates to
he easiness of BSA removal from the PVDF membrane surface by
hysical cleaning. Furthermore, the interfacial force between BSA
dsorbed on PVDF surface and BSA in bulk solution was determined
y measuring the adhesion force using PVDF film that had been

mmersed in 1000 mg/L BSA solution for 17 h.

.8. Air contact angle

The 15 wt% polymer solutions were cast on glass with a thick-
ess of 1 mm,  and then dried in a desiccator. The resultant polymer

lms were set on slide glass and immersed in water. An air droplet
f 2 �L was added into the water and contact angles for polymer
lms were measured using a contact angle meter (Kyowa Interface
cience, CA-A, Japan).
Pure water permeability (L/(m2 h bar)) 70 ± 7.7 90 ± 10.2  100 ± 2.6
MWCO  (kDa) 110 45 130

3. Results and discussion

3.1. Hollow fiber membranes

SEM images of EVOH, PES and PVDF membranes prepared via
NIPS are shown in Figs. 3–5,  respectively. The three membranes
had skin layers at the outer surfaces and macrovoid structures in
cross sections. These macrovoid structures are typical structures
of membranes prepared via NIPS method. The immersion of the
outer surfaces in a water bath results in the formation of a skin
layer during NIPS. Because the resulting dense skin layers restrict
water to penetrating across sections of membrane, phase separa-
tion proceeds slowly and leads to macrovoid formation. The pure
water permeabilities of the three kinds of membranes are shown in
Table 2. EVOH, PES and PVDF membranes showed pure water per-
meabilities of 70, 90 and 100 L/(m2 bar h), respectively. These water
permeabilities are not particularly different for three membranes.

Molecular weight cut-off (MWCO) curves for EVOH, PES and
PVDF membranes are shown in Fig. 6. The MWCO  curve for EVOH
was comparable to that for PVDF, while the PES membrane showed
slightly higher rejection compared with the EVOH and PVDF mem-
branes. Values for MWCO, which is defined as the molecular weight
of dextran to be rejected by more than 90%, are also shown in
Table 2. EVOH and PVDF membranes showed MWCO  values of
110 kDa and 130 kDa, respectively. The MWCO  of PES membrane
was 45 kDa. Three membranes had dense outer surfaces as shown
in Figs. 3(f), 4(f), and 5(f) which contacted with dextran solutions
and could determine the extent of dextran rejection mainly. The
hydrophilicity of membrane may  also influence the behavior of
the solute adsorption on membrane and influence MWCOs. How-
ever, by QCM-D measurements (not shown), dextran was hardly
adsorbed on all membranes. This indicates less effect of membrane
materials on dextran adsorption on membranes. Thus, the MWCOs
of EVOH, PES and PVDF membranes can be considered to represent
the pore sizes on the outer surfaces of three membranes.

3.2. Filtration experiments with BSA solution

The results of filtration experiments with 50 mg/L BSA solu-
tion using EVOH, PES and PVDF membranes are shown in Fig. 7.
The membrane fouling properties were different among the three
kinds of membranes. EVOH showed the highest relative perme-
ability (J/J0) of 0.65 after 60 min  filtration, as shown in Fig. 7(a). PES
showed slightly lower relative permeability of 0.6. On the other
hand, the relative permeability of PVDF decreased significantly to
0.4 after 60 min  of filtration. The backwashing operations using DI
water were carried out at the times shown by arrows and dashed
lines in Fig. 7. No recovery of permeability was  obtained by back-
washing, for all membranes. The BSA rejection results for the three
kinds of membranes are shown in Fig. 7(b). BSA rejection by PVDF
decreased from 65% to 50% with increased filtration time. PES mem-
branes also showed decreased BSA rejection from 50% to 30%. These
decreases in the amounts of BSA rejection during filtration might
be attributed to decreases in the amounts of adsorption sites on
the membrane surface with increasing filtration time. For EVOH

membrane, BSA rejections were about 10% during the 60 min  of
filtration.

Although PVDF membrane showed higher pure water perme-
ability than that of EVOH membrane as shown in Table 2, PVDF
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monolayer BSA are 2.5 mg/m2 for side-on type and 9.0 mg/m2 for
end-on type [22]. The maximum adsorption amounts of BSA on
EVOH, PES and PVDF were 3.34, 3.45 and 4.01 mg/m2, respectively,

Table 3
Fitting parameters for Langmuir isothermal adsorption equation.
ig. 3. SEM images of the hollow fiber membrane made of EVOH. (a) Whole cross-sec
ear  the outer surface; (e) inner surface; (f) outer surface.

embrane showed severer flux decline than EVOH membrane as
hown in Fig. 7(a). Moreover, the initial MWCO  of PVDF membrane
130 kDa) was  larger than that of EVOH membrane (110 kDa) as
hown in Table 2. However, BSA rejection by PVDF membrane was
igher than that of EVOH membrane as shown in Fig. 7(b). From
hese results, the results of the BSA filtrations by three membranes
annot be explained by the differences of pure water permeabilities
nd initial MWCOs.

.3. QCM measurements

The adsorption isotherms of BSA on EVOH-, PES- and PVDF-
oated quartz crystal sensors are shown in Fig. 8. The adsorption
sotherms were also calculated using the Langmuir isothermal
dsorption equation:
 = �maxcK

1 + cK
(4)

here � and � max are adsorption amount and maximum adsorp-
ion amount (mg/m2), respectively, c is the concentration of BSA in
(b) enlarged cross-section; (c) cross-section near the inner surface; (d) cross-section

the solution (mg/L) and K is a constant. The fitting parameters of
� max and K used for calculation are shown in Table 3. The lines in
Fig. 8 are the calculated results from Eq. (4).  PVDF showed a higher
maximum adsorption compared with PES and EVOH. For PVDF, the
constant K, which is the ratio of adsorption rate to desorption rate,
was ten times higher than that for EVOH. For all polymer mate-
rials, the adsorption experimental data were in good agreement
with the results calculated by the Langmuir isothermal adsorption
equation, indicating that adsorption of BSA on these polymer films
was monolayer adsorption. The theoretical adsorption amounts of
Polymer EVOH PES PVDF

� max (mg/m2) 3.34 3.45 4.01
K  (L/mg) 0.006 0.017 0.062
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Fig. 4. SEM images of the hollow fiber membrane made of PES. (a) Whole cross-section; (b) enlarged cross-section; (c) cross-section near the inner surface; (d) cross-section
n
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ear  the outer surface; (e) inner surface; (f) outer surface.

hich are slightly higher than the value for side-on type but much
maller than the value for end-on type. Thus BSA adsorptions in
his study are considered to be mainly monolayer adsorption. It
s also noted that the order of maximum adsorption amounts of
SA on EVOH, PES and PVDF was in agreement with the order of
he degree of fouling of the three membranes during filtration,
s shown in Fig. 7(a). To determine the differences in adsorption
ehaviors of BSA on EVOH, PES and PVDF, the hydrophilicities of
hese polymers were examined. Air contact angles for EVOH, PES
nd PVDF were 132.5 ± 2.1, 114.6 ± 1.0 and 94.0 ± 1.1, respectively.
ith increasing of air contact angle, hydrophilicity increases. The

rder of hydrophilicity of EVOH > PES > PVDF was  in agreement
ith the adsorption behaviors of BSA on polymer films. The higher

he hydrophilicity of polymer film was, the lower the amount of
dsorption of BSA on polymer film. This result was also in agree-

ent with the result reported by Matthiasson that a hydrophilic

ellulose acetate membrane showed less adsorption of BSA com-
ared with hydrophobic polyamide and polysulfone membranes
23].
The 50 mg/L BSA solution was  fed to the PVDF spin-coated
sensor, followed by rinsing by buffer solution. The changes in
BSA adsorption amounts on PVDF film and desorption amounts
achieved by rinsing with buffer solution are shown in Fig. 9. As
shown in this figure, the desorption amount was quite low. The per-
centages of desorption achieved by rinsing of EVOH, PES and PVDF
films were 5.9, 4.9 and 3.8%, respectively. These results indicate
that the interactions between BSA molecules and polymer films
were strong and that BSA caused irreversible membrane fouling.
This is the reason why no recovery of backwashing was observed
for EVOH, PES and PVDF membranes, as shown in Fig. 7(a).

The relationship between dissipation shift (�D) and frequency
shift (�f) from adsorption experiments with BSA solution and
EVOH, PES and PVDF films is shown in Fig. 10.  The behavior of PVDF
film is different from those of EVOH and PES films. This difference in

the slopes of �D − �f  plots is attributed to the different viscoelastic
properties of the adsorption layers. When the slope in this plot is
high, a soft adsorption layer is formed, while a rigid layer is formed
in the case of a low slope condition [24]. In the case of PVDF film,
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Fig. 5. SEM images of the hollow fiber membrane made of PVDF. (a) Whole cross-section; (
near  the outer surface; (e) inner surface; (f) outer surface.
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Fig. 6. Molecular weight cut-off curves for EVOH, PES and PVDF membranes deter-
mined using solutions of dextran with molecular weights of 17.5, 75, 195 and
450 kDa.
b) enlarged cross-section; (c) cross-section near the inner surface; (d) cross-section

the low slope in the region of frequency shift of 0 to −12 Hz is due
to a rigid layer of BSA adsorbed on PVDF film. On the other hand, the
high slope in the region of frequency shift of −12 to −25 Hz is due to
a soft layer, which causes significant energy dissipation. EVOH and
PES also show properties of soft adsorption layers. The differences
in the slopes of �D  − �f  plots can be explained as follows. In the
initial stage of adsorption of BSA onto PVDF film, BSA is deformed
promptly to become adsorbed on the PVDF surface because of the
interaction between hydrophobic parts of BSA and the hydrophobic
PVDF, leading to formation of a rigid adsorption layer. With increas-
ing amounts of adsorbed BSA, there are fewer adsorption sites on
the PVDF surface and BSA cannot be deformed easily because of
steric hindrance, resulting in formation of a soft adsorption layer.
On the other hand, soft adsorption layers were formed on EVOH and

PES films, because hydration layers in these polymer films control
adsorption of BSA onto the polymer surface. Salgın et al. reported
that BSA adsorbed onto a hydrophobic polyethersulfone mem-
brane was deformed and BSA adsorbed onto a hydrophilic cellulose
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Fig. 9. Time-course of adsorption of 1000 mg/L BSA solution on PVDF film and des-
orption of BSA following membrane rinsing with buffer solution.
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ines in the figure show the backwashing process.

riacetate membrane had a globular structure like the BSA in solu-
ion [25].

.4. Adhesion force measurements

The adhesion forces between PVDF–BSA and BSA–BSA mea-
ured using AFM are shown in Fig. 11.  The adhesion force between
VDF and BSA was about −1.5 nN, while that between BSA and

SA was almost zero. Because BSA has a negative charge at pH
.0, which is above the isoelectric point (4.8) [26], the interaction
orce between BSA and BSA molecules is an electrostatic repulsive
orce, resulting in a slight adhesion force between BSA and BSA. The
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Fig. 10. Relationship between dissipation shift and frequency shift induced by
adsorption of 1000 mg/L BSA solution on EVOH, PES and PVDF films.
strong adhesion force between PVDF and BSA may  be attributed
to a hydrophobic interaction between the hydrophobic PVDF and
hydrophobic parts of BSA, as mentioned above. Because the interac-
tion between PVDF and BSA was strong, and that between BSA and
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SA was weak, the adsorption of BSA on PVDF film was monolayer
dsorption under the conditions in this study, as shown in Fig. 8.

 small amount of desorption of BSA from PVDF film, achieved by
insing the membrane with buffer solution, was observed, as shown
n Fig. 9. This is also due to the strong interaction between PVDF and
SA. Moreover these AFM results can explain the result obtained

ollowing filtration of BSA solution through PVDF membrane, in
articular, the fact that membrane fouling largely resulted from
he physicochemical interaction of BSA and membrane, rather than
SA–BSA interaction on the membrane surface. Huisman et al. also
eported that the hydrophobic interaction between a polysulfone
ltrafiltration membrane and BSA dominated initial membrane
ouling, and that the interaction between BSA and BSA was  pre-
ominant in later membrane fouling [27].

. Conclusions

The influence of different kinds of membrane materials on mem-
rane fouling with BSA was examined using EVOH, PES and PVDF
embranes prepared by NIPS. The resultant EVOH, PES and PVDF
embranes had membrane structure with a skin layer on the

uter surface and macrovoid in the cross-section. These mem-
rane showed molecular weight cut-offs of 45–130 kDa and pure
ater permeability of 70–100 L/(m2 bar h). The membrane foul-

ng behaviors with BSA were different among the three kinds of
embranes. EVOH showed lower BSA rejection and high relative

ermeability, while severe decline of relative permeability was
bserved for PVDF membrane having higher BSA rejection. The
esults of filtrations for BSA solutions by three membranes could
ot be explained by the properties of pure water permeabilities
nd initial MWCOs of three membranes. The fouling behaviors
ould be explained by the degree of BSA adsorption on polymers,
btained using QCM-D measurements. Moreover, the degrees of
SA adsorption were related to the hydrophilicities of the poly-
ers. Hydrophobic PVDF showed the highest amount of adsorption

nd a rigid adsorption layer, while hydrophilic EVOH showed the
owest amount of adsorption and a soft adsorption layer. From
he adhesion force measurements for PVDF–BSA and BSA–BSA
sing AFM, it was found that the PVDF–BSA interaction was  much
tronger than the BSA–BSA interaction. These results also indicate
hat the membrane fouling behaviors in this study were affected
y physicochemical interactions between polymers and BSA rather
han an interaction between BSA and BSA on the membrane
urface.

This study confirmed that membrane materials significantly
nfluenced membrane fouling. The selection of membrane mate-
ials in consideration of the interaction between membrane
nd foulant contributes to controlling membrane fouling and
idespread of membrane technology.
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