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ABSTRACT

Microporous polyacrylonitrile membranes were prepared via the combination of thermally
and chemical reaction-introduced nonsolvent-induced phase separations (TIPS and
CRINIPS). In the membrane preparation, glacial acetic acid (GA) and aqueous solution of
2 wt.% sodium bicarbonate were used as additive and coagulation media, respectively,
and chemical reaction between GA and sodium bicarbonate resulted in uniform micropo-
rous membranes. Pore connectivity and asymmetry were significantly improved when
coagulation bath temperature was lowered to 15˚C. The fouling mechanisms of the
prepared membrane were analyzed by nonlinear regression method and cake filtration
model was the most appropriate for the membrane prepared via combining TIPS and
CRINIPS. The pore structure was made connective and asymmetric by using a 15˚C
aqueous solution of 2 wt.% sodium bicarbonate as coagulation media in membrane
precipitation process, and the average pore size reduced from about 0.125 to 0.097 μm
while decreasing the glass plate temperature from 80 to 20˚C.

Keywords: Thermally induced phase separation (TIPS); Chemical reaction-introduced
nonsolvent-induced phase separation (CRINIPS); PAN; Porous membrane

1. Introduction

To date, membrane technologies were extensively
applied in every industrial sector including energy,
environmental, electronic, chemical, and biotechnology
areas due to their remarkable advantages, such as
their excellent stability, high efficiency, low energy
requirement, and ease of operation [1], Much effort is
being devoted to investigate new membrane
preparation methods to enhance the performance of

membranes, such as anti-fouling properties, high
mechanical strength, and good chemical resistance.

Several methods are employed in the preparation
of porous membranes including phase separation
[2–6], sintering [7,8], track etching [9,10], and other
methods [11–14]. Nowadays, most of the commercial
membranes are manufactured via phase separation
methods because of their simplicity, flexible produc-
tion scales and the low cost of production [15]. Phase
separation can be defined as a demixing process
where the initially homogeneous polymer solution is
transformed in a controlled manner from a liquid to a
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solid or liquid state [16,17]. The transformation can be
induced by the removal of thermal energy or existence
of nonsolvent. The former is named thermally induced
phase separation (TIPS), while the latter is nonsolvent-
induced phase separation (NIPS).

In recent years, TIPS has aroused widespread
attention due to its intrinsic advantages over NIPS
process. The TIPS process is driven by heat transfer
rather than mass exchange. Many polymers have been
applied for the fabrication of membranes through TIPS
process, such as polyacrylonitrile (PAN) [18] cellulose
acetate (CA) [19], polypropylene (PP) [20,21], polyeth-
ylene (PE) [22], and poly (ethylene-co-vinyl alcohol)
(EVOH) [23]. Apart from TIPS, nonsolvent-induced
phase separation NIPS is another useful technique for
the preparation of polymeric membranes from phase
separation process. It has been widely applied in the
preparation of microfiltration, ultrafiltration, nanofil-
tration, and reverse osmosis membranes. The NIPS
process can be classified into air-casting of a polymer
solution, precipitation from the vapor phase, and
immersion precipitation (IP) [24]. The most commonly
employed method to fabricate membranes is IP
process where a polymer solution is cast on a suitable
substrate, then immersed in a coagulation bath
containing a nonsolvent.

Recently, many researchers enhanced the perfor-
mance of the membrane prepared by the means of
introducing chemical reaction in IP process, i.e.
CRINIPS. Wang et al. [25] used the chemical reaction
between the additive (CH3COOH) of casting solution
and aqueous solution of Na2CO3 in the coagulant to
produce CO2, which was confirmed to play an
important role in the membrane morphology and
performance. Wang et al. [26], Liang et al. [27], and
Zhou et al. [28] also applied CRINIPS to control the
pore size of porous membranes. They pointed out that
carbon dioxide gas produced by a reaction between
glacial acetic acid in the casting solution and salt in
coagulation medium can improve the pore size distri-
bution of the membrane. Besides, researchers prepared
porous membranes via combination of thermally and
nonsolvent-induced phase separations (TIPS and
NIPS). Matsuyama et al. [29] first used this method to
prepare PMMA porous membrane. They found that
the membrane obtained after the short immersion
period had larger pores near the top surface due to
NIPS and smaller pores near the bottom surface due
to TIPS. Yen et al. [30] prepared poly (caprolactone)
(PCL) nanoporous membranes via the combination of
TIPS and NIPS to achieve the zero-order release rate
and Tanaka et al. [31] also used this method to
prepare asymmetric porous poly(l-lactic acid)
membranes.

Up till now, many research have concentrated on
the preparation of membranes via IP and TIPS,
respectively. To the best of the authors’ knowledge,
few studies have paid attention to the preparation of
porous membranes via the combination of chemical
reaction-introduced nonsolvent-induced phase separa-
tion (CRINIPS) and TIPS. Therefore, in this study,
porous PAN membranes were produced via the
combination of TIPS and CRINIPS. The fouling
models for membranes prepared by different
membrane formation mechanism were analyzed. The
effects of coagulation bath temperature and substrate
temperature on the pure water flux, pore size
distribution, and BSA retention were investigated.

2. Experimental

2.1. Materials

In this study, PAN as membrane material was
purchased from Ande Membrane Separation
Technology & Engineering (Beijing) Co., Ltd. The
solvents — DMF, acid (CH3COOH), and NaHCO3 were
purchased from Tianjin Fuchen Chemical Reagent
Factory. N-butanol as santomerse was purchased from
Beijing Chemical Engineering Factory. Bovine serum
albumin (BSA), used for determining the retention of
prepared membrane, was purchased from Beijing
Microorganism Culture Medium Manufacturing
Corporation, and its isoelectric point of pH is 4.8.

2.2. Preparation of membranes by phase separation

PAN membranes were prepared using the combi-
nation of thermally and chemical reaction-introduced
nonsolvent-induced phase separations. The prepara-
tion process for casting solution was as follows: first,
glacial acetic acid (GA) was dissolved in DMSO in
mass ratio of 8:1 under certain stirring speed until
completely dissolved; second, PAN at suitable
concentration (e.g. 18 wt.%) was dissolved in this
mixed solution under certain stirring speed until
thoroughly dissolved to ensure that it was clear and
homogeneous; and at last, the casting solution was
placed in the vacuum oven at 50˚C for two days.
Then, the casting solution (casting solution
temperature was 50˚C) was cast on a clean glass plate
(30 mm × 20 mm) using a knife under environmental
temperature of 50˚C and relative humidity of 30%.
Then, the glass plate was immediately immersed in
the coagulation bath, which was aqueous solution of
2 wt.% sodium bicarbonate. Meanwhile, the following
chemical reaction occurred: CH3COOHþNaHCO3 !
CH3COONaþ CO2 " þH2O. After 2 h, the newly
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formed membrane on the glass plate was removed
from the coagulation bath. In the end, membranes
were immersed in deionized water at 25˚C for at least
one day to remove the remaining solvent. In this
study, porous PAN membranes were prepared in
three different ways (Table 1).

2.3. Apparatus and tests

2.3.1. Pure water flux and retention of BSA
measurements

Pure water flux and BSA retention (0.1 g L−1, RBSA)
analysis were performed in a dead-end cell with
membranes effective area of 24.19 cm2 under 25˚C and
0.1 MPa. The setup is shown in Fig. 1.

For the calculation of pure water flux, we can see
Eq. (1).

J ¼ V

S � t (1)

where J is the pure water flux (ml cm−2 h−1), V is the
permeate volume of water (ml), S is the effective area
of membrane (cm2), and t is the time of obtaining the
required volume (s).

For the calculation of retention of BSA, we can see
Eq. (2).

R ¼ 1� CP

CF

� �
� 100% (2)

where R is the BSA retention, CP (g/l) and CF (g/l)
are the concentrations of the filtrate and the feed
solution, respectively. The CP (g/l) and CF (g/l) were
measured by a UV spectrophotometer (2800 UV/Vis
spectrophotometer).

2.3.2. Pore size distribution and porosity measurements

In this study, pore size distribution analysis was car-
ried out by liquid–liquid displacement technique using
n-butyl alcohol-water as solvent pair [32]. For the pore
size distribution function, we can see Eqs. (3) and (4).

r ¼ 2r cos h
P

(3)

fðrÞ ¼ PiðPi�1Ji � PiJi�1Þ
ðri�1 � riÞPi�1

Pm
i�1

Pi

Pi�1
ðPi�1Ji � PiJi�1Þ

(4)

where r is the pore radius, σ is the surface tension of
the n-butyl alcohol-water, θ is the polymer-n-butyl
alcohol contact angle, and Ji is the flux measured at
the ith increment where the applied pressure is Pi.

For the porosity measurements of PAN membrane
carried out by dry/wet method, we can see Eq. (5) [1]:

Po ¼ W2 �W1

V � dwater (5)

where Po is the porosity of the membrane (%), W2 is
the weight of the wet membrane (g), W1 is the weight
of the dry membrane (g), V is the volume of the
membrane (cm3), and dwater is the water density at
room temperature (g cm−3).

2.4. Scanning electron microscopy(SEM)

The membranes prepared were fractured in liquid
nitrogen and mounted on a sample holder; then, the
sample was coated with Pt/Pd. All the SEM images
were obtained on an FEI Quanta (Holland) scanning
electron microscopy (SEM).

Table 1
PAN membranes prepared with different parameters

Sample
PAN
wt.%

Casting
solution
temperature
(˚C)

Glass plate
temperature
(˚C)

Coagulation
bath or
chamber
temperature
(˚C)

PAN1 18 50 20 5a

PAN2 18 50 20 15a

PAN3 18 50 20 25a

PAN4 18 50 20 35a

PAN5 18 50 50 15a

PAN6 18 50 80 15a

PAN7 18 50 20 15b

Notes: aCoagulation temperature.
bChamber temperature.

Fig. 1. Schematic representation of the experimental setup.
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2.5. Determination of the cloud point

The cloud point was measured by visual observa-
tion of appearance of turbidity. The PAN-casting solu-
tion at 50˚C mixed in a glass vial for 2 h. Then, the
vial was quenched in 5˚C water to estimate a possible
range of the cloud point. Within the possible range of
the cloud point, a vial was placed in an oven at a
specific temperature for 1 h to observe the appearance
of turbidity in order to determine the exact cloud
point [33].

2.6. Nonlinear regression analysis

All the parameters in the membrane fouling
models were evaluated by nonlinear regression using
1stopt software (China); the objective functions
include nonlinear regression coefficient (R2), the sum
of squared error (SSE), chi-square (χ2), and mean
square error (RMSE). The smaller values of SSE [34],
chi-square, and RMSE indicate better curve-fitting.

3. Results and discussion

3.1. Coagulation bath temperature effect

In order to investigate the impact of different
coagulation bath temperatures (5, 15, 25, and 35˚C) on
the performance of membranes prepared with GA,
membranes were prepared with 18 wt.% PAN in the
casting solution under identical conditions (casting
solution temperature of 50˚C, glass plate temperature
of 20˚C, gelation temperature of 25˚C, gelation humid-
ity of 30%, and coagulation media of 2 wt.% aqueous
solution of NaHCO3). The effects of different coagula-
tion bath temperatures on pure water flux and BSA
retention are shown in Fig. 2. The results indicate that
the pure water flux increased with the increase in bath
temperature, and BSA retention decreased with
increase of bath temperature. In addition, Fig. 3 dis-
plays the corresponding pore size distribution for the
top surface of each of these membranes prepared with
the various coagulation bath temperatures. As shown
in Fig. 3, the pore size distribution was concentrated
in the range of 0.08–0.11 μm for bath temperature of
5˚C, and its peak value is the biggest. As bath temper-
atures increased to 15, 25, and 35˚C, the ranges of pore
size distribution were 0.095–0.10 μm, 0.085–0.15, and
0.1–0.15 μm, respectively. The sequence of the average
pore size is 35 > 25 > 15 > 5˚C. In addition, Table 2
lists the porosities of PAN porous membranes pre-
pared with different coagulation bath temperatures. It
can be seen from Table 2 that the porosity increased
with increasing of bath temperature. Based on Fig. 3

and Table 2, it can explained why pure water flux
increased and BSA retention decreased with increasing
of bath temperature.

Besides, phase inversion contributes to a major
characteristic of the membrane, which is asymmetric
pore structure [35]. For the asymmetric membranes
prepared in this study, both surface layer and
sub-layer could affect the pure water flux and BSA
retention. Fig. 4 displays the different effects of coagu-
lation bath temperature on cross-section membrane
micrographs. These figures show that the colder the
coagulation bath temperature, the lesser the pore

Fig. 2. The pure water flux and BSA retention of the PAN
membranes prepared with different coagulation bath
temperatures (5, 15, 25, and 35˚C). The casting solution
temperature was 5˚C, glass plate temperature was 2˚C, the
transmembrane pressure was 0.1 MPa and pure water
temperature was 20˚C.

Fig. 3. The pore size distribution of the membranes which
were prepared with different coagulation bath tempera-
tures: (a) 5˚C, (b) 15˚C, (c) 25˚C, and (d) 35˚C. Casting
solution temperature was 50˚C and glass plate temperature
was 20˚C.
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number. As shown in Fig. 4, the pore was not a
asymmetric, anisotropic, and interpenetrating network
structure when coagulation bath temperature
decreased to 5˚C and increased to 35˚C, respectively.
These may be the consequence of solid–liquid and
liquid–liquid demixing when the glass plate was
immersed in the cold and hot coagulation bath [36].
Another reason for the different pore morphology
under the top surface of membranes may be the dif-
ferent pore formation mechanism which was induced
by various coagulation bath temperatures, and these
will be discussed in detail in the next section.

3.2. Membrane formation mechanism

In order to study the effects of thermally and
chemical reaction-introduced nonsolvent-induced
phase separations (TIPS and CRINIPS) on membrane
performances and its structures, three kinds of mem-
brane formation methods were utilized. The casting
solution of 18wt.% PAN containing GA was chosen
and its temperature was maintained at 50˚C. As the
cloud point of this casting solution was about 20˚C,
there was only TIPS when the cast membrane was
placed in closed chamber. Besides, the CRINIPS
occurred when the cast membrane was immersed in
35˚C coagulation bath (2% wt. NaHCO3 (aq.). When
the cast membrane was immersed in 15˚C coagulation
bath (2% wt. NaHCO3 (aq.), the phase separation
occurred involving TIPS and chemical reaction-
introduced NIPS (TIPS and CRINIPS).

Fig. 5 shows the effect of membrane formation
mechanism on pure water flux, BSA retention and
porosity. As shown in Fig. 5, the membrane prepared
via TIPS had the lowest pure water flux, porosity and
BSA retention, even though its pore size distribution
was more uniform than others (Fig. 7). This may be
related to the membrane morphology which is illus-
trated in Fig. 6. It can be seen from Fig. 6 that in both
dense surface and cross-section no pore was visible.
Besides, as shown in Fig. 5, the pure water flux and

Table 2
Porosities of the PAN porous membranes prepared with
different water bath temperatures. The casting solution
temperature was 50˚C and glass plate temperature was
20˚C

Sample Coagulation bath temperature (˚C) Porosity (%)

PAN1 5 62.3
PAN2 15 67.8
PAN3 25 68.3
PAN4 35 70.5

Fig. 4. The SEM images of 18 wt.% PAN membranes (cross
section) at different coagulation bath temperatures:
(A) 5˚C, (B) 15˚C, (C) 25˚C, and (D) 35˚C. The casting solu-
tion temperature was 50˚C and glass plate temperature
was 20˚C.
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porosity of membrane prepared via the TIPS and
CRINIPS were similar to that of membrane prepared
via CRINIPS, and the BSA retention of the former was
obviously higher than that of the latter. Fig. 7 shows
the pore size distribution of membrane prepared via
different membrane formation mechanisms. It can be
concluded that the pore size of membrane prepared
via combining TIPS and CRINIPS was more uniform
than that of membrane prepared via CRINIPS, and the
range of pore size distribution were 0.095–0.10 and
0.1–0.15 μm, respectively.

The existence of the above phenomenon can be
attributed to the membrane morphology. By compar-
ing Fig. 4(B), (D), and Fig. 6, it can be seen from that
the structure (Fig. 4(B)) of membrane prepared via the
combination of TIPS and CRINIPS was asymmetric
possesses the advantages of high flux and BSA reten-
tion. That may be attributed to the effects of both heat
transfer and chemical reaction introduced mass trans-
fer when the hot casting solution was immersed into
aqueous solution of 2 wt.% NaHCO3 as coagulation
bath media [29]. However, the pore morphology of
membrane prepared via CRINIPS was straight-
through (Fig. 4(D)). The reason may be bath
temperature was higher and the faster heat transfer
accelerated the chemical reaction during the gelation
process. Fig. 4(A) shows the pore morphology of
membrane prepared via the combination of TIPS and
CRINIPS. While its structure was closed and uncon-
nected which was different from Fig. 4(B). The reason
may be that the cold coagulation bath promotes heat
transfer. Then, the solid-liquid demixing appeared
immediately which led to CO2 generated from
chemical reaction could not exude when the casting

solution was immersed into coagulation bath
(2% wt. NaHCO3 (aq.)) [37]. Therefore, these phenom-
enon resulted in generation of closed and unconnected
pore structure.

Fig. 5. Effect of membrane formation mechanism on pure
water flux, BSA retention and porosity. The casting
solution temperature was 5˚C and glass plate temperature
was 20˚C.

Fig. 6. The SEM images of 18wt.% PAN membranes
cooled from 50 to 15˚C via TIPS: cross section and top
surface. The casting solution temperature was 50˚C and
glass plate temperature was 20˚C.

Fig. 7. The pore size distribution of membrane prepared
via different membrane formation mechanism: (A) TIPS,
(B) TIPS and CRINIPS, and (C) CRINIPS. The casting
solution temperature was 50˚C and glass plate temperature
was 20˚C.
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According to the above statement, the membrane
performance could be enhanced dramatically by the
combination of thermally- and chemical reaction intro-
duced nonsolvent-induced phase separations. In the
next section, the performance of membrane prepared
via different membrane formation mechanisms will be
analyzed using various fouling models.

3.3. The comparison of fouling mechanism for membrane
prepared via different membrane formation mechanism

Membrane bioreactors (MBRs) have been success-
fully and extensively employed in municipal and
industrial wastewater treatment owning to their low
energy consumption, negligible phase change and so
on [38,39]. However, the major operational problem is
membrane biofouling, which limits their widespread
application. So, it’s essential to study the membrane
fouling mechanism in order to understand membrane
fouling performance fundamentally. Due to the
complexity of extracted EPS in real MBR systems and
lacking knowledge on the interactions between EPS
and membrane materials, BSA was used as model pro-
tein because of its readily available in high purified
form and the broadly investigations of its adsorption
on a range of materials. The main objective of this part
is to better understand fouling behavior of membranes
prepared with different membrane formation
mechanism mentioned in Section 3.2.

Most studies of protein fouling have interpreted
the observed differences in flux decline during protein
filtration using the classical pore blockage, pore
constriction, and/or cake filtration models [40,41], and
the models are illustrated in Table 3. In this part, the
experiments were carried out under the transmem-
brane pressure of 0.1 MPa and filtration time of

60 min, the filtrate data of BSA through membranes
prepared via different membrane formation mecha-
nism were fitted to the four models by nonlinear
regression method.

In order to estimate the goodness-of-fit, four
different nonlinear error functions (R2, SSE, RMSE,
chi-Square) were examined, and the constants and
parameters in the four models were acquired by
minimizing the four error functions. The values of R2,
SSE, RMSE, and chi-Square for BSA flux are presented
in Table 4. As shown in Table 4, Cake filtration model

Table 3
The presentation of four models and their forms

Number Name Fouling models

Description
for
constants
and
parameters

1 Complete
pore
blockage
model

J
J0
¼ expð�aJ0ACbtÞ a is

parameter

2 Intermediate
pore
blockage
model

J
J0
¼ ð1þ bJ0ACbtÞ�1 b is

parameter

3 Pore
constriction
model

J
J0
¼ ð1þ cJ0ACbtÞ�2 c is

parameter

4 Cake
formation
model

J
J0
¼ ð1þ dJ0CbtÞ�1=2 d is

parameter

Notes: J0 is the initial filtrate flux through the clean membrane, A

is the membrane surface area, Cb is the bulk concentration of BSA,

and t is the filtrate time.

Table 4
Nonlinear regression parameters for fit of BSA flux (initial concentration = 100 mg/l)

Number Model Membrane formation mechanism R2 RMSE Chi-Square SSE

1 Complete pore blockage model TIPS 0.953 0.128 3.000 0.561
CRINIPS 0.951 0.131 3.331 0.615
TIPS and CRINIPS 0.967 0.134 4.216 0.749

2 Intermediate pore blockage model TIPS 0.968 0.068 0.590 0.159
CRINIPS 0.965 0.074 0.770 0.197
TIPS and CRINIPS 0.978 0.078 1.119 0.257

3 Pore constriction model TIPS 0.959 0.113 1.665 0.350
CRINIPS 0.957 0.106 2.002 0.405
TIPS and CRINIPS 0.972 0.111 2.716 0.516

4 Cake formation model TIPS 0.981 0.034 0.035 0.040
CRINIPS 0.979 0.034 0.049 0.043
TIPS and CRINIPS 0.988 0.026 0.073 0.029
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is the most appropriate, which provides a good fit to
BSA filtrate data with high value of R2 and the low
values of RMSE and chi-Square related to other three
models. It is well known that the smaller value of SSE
indicates the better curve fitting. It can also be seen
from Fig. 8 that for three different kinds of mem-
branes prepared via membrane formation mechanism,
cake filtration model is validated as the most suitable
with SSE value of 0.029, 0.043, and 0.040, which is
lower than that of other three models. This behavior
can be attributed to the physical deposition of large
protein aggregates on the membrane surface [42].
Besides, the SSE value in cake filtration model for the
membrane prepared via combination of TIPS and
CRINIPS was the smallest in Fig. 8. The reason may
be that the membrane pore structures prepared via
combination of TIPS and CRINIPS was asymmetric
and interconnected (as shown in Fig. 4(B)), while the
pore structures of membranes prepared with TIPS and
CRINIPS were straight-through (as shown in
Figs. 4(D) and 6) [43] This conclusion was in accor-
dance with the result which was mentioned in
Section 3.2.

3.4. The effect of casting substrate temperature

In this part, the membranes of 18wt.% PAN con-
taining GA were prepared by varying the glass plate
temperature, and the casting solution temperature was
maintained at 50˚C. All the cast solutions were
immersed into 15˚C aqueous solution of 2 wt.%
NaHCO3 as coagulation media to prepare the mem-
branes via the combination of thermally- and chemical
reaction introduced nonsolvent-induced phase

separations (TIPS and CRINIPS). Fig. 9 illustrates pore
morphology of the membranes which were prepared
at different glass plate temperature (20, 50, and 80˚C).
Fig. 10 presents the corresponding pore size distribu-
tions of the membranes by analyzing the pore sizes in
the SEMs for each membrane. As shown in Fig. 10,
the increasing of glass plate temperature resulted in
bigger membrane pore size. When the glass plate
temperature was 20˚C, the average pore size was
approximately 0.097 μm (0.095–0.10 μm). When the
temperature of glass plate increased to 50 and 80˚C,
the average pore sizes were approximately 0.105 μm

Fig. 8. The comparison of SSE of membrane prepared via
different membrane formation mechanism for four
different models.

Fig. 9. The structure of membranes prepared by varying
the glass plate temperature. The casting solution
temperature was 50˚C.
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(0.1–0.11 μm) and 0.125 μm (0.11–0.136 μm), respec-
tively. Fig. 11 presents the corresponding pure water
flux and its BSA retention of the membranes. As
shown in Fig. 11, pure water flux increased with the
increasing of glass plate temperature. On the contrary,
BSA retention decreased with increasing of glass plate
temperature. These results were identified with the
pore sizes shown in Fig. 9. When the glass plate tem-
perature increased, the heat transfer between glass
plate and casting solution was faster, meanwhile, the
chemical reaction occurred. As a result, the faster heat
transfer accelerated the chemical reaction, which
resulted in the straight-through pore structures as
shown in Fig. 9 (50 and 80˚C). When the glass plate
temperature was lower, the heat transfer was slow.
The membrane top-layer structure is thought to be
formed via CRINIPS when the glass plate was

immersed into the coagulation bath at 50˚C, because
the casting solution was contacted with water which
induces phase separation at 50˚C. On the other hand,
the structure of the bottom is thought to be formed by
TIPS because the glass plate on this side protected the
casting solution against the water influx, while the
polymer solution was cooled by the water bath (15˚C)
thorough the glass plate [33].

4. Conclusions

Microporous PAN membranes with well-con-
nected pore structure can be prepared via the com-
bination of thermally and chemical reaction
nonsolvent-induced phase separations (TIPS and
CRINIPS). Coagulation bath temperature can signifi-
cantly influence the membrane performance. When
coagulation bath temperature was lowered from 35
to 15˚C, pore connectivity and asymmetry were sig-
nificantly improved. When 15˚C aqueous solution of
2 wt.% NaHCO3 as coagulation media was used and
the temperature of casting solution and glass plate
were 50 and 20˚C, respectively, a well-connected
microporous membrane with high porosity could be
obtained and its average pore size could be reduced
to around 0.1 μm. However, membrane structure
was closed and unconnected when coagulation bath
temperature was lowered to 5˚C. The uniform PAN
membrane which was exclusively formed via ther-
mally induced phase separation (TIPS) had low
porosity and both of the surface and cross-section
were dense. Fouling model analysis showed that
cake formation model is the most appropriate model
for membranes prepared via different membrane for-
mation mechanism, and SSE value in cake filtration
model for the membrane prepared via TIPS and
CRINIPS was the smallest which was related to
asymmetric and interconnected membrane morphol-
ogy. Glass plate temperature also played an impor-
tant role in the formation of microporous PAN
membranes. The pore structure was connective and
asymmetric, and the average pore size reduced from
about 0.125 to 0.097 μm when glass plate tempera-
ture decreased from 80 to 20˚C by using a 15˚C
aqueous solution of 2 wt.% NaHCO3 as coagulation
bath media in membrane precipitation.
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Nomenclature

J — the pure water flux (ml cm−2 h−1)
V — the permeate volume of water (ml)
S — the effective area of membrane (m2)
t — the time of obtaining the required volume (s)
CP — the concentration of the filtrate solution (g/l)
CF — the concentration of the feed solution (g/l)
R — the membrane retention
f(r) — the pore size distribution
Po — the porosity of the membrane (%)
W2 — the weight of the wet membrane (g)
W1 — the weight of the dry membrane (g)
V — the volume of the membrane (cm3)
dwater — the water density at room temperature (g cm−3)

Greek symbols

σ — the surface tension of the n-butyl alcohol-water
(Nm−1)

θ — the polymer-n-butyl alcohol contact angle (˚)
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