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ABSTRACT

Polyethersulfone/sulfonated polysulfone (PES/SPSf) microfiltration (MF) membranes were fabri-
cated via reverse thermally induced phase separation (RTIPS) method and non-solvent induced
phase separation (NIPS) method using N,N-dimethyl acetamide (DMAc) and diethylene glycol
(DEG) as solvent and non-solvent, respectively. Attenuated total reflectance Fourier transform-
infrared (ATR-FTIR) revealed that SPSf was successfully blended with PES in PES/DMAc/DEG
solution system. Membranes with completely sponge-like morphology and uniform porous top
surface were prepared by RTIPS method, while dense skin surface and finger-like structure pre-
sented in the membranes by NIPS method. In addition, pure water flux and bovine serum albumin
(BSA) rejection rate of most membranes fabricated via RTIPS method were higher than that of NIPS
method. As for membranes prepared by RTIPS method, pure water flux first increased from 511 to
2,119 L/m? h and then decreased to 1,499 and 1,896 L/m? h, simultaneously, when the pure water flux
reached 2,119 L/m? h, the BSA rejection rate could still kept at a high level (70.11%). Furthermore,
the water flux recovery ratio of membranes containing SPSf were much higher (>80%) than that of
the pure PES membrane (59.21%). These results indicated that the permeability and anti-pollution
performance of the PES/SPSf membrane could be enhanced with increasing sulfonation degree of
SPSf, moreover, RTIPS method was a superior method for membrane preparation.

Keywords: Reverse thermally induced phase separation (RTIPS) method; Hydrophilicity; Sulfonated

polysulfone (SPSf); Sulfonation degree

1. Introduction

Polyethersulfone (PES) is widely used in membrane
preparation field due to its good mechanical strength, excel-
lent acidic, and alkaline resistance and its high glass transi-
tion temperature [1-3]. However, the strong hydrophobicity

* Corresponding author.

results in severe membrane fouling and greatly reduction
of the polyethersulfone membrane service life, which lim-
its its wide application in water treatment field. Therefore,
many strategies have been taken to enhance the hydrophilic-
ity of PES membrane to improve anti-fouling performance
[4-6]. The most effective and feasible method is blending
owning to its convenient operations and mild conditions.
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The polymer blending modification is to mix the hydro-
philic polymer with the hydrophobic polymer in a specific
weight ratio, thereby improving the hydrophilicity of the
membrane [1,7]. Quantities of studies have proved that due
to the existence of hydrophilic substances such as oxidized
multi-walled carbon nanotubes (O-MWCNTs) [8], CuO [9],
cellulose acetate [10], and so on in hydrophobic polymer
membranes, thus, the membranes with better hydrophilicity,
antifouling performance, and water permeability are suc-
cessfully prepared. Gumbi et al. [8] introduced O-MWCNTs
nanoparticles to dimethylacetamide/polyethylene gly-
col/Polyethersulfone/sulfonated  polysulfone (DMAc/
PEG/PES/SPSf) casting solution and successfully prepared
membranes with sponge-like structure, excellent water per-
meability with almost unchanged retentions, hydrophilic-
ity, mechanical strength, and fantastic antifouling ability.
However, the compatibility of polymers is a key factor
affecting the composition of the casting solution, which fur-
ther affects the membrane performance. Therefore, it is very
important to select or synthesize hydrophilic additives in
which the properties are similar to the membrane noume-
non materials such as such as SPSf [11,12] and sulfonated
polyethersulfone (SPES) [13]. SPSf is chosen to be blended
with PES to produce membranes with excellent properties
due to the similarity of chemical structure and properties
between SPSf and PES. Li et al. [1] proved that PES and SPSf
polymers showed a very good miscibility, and the PES/SPSf
membrane with outstanding water permeability and anti-
fouling ability, however, the PES/SPSf membranes prepared
by non-solvent induced phase separation (NIPS) method,
finger structure has appeared inevitably. Therefore, in order
to obtain membranes with good properties, it is necessary
to develop a new method to prepare membrane materials.

Simultaneously, the preparation method has a great
influence on membrane structure and properties. Phase
inversion method, which is often used to fabricate com-
mercial polymeric membranes such as microfiltration (MF)
and ultrafiltration (UF), including non-solvent induced
phase separation (NIPS) method and thermally induced
phase separation (TIPS) process. During the NIPS pro-
cess, the solvent and nonsolvent exchange rapidly, which
is more conducive to the formation of dense skin layer and
finger-like structure [14], this phenomenon limits the wide
application of NIPS method in membrane preparation.
Therefore, the upper critical solution temperature (UCST)-
TIPS process was invented by Castro [15]. Although it is
critical to improve the defects of the membranes by NIPS
method, higher preparation temperatures and less volatile
diluents hinder the widespread of TIPS process. Though
many studies had been reported the improved TIPS process
[16-18], this mechanism still could not solve the problem of
high energy consumption. As a new membrane preparation
technology, the lower critical solution temperature (LCST)-
TIPS (reverse TIPS, i.e., RTIPS) process which was proposed
by Liu et al. [19], has received unprecedented attention due
to the combination of the advantages between NIPS and
TIPS process. The PES membranes with the bi-continuous
structure were attained via RTIPS method, which showed
a higher pure water permeation flux and excellent mechan-
ical properties than that of membranes prepared by NIPS
process.

The aim of this study is to improve the hydrophilicity
and anti-fouling property of PES-based blend membrane
by investigating the effect of sulfonation degree of SPSf
and membrane preparation mechanism on compatibility,
morphologies, and properties of the PES/SPSf membrane.
To achieve this, the PES/SPSf membrane was prepared with
different sulfonation degree of SPSf via RTIPS method. The
performance of PES/SPSf membrane was studied by pure
water flux, bovine serumal bumin (BSA) rejection rate and
BSA flux variation in a long time. The thermal stability of
membranes was determined by thermogravimetric anal-
ysis (TGA). The surface morphology and cross-sectional
structures were recorded by scanning electron microscopy
(SEM) while the surface roughness and hydrophilicity
were measured using atomic force microscopy (AFM) and
water contact angle, respectively. Compared with other flat-
sheet membranes, the advantages of membranes prepared
in this work were also observed.

2. Experimental
2.1. Materials

PES (M, = 45,000) and polysulfone (PSF) were pur-
chased from BASF (Germany) and Shandong Jinlan Special
Polymer Co., Ltd., (China), respectively. Sodium hydrox-
ide (NaOH), dichloroethane (C,H,Cl,), oleum (H,SO,), and
phenolphthalein obtained from Shanghai Chemical Agent
Co., Ltd., (China). The materials were placed in the drying
oven at 60°C for 1 d before using. DMAc and diethylene gly-
col (DEG) were supplied by Sinopharm Chemical Reagent
Co., Ltd,, BSA (M_ = 67,000) was obtained from Shanghai
Lianguan Biochemical Engineering Co., Ltd. Pure water was
self-made.

2.2. Preparation of SPSf

Fifty milliliters of C,H,Cl, and 10 g of PSF were added
into a three-necked flask equipped with a stirrer, a drop-
ping funnel, an air condenser, and a thermometer. After
stirring and dissolving uniformly, oleum was added slowly.
With the addition of oleum, the reactants were changed
from clear to mixed, and then occurred phase separation.
After the reaction was complete, C,H,Cl, and excess acid
were poured out, then washed with distilled water to neu-
trality, and dried in a 50°C vacuum drying oven to obtain
the SPSA.

The method for measuring the degree of sulfonation was
as follows: 0.3 g SPSf and 30 mL of a 1 mol/L NaCl solu-
tion were placed in a sample tube and shaken repeatedly.
After an overnight rest, 10 mL of the solution was titrated
with 0.05 mol/L of NaOH solution in the presence of
phenolphthalein as an indicator.

Ec =NV (1)
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where N is the equivalent concentration of sodium hydrox-
ide standard solution, V is the volume of consumed sodium
hydroxide standard solution, W is the quality of SPSf.

2.3. PES/SPSf membrane preparation

The blend membranes were fabricated via reverse ther-
mally induced phase separation (RTIPS) method. Table 1
shows the components of the casting solution for the PES/
SPSf membrane fabrication. DMAc and DEG were added
into an Erlenmeyer flask, then SPSf with different sulfon-
ation degree (0%, 5%, 10%, 15%, 20%, and 25%) was dis-
solved in mixed solvents, and weighed amounts of PES
were dispersed into cast solution and stirred about 24 h
at room temperature. The prepared cast solution was left
at room temperature for 24 h to remove the bubbles. After
degasification, the solution was cast on a smooth glass
plate with a scraper gap of 300 um and quickly immersed
in the coagulation water bath with different temperature
(Table 2) for phase separation, the schematic diagram of
the PES/SPSf membrane preparation process by RTIPS
method and NIPS method is illustrated in Fig. 1.

2.4. Membrane characterization

The light transmittance experiment was used to study
what was the main driving force during the phase separa-
tion process. The method and device were first reported by
Li et al. [20]. The phase separation rate of the casting solu-
tion was characterized by the relationship between the light
transmittance intensity through the recording membrane
and the immersion time.

The viscosity of the PES/SPSf cast solution was measured
by DV-II+PRO Digital Viscometer (Brookfield, USA) at 25°C.

wiped the surface moisture of the wet membrane samples
with a filter paper and weighed it. The wet membrane
samples were then dried in vacuum condition (60°C) until
the water completely evaporated. Porosity was calculated

by Eq. (3):

e= W, -W,)/p,
(M_Wz)/p1+wz/pz

x100% ®)

where ¢ is the porosity of membrane, W, is the wet sample
weight (g), W, is the dry sample weight (g), p, and p, are the
density of pure water (1 g cm?) and PES (1.370 g cm®).

The average pore size (r,) of PES/SPSf blend mem-
brane was determined by the formula of Guerout-Elford-
Ferry [23]:

. (2.9 -1.75¢) x 8nhQ @)
" ex Ax AP
where 7, is the average pore size (um), ¢ is the porosity of
membrane, 1 is the water viscosity (8.9 x 10 Pa/s), I is the
membrane thickness (mm), Q is pure water transmittance
(mL/s), A and AP are the membrane area (cm? and feed
pressure (0.1 MPa), respectively.

The maximum pore size (r ) of the membrane was
calculated using the bubble point method according to
Laplace’s law [24]:

Table 2
Coagulation water bath temperature

The cloud point was determined by a self-made device Membrane number Water bath
[21], the testing process was as follows: transparent homo- temperature (°C)
geneous casting solution was poured into a sealed tube, and MSPSF-0-25 25
then heated evenly from 25°C to 70°C at a rate of 1°C/min
in a water bath. When the turbidity of the casting solution MSPS£-0-60 60
occurred, the temperature was the cloud point (i.e., LCST). MSPS£-5-60 60

The thermal stability of the PES/SPSf membrane was MSPS£-10-60 60
measured via TGA (TGA1000C, China) from 20°C to 1,000°C MSPSf-15-25 25
at a heating rate of 20°C/min under nitrogen atmosphere. MSPSf-15-60 60

The digital micrometer was used to determine the MSPSf-20-60 60
thickness of wet membranes. The drytwet welght method MSPS£-25-60 60
was used to measure membrane porosity [22]. First, gently
Table 1
Components of the cast solution

Membrane no. Cast solution composition (wt.%) Sulfonation

DMAC DEG PES SPst degree of SPSF (%)

MSPSt-0 46.1 36.9 17 0 0

MSPSt-5 46.1 36.9 15 2 5

MSPStE-10 46.1 36.9 15 2 10

MSPSf-15 46.1 36.9 15 2 15

MSPS£-20 46.1 36.9 15 2 20

MSPSf-25 46.1 36.9 15 2 25
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Fig. 1. Schematic diagram of PES/SPSf membrane preparation process.
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where o, 6, and P are the surface tension of water
(22.8 x 107 N/m), the membrane contact angle (°) and mini-
mum bubble point pressure (MPa), respectively.

The surface and cross-sectional morphologies of PES/
SPSf membrane were studied by SEM (S-34001I, Hitachi High-
Technologies, Japan). The cross-section of the membrane was
obtained by freeze-breaking in liquid nitrogen. All samples
were cut into small squares (approximately 1 cm?) and glued
onto a special stage followed by spraying with gold.

The roughness of the flat-sheet membrane was investi-
gated by AFM (Veeco, Nanoscope Illa Multimode AFM).
The scanning area of the membrane was 20 pm x 20 um. The
roughness was analyzed by NanoScope analysis software,
the 3D AFM image was drawn by Gwyddion software.

Attenuated total reflectance Fourier transform-infrared
(ATR-FTIR) spectrometer (Nicolet 6700, Thermo Electron
Scientific Instruments Corp.) to characterize functional
groups of the PES/SPSf membrane. The hydrophilicity of the
PES/SPSf membrane was evaluated by a contact angle goni-
ometer (JC2000A, Shanghai Zhongcheng Digital Equipment
Co., Ltd., China) according to the process as follows: approx-
imately 5 pL of water droplets were dropped on the dried
membrane surface, and then images were taken with a cam-
era to determine the water contact angle. In order to reduce
the error, the contact angle was measured at least three times
and then averaged.

2.5. Membrane performance tests

The testing system for pure water flux (/) and BSA
(300 mg L™) rejection rate (R) was a self-made cross-flow
filter. The membrane modules were continuously pre-pressed
for 30 min at 0.1 MPa before testing. The BSA concentration
in the feed and permeate solution was determined by UV
(HACH, DR6000, USA) spectrophotometer at 280 nm. | and
R could be calculated using Eqs. (4) and (5), respectively [25].

Jo= (6)

o) =|1-Cr |«
R(/o)_(l CJ 100 @)

F

where Q is the volume of permeate (L), A is the membrane
area (m?), t is the operation hours (h), C, and C, are BSA con-
centrations in the permeate and feed solution, respectively.

After filtration of BSA solution, the fouled membrane
was backwashed with alkali solution (pH = 10) for 30 min
without pressure conditions, then the feed solution was
replaced to pure water. The overall fouling process included
three pure water filtration stages (J , J , and ] ), two clean-
ing stages and two fouling stages. The variety of pure
water flux and BSA of membrane with time was also tested,
respectively. The water flux recovery rate FRR(%) could be
calculated using the following equation:

FRR (%) = Lz 100 ®)

w

3. Results and discussion
3.1. Synthetic pathway, sulfonation degree, and FTIR of SPSf

Figs. 2 and 3 display the synthetic pathway and FTIR
spectrum of SPSf, respectively. The sulfonation degree of the
prepared SPSf was calculated to be 5%, 10%, 15%, 20%, and
25%. The absorption peak at 1,102.60-1,233.74 cm™ represents
the symmetrical stretching vibrations of O=5=0 in sulfuric
group. The absorption peak at 2,359.21 cm™ represents the
stretching vibrations of —S— in sulfuric group. These results
illustrate that sulfuric group was successful synthesized
in SPSf.

3.2. Cloud point and viscosity

The cloud point values of the cast solution obtained
by heating the cast solution from 25°C to 70°C at 1°C/min
are shown in Fig. 4, in which the cloud point of MSPSf-0,
MSPSf-5, MSPS{-10, MSPSf-15, MSPS£-20, and MSPSf-25
are 43°C, 46°C, 48°C, 49°C, 50°C, and 50°C, respectively. In
spite of the incompatibility between SPSf, PES, and DEG,
DMACc/DEG/PES/SPSf system has good compatibility and
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Fig. 2. Synthetic pathway of SPSf.

;\_.3‘

o

o

s 2359.21

g

sl
<+ 2
% £
N e

1 1 1 1 ] b
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm™)

Fig. 3. FTIR spectra of SPSf.

outstanding stability [11]. The cloud points increase with
increasing SPSf sulfonation degree, this can be explained by
increasing hydrogen bonding. SPSf molecules are presented
among the polymer chains and enhanced the interaction
between the polymer and organic solvents, resulting in an
increased cloud point. However, due to the good compati-
bility and outstanding stability of DMAc/DEG/PES/SPSf sys-
tem at room temperature, as the sulfonation degree of SPSf
increases, the hydrogen bonding is formed not anymore,
so the growth rate of cloud point has slowed down.

The viscosities of different cast solution are shown in
Fig. 4. When the sulfonation degree of SPSf increases from
0% to 25%, the initial viscosity of DMAc/DEG/PES/SPSf
casting solution has improved. This phenomenon can be
linked with increasing inter and intra-molecular hydrogen
bonding interaction between PES and SPSf, which restrict
the mobility of polymer chains due to the continuous
addition of sulfonic acid groups (-SO,H) [26]. However,
as the sulfonation degree of SPSf increases, the growth
rate of viscosity has slowed down. Since the fixed content
of PES and excellent compatibility between PES/SPSf and
mixed solvent (DMAc/DEG) at room temperature, hydro-
gen bonding is gradually saturated.

3.3. Light transmittance

Light transmittance curves, as shown in Fig. 5, illustrate
a sharp drop at the beginning and then turn slowly until
tend to flat. As for MSPSf-0-25 and MSPSf-15-25, the light
transmittance of MSPSf-15-25 changes more slowly than

SO;H
SPSF
60
/] Cloud point L 1 3500
50k |:|Viscosity e
7 Z/a 7 7 ZAREL
e
40 ? 12500
2 <
g B 42000 &
230} g
E g
& 115003
20H
4 1000
ol H 500

0 0
MSPS{-0 MSPSf-5 MSPS{-10 MSPS{-15MSPSf-20 MSPS{-25
Membrane number

Fig. 4. Cloud point and viscosity of the cast solution with
increasing sulfonation degree of SPSf.

that of MSPSf-0-25. This is because water bath temperature
was lower than cloud point and the dominant principle was
NIPS method based on mass transfer (Fig. 1), the MSPSf-
15-25 has a high viscosity, which means slow mass transfer.

When the water bath temperature (60°C) was higher
than the cloud point, the dominating membrane formation
process was RTIPS mechanism based on heat transfer.
The slope of the beginning part of the light transmittance
curve for MSPSf-15-60 and MSPSf-25-60 decreases rapidly
than that of MSPSf-0-60 and there is a little slope differ-
ence between MSPSf-15-60 and MSPSf-25-60. This result
indicated that the phase separation rate of heat trans-
fer and the viscosity are unrelated. Simultaneously, this
further explains that the function of hydrophilic groups
(-SO,H) is greater than that of viscosity and the tempera-
ture gap value [27], then accelerates phase separation speed
though generally high viscosity and a few differences of
temperature gap will delay separation rate.

3.4. ATR-FTIR analysis of the PES/SPSf membrane

As shown in Fig. 6, ATR-FTIR spectra is often used to
analyze organic functional groups. The absorption peak at
1,102.60-1,233.74 cm™ represents the symmetrical stretch-
ing vibrations of S=O in sulfuric group [28]. In addition,
the absorption peak at 2,359.21 cm™ represents the stretch-
ing vibrations of —S- in sulfuric group, which has no appear-
ance in the spectrum of pure PES membrane (MSPSf-0-60).
These results indicate that sulfuric group interacted with
pure PES membrane successfully.
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Fig. 5. Light transmittance curves of the cast solution.

3.5. Morphological studies

As mentioned before, NIPS and RTIPS method depended
on the relationship between the cloud point of the membrane
and the water bath temperature. The cloud point of MSPSf-
15 is 49°C, it can be seen from Fig. 7 that the MSPS{-15-25
membrane, the coagulation water bath temperature (25°C)
is lower than the cloud point, exhibiting a dense skin layer
with only a few holes and asymmetric finger-like structure
run through the whole cross-section. This is due to the direct
contact of the membrane with water bath for instantaneous
phase separation. However, as for MSPSf-15-60, the water
bath temperature (60°C) is higher than cloud point, present-
ing sponge-like cross-section and homogeneous porous top
surface, which is the evidence of high flux and outstanding
BSA rejection rate shown in Fig. 12. Therefore, the mecha-
nism of RTIPS is a better method for membrane preparation
in phase-inversion method.

However, membrane structure and performance are
affected by many factors, in order to further investigate the

MSPSf-15-25-a

53400 5.00kV x300 SE.

MSPSf-15-60-a

Fig. 7. SEM images of MSPSf-15 by NIPS and RTIPS.

MSPSf-15-60-b

gt ot

MSPS{-25-60 o \jMﬂ;'%fﬁ \/
= | msest2060 V7
é MSPSf-15-60 o
% MSPSF-10-60
E | MSPSES-60

MSPS£-0-60

SPSf polymer V‘Es_ VY WYY
4000 3500 3000 2500 2000 1500 1000

Wavenumber(cm™)

Fig. 6. ATR-FTIR spectra of the PES/SPSf membrane.

effect of sulfonation degree of SPSf, all membranes are pre-
pared by RTIPS process. It can be seen from MSPSf-0-60 to
MSPSf-25-60 that homogeneous porous surface is exhib-
ited in Fig. 8. The number of pores increases first and then
decreases a little with increasing sulfonation degree of SPSf
and the highest porosity and maximum pore size are obtained
at MSPSf-15-60. This phenomenon corresponds to pore size
in Table 3. Additionally, SEM images of MSPSf-0-60 have
a dense cross-section, as shown in Fig. 8, which indicates a
rapid exchange rate owing to the main driving force of phase
separation is heat transfer. Interestingly, the cross-sections of
MSPSf-5-60 and MSPS{-10-60 present a conical-like struc-
ture in the supporting layer but this structure disappears in
MSPSf-15-60, MSPS£-20-60, and MSPSf-25-60. The reason
for this phenomenon is that more heat is needed to destroy
the crosslinking structures between sulfonic acid groups and
PES chains [29], which slows down the phase separation rate.
Therefore, from MSPSf-0-60-c to MSPSf-25-60-c, it can be

 MSPSf:15-25-c 1

100um

MSPST-15-60-¢
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Fig. 8. SEM images of the membranes with different sulfonation degree of SPSf. (a) Enlarged top surface, (b) full cross-section, and
(c) enlarged cross-section.
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Table 3
Bulk porosity and pore size of membranes

Membrane Water bath Sulfonation Bulk 7, (um) 7, (Um)
number temperature (°C) degree of SPSf (%) porosity (%)

MSPSf-0-25 25 0 78.0+0.3 0.054 + 0.002 0.237 +0.031
MSPS{-0-60 60 0 794 +0.1 0.062 £ 0.001 0.394 + 0.005
MSPSf-5-60 60 5 83.4+0.2 0.134 £ 0.003 0.323 + 0.029
MSPSf£-10-60 60 10 84.8+0.2 0.159 £ 0.003 0.723 + 0.026
MSPSf-15-25 25 15 85.3+0.5 0.090 + 0.002 0.432 +0.031
MSPS£-15-60 60 15 88.1+0.2 0.176 £ 0.004 0.782 + 0.008
MSPSf-20-60 60 20 84.1+0.1 0.168 £ 0.001 0.698 + 0.025
MSPS£-25-60 60 25 86.7+0.4 0.154 £ 0.006 0.711+0.011

seen more clearly that the cross-section changes from dense
structure to sponge-like structure.

The AFM images of membranes with different sulfon-
ation degree are displayed in Fig. 9. It shows that the sur-
face roughness values of all the PES/SPSf membrane are
higher than that of initial PES membrane. The Ra of MSPSf-
0-60, MSPSf-5-60, MSPSf-10-60, MSPSf-15-60, MSPSH-
20-60, and MSPSf-25-60 are 42.2, 49.6, 67.3, 78.0, 86.2, and
105.8 nm, respectively. The existence of hydrophilic SPSf,
which migrates automatically to the membrane top surface
thereby increasing the roughness of membrane, can explain
this phenomenon. In addition, the agglomerating of SPSf at
high loadings increases the hydrophilicity of membranes,
which is also showing no difference in section 3.6 (pore
size and porosity). This signal indicates that it is beneficial
for the improvement of flux as a result of an increase in the
effective membrane area caused by the nodular shapes with
ridges and valleys [30].

3.6. Pore size and porosity

The bulk porosity, average pore size (r,), and maxi-
mum pore size (r__) of the PES/SPSf membrane are ranked

max:

MSPS{-0-60 MSPSt-5-60

MSPS-15-60 o= MSPSE-20-60

Fig. 9. AFM images of the PES/SPSf membrane.

in Table 3, in which sulfonation degree of SPSf and water
bath temperatures are varied. For membranes prepared
by RTIPS method (MSPSf-0-60, MSPSf-5-60, MSPSf-10-60,
MSPSf£-15-60, MSPSf-20-60, and MSPSf-25-60), the poros-
ity has a tendency to increase first and then decrease with
increasing sulfonation degree of SPSf. The maximum and
minimum porosity are obtained from MSPSf-15-60 and
MSPSf-0-60, respectively. As for MSPSf-0-25, MSPS{-0-60,
MSPS£-15-25, and MSPSf-15-60, the bulk porosity of mem-
branes prepared by NIPS method (MSPSf-0-25, MSPSf-
15-25) is lower than MSPSf-0-60 and MSPSf-15-60 prepared
by RTIPS method, which is attributed to the advantage
of the homogeneous porous surface by RTIPS method.

In the meanwhile, the average pore size (r,) and max-
imum pore size (r ) of MSPSf-0-25 and MSPSf-15-25
prepared by NIPS method are obtained the smallest val-
ues among all the membranes. These data are matched
with the pure water flux and BSA rejection in Fig. 12.
When the sulfonation degree of SPSf is higher than 15%,
the » and r _ show a decreasing trend but still higher
than the blending membrane with lower sulfonation
degree, this can be explained by the increased viscosity as
mentioned before.
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3.7. Hydrophilicity and thermal stability of the PES/SPSf
membrane

Fig. 10 shows that upon the addition of sulfona-
tion degree of SPSf, the static pure water contact angle
decreases from 91.8° for PES membrane (MSPSf-0-60) to
60.4° for the PES/SPSf membrane (MSPSf-25-60). This is
entirely in agreement with those reported by others that the
smaller the contact angle, the better the hydrophilicity of
membranes [31-33].

The thermal stability of the PES/SPSf membrane was
measured with TGA under nitrogen atmosphere as illus-
trated in Fig. 11. Table 4 lists the onset decomposition tem-
perature Td°" and peak decomposition temperature Tdrek
[34]. It shows that the PES/SPSf membrane displays a major
weight mass loss stage at approximately 490°C owing to the
fracture of PES and SPSf chains. Obviously, Td°" and Tdpek
change with increasing sulfonation degree of SPSf and obtain
the maximum value at MSPSf-15-60. However, the PES/SPSf
membranes have a good thermal stability because the Td™®
and Tdre* are higher than 477°C and 559°C, respectively,
which are greatly higher than the daily use temperature
of membranes.

3.8. Permeation performance

The influence of SPSf with different sulfonation degree
and membrane formation mechanism on the permeation
properties is shown in Figs. 12 and 13, respectively. T25
and T60 in the figures are the water bath temperature and
they represent membrane formation mechanism are NIPS
and RTIPS process, respectively. As illustrated in Fig. 12,
pure water flux (J ) first increase and then decrease with

increasing sulfonation degree of SPSf while BSA rejection
rate shows the opposite trend. Surprisingly, the pure water
flux of MSPS{-15-60 membrane (2,119 L/m? h) is as 4.2 times
as that of MSPS{-0-60 membrane (510 L/m? h)) in spite of
the fact that its BSA rejection rate reaches 70.11%, which is
not much different from other BSA rejection rates. These
phenomena are matched with average pore size (r,) in
Table 3. It is because of homogeneous porous surface and
spongy like cross-section obtained by RTIPS method that the
pure water fluxes of all the PES/SPSf membranes are higher
than that of pure PES membrane while BSA rejection rates
decrease slightly.

As shown in Figs. 13a and b, the pure water fluxes (] )
of the membranes prepared by RTIPS process (MSPSf-0-60,
MSPSf-15-60) are much higher than that of NIPS process
(MSPSf-0-25, MSPSf-15-25) but BSA rejection rate of MSPSf-
15-60 is smaller than that of MSPSf-15-25. This is inconsis-
tent with the advantages of the RTIPS method. In reality,
MSPSf-15-60 with spongy like cross-section structure was
prepared (Fig. 8), however, high average pore size (r,) and
bulk porosity of MSPSf-15-60 result in low rejection rate,
therefore, the MSPSf-15-60 shows higher apparent pure
water flux but lower BSA rejection rate.

Based on these phenomena, RTIPS mechanism and
SPSf with different sulfonation degree have potential for
obtaining blended PES membranes with good permeation
performance and BSA rejection rate.

3.9. Antifouling properties

In Fig. 14a, it can be seen that membrane flux varia-
tion has a relatively smooth curve during the pure water
filtration stage, then decreases suddenly during the initial
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Fig. 10. Water contact angle of the PES/SPSf membrane.

Table 4

Thermal decomposition temperatures of PES/SPSf membranes
Membrane number MSPS£-0-60 MSPSf£-5-60 MSPSf£-15-60 MSPS£-25-60
Td*" (°C) 501.8 490.6 494.4 477.2
Tdpeak (°C) 576.9 559.4 563.8 561.0




110

100

90

80

70

60

Weight loss(%)

50

40

30

20
300

H. Yang et al. / Desalination and Water Treatment 196 (2020) 110122 119

—— MSPS{-0-60
—— MSPS{-5-60
—— MSPS{£-15-60
—— MSPS£-25-60

" " 1 "
400 500 600 700 800 900

Temperature (°C)

Fig. 11. TGA curves of the PES/SPSf membranes.

2500

fouling stage. For example, the initial pure water flux of
MSPSf£-15-60 declines from 2,145 to 1,881 to 1,777 L/m? h
after the last two pure water filtration stages. In order to
observe the change of membrane fouling with time, BSA
flux is carried out in Fig. 15, it shows that BSA flux declines
slowly with increasing sulfonation degree of SPSf, MSPSf-
0-60 declines from 132 to 55 L/m?> h but MSPSf-25-60
declines from 260 to 205 L/m? h, this implies the improve-
ment of the anti-pollution performance of membranes.
In addition, it is well-known that the flux recovery ratio (FRR)
is used to measure membrane antifouling property, higher
FRR means better anti-pollution performance. As shown in
Fig. 14b, the FRR values of MSPSf-5-60"MSPSf-15-60, and
MSPSf-25-60 increase with ascending sulfonation degree
and they are much higher (>80%) than that of MSPSf-0-60
(59.21%). These results show that MSPSf-25-60 has the
best antifouling property. Furthermore, Fig. 16 vividly
shows the whole process of membrane fouling.

In sum, it is because of the hydrophilic groups brought
by SPSf that the anti-pollution performance of the membrane
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Fig. 12. Pure water flux and BSA rejection rate of the PES/SPSf membrane.
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Fig. 14. (a) Flux variation of membranes during pure water and BSA fouling stage and (b) flux recovery ratio of membranes.

is improved. The highly hydrophilic sulfonic acid groups
(-SO,H) formed a hydration layer on the top surface of
the PES/SPSf membrane and weakened the interaction
between the BSA and the membrane surface, thereby hin-
dering the fouling phenomenon of protein molecules [35],
which is consistent with other studies.

3.10. Comparison with other flat-sheet membranes

The comparison of performance between this study and
other flat-sheet membranes which reported in other studies
[6,11,19,29,36-38] is presented in Fig. 17. High water flux
and BSA rejection rate can be obtained by RTIPS method.
It is attributed to sponge-like cross-section as well as homo-
geneous porous top surface. Moreover, the permeation
performance and anti-fouling property are enhanced by
increasing sulfonation degree of SPSf.

4. Conclusion

PES/SPSf membranes were prepared from PES/SPSf/
DMAC/DEG casting solution with water as coagulant via
NIPS and RTIPS methods. All the PES/SPSf membranes
showed high decomposition temperature, which meant
great thermal stability. With increasing sulfonation degree
of SPSf, the static pure water contact angle decreased from
91.8° to 60.4° owing to SPSf migrated automatically to the
membrane top surface thereby increasing the hydrophilic-
ity of PES/SPSf membrane. Additionally, the pure water
flux (J ) first increased and then decreased while BSA
rejection rate (R) showed the opposite trend, the maxi-
mum pure water flux obtained from MSPSf-15-60 (2,119 L/
m? h) but the BSA rejection rate could still be kept at a high
level (70.11%). Furthermore, the water FRR of membranes
containing SPSf were much higher (>80%) than that of the
pure PES membrane (59.21%). These results indicated that
the permeability and anti-pollution performance of the
PES/SPSf membrane could be enhanced with increasing
sulfonation degree of SPSf.

Cloud point was used to determine the phase separa-
tion temperature. When the temperature of the water bath
was higher than the cloud point, the membrane formation
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Fig. 15. Change of BSA flux with time.

process was RTIPS process. When the temperature of the
water bath was lower than the cloud point, the membrane
formation process was NIPS process. The dense skin surface
changed into the homogeneous porous top surface as well
as finger-like cross-section changed into sponge-like cross-
section when the mechanism of membrane formation turned
NIPS process into RTIPS procedure. In addition, pure water
flux and BSA rejection rate of most membranes fabricated
via RTIPS method were higher than that of NIPS method.
Moreover, porosity and average effective pore size of the
membranes by RTIPS also increased a lot compared with the
membranes by NIPS method.

In sum, PES/SPSf membranes with different sulfonation
degree of SPSf prepared via RTIPS method showed superior
permeation performance and anti-pollution property.
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