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ABSTRACT: To evaluate the antifouling properties of the poly(ether sulfone)
(PES)/sulfonated poly(ether sulfone) (SPES) blend membranes, the full-size
membrane modules containing pure PES hollow fiber membranes and PES/SPES
blend hollow fiber membranes were prepared and compared. First, a series of
PES/SPES blend hollow fiber membranes with different SPES fraction were
fabricated by a nonsolvent-induced phase separation (NIPS) process. The surface
chemical compositions, morphology, surface wettability, permeability, and
mechanical strength of the membranes were characterized. After assembling the
module, the permeability and antifouling properties of the full-size modules were
tested in a lab-scale evaluation system. Each full-size membrane module in this
study included approximately 330 pieces of 1 m long hollow fiber membranes
with an effective area of approximately 1 m2. Three model foulants, i.e., sodium
alginate (SA), humic acid (HA), and bovine serum albumin (BSA), and three real
river water samples were used in evaluation of the antifouling properties. Hermia’s models adapted to cross-flow ultrafiltration
were used to investigate the fouling mechanism involved in the ultrafiltration of SA, HA, BSA, and river water samples. The
results indicated that the membrane module containing the hollow fiber membranes with 10% of SPES (MD20-10) showed
better antifouling properties than the membrane module containing pure PES hollow fiber membranes (MD22-0). In addition,
the main fouling mechanism for all foulant is the complete blocking, intermediate blocking, or gel layer formation. Moreover, it
was also confirmed that module MD20-10 possessed a sufficient chemical cleaning capability, which implied a promising
potential for its practical application.

1. INTRODUCTION

Nowadays, amphiphilic copolymers are attracting a great deal of
attention for fabrication and modification of polymeric
membranes.1−4 Among them, sulfonated poly(ether sulfone)
(SPES) is considered as an effective membrane additive/material
applied for various applications, including water treatment,5−8

gas separation,9,10 energy production,11−16 and catalytic
membrane fabrication.17,18

Because of the hydrophilic and negatively charged sulfonate
groups on the poly(ether sulfone) (PES) backbones, SPES is
often used to prepare antifouling ultrafiltration membranes.19

The hydrated layer formed on the hydrophilic surface creates a
physical/chemical barrier that prevents foulants from approach-
ing the hydrophobic matrix. On the other hand, an electrostatic
repulsion occurs between the negatively charged surface and the
negatively charged foulants. Kim et al.7 proved that SPES
reduced bovine serum albumin (BSA) fouling at a wide range of
pH (3.0−8.0). Wang et al.20 testified that a PES/SPES blend
membrane reduced BSA adsorption and prolonged the blood
coagulation time compared with a neat PES membrane,
indicating the promising application for hemodialysis and

blood purification. Li and Chung21 reported a dual-layer hollow
fiber membrane made from SPES with durable protein
separation performance, which was attributed to the strong
electrostatic attraction of hemoglobin molecules (a kind of
positively charged protein) and to the shielding effect caused by
the adsorbed molecules for BSA diffusion. Moreover, the
negatively charged surface also generates an interaction force
with cations, which are further immobilized onto the surface. For
instance, silver particles were immobilized onto SPES mem-
branes, thus achieving the antibacterial capacity.22 Therefore,
SPES is an effective membrane material and additive, and PES/
SPES blend membrane is a type of hydrophilic membrane with
high performance.
Although there are so many publications reporting the

improved properties of membranes by the polymer blending
method, most of them are limited to fundamental studies.
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Compared with the flat sheet membranes, hollow fiber
membranes have been widely used in the field of water treatment
due to their high packing density, small footprint, and high
filtration efficiency.23,24 The performance of the hollow fiber
membranes is usually evaluated with a small-size hollow fiber
membrane module containing 1−10 fibers with the length of 6−
25 cm (Table S1, please refer to Supporting Information).25−31

Obviously, such evaluation modules are much smaller than those
used commercially.32 Therefore, it is critical to evaluate the
membrane properties in commercially sized modules for further
scaling-up of water treatment processes.
In this work, antifouling properties of the full-size membrane

modules were evaluated using several types of PES-related
hollow fiber membranes, i.e., pure PES membranes and PES/
SPES blend membranes. First, the membranes were prepared by
a traditional nonsolvent-induced phase separation process, and
then the single hollow fibers were characterized. After that,
several full-size modules containing pure PES membranes and
PES/SPES blend membranes were fabricated. In the modules,
there were about ∼330 pieces of hollow fiber with a length of 1.0
m. Model foulants, such as sodium alginate (SA), humic acid
(HA), and BSA, were chosen for antifouling evaluation.
Furthermore, several real river water samples were also collected
and used to evaluate the antifouling properties of the modules.
Furthermore, Hermia’s models adapted to cross-flow ultra-
filtration33,34 were used to investigate the fouling mechanism
involved in the ultratfiltration of SA, HA, BSA, and river water
samples. We expect that this study provides the helpful guidance
for the antifouling evaluation on the full-size modules containing
blend membranes.

2. EXPERIMENTAL SECTION

2.1. Materials and Reagents. Poly(ether sulfone) (PES,
Ultrason E6020P, Mw = 58 000 g mol−1) was obtained from
BASF Co., USA. Sulfonated poly(ether sulfone) (SPES1#,Mw =
110 000 g mol−1, degree of sulfonation (DS) = 30%; SPES2#,Mw
= 141 000 g mol−1, DS = 30%) was kindly supplied by Konishi
Chemical Ind. Co., LTD, Japan. Dimethylacetamide (DMAc)
and bovine serum albumin (BSA) were purchased from Wako
Pure Chemical Industries, Japan. Sodium alginate (SA) was
obtained from Aldrich Chemical Co., USA. Humic acid (HA)
was obtained from Sigma-Aldrich Chemie GmbH, Germany.
Three river water samples (Yodo River, Kako River, and Seta

River) were collected in the autumn of 2016. Detailed
information on these river samples is listed in Table S2. The
quality of the river water samples was characterized by the total
organic carbon analyzer (TOC, TOC-VCSH, Shimadzu Co.,
Japan), liquid chromatogram−organic carbon detector (LC-
OCD, Model 8, DOC-Labor, Germany), and excitation−
emission matrix fluorescence spectroscopy (EEM, Aqualog,
HORIBA, Ltd., Japan). In LC-OCD results, DOC represents the
dissolved organic carbon. Biopolymer represents polysaccharides

with higher molecular weight, >50 000−2 000 000 g mol−1.
Humics represent consists of humic acids and fulvic acid in
varying amounts. Building blocks represent humics−hydro-
lysates, intermediates in the degradation process. Neutrals
represent slightly hydrophobic substances, such as alcohols,
aldehydes, ketones, and amino acids. Acids represent final
degradation products of organics, but also released by algae and
bacteria.35 In EEM results, the NOM is mainly divided into five
regions, that is, regions I−V, referring to aromatic protein I,
aromatic protein II, fulvic acid-like, soluble microbial byproduct-
like, and humic acid-like in water, respectively.36

2.2. Fabrication of Hollow Fiber Membranes. The
hollow fiber membranes were prepared using a hollow fiber
spinning machine consisting of a dope dissolving unit, a
spinneret unit, a coagulation bath unit, and a winding unit, by
the nonsolvent-induced phase separation (NIPS) method. The
compositions of the casting solutions are listed in Table S3. The
homogeneous dope solution (40 °C) was extruded though a
spinneret (inner diameter, 0.5 mm; outer diameter, 1.3 mm;
referring to Figure S1) with an inner lumenmade by a bore liquid
(Milli-Q water) into a coagulation bath (water, 40 °C), in which
phase separation and solidification took place. The gap between
the spinneret and the coagulation bath was 12.5 cm, and the
hollow fiber was wound on a take-up winder at ∼11 m min−1.
The wound fibers were cut into bundles of∼100 fibers with 1.5m
in length. The residual solvent in the prepared membrane was
extracted using excess amounts of water. Finally, the hollow fiber
membrane bundles were soaked in a 60 wt % glycerol solution for
at least 72 h and dried at 50 °C thereafter. The detailed
information on hollow fiber membranes before glycerol soaking
and drying is listed in Table 1.

2.3. Characterizations of Hollow FiberMembranes.The
shape and size of the hollow fiber membranes were observed with
an optical microscope (SKM-S30C, Saito Kogaku Co., Japan),
connected to a computer. The images were recorded and
analyzed directly from live video (software: SK-Viewer, Saito
Kogaku Co., Japan). The water permeability of the hollow fiber
membrane was measured using a homemade module that
comprise a single hollow fiber membrane. The effective length
inside the module was 240 mm. The mechanical strength of the
hollow fiber membranes was determined by a tensile strength
tester (AGS-J, Shimadzu Co., Japan). The length of each samples
was 5 cm, and the stretching rate was 50 mm min−1. Every value
obtained was averaged from at least six parallel samples. The
membrane morphology was observed by scanning electron
microscope (SEM, JSF-7500F, JEOL, Japan). The cross sections
of the fibers were obtained by fracturing them in liquid nitrogen.
All the surfaces and cross sections were coated with a thin
osmium oxide layer using an osmium coater (Neoc-STB,
MEIWAFOSIS Co. Ltd., Japan) before SEM observation. The
surface chemical compositions of the membranes were
characterized by X-ray photoelectron spectroscopy (XPS, JSP-

Table 1. Characteristic Properties of Pure PES Hollow Fiber Membranes and PES/SPES Blend Hollow Fiber Membranes

membrane
ID

o.d.
(μm)

i.d.
(μm)

wall thickness
(μm)

pure water perm.
(L m−2 h−1 bar−1)

tensile strength
(MPa)

elongation
(%)

Young modulus
(MPa)

air bubble contact anglea

(deg)

M20-0 985 784 100 350 7.1 98 0.18 118
M22-0 881 643 119 159 9.8 118 0.22 117
M20-5 1001 762 120 157 5.1 71 0.12 125
M20-10 948 655 147 146 4.1 66 0.09 134
M23-30 1021 728 146 41 2.7 44 0.05 134

aThe air bubble contact angle was tested on the flat sheet membrane with the same composition.
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9010MC, JEOL, Japan) with Al Kα excitation radiation (1486.6
eV). For these measurements, 5−6 pieces of the hollow fiber
membranes (approximately 6 mm in length) were attached onto
a carbon tape together to achieve an effective area of
approximately 6 mm × 6 mm. The binding energy was calibrated
by the existing C 1s (285 eV). The surface hydrophilicity of the
membranes was measured by the air bubble contact angle on a
contact angle goniometer (Drop Master 300, Kyowa Interface
Science Co., Japan). The air bubble contact angle is defined as the
angle from the solid surface to the air−water interface through
the air phase.
2.4. Preparation of the Full-Size Membrane Module.

The dried bundles of the hollow fiber membranes were placed
into a module with a length of 1 m, each of which contained
approximately 330 pieces of fibers. In this case, the outer
membrane area was approximately 1 m2. Potting of the module
end portion was carried out with a urethane resin using a normal
centrifugation method. The module was designed to be an “out
to in” filtration type, and the hollow fibers were open only at one
end. Therefore, the module had three ports: an inlet and an
outlet for the feed liquid passing along the exterior of the hollow
fibers and an outlet for the permeate solution at the open end of
the hollow fibers. The feed inlet was at the same side as the closed
end of the hollow fiber and the feed and permeate were in parallel
flow. Figure 1 shows the appearance of the full-size membrane
module used in this study.

2.5. Module Evaluation. The permeability and antifouling
properties of the full-size modules were tested on a lab-scale
evaluation system (Microza LX-22001, Asahi Kasei Chem. Co.,
Japan), the schematic diagram of which is shown in Figure 2. The

procedure is as follows. Before the fouling measurement, the
water permeability was measured with tap water. The pressure at
the inlet (Pin, bar) was set at 30−50 kPa for different modules to
obtain the similar water flux (Jw, L m−2 h−1). The water
permeability (L m−2 h−1 bar−1) of the module was obtained
according to following equation:

=
+

J

P P
water permeability

( )/2
w

in out (1)

where Pout is the pressure at the outlet.
The fouling measurement included three stages. In the first

stage, 30 L of foulant solution was used as the feed solution in the
circulation. In addition, a 10-fold concentration of foulant
solution was continuously injected to the feed solution tank to
keep the foulant concentration. The filtration process was
operated at the constant inlet pressure for 1 h. Then the rinsing
process was carried out. The module was backflushed under 40
kPa for 30 s with clean tap water, and then it was aerated for 10 s
with an air flow rate of 2.5 L min−1. Subsequently, the residual
solution (approximately 1.2 L) was discharged. In the following 5
h, the filtration and rinsing process was repeated for five times.
Here, 1 h filtration process and one time rinsing process are
defined as one cycle. Therefore, six cycles were completed in the
first stage.
In the second stage, the membrane module was thoroughly

rinsed by clean tap water using the following procedure. First, the
solution in the feed solution tank was completely replaced with
clean tap water. Then, the whole systemwas circulated with clean
tap water with a flow rate of 50 L min−1 for 3−5 min, after which
the module was backflushed for 1 min and aerated for 30 s. The
system was then rinsed for 1 min. Subsequently, the solution in
the tank was replaced with clean tap water again, and the previous
process was repeated once more. Finally, the clean tap water flux
was measured again at the same inlet pressure. In the third stage,
the membrane module was taken out of the evaluation system
and soaked in a chemical solution containing 1000 ppm of
NaClO and 1 mM NaOH for 3 days. Lastly, the clean tap water
flux after the chemical cleaning was measured again using the
same conditions in the evaluation system.
The rejections (R, %) for HA and BSA of membrane modules

are calculated according to the following equation:

= − ×
⎛
⎝⎜

⎞
⎠⎟R

c

c
1 100%p

f (2)

Figure 1. (a) Photo of a full-size membrane module with a length of 1 m.
(b) Outlet for the permeate solution of a membrane module.

Figure 2. Schematic diagram of the evaluation system of the full-size membrane module.
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where cf and cp refer to the concentrations of feed and permeate
solutions, respectively. HA and BSA concentrations were
determined by the total organic carbon analyzer (TOC, TOC-
VCSH, Shimadzu Co., Japan) and UV−vis spectroscopy (U-
2000, Hitachi Co., Tokyo, Japan) at a wavelength of 280 nm,
respectively.

3. RESULTS AND DISCUSSION
3.1. Characterizations of Single Hollow Fiber Mem-

branes. Five different membranes were prepared by the NIPS
method: two pure PES membranes (M20-0 and M22-0) and
three PES/SPES blend membranes (M20-5, M20-10, and M23-
30). The characteristic properties, morphology, and surface
chemical compositions of the prepared membranes were
characterized, and the results are shown in Tables 1 and 2 and

Figure 3. For the pure PES membranes, the membrane with
higher polymer concentration, i.e., M22-0, exhibits a higher
membrane thickness, lower water permeability, and higher
mechanical strength than M20-0. As for the PES/SPES blend
membranes, their membrane thickness is higher than that of the
pure PES membranes due to the pore forming effect of SPES
during the phase separation process. Because of the higher
affinity between SPES and coagulation bath, the polymer-rich
rich and polymer-lean phases can tolerate more content of water
before gel formation, leading to larger pore sizes in thematrix and
larger porosity.4,37 To obtain a similar permeability, the polymer
concentration with different SPES fractions is slightly changed.
When doping a low fraction of SPES (M22-0, M20-5, and M20-
10), these membranes show a similar water permeability
(approximately 150 L m−2 h−1 bar−1, wet membranes before
glycerol drying). These membranes with similar water
permeability are suitable for the fouling experiments because
the water permeability effect is eliminated, and the effect of pure
membrane material can be evaluated in isolation. On the other
hand, the permeability sharply decreases for M23-30 (Table 1).
This is mainly caused by the increase in the thickness of the
spongelike sublayers in both inner and outer surfaces (Figure 3),
which dramatically increases the water diffusion resistance.38,39

The most critical problem for M23-30 that deserves attention is
its low mechanical strength compared with the other
membranes, which represents ∼38% of the mechanical strength
of M20-0 and∼28% of that of M22-0. Because of the flexibility of
the sulfonate group and the water adsorption capability of the
hydrophilic segments of SPES, the tensile strength, the
elongation at break, and the Young modulus of a single hollow
fiber decrease with an increase of the SPES fraction in the
polymer blend. Therefore, it is impossible to make a membrane
with higher permeability than that of M23-30 by decreasing the
polymer concentration because it would result in a fiber too weak
to fabricate by the spinning method.
The air bubble contact angle was used to confirm the

hydrophilicity of the blend membranes, and the higher one
represents the better hydrophilicity.4 It is found that PES/SPES

blend membranes show the higher contact angles (Table 1),
indicating that the surface hydrophilicity of blend membranes is
enhanced compared with the pure PES membranes.
The membrane morphology was characterized by an optical

microscope and a scanning electron microscope (SEM). As
shown in Figure 3a, the cross-sectional shapes of M20-0, M22-0,
M20-5, and M20-10 are regular circular rings with uniform
thickness due to their sufficient mechanical strength. However, in
the case of M23-30, the membrane thickness visible in the cross
sections is not uniform, which is mainly due to the weak
mechanical strength of this membrane. Double finger-like
structures can be observed at the cross sections near the inner
and outer layers in Figure 3b because water is used for both the
coagulation bath and bore flow. An instantaneous phase
separation occurs when the extruded fiber is immersed in
water, resulting in porous structures. Because of the hydro-
philicity of SPES, the casting solution containing PES/SPES
blend can accommodate more water before gelation and
solidification occurs, which results in a delayed phase separation
and thus an increased thickness of sponge-like sublayers in both
inner and outer surfaces of M23-30.19 However, the investigation
on detailed phase separation mechanism is still on the way and
will be presented in our following research article. As for the
surfaces of all membranes, both the inner and outer surfaces
visually reveal the absence of pores, which is in accordance with a
previous study.5

The XPS results show the similar surface chemical
compositions on the outer surfaces of the pure PES and blend
membranes (Table 2). If the hydrophilic part of SPES segregates
on the membrane surface, the amount of oxygen increases. The
results of Table 2 indicate no apparent surface segregation
phenomenon of hydrophilic SPES is observed, which is in
contrast with our previous studies.4,40 This is mainly attributed to
the rigid structures of hydrophilic sulfonated groups when they
directly covalently bond with benzene rings and limitation of the
chemical segregation onto the uppermost surface during the
phase separation process.19

In summary, several kinds of pure PES hollow fiber
membranes and PES/SPES hollow fiber membranes with
different SPES fractions were successfully fabricated and
subsequently used for module preparation and evaluation.

3.2. Characterizations and Antifouling Properties
Evaluation of Full-Size Membrane Modules. 3.2.1. Char-
acteristics of Full-Size Membrane Modules. Because of the low
mechanical strength of M23-30, these fibers cannot be made into
the module. The detailed information on the full-size membrane
modules with other four types of membranes, namely M20-0,
M22-0, M20-5, and M20-10, are listed in Table 3. Compared
with the membrane sizes shown in Table 1, the shapes and sizes
of the hollow fibers before and after glycerol-drying process are
similar. However, the water permeability for M20-10 is
noticeably lower compared with the other fibers. This is mainly
caused by the shrinkage of the hydrophilic matrix during the
drying process. The prepared modules are denoted as MD22-0,
MD20-0, MD20-5, and MD20-10, corresponding to the inset
hollow fibers (M22-0, M20-0, M20-5, andM20-10, respectively).
According to their final pure water permeability of the modules,
the modules are divided into two groups with similar water
permeability, that is, MD20-0 and MD20-5 and MD22-0 and
MD20-10. Moreover, MD22-0 and MD20-10 have the similar
rejections of HA and BSA.

3.2.2. Effect of SPES Fraction on the Antifouling Properties
of Full-Size Membrane Modules. In order to eliminate the

Table 2. Chemical Compositions of the Outer Surfaces of the
Membranes

membrane ID C (%) O (%) S (%)

M20-0/M22-0 70.4 22.8 6.8
M20-5 73.1 21.4 5.5
M20-10 72.4 20.1 7.5
M23-30 73.2 19.9 6.9
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hydraulic effect during the fouling measurement,4 the initial flux
for each group was adjusted to the same level by changing the
operation pressure. For MD20-0 and MD20-5, the initial water
flux was approximately 40 L m−2 h−1, while for MD22-0 and
MD20-10, the initial water flux was approximately 22 L m−2 h−1.
As shown in Figure 4a, the fluxes of M22-0 and M20-5 sharply
decrease when the feed solution is changed to SA solution. Here,
we define the ratio of the flux after 1 h SA fouling experiment to
the initial flux as flux retention (FR, %) and the ratio of the flux
after the rinsing process and the initial flux as flux recovery ratio

(FRR, %). Higher values of FR and FRR mean the better
antifouling properties. It is observed that FR values for MD20-0
and MD20-5 after six-cycle operation are 15.3% and 21.7%,
respectively (Figure 4c), indicating the severe membrane fouling.
After five cycles, FRR values for M20-0 and M20-5 are ∼38%,
implying that most membrane fouling is irreversible fouling,4,41

which are mainly attributed to the hydrophobic interaction
between the foulant and the membrane matrix. After thoroughly
rinsing with clean water (stage 2 in Figure 4a), the stable
recovered water fluxes for both modules are similar, around 40%

Figure 3.Morphology of pure PES hollow fiber membranes (M20-0 and M22-0) and PES/SPES blend hollow fiber membranes (M20-5, M20-10, and
M23-30): (a) optical microscope photographs; (b) SEM images.
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of the initial water flux. Therefore, 5% of SPES fraction in the
polymer blend cannot effectively mitigate membrane fouling.
Considering MD22-0 and MD20-10, the flux decrease during

the fouling process for MD20-10 was obviously much lower
when compared with that for MD22-0 (Figure 4b). The FR value
kept at 0.742 after six-cycle operation for MD20-10, while that of
MD22-0 was kept at 0.334 (Figure 4c). It should be mentioned
that the FR values were almost the same (approximately 77%) for
each of the six cycles of the fouling process for MD20-10, while
for MD22-0, the FR value after the sixth cycle (approximately
33%) is nearly half of that after the first cycle (approximately
59%). These results strongly prove that MD20-10 shows the
durable antifouling properties during a multiple cycle operation,
whereas themembrane fouling onMD22-0 becomes increasingly
severe. The FRR values (Figure 4d) also give the evidence of the
excellent antifouling properties of MD20-10. Furthermore, the
stable fluxes of MD22-0 and MD20-10 in stage 2 are ∼56% and
∼90% of the initial water flux, respectively. The improved

hydrophlicity (Table 1) and endowed negative charge21 of the
PES/SPES membrane obviously reduce the foulant deposition
on the membrane surface and pores, and the attached foulant is
easily washed away from this membrane by simple water flushing.

3.2.3. Effect of Types of Model Foulants on the Antifouling
Properties of Full-Size Membrane Modules.With our previous
results, only modules (MD22-0 and MD20-10) were further
used in our evaluation of the membrane antifouling properties.
Typical model foulants (HA and BSA) were used to evaluate the
membrane antifouling properties. During the HA fouling
measurement, the procedure is slightly different from the
previous one: during stage 1, two modules were operated
under the same pressure (25 kPa) in first three cycles (0−180
min); then they were operated under the same flux (25 kPa for
MD22-0 and 44 KPa for MD20-10) in the following three cycles
(181−360min). As shown in Figure 5a, the flux decay forMD22-
0 is more severe than that for MD20-10 during the fouling
measurement in stage 1. After each rinsing process, the flux

Table 3. Summary Information of the Membrane Modules

single hollow fiber membrane
after glycerol-drying process characteristics of membrane modules performance of fresh membrane modules

module ID
o.d.
(μm)

i.d.
(μm)

wall
thickness
(μm)

fiber
no.

outer surface
area (m2)

length
(m)

i.d.
(mm)

packing
density (%)

water permeability
(L m−2 h−1 bar−1)

rejection of
HA (%)

rejection of
BSA (%)

MD20-0 944 744 100 340 1.008 1 30 33.6 176
MD22-0 885 647 117 346 0.957 1 30 29.5 102 87 81
MD20-5 1015 755 120 285 0.910 1 30 32.6 187
MD20-10 872 547 162 299 0.819 1 30 25.3 56 85 78

Figure 4. Effect of the SPES fraction in the polymer blend on the antifouling properties of full-size membranemodules: (a) relative fluxes ofMD20-0 and
MD20-5 vs operation time, including two stages; (b) relative fluxes ofMD22-0 andMD20-10 vs operation time, including three stages; (c) flux retention
(FR) after 1 h fouling vs cycles; (d) flux recovery ratio (FRR) after rinsing process vs cycles. A 100 ppm of SA solution was chosen as the foulant.
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recovery ratios (FRRs) in five cycles are higher than 94% for
MD20-10, but they gradually decrease from 81% to 75% for
MD22-0 (Figure 5c), indicating that increasingly more foulants
are deposited on the membrane after five filtration−rinsing

cycles. FRRs for MD20-10 and MD22-0 in stage 2 are 96% and

73%, respectively, which implies that HA attached on PES/SPES

membranes is easily washed away by simple backflushing process.

Figure 5. Effect of different model foulants (HA and BSA) on the antifouling properties of full-size membrane modules: (a) relative flux vs operation
time, using 100 ppm of HA solution as the foulant; (b) relative flux vs operation time, using 100 ppm BSA solution as the foulant; (c) flux recovery ratio
(FRR) after rinsing process vs cycles, using 100 ppm of HA and 100 ppm BSA solutions as the foulants; and (d) relative flux vs accumulative volume,
using 100 ppm BSA solution as the foulant.

Figure 6. Detailed fractions of the natural organic matter (NOM) in river water samples (a, Yodo River; b, Kako River; c, Seta River) by (1) LC-OCD
analysis and (2) EEM analysis.
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During the BSA fouling measurement, initial water fluxes were
set at the same level (approximately 20 Lm−2 h−1) by altering the
operation pressure (25 kPa for MD22-0 and 44 kPa for MD20-
10). The relative water flux of MD20-10 is approximately1.5
times as high as that of MD22-0 after 6 h of fouling test (Figure
5b). Also, FRRs for MD20-10 are stable at 87%, while those for
MD22-0 decrease from 67% to 52% (Figure 5c). Another
important thing should be highlighted that the accumulative
volume after a 6 h test is 92 L m−2 for MD20-10 but that is only
47 L m−2 for MD22-0, and the accumulative volumes per
operation pressure are 2.09 and 1.88 L m−2 kPa−1 for MD20-10
and MD22-0, respectively (Figure 5d). This proves that due to
the improved antifouling properties of the PES/SPES mem-
branes, the module (MD20-10) consumes less energy to
generate the same volume of clean water. It can also be estimated
that when prolonging the operation time, the pure PES
membrane module suffers from the more severe fouling and
thus results in lower efficiency for water production.
3.2.4. Antifouling Evaluation of Full-Size Membrane

Modules by Using Real River Water Samples. To evaluate the
practical application in water treatment field, real river water
samples from Yodo River, Kako River, and Seta River, three local
rivers in Kansai region of Japan, were used to confirm the
antifouling properties of the full-size modules containing pure
and blend hollow fiber membranes. The water quality of these
river water samples measured by LC-OCD and EEM is shown in
Table S2 and Figure 6. Table S2 shows the TOC concentration is
relatively low (1−2 ppm) compared with our model foulant
solutions (100 ppm). LC-OCD is a technique that classifies the
natural organic matter (NOM) into biopolymers, humics,

building blocks, neutrals, and acids, based on the sizes and
chemical functions of the matters.35 This technique indicated
that most part of the NOM in river water is humics and building
blocks42 (Figure 6). According to EEM analysis, fulvic acid-like
and humic acid-like substances (total, 75−80%) are the
dominant part of the NOM in the river water, and the remaining
matter is protein.
The operation process for evaluating antifouling properties of

the membrane modules by river water samples is as follows. This
process also included three stages. In the first 120 min (cycle 1 in
stage 1), the river water, containing 27 L of river water sample
and 7 L of tap water, was circulated in the evaluation system at a
specific pressure (for MD20-10, the pressure was 43.5 kPa; for
MD22-0, the pressure was 25 kPa) with a flow rate of 130 L h−1.
After that, themodule was backflushed under the pressure of 40−
45 kPa for 30 s and aerated for 10 s with a flow rate of 2.5 Lmin−1,
and finally, the residual solution (approximately 2 L) was
discharged. Then in 121−180 min (cycle 2 in stage 1), the
permeate solution was collected and the fresh river water was
supplemented into the foulant solution tank with a flow rate of
200 mL min−1. In stages 2 and 3, the process was the same as
described in section 2.5.
Figure 7 shows the flux change of the membrane modules

when using the three river water samples. Flux decrease of
MD20-10 is less than that of MD22-0 in all three river water
cases. After the first rinsing process of 120 min, the water
recovery ratios for MD20-10 are almost 100% in all cases, but
those are ∼91% for MD22-0. After 3 h of river water treatment,
the flux retentions are approximately 97% for MD20-10, and
those are approximately 86% forMD22-0. This strongly indicates

Figure 7. Flux change of full-size membrane modules (MD22-0 and MD20-10) by using real river water samples (a, Yodo River; b, Kako River; and c,
Seta River).
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that almost no membrane fouling occurs whenMD20-10 is used.
After the clean water rinsing process (stage 2), the flux is totally
recovered for MD20-10, but it cannot be recovered for MD22-0,
implying that the initial membrane fouling in MD22-0 is the
irreversible fouling. Compared with the flux decrease observed in
the model foulant solutions measurements, the fouling is much
lower when using river water samples due to their low
contaminant concentrations in the river water samples (Table
S2). Therefore, MD20-10 exhibits better antifouling properties
for real water treatment.
3.2.5. Chemical Cleaning of the MembraneModules (Stage

3Operation).Chemical cleaning is a facile and efficient approach
to recover the membrane properties. In this study, NaClO/
NaOH solution cleaning process was adopted to remove and
degrade the contaminants in and/or on the membrane after one
fouling measurement (Figures 4b, 5a, and 7a,b), and then the
membrane modules were reused for the subsequent fouling
experiments. In this case, the chemical cleaning was conducted
by soaking themembranesmodules in a 1000 ppm ofNaClO and
1 mM NaOH solution for 3 days. According to the experimental
results, the water permeability of MD20-10 in all cases was
completely recovered, indicating that the membranes were
recovered without breaking fibers. However, for MD22-0, the
flux recovery ratios after chemical rinsing were approximately
70%, 90%, 95%, and 92%, when SA, HA, Yodo River water, and
Kako River water were used as foulants, respectively. Therefore,

the membrane module (MD20-10) with PES/SPES blend
hollow fiber membranes is more easily cleaned and recovered by
the chemical cleaning procedure, and this also proves that the
chemical cleaning extent is sufficient for its practical application.

3.3. Fouling Modeling Fitting. To better understanding of
the detailed fouling procedure of membrane modules during
water treatment, Hermia’s model was adopted to fit the flux. The
general equation for Hermia’s models adapted to crossflow
ultrafiltration is shown as follows:43

− = − −J
t

K J J J
d
d

( ) n
ss

2
(3)

where J is the permeate flux (m s−1),K is a model constant, t is the
filtration time (s), and Jss is the steady-state flux during filtration
(m s−1). The parameter n is specific to fouling mechanisms
according to Vela et al.,34 and the detailed relationship between n
and fouling mechanism is listed in Table S4.34,44

According to these four types of fouling model, the flux data
(mainly the first cycle of filtration procedure) were fitted, and all
the fitting data are listed in Figure 8, Figures S2−S6, Table 4, and
Table S5. Generally, the filtration data can be well fitted by
complete blocking model, intermediate blocking model, and gel
layer formation model except the standard blocking model.
According to the definition, when the size of solute molecules is
greater than that of the membrane pores, the complete blocking
occurs; while the solute molecule size is similar to the membrane

Figure 8.Complete blocking model (a), intermediate blocking model (b), standard blocking model (c), and gel layer formation model (d) for crossflow
flux filtration predications for MD22-0 and MD20-10 using BSA as the model foulant. The inset black and red lines are model fitted lines.
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pore size, the intermediate blocking occurs.33,34 For gel layer
formation, the solute molecules are greater than the membrane
pores and do not penetrate inside them. Then the solutes deposit
on the membrane surface and on the previously deposited solute
layer.33 When BSA and HA are used as the foulant, the rejections
are higher than 80%, which means that most foulants are
successfully retained by the membranes. Therefore, only the
standard blocking model in which the foulant deposited inside
the pores cannot fit well with the experimental data.
Furthermore, it can be found that the constant in fouling

models (Kc, Ki, and Kgl) are dependent on the filtration system,
and the values vary with membrane modules and the types of the
foulant (Table 4). Especially, the constant (Kc, Ki, and Kgl) for
MD20-10 usingHA and BSA as the foulant is much lower that for
MD22-0, implying the improved antifouling properties, while the
constant (Kc, Ki, and Kgl) for MD20-10 using SA as the foulant is
comparable to that for MD22-0. It may be caused by the
properties of SA, which easily aggregates and become gel during
filtration45,46 and does not matter with the properties of the
membranes. However, properties of the blend membrane are
more easily recovered by back flushing compared with the pure
PES membranes (Figure 4b). Moreover, due to the lower solute
concentrations in real river water samples, the values of K (Kc, Ki,
and Kgl) are much lower than those for model foulant solutions.
In this study, the values of K (Kc, Ki, and Kgl) are much larger

than those in previous report using poly(ethylene glycol) (PEG)
as model foulant.34 One reason is probably caused by the
different interactions between the membrane surface and the
foulant. Compared with the model foulant (i.e., SA, HA, and
BSA), the interaction between the foulant and the membrane
surface is much stronger than that between PEG and membrane
surface. Another reason is the different crossflow velocity during
ultrafiltration process. In this work, the crossflow velocity is
approximately 0.06 m s−1 for all modules during measurement,
which is much lower than those in previous research (i.e., 1, 2,
and 3 m s−1). Therefore, for further improvement of antifouling
properties of the membrane modules, increasing the crossflow
velocity is an effective way.
From above fitting analysis, it can be concluded that the

fouling mechanism of the membrane modules during ultra-
filtration is complete blocking model, intermediate blocking
model, or gel layer formation model, and the membrane module
with PES/SPES blend membranes exhibits the better antifouling

properties compared with the module with pure PES
membranes.

4. CONCLUSIONS
In this study, a series of full-size membrane modules containing
pure PES hollow fiber membranes and PES/SPES blend hollow
fiber membranes were successfully fabricated. This is the first
work that an evaluation of the antifouling properties of this type
of blend membranes is carried out in the full-size membrane
modules. From a comparison of the mechanical strength and
antifouling properties of the blend membranes with different
SPES fractions, the blend membranes with 10% SPES showed
the best performance. By using SA, HA, and BSA as the model
foulants, the improved antifouling properties of the membrane
module containing the hollow fiber membranes with 10% of
SPES (MD20-10) were confirmed. Moreover, flux decrease of
MD20-10 was much lower than that of the membrane module
containing pure PES membranes (MD22-0) during real river
water filtration, also evidencing the improved properties of
MD20-10. The module fouling analysis using Hermia’s model
confirmed that the main fouling mechanism involved the
complete blocking model, intermediate blocking model, or gel
layer formation model. A sufficient extent of chemical cleaning of
MD20-10 was also confirmed, which implied a promising
potential for its practical application.
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module foulant
Kc

(m−1)
Ki
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3

(s−0.5 m−0.5)
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(s m−2)

MD22-0 SA 126.3 154.0 37.5 34.2
MD20-10 SA 120.5 129.7 13.6 26.2
MD22-0a HA 226.7 238.3 8.2 49.5
MD20-10a HA 132.8 137.2 5.4 24.8
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