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ABSTRACT

In this study, a melt processable poly(acrylonitrile-co-methyl acrylate)(P(AN-MA)) copolymer was
used as membrane matrix, caprolactam (CPL) and glyceryl triacetate (GTA) were used as an eco-
friendly mixed diluent. P(AN-MA) membranes with inter-connected sponge structure and porous
surface were successfully fabricated via thermally induced phase separation (TIPS). The optimum
ratio of CPL/GTA in the mixed diluent was 1:1 wt.%. Even though the concentration of P(AN-MA)
was up to 25 wt.%, the surface of membrane still exhibited microporous structure. When the concen-
tration of P(AN-MA) was 15 wt.%, the membrane formed in 20 °C air bath showed the highest water
flux of 6802 L/m?*h. With the increasing of copolymer content or cooling rate, the pore size decreased.
In addition, all of the P(AN-MA) membranes exhibited a rejection to carbon ink more than 90 wt.%.
The average pore size of the membranes was less than 270.5 nm, and the tensile strength was more
than 2.8 MPa. It is anticipated that the facile and green technology TIPS will bring the P(AN-MA)
membrane a step closer for practical applications, including clean-up of oil spills, waste water treat-
ment, fuel purification, and separation of commercially relevant emulsions.
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1. Introduction

Thermally induced phase separation (TIPS) is one
of the most important methods to fabricate microfiltra-
tion and ultrafiltration polymer membranes [1-6]. Cui
et al. [7] summarized the preparation of flat sheet and
hollow fiber membranes via TIPS from 1990 to 2012.
Compared with non-solvent induced phase separation
(NIPS), TIPS is a green method for preparing porous
membranes, which is driven by thermal transfer and can
be controlled and adjusted easily. In the TIPS process,
a homogeneous solution is obtained above the melting
temperature (T,) of the polymer with a diluent. Then,
the solution is cooled down or quenched to induce phase

*Corresponding author.

separation. By changing the thermal transfer rate or
solidification path of the homogeneous solution, various
pore structures could be obtained, such as bi-continuous,
cellular, needle-like, and vertically oriented structures
[8-12]. Meanwhile, the TIPS method was applied to fab-
ricate a variety of polyolefin polymer membranes, such
as high-density polyethylene [1] and ultrahigh molecu-
lar weight polyethylene [13], which can’t be dissolved in
common solvents.

Polyacrylonitrile (PAN) is an important membrane
material owing to its good thermal stability, good chem-
ical resistance and mechanical properties [14-20]. It has
been widely applied in water treatment, protein purifica-
tion and juice clarification. Moreover, the nitrile groups
of PAN could be modified and functionalized easily
[21-22]. Hence, the modified and functionalized PAN-
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based membranes offer effective solution to enhance
PAN membranes” biocompatibility and hydrophilicity
by introducing reactive groups for further chemical reac-
tion [19,20,23]. However, present PAN membranes were
mainly fabricated via NIPS method, lots of organic and
toxic solvents were needed, which exhibit typical fin-
ger-like pores. NIPS method is mainly applied for pre-
paring PAN ultrafiltration membrane, comparatively,
there are fewer microporous PAN membranes reported.
Due to its special microstructure, the PAN-based copo-
lymer is non-melting and non-soluble as a result. Com-
pared with polyvinylidene fluoride, polystyrene, and
polysulfone membranes, there are only few reports on
PAN membranes fabricated via TIPS. Until 2012, Wu et
al. [5,6,24] reported the fabrication of PAN membranes
via TIPS method for the first time. They used dimethyl
sulfone (DMSO2) and glycerol or polyethylene glycol
(PEG) with different molecular weights as the mixed dilu-
ent. PAN porous membranes with cellular-like, sheet-like
or needle-like porestructure were obtained via TIPS. In
2016, they successfully prepared PAN membranes with
vertically oriented pores by changing the solidification
pathway based on previous studies [12]. Because of the
strong dipolar interaction between -CN groups, a dense
membrane skin and closed or semi-closed pores incline to
form in the process of TIPS. Now, the greatest challenge
is to select an appropriate diluent to dissolve PAN at high
temperature, which then promotes phase separation to
take place with the thermal transfer.

In this study, in order to solve the problems described
above and improve the thermal stability, flexibility and per-
meability of PAN membranes fabricated via TIPS, a flexible
co-monomer, i.e., methyl acrylate (MA), was incorporated
in the polymerization step [25,26]. A man-made melt pro-
cessable poly(acrylonitrile-methyl acrylate) copolymer
(P(AN-MA)) and a new eco-friendly mixed diluent com-
posed of caprolactam (CPL) and glyceryl triacetate (GTA)
were used to further optimize the structure of P(AN-MA)
microporous membrane. A systematic study was per-
formed to investigate the effects of CPL and GTA content,
P(AN-MA) concentration and cooling rates on the pore
shape, size, and porosity, as well as the pure water flux
(PWF) and mechanical properties of P(AN-MA) micropo-
rous membranes.

2. Experimental
2.1. Materials

P(AN-MA) copolymer was synthesized by emulsion
polymerization in our lab based on previous reports [30,31]
(AN/MA mole ratios: 80/20; M_= 5.6 x 10% T, = 150~180
°C; T, = 317~325 °C). Caprolactam (CPL, 99%), glyceryl
triacetate (GTA, 98%) and N-methy-2-pyrrolidone (NMP,
98%) were purchased from Aladdin Industrial Corporation,
and the chemical formulas are shown in Fig S1. PAN (Mn =
50,000 g/mol) came from Anging Petroleum Chemical Cor-
poration of China. Carbonic ink was provided by Shanghai
Hero Ink Factory. De-ionized (DI) water was obtained from
a Millipore MilliQ system. The P(AN-MA) copolymer and
PAN polymer were dried before use, and other chemicals
were used without further purification.

2.2. Preparation of P(AN-MA) and PAN membranes

The compositions and preparation conditions of
P(AN-MA)/CPL/GTA membranes are listed in Table 1.
The mixture was heated at 140 °C and stirred sufficiently to
form a homogeneous solution under nitrogen atmosphere.
After degassing the air bubbles, the solution was quickly
poured onto a pair of clean quartz glass molds (200 x 200
mm) to form a film (thickness ~ 150 um). Then, the mold
was placed into an oven at 140 °C for 5 min, and imme-
diately immersed in a cooling bath (air or water bath at
20 °C) to induce the homogeneous solution to phase sep-
arate until the solution became solid. When the nascent
membrane was totally solidified, it was taken out of the
mold, and the as-prepared membranes were placed into 20
°C deionized water and ethyl alcohol bath to extract the
diluent solvents. PAN membrane was prepared by NIPS
method with 15 wt.% PAN and 85 wt.% NMP.

2.3. Cloud point and viscosity measurement of P(AN-MA)/
CPL/GTA system

The cloud point (T, ,) was visually determined by
observing the appearance of turbidity during the cooling
process under an optical microscope (Olympus, BX51,
Japan). The solid P(AN-MA)/CPL/GTA samples were cut
into pieces and placed between a pair of microscope cover
slips. The edges of the bottom microscope cover slip were
sealed with a Teflon ring to prevent diluent loss. It was
heated to 140 °C at a rate of 20 °C/min, maintained for 3
min, and then cooled down to 25 °C at a rate of 5 °C/min.

The crystallization temperature (T) and melting tem-
perature (T, ) of P(AN-MA) in the casting solution were
measured by a differential scanning calorimeter (Model
DSC200F3, Netzsch, Germany). 5~8 mg samples were
weighed and placed into a DSC pan. The sample was heated
from 20 °C to 140 °C at a steady rate of 20 °C/min and main-

Table 1
Preparation condition of P(AN-MA) membranes

Sample Sample P(AN-MA) CPLmass Cooling
number concentration fractionin bath ( °C)
(%) the mixed
diluent (%)
1 15P(90C10G) 15 90 20
2 15P(80C20G) 15 80 20
3 15P(70C30G) 15 70 20
4 15P(60C40G) 15 60 20
5 15P(50C50G) 15 50 20°
6 18P(50C50G) 18 50 20°
7 20P(50C50G) 20 50 20°
8 22P(50C50G) 22 50 20
9 25P(50C50G) 25 50 20
10 30P(50C50G) 30 50 20

“The cooling medium isboth air andwater bath at 20 °C, while the
others are air bath at 20 °C.

The ingredients are denoted as xP(yCzG), where P, C and G
represent P(AN-MA), CPL and GTA, respectively.
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tained for 2 min to eliminate the thermal history, cooled
down from 140 °C to -20 °C at 10 °C /min and then reheated
to 140 °C at 10 °C/min under the protection of a nitrogen
atmosphere. The DSC of 15P(50C50G) homogeneous was
also measured at different heating and cooling rate. The T |
and T were taken as the peak temperature of the resulting
endothermic and exothermic peaks of P(AN-MA) in the
casting solution, respectively, in the second heating curve.

The viscosity of the PCAN-MA)/CPL/GTA ternary sys-
tem was determined by Thermo Scientific HAAKE MARS,
Germany. The temperature was scanned from 160 °C to 80
°C and the cooling rate was 10 °C /min.

2.4. Membrane morphology

A dry P(AN-MA) flat membrane was frozen and frac-
tured in liquid nitrogen to obtain a tidy cross-section. Then,
the samples were sputtered with gold using a sputter coater
(SCD-005), and the surface and cross-sectional morphol-
ogies were imaged by FESEM (Hitachi S-4800, Hitachi,
Japan) at an acceleration voltage of 10.0 kV.

2.5. Porosity and pore size measurement

The porosity is defined as the volume of pores divided
by the total volume of the membrane [27]. A wet P(AN-MA)
membrane was weighed immediately after removing the
superficial water with filter paper. Then, the same membrane
was weighed again after it was dried in a vacuum oven for
24 h at 20 °C. Every membrane was tested at least five times.
The porosity (P) was calculated by the following formula:

(ml - mZ) / pwater

P=
(ml - mz) / Puvater Ty / Pan-mia

x100% 1)

where p__ and p,. . are the densities of water and
P(AN-MA), respectively, m, is the wet membrane weight,
and m, is the dry membrane weight. p,, ,,, was obtained
by the weighing method. The AN-MA copolymers in pow-
der form were placed in a circular mold formed by stack-
ing multiple layers of iron sheets. The powders in the mold
were compressed under pressure. The average thickness
and diameter of the samples were measured by a screw
micrometer, and at least three specimens were tested for
accuracy.

The pore size and pore size distribution were measured
by the nuclear magnetic method (PDNMR20-015V, Suzhou
Niumag Analytical Corporation).

2.6. Pure water permeability

The membrane samples were cut into rounded shapes
(available surface area is 4.9 cm?). The pure water flux
(PWFEF) of the membranes was determined on a homemade
device with a pressure-driven test cell. First, the membranes
were pre-wet with pure water and pre-pressurized at 0.12
MPa 25 °C for 0.5 h. Then, the transmembrane pressure was
reduced to 0.10 MPa for operation at a steady-state water
flux with less than 2% deviation. Each sample was tested
at least five times, and the average number was taken as
the final value. The PWF (] ) was defined by the following
formula:

4
A XAt
where | is the PWF (L/m>h), V is the volume of permeated

water (L), A is the available membrane area (m?) and At is
the permeate time (h).

Jw @)

2.7. Theink rejection

The rejection experiment used the same apparatus as the
water flux measurement. The membranes were pre-pres-
surized at 0.1 MPa at 20 °C for 10 min. The ink rejection of
the membrane was determined with 0.3 g/L carbonic ink
solution. The average size of carbonic black was 0.17 pm.
The filtrate solution concentration was determined using
a SHIMADZU UV-2000 (Thermo, USA) spectrometer, at a
fixed wavelength of 228 nm.

The rejection rate (R) of the membrane was calculated
by the following equation:

R(%) = (1 - Q) %100 3)
Co
where C, and C are carbonic ink concentrations in the fil-
trate and feed solution (g/L), respectively. C ;= 0.3 g/L and
C, was the carbonic ink concentration of the filtrate solution.

2.8. Tensile strength

The tensile strength of the samples was measured by
a tensile testing machine (CMT4503, Meitesi Industry Co.
Ltd, China). The samples were cut into rectangular shapes
(40 x 10 mm). A testing speed of 10 mm/min at 20 °C was
utilized. The membrane was fixed vertically between two
pairs of clamps with a test length of 20 mm. The thickness
was measured by an electronic digital readout micrometer
(0-25 mm/0.001, Shanghai Zijiu Measuring Tool Co., Ld,
China). The reported values represent the average of at least
five samples.

3. Results and discussion
3.1. Solubility parameters analysis

The solubility parameter § is a very important parame-
ter for analyzing the solubility of polymer insolvent or the
miscibility between solvent and polymers [30]. The overall
solubility parameter () includes the dispersion force com-
ponent (,), polar component (8 ), and hydrogen bonding
component (3). In addition, Ad,,is used to calculate the
interaction between two chemicals. A smaller value of A,
indicates a better compatibility between the polymer and
the solvent. The various solubility parameters are listed in
Table 2. Hansen’s parameters 9, §,, can be directly calculated

7 12
using the following equations:

87 =8;+8 +9; 4)

2

2 , 1%
A612 = [(6611 - 8olz) + (Spl _sz) + (8111 - 8hz) :l 5)
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Table 2
Solubility parameters of typical solvents forPAN and P(AN-MA) copolymer
Chemicals 3,(MPa"?) 3 (MPa"?) 3, (MPa"?) & (MPa®?) AS,, (MPa®) Ref.
P(AN-MA) 19.49 10.77 8.26 23.75 [32]
CPL 19.30 10.00 11.60 24.60 11.78 [34]
Ethylene carbonate (EC) 15.46 14.34 10.96 23.76 36.28 [32]
Dimethyl sulfone (DMSO,) 19.00 19.40 12.30 29.90 91.04 [35]
N,N-dimethyl-formamide (DMF) 1740 13.70 11.30 24.80 22.19 [36]
Dimethyl sulfoxide (DMSO) 18.40 16.40 10.20 26.70 36.65 [36]
y-Butyrolactone (y-BA) 19.00 16.60 740 26.29 3497 [33]
GTA 16.50 4.50 9.10 19.37 48.96 [37]
Dimethyl acetamide (DMAC) 16.80 11.50 10.20 2277 11.53 [33]
Propylene carbonate (PC) 20.20 18.00 410 27.22 69.84 [28]
5,8, 8 ,and §, are the overall solubility, dispersion, polar and hydrogen parameters, respectively.
AS,=[(5,,- dz)2+(8 8 N (R 2, where 1 and 2 denote P(AN-MA) and solvent, respectively.
The solubility parameters of PLAN-MA), CPL, GTAand  Table 3
other solvents reported in the literatures are shown in Table  Solubility parameter of the mixed diluent
2. PAN is a polar polymer,therefore,only polar solvents
exhibit good compatibility with it, such as DMSO, DMSO2,  Mixed diluent 5, 8, 8, A3,
DME EC, y-BA, DMAC [33], and PC [34]. (mass ratio CPL/GTA?) (MPa%®) (MPa%) (MPa®%) (MPa0 %)
PAN can’t melt, while the melt processable matrix 100/0 19.30 10.00 11.60 1178
P(AN-MA) copolymer could be melt processed at 180-220 90/10 19.50 951 1138 1152
°C [25,26] and possesses no polar solvent was needed in / : : : :
the preparation process. What’s more, the polar compo- 80/20 18.80 9.02 1115 11.89
nent (8 ) decreased from 16.20 MPa®% (PAN) to 10.77 MPa%  70/30 18.54 8.51 1092 13.09
(P(AN—PMA)). It is indicated that the P(AN-MA) copoly-  60/40 18.27 798 10.68 15.13
mer could be dissolved in a solvent with lower polarity. 545, 1800 744 1044  18.06

Among the common solvents of PAN, such as EC, DMSO2,
DMF, DMSO, DMAC and PC, the A8, between CPL and
P(AN-MA) (11.78 MPa®) is close to the minimum value
derived from the polar solvent and the copolymer. It is
worth noting that CPL is crystal form at room temperature,
which can promote the phase separation of ternary system
via TIPS. Therefore, CPL was selected as the solvent to dis-
solve the P(AN-MA) copolymer in this study. A low value
of A3, is better for improving the compatibility of copoly-
mers and solvents, while the high value of ASH is better for
L-L phase separation and forms bi-continuous networks,
cellular-, spongy- or branch-like morphology as expected.
Hence, the non-solvent GTA was used as an additive to
adjust the A$,, value (between P(AN-MA) and mixed dilu-
ent) from 11.78 MPa’’ to 18.06 MPa’’ as listed in Table 3. It
means that the compatibility and phase separation process
of ternary system could be adjusted by controlling the con-
tent of CPL or GTA (Fig. S4).

3.2. Phase diagram of P(AN-MA)/CPL/GTA systems

The phase diagram gives important information for
adjusting the phase separation process in the TIPS method.
The DSC curves of P(AN-MA)/CPL/GTA ternary system
with various P(AN-MA) and CPL contents are shown in
Fig. S2. All of the DSC curves exhibited only one peak in the
heating or cooling process. It is indicated that CPL is a good
solvent for PCAN-MA) copolymer, which is consistent with
the theoretical analysis shown in 3.1. According to Flory-
Huggins solution thermodynamics, the T , and T would be

*Calculated result according to ref [40]. Where 1 and 2,
respectively, denote the polymer and mixed diluent.

depressed in the ternary system with mixed diluent content
[4]. Moreover, at room temperature, CPL and P(AN-MA) are
solids, while GTA is a liquid solution. So, with the increase of
the concentration of GTA, the initial T_ and T further moved
to lower temperatures. When P(AN-MA) concentration
was kept at 15 wt.%, the GTA concentration increased from
10 wt.% to 50 wt.% in the mixing diluent. The initial T_ of
P(AN-MA)/CPL/GTA ternary system decreased from 66.8
°C to 48.8 °C and the initial T, dropped from 26.1 °C to —4.8
°C. Fig. 1 shows the changing trend of the initial phase sepa-
ration and crystallization temperature of various P(AN-MA)
membranes. The interaction between P(AN-MA) copolymer
and GTA is lower than that of the copolymer with CPL. It is
shown that (48.96 MPa’?), corresponding to the interaction
force between the copolymer and GTA is higher than that
of P(AN-MA) with CPL, i.e., (11.78 MPa®%). With the GTA
content increasing, the interaction force between P(AN-MA)
and mixed diluent CPL/GTA decreased, the initial phase
separation temperature T, . increased asexpected [5]. When
the GTA content changed in the range of 10 wt.%—-50 wt.% in
the mixed diluent, T, . increased from 90 °C to 135 °C and
T of the ternary system dramatically decreased from 26.1 °C
to —4.8 °C. Because the compatibility between P(AN-MA)
and CPL becomes poor with the addition of GTA, T, shifts

to the high-temperature region. T, . and T are generally
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Fig. 1. Phase diagram of the P(AN-MA)/CPL/GTA ternary system with various P(AN-MA) and CPL contents: the solid circles (®)
indicates the cloud points (T, ) and solid squares (W) indicates the dynamic crystallization temperatures (T).

assumed to be the upper and bottom boundary of L-L phase
separation region, respectively [5]. The enlarged phase sep-
aration intervals offer enough L-L separation regions. It
means that the liquid droplets had longer growth time at a
constant cooling rate.

Based on our experiment results, as shown in Fig. 2, the
15P(50C50G) ternary system could be kept thermally sta-
ble in a 20 °C air bath. To obtain a porous membrane with
an ideal pore structure, the formation temperature of 20 °C
was adopted in this study.

3.3. Effects of GTA content on the morphology of membranes

Fig. 3 presents the surface and cross-section morpholo-
gies of membranes formed in 20 °C air bath. The cross-sec-
tion of the 15P(AN-MA) membrane deformed and wrinkled
obviously, when GTA content was lower than 20 wt.% in
the mixed diluent. This structure implied that the mem-
brane has poor non-deformability in the following drying
and applying process. The 15P(80C20G) membrane exhib-
ited dense cross-section and surfaces, as shown in Figs. 3c
and d. It is ascribed to the strong interactions between the
P(AN-MA) copolymer and mixed diluent. This result was
also consistent with Fig. 1. There was narrow L-L phase sep-
aration region for the ternary system, when GTA content
was as low as 20 wt.%. While, the surface morphology of
the P(AN-MA) membrane changed from a dense skin to a
porous structure,when the GTA content increased from 30
wt.% to 50 wt.%. The cross-sections of 15P(60C40G) and
15P(50C50G) samples exhibited a uniform spongy struc-
ture, as shown in Fig. 3b. It was due to the weak interactions
between the P(AN-MA) copolymer and mixed diluent with
GTA content increasing, and ternary system had enough
L-L separation regions.

The membrane pore size mainly depends on the viscos-
ity of the initial phase separation and L-L phase separation
regions. A lower viscosity and a wider L-L phase separa-
tion region are better for increasing the pore size [5]. Fig. 4
shows the viscosity relationship curves of P(AN-MA)/
CPL/GTA ternary system and GTA content in mixed
diluents at different temperatures. When the GTA con-
tent increased from 10 wt.% to 50 wt.%, the viscosity cor-
responding to the initial phase separation decreased from

Fig. 2. Apparent state of 15P(50C50G) solution in 20 °C air bath.

0.156 Pa‘s to 0.130 Pa-s. Meanwhile, the temperature corre-
sponding to the initial phase separation increased from 90
°C to 135 °C. With the GTA content increasing, the viscosity
of the initial phase separation decreased, L-L phase sepa-
ration regions increased as a result. Those offered a higher
probability for droplets growth. It can be seen in Fig. 3, the
surface morphology of the PCAN-MA) membrane changed
from a dense skin to porous structure.

3.4. Effect of P(AN-MA) concentration on the morphology of
membranes

Polymer concentration is another crucial factor to influ-
ence the resulting morphologies of membranes. Figs. 5a—d
present the morphologies of P(AN-MA) membranes pre-
pared with 15-30 wt.% of P(AN-MA), and kept GTA con-
tent constant at 50 wt.% in the mixed diluent.

Wau et al. [5] reported that the decrease in pore size is
mainly related to the increase of viscosity of the polymer
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15P(90C10G)

15P(80C20G)

15P(70C30G)

15P(60C40G)

15P(50C50G)

Fig. 3. SEM images of 15P(AN-MA) membranes formed in 20 °C air bath: (a) cross-section (250x), (b) enlarged cross-section (10 000x),
(c) top surface(5000x), and (d) bottom surface(5000x). (The GTA content in the mixed diluent ranged from 10 wt.% to 50 wt.%).

solution. The size of surface pores dramatically decreased
as the PAN concentration increased. It was shown that the
apparent viscosity increased 5 times,when comparing PAN
concentration of 21 wt.% with 15 wt.%. A similar trend
was also reported by other papers [36,37]. In this work,
the P(AN-MA) solution also exhibited the same trend as
expected. Under the same temperature, the viscosity of the
P(AN-MA)/CPL/GTA ternary system increased obviously
with the increase of P(AN-MA) content, as shown in Fig. 6.
The pore size also exhibited the same trend as other papers,
the pore size decreased obviously with P(AN-MA) content.
The changing trend of pore size in this work is same as
that reported in previous paper [4-6]. With the P(AN-MA)
content increasing, the pore size of skin and cross section
all decreased obviously, which decreased from 270.5 nm to
73.0 nm with P(AN-MA) content changed from 15 wt.% to
30 wt.%.

In this study;, all of the cross-sections of the xP(50C50G)
membrane exhibited a spongy porous structure, as the
P(AN-MA) concentration increased from 15 wt.% to 25
wt.%. Similarly, the pore size decreased with the increase of

0.625 |- Sample A B
—=—15P(90C10G) 90°C  0.156 Pa.s
—e—15P80C20G)  101°C 0.143 Pas
0.500 - —4—15P(70C30G)  114°C 0.139 Pas
—v—15P60C40G)  125°C  0.067Pa.s
= ——15P(50C50G)  135°C_0.022P:
3 0375 i as
&
£
g
g 0.
>

80 9 100 110 120 130 140
Temperature ("C)

Fig. 4. The relationship curves of the viscosity of P(AN-MA)/
CPL/GTA ternary system and temperatures; initial phase sepa-
ration temperature (column A) and the viscosity corresponding
to the initial phase separation temperature (column B).
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15P(50C50G)

18P(50C50G)

20P(50C50G)

22P(50C50G)

25P(50C50G)

30P(50C50G)

Fig. 5. SEM images of P(AN-MA) membranes prepared with 50 wt.% GTA in the mixed diluent: (a) cross-section (250x), (b) enlarged
cross-section (10 000x), (c) top surface (5000x), and (d) bottom surface (5000x). The P(AN-MA) content in the ternary system ranged

from 15 wt.% to 30 wt.%. (20 °C air bath).

P(AN-MA) concentration. The morphology of the cross-sec-
tion and surface became dense and non-porous as the
P(AN-MA) concentration was up to 30 wt.%. In contrast,
15 wt.% P(AN-MA) had a larger pore size. Because of the
liquid droplets in the ternary system with a lower viscosity
went through a longer growth period, and a larger pore size
was obtained as a result.

3.5. Effect of cooling rate on the morphology of membranes

The effects of cooling rate on T and T_ of the
15P(50C50G) casting solution are shown in Fig. 7 and

Table S1. The cooling rate had a remarkable influence on
i) T, which decreased as the cooling rate increased and ii)
the liquid droplets growth period. A higher T is better for
membrane formation via TIPS at room temperature. Hideto
Matsuyama thought that cloud points were independent
of the cooling rate [37]. Thus, it is can be seen that the L-L
phase separation region was changed only by the dynamic
crystallization temperatures when the cooling rate changed.

It can be seen that the T_of the samples decreased pro-
gressively with the increase of cooling rate. The L-L sep-
aration regions were enlarged before the crystallization
of samples, but the droplet growth period was shortened
obviously. The initial T value corresponding to the differ-
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Fig. 6. Relationship curves of the viscosity of P(AN-MA)/CPL/
GTA ternary system and environmental temperatures.

ent cooling rates of 2 °C/min, 5 °C/min and 10 °C/min
were 4.2 °C, 1.9 °C and —4.8 °C. For example, when the
15P(50C50G) solution decreased from the homogeneous
solution temperature (140 °C) to the onset point of T, it only
required 14.5 min at a heating rate of 10 °C/min, while it
required 67.9 min for the sample to start crystallizing at a
cooling rate of 2 °C/min. The lower cooling rate, the lon-
ger liquid droplets growth period. Meanwhile, the viscosity
of P(AN-MA)/CPL/GTA solution obviously depends on
the environmental temperature, which increases obviously
with decreasing temperature, as seen in Figs. 4 and 6. There-
fore, a lower cooling rate is better for prolonging the growth
period of liquid droplets and depressing the increasing rate
of solution viscosity. Both are highly effective for further
enhancing the liquid droplet growth period and perfecting
the membrane pore size.

SEM images of P(AN-MA) membranes are shown in
Fig. 8, which are prepared with 15 wt.%, 18 wt.% and 20 wt.%
P(AN-MA) and formed in 20 °C water bath. Comparing the
membranes shown in Fig. 8 with that shown in Fig. 5, the
membranes formed in an air bath possessed better intercon-
nectivity and larger pore size. The average pore sizes of the
15P(50C50G), 18P(50C50G) and 20P(50C50G) membranes
are 270.5 nm, 155.2 nm and 144.8 nm, respectively, which
are summarized in Table S2. The corresponding pore sizes
of membranes formed in the 20 °C water bath are 153.4 nm,
117.6 nm and 102.3 nm, respectively. Because of the thermal
capacity of water is higher than that of air. With the increase
of cooling rate (water as the coagulation bath), the homoge-
neous solution would undergo a short and weak L-L phase
separation, the pore size in the cross-section decreased. A
slower cooling rate leads to a longer coursing period due to
the low temperature gradient and vice versa, which is better
for forming an interconnecting pore structure.

3.6. The pore sizes and distribution, permeability and porosity
of membranes

Fig. S5 shows the pore size distribution of P(AN-MA)
membranes prepared with various polymer concentrations.

——10 °C/min
- 5°C/min
—-—-2°C/min

Heat Flow(mw/mg) Endo —

1 1
0 20 40 60 80 100 120 140
Temperature {C )

Fig. 7. Crystallization and melting behaviors of 15P(50C50G)
casting fluid at different cooling rates. The solid lines represent
10 °C/min, dot lines represent 5 °C/min, and dash dot lines rep-
resent 2 °C/min.

Fig. S6 exhibits the pore size distribution of P(AN-MA)
membranes formed by different cooling rates respectively.
It can be seen that the pores were composed of both small
pores and large pores. Most of the pore size was higher than
100 nm. Thus, the average pore size was recognized as the
average value of pores. When the P(AN-MA) concentration
increased from 15 wt.% to 30 wt.%, the average pore size in
the cross section decreased from 270.5 nm to 72.3 nm, and
the pore size distribution regions obviously became narrow,
shown in Fig. 10. Itis attributed to the higher viscosity and the
narrow L-L phase separation region for the ternary system
containing 30 wt.% P(AN-MA). With the increase of cooling
rate, as shown in Fig. 11, the pore size decreased,and the dis-
tribution became narrower. Taking 15P(50C50G) membrane
as an example, the pore size distribution decreased from
117.6-410.3 nm to 83.1-204.9 nm, when the coagulation bath
changed from 20 °C air bath to 20 °C water bath. It is ascribed
to a short liquid drop growth period at a higher cooling rate.
T, and T are generally assumed to be the upper and bot-
tom boundary of liquid drop growth perlod At a constant
ternary system, the gap of T, ,and T is certain. The growth
period of droplet is mamly dec1ded by the cooling rate.
Because water has a high thermal capacity, the cooling rate
in water is bigger than that in air. As a result, the pore size of
membranes decreased obviously with cooling rate increas-
ing. Thus, it is feasible to obtain an ideal pore structure of
P(AN-MA) membrane by adjusting the polymer concentra-
tion and cooling rate.

The permeability and porosity of P(AN-MA) porous
membranes are shown in Fig. 9. Both the pore size and
porosity increased with the increase of GTA content. The
15P(50C50G) membrane exhibited a good interconnected
structure, larger pore size and high surface porosity, as
shown in Fig. 3. The PWF of the 15P(50C50G) membrane
was up to the maximum value of 6802 L/m?h. When the
GTA content in the mixed diluent increased from 10 wt.%
to 50 wt.%, the PWF and porosity increased from 268.2 L/
m?h to 6802 L/m?h, and the porosity increased from 61.3
wt.% to 79.4 wt.%, respectively, due to its inter-connected
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15P(50C50G)

40 ) um

18P(50C50G)

20P(50C50G)

Fig. 8. SEM images of P(AN-MA) membranes prepared with 15 wt.%, 18 wt.% and 20 wt.% P(AN-MA): (a) cross-section (250x), (b)
cross-section (10 000x), (c) top surface (5 000x), and (d) bottom surface (5 000x). The mixed diluent was composed of CPL/GTA

(50/50 wt.% at 20 °C in a water bath).
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Fig. 9. Water flux (bars) and porosity (squares) of P(AN-MA)
membranes prepared under various conditions.
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sponge structure and highly porous surface as shown in
Fig. 3.While, the concentration of PCAN-MA) changed from
15 wt.% to 30 wt.%, the porosity of the membrane decreased
from 79.4 wt.% to 50.7 wt.%, and the PWF decreased from
6802 L/m?h to 30 L/m?h, ascribed to the poor connectivity
and tiny pores as mentioned above (Fig. 5 and Fig. S5).

The cooling rate is another crucial parameter to adjust
the pore size and porosity. The permeability and porosity
of P(AN-MA) porous membranes were depressed with the
increase of cooling rate. Compared with the 18P(50C50G)
membrane formed in the 20 °C air bath, the sample formed
in the 20 °C water bath has a slight lower porosity, i.e., 69.7

14 | GTA concentration

20 °C water bath |
20 °C air bath

P(AN-MA) concentration
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Fig. 10. Tensile strength of the wet P(AN-MA) membranes.

wt.% vs. 67.7 wt.%.It is worthy to note that the PWF exhib-
ited a dramatic depression from 5200 L/m*h to 204 L/m?h,
when the coagulation bath was changed from the air to the
water keeping the environmental temperature constant.
The 15P(50C50G) and 20P(50C50G) membranes formed in
the air bath and water bath showed similar changing trend.

3.7. The mechanical property and rejection of P(AN-MA)
membranes

The mechanical strength and elongation are shown in Fig.
10. The wet membranes formed in the water bath had a better
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tensile strength and elongation than those formed in the air
bath. It was associated with the lower porosity and small pore
size of the membrane formed in the waterbath [5,32]. With
the increase of P(AN-MA) copolymer content, the permeabil-
ity of the membrane gradually decreased until a dense skin
appeared as the PCAN-MA) content up to 30 wt.% (Figs. 5 and
9). Advantageously, the tensile strength improved obviously
from 2.8 MPa to 10.2 MPa and the elongation increased obvi-

100 GTA concentration |P(AN-MA) concentration
i 20 °Cair bath 20°C air bath "

20 °C water bath

Rejection ratio (%)
8 8

®

8

20
O A a0
@ﬁ@ﬁﬁ%&@%@@ﬁ%&fgﬁﬁﬁfw

Fig. 11. The rejection of P(AN-MA) membranes.

Air bath 15P(20C10G)

ously from 19.54 % to 42.55 %, when the P(AN-MA) content
increased from 15 wt.% to 30 wt.%, in the 20 °C air bath.

Jietal. [39] and Wanget al. [40] reported that the rejection
of microfiltration membrane could be evaluated by using car-
bonic ink. The carbonic ink solution was comprised of nano-
carbon particles with diameters from 60-450 nm (the average
size is 170 nm), as shown in Fig. S3. The concentration of car-
bonic ink solution was set at 0.3 g/L in our experiments. The
rejections of membranes are shown in Fig. 11. The sample of
18P(50C50C) membrane was used as a filtration and the sep-
aration effect was recorded by a photograph as shown in Fig.
54 and Table. 52, which summarizes some properties of the
P(AN-MA) membranes fabricated in the air and water baths.
It is evidenced that the rejection was a comprehensive per-
formance of the membrane porosity, the inter-connectivity of
the cross-section and the surface pore size.

The apparent morphology of PAN and P(AN-MA)
wet membranes during the drying process (at 25 °C for 4
h) were also investigated, which are shown in Fig. 12. The
P(AN-MA) membranes keep even and no wrinkle appear-
ing as the GTA content higher than 20 wt.%. While, the PAN
membrane can’t keep even and wrinkle appearing, when
it fabricated by NIPS method. It's due to the P(AN-MA)
membrane possesses bi-continuous pore structure and
avoid finger-like pore, when it formed via TIPS method, it
is especially better for dry state preservation and transport.

A further comparison of PAN or PAN-based membranes
reported in previous literatures via TIPS is presented in Table
4. The P(AN-MA) copolymer could be dissolved in the mixed

ERERT EZ

Fig. 12. The apparent morphology of P(AN-MA) and PAN wet membranes during the dry process, PAN membrane was fabricated

by NIPS and P(AN-MA) membranes were fabricated by TIPS.
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Table 4
Comparison of PAN and PAN-based membranes prepared via TIPS reported in the literature
Membrane composite Fabricated Pore size  Porosity Rejection Maximum pure  Tensile strength Ref.
temperature ( (um) (%) (%) water flux (L/m>h) (MPa)c
OC)
PAN/DMSO,/Glycerol 160 20.20/7.30* 87.5 N 3000 1.6 [5]
PAN/DMSO,/PEG 160 N 83.7 N 1500 N [29]
PAN/PEG/PVP 180 N N 131 6.8 [46]
AN-MA/y-BA/GTA 160 0.40 70.0 N 80 3.8 [11]
AN-MA/EC/TEC 160 2.40 76.0 N 66 4.6 [47]
AN-MA/CPL/GTA 140 0.27 794 91.9a 6802 2.8 This work

N ~ Not reported in the paper; the geometries of all membranes were flat sheets.

“Both the long and short diameter of oval-shaped pores.

A carbonic black ink with a particle size of 0.17 um was used as the specimen, and the concentration of the feed solution was 0.3 g/L.

‘Wet membrane tensile strength.

diluent CPL/GTA at a lower temperature of 140 °C. There is
a difference about 2040 °C lower than that reported in the
references. It has a great advantage in energy saving. Fur-
thermore, the 15P(50C50G) membrane formed in 20 °C air
bath had porous membrane surface and the smallest average
pore size of 0.27 um. The carbonic ink with an average parti-
cle size of 170 nm could be filtered by 15P(50C50G) and the
rejection up to 91.9%. It also possesses the best excellent per-
meabilty up to 6802 L/m’h. Therefore, the melt processable
P(AN-MA) provides a new way to fabricate porous PAN-
based micro-filtration membranes via TIPS.

4. Conclusion

In this study, a man made melt processable P(AN-MA)
copolymer was used as membrane matrix, the solvent
CPL and non-solvent GTA were used as a mixed diluent.
A series of P(AN-MA) porous membrane was fabricated
via TIPS method. The P(AN-MA) membranes exhibited
inter-connected sponge structure and porous surface, when
the content of GTA was up to 30 wt.% in 20 °C air bath. The
optimum ratio of CPL/GTA in the mixed diluent was 1/1
wt.%. Even when the P(AN-MA) content was up to 25 wt.%,
the surface still exhibited a porous morphology. The aver-
age pore size of 15P(50C50G) membrane was 270.5 nm. The
rejection to carbonic ink with an average particle size of 170
nm was 91.9%. The P(AN-MA) membrane fabricated in 20
°C air bath had excellent permeability, which possess a PWF
up to 6802 L/m?h and a porosity up to 79.4 wt.%, respec-
tively. The pore size and rejection have opposite trend, pore
size becomes larger with GTA content increase, P(AN-MA)
concentration and cooling rate decrease.

The melt processable P(AN-MA)copolymer provides
a new way to fabricate PAN-based micro-filtration mem-
branes via TIPS. It also provides a reference for the forma-
tion of other semi-crystalline polymer membrane via the
green technology of TIPS, especially for the polymer cannot
be dissolved at room temperature.
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Fig. S2. Crystallization and melting behaviors of the P(AN-MA)/CPL/GTA ternary system with various P(AN-MA) and CPL con-
tent. (a), (c) DSC heating curves of P(AN-MA)/CPL/MPEG550 ternary system; (b), (d) DSC cooling curves of P(AN-MA)/CPL/
MPEG550 ternary system.
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Fig. S5. The pore size distribution of P(AN-MA) membrane pre-
pared with various polymer concentrations (20 °C air bath).
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Table S1
Crystallization temperature (T), melting point (T ) of 15P(50C50C) mixture at different cooling rate
Cooling rate Heating Cooling
T, O T, (°C) AH, (/g) T, (O T, (O AH (J/g)
10°C/min 359 48.8 38.0 29 —4.8 359
5°C/min 36.0 48.7 47.3 6.6 19 47.6
2°C/min 37.2 48.6 37.3 8.3 4.2 35.7

mo

crystallization peak; T - The peak temperature of the crystallization peak.

T, - The onset temperature of the melting peak; T, - The peak temperature of the melting peak; T - The onset temperature of the

Table S2

Some typical properties of PCAN-MA) membranes prepared via TIPS
Sample Coagulation bath  Porosity (%)  Water flux (L/m*h)  Stress (MPa) Average pore size(nm) Rejection (%)
15P(50C50G) 20 °C, air 794 6802 2.80 270.5 919
18P(50C50G) 20 °C, air 69.7 5200 3.49 155.2 94.7
20P(50C50G) 20 °C, air 65.5 1604 4.74 144.8 95.3
15P(50C50G) 20 °C, water 75.5 1203 3.87 153.4 95.0
18P(50C50G) 20 °C, water 67.7 204 7.30 117.6 97.3

20P(50C50G) 20 °C, water 62.5 115 8.51 102.3 98.2




