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a b s t r a c t
Polyphenylene sulfide (PPS) membranes were fabricated via a thermally induced phase separation 
method using mixed diluent of epsilon-caprolactam (CPL) and diphenyl sulfone (DPS). The effect of 
changing the CPL/DPS weight ratio on the structure and properties of prepared PPS membranes were 
investigated. The morphologies and performances of obtained PPS membranes were characterized by 
scanning electron microscopy, static water contact angles, mechanical strength, porosity, permeability 
and salt rejection rate. The characterized results showed that the morphologies of PPS membrane 
changed from cellular, bi-continuous to spherulitic structure with the increase of CPL/DPS mass ratio. 
PPS membranes exhibited the excellent stability and high salt rejection ratio in VMD experiments. The 
largest permeate flux stabilized at 10.63 L/(m2·h1) and the highest salt rejection remained above 98.9% 
after operating for 10 h.
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1. Introduction

Nowadays, water shortage and purification of sewage 
are major problems around the world. Membrane technol-
ogy is an energy saving and efficient wastewater treatment. 
Membrane distillation (MD) is carried out by means of hot 
steam driven by hydrophobic microporous membranes. 
It is a low cost and energy saving membrane separation 
technology [1–3].

There are four types of MD technologies: direct contact 
MD, sweep gas MD, air gap MD and vacuum MD (VMD) [4]. 
Because of the low energy consumption, mild operating con-
ditions and high separation efficiency, VMD has a wide range 
of potential applications in seawater desalination, removal of 
heavy metals and volatile organic compounds, wastewater 
treatment and various separation processes [5–8].

Intrinsic hydrophobic material, such as polypropyl-
ene (PP), polytetrafluoroethylene (PTFE), polyvinylidene-
fluoride (PVDF), is commonly used in MD process [9–13]. 
However, it is not possible to use PVDF and PP for some 
MD processes in harsh water environments (high tempera-
ture, containing acid or alkali and organic solvents). Thus, it 
requires a kind of membrane material with excellent perfor-
mance used for this MD process [14]. Polyphenylene sulfide 
(PPS) is a semi-crystalline thermoplastic with high melting 
temperature (285°C–296°C). Most importantly, PPS has excel-
lent solvent resistance, and nearly no solvent can dissolve it 
below 200°C [15]. Compared with these three membranes, 
PPS membrane had superior performance against strong 
acid, strong alkaline and polar solvent, and it possessed the 
perfect thermal stability [16]. Therefore, PPS is expected to be 
a promising membrane separation material in the future [17].
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However, the preparation of PPS membrane by the solu-
tion phase conversion method is not feasible because it is dif-
ficult to find a suitable diluent to dissolve the PPS at a low 
temperature. PPS membranes can be prepared by thermally 
induced phase separation (TIPS) [16]. TIPS was first introduced 
by Castro and was used by several people for the preparation 
of microporous polymeric membranes. This method has been 
applied to various crystalline polymers, such as PP [18,19], 
PE [20,21], PVDF [22–24], polyacrylonitrile (PAN) [25,26] and 
poly(ethylene-co-vinyl alcohol) (EVOH) [27,28].

TIPS is one of the main techniques for the preparation 
of polymeric porous membranes by controlling phase sep-
aration [29]. TIPS can be divided into two processes: liquid–
liquid (L–L) phase separation and solid–liquid (S–L) phase 
separation [30]. In the TIPS process, a polymer is dissolved 
in a diluent at a high temperature with the cooling of the 
solution. The theoretical phase diagrams in TIPS process 
have been described in many literatures [31,32], as shown 
in Fig. 1. When the cooling temperature reaches a bimodal 
curve, L–L separation is induced. As for L–L separation, two 
mechanisms must be considered: nucleation growth (NG) 
and spinodal decomposition (SD) [33]. The NG mechanism 
occurs in a metastable region in the phase diagram between 
spinodal and binodal curves, while SD is in an unstable 
region under spinodal curve. Thus, membranes formed by 
SD or NG mechanisms lead to different porosity morphology 
and polymer crystallization structure. S–L separation occurs 
when the cooling temperature reaches the crystallization 
curves of the polymer. Then the polymer crystallizes and the 
polymer diluent structure is immobilized. The dilution was 
extracted with a volatile solvent to form a microporous poly-
mer membrane [34].

The location of the binodal curve is determined by the 
compatibility of the system, which is quantified as the inter-
action parameter between polymer and diluent. When L–L 
phase separation precedes S–L phase separation (Approach 
1 in Fig. 1), cellular or bi-continuous structures are obtained. 
Otherw (Approach 2 in Fig. 1), spherulitic structures are 
formed by S–L phase separation. When the polymer–diluent 
interaction is weak (Fig. 1(a)), part of binodal curve is above 
the crystallization curve and the system undergoes L–L 
phase separation with subsequent polymer crystallization. 

When the polymer–diluent interaction is strong (Fig. 1(b)), 
the binodal curve is lower than the crystallization curve and 
the system undergoes S–L phase separation in the form of 
polymer crystallization. The diluent plays an important role 
in controlling the phase separation mechanism and deter-
mines the morphology of membrane.

Up to now, a few studies have been reported on fab-
rication of PPS microporous membrane via TIPS method 
[17,35]. In previous studies, PPS membranes with the 
monotonous structure were prepared by PPS/single dilu-
ent systems. Ding et al. [35] used diphenyl sulfone (DPS) 
or diphenyl ketone as the single diluent to prepare porous 
PPS membranes. Zheng et al. [17] used six types of solvents 
to prepare PPS membranes by PPS–single diluent systems, 
and the formation of various PPS membrane structures 
were attributed to the different S–L or L–L phase separa-
tion mechanism. These prepared PPS membranes had poor 
permeability and mechanical properties and could not 
meet the requirements of industrial applications. Recently, 
some microporous polymeric membranes prepared by TIPS 
method by using a diluent mixture showed good results in 
controlling the membrane structure. The structures of mem-
branes based on PVDF [34,36], PE [21] and ECTFE [37] have 
been systematically controlled by using diluent mixture to 
control the polymer–diluent interaction. 

In this work, PPS membranes with cellular-like, 
bi-continuous and spherulitic structures were prepared via 
TIPS process using epsilon-caprolactam (CPL) and DPS as 
mixed diluent. The main aim of this work was to interpret 
the forming mechanism of membrane structure by vary-
ing diluent composition. Furthermore, the effects of CPL 
content on the PPS membranes’ performances in terms of 
hydrophobicity, permeability and mechanical strength were 
also investigated. Subsequently, these PPS membranes were 
tested in VMD.

2. Experimental section

2.1. Materials

PPS resin, which used in this study, was supplied by 
Tianjin Petrochemical Co., Ltd., China Petroleum & Chemical 

Fig. 1. Different approaches for L–L and S–L phase separation occurring in different systems: (a) system with weak interaction and 
(b) system with strong interaction.
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Corporation (SINOPEC, Tianjin) and it was dried at 120°C 
for 12 h before use. DPS was purchased from Aladdin 
Biochemical Technology Co., Ltd (Aladdin, Shanghai). CPL 
was provided by Tianjin Guangfu Fine Chemical Institute 
(Tianjin, China). All the chemicals were used without further 
purification.

2.2. Preparation of PPS flat sheet membranes

PPS flat microporous membranes were prepared via 
TIPS. A PPS solution mixed with proper amounts of DPS and 
CPL (diluent) was stirred at 265°C for 15 min under nitrogen 
atmosphere in a three-neck flask equipped with a mechanical 
stirrer and a thermometer. After degassing the air bubbles, 
the casting solution was quickly poured onto the surface of 
stainless steel plate (Fig. 2) which was preheated to 265°C on a 
heating plate (Shanghai Bangxi Instruments Technology Co., 
China), and it was quickly scraped with a casting bar (500 μm). 
After that, the casting solution together with the plate was 
immediately immersed into a coagulation bath (tap water at 
25°C) to solidify the sample. The diluent in the wet membrane 
was extracted by being immersed in ethanol for 24 h and pure 
water for 24 h. The final membranes were freeze-dried using 
a FD-1D-80 freeze dryer (Hanuo Instruments Co., Shanghai, 
China). Composition and preparation conditions of each 
membrane are listed in Table 1.

2.3. Characterization

2.3.1. Differential scanning calorimetry

The crystallization temperature of PPS membranes 
was characterized by differential scanning calorimetry 
(DSC 200 F3, Netzsch, Germany). Under the protection of N2, 
the solid PPS/diluent sample was melted to 270°C at the rate 
of 10°C/min and then cooled to 25°C at the rate of 10°C/min. 
During the cooling process, the temperature of the exother-
mic peak was regarded as crystallization temperature.

2.3.2. Membrane morphologies

The morphology of the cross-section and top sur-
face of the PPS flat-sheet membranes were characterized 
by field-emission scanning electron microscopy (FESEM, 
Hitachi S-4800, Hitachi, Japan) with an accelerating voltage 
of 10 kV. Membrane samples were frozen and fractured in 
liquid nitrogen. Then all samples were coated in gold.

2.3.3. Contact angle measurements

The water contact angle (WCA) of the prepared PPS 
membrane was measured by using an optical contact angle 
measuring instrument (model JYSP-180, Jinshengxin Inspection 
Instrument Co., Ltd., Beijing, China) at room temperature. A 
2 μL of water drop was placed on the surface of PPS flat-sheet 
membranes and the projected drop image was analyzed to 
determine the static contact angle. Five different spots for each 
sample were measured and the average value was reported. 

2.3.4. Porosity

The porosity of the PPS membrane was determined by 
the gravimetric method [38], which calculated the weight of 
liquid immersed in the membrane pores. Due to the hydro-
phobicity of PPS, n-butyl alcohol was used as the wetting liq-
uid. The membrane samples were immersed in the n-butyl 
alcohol for at least 24 h and weighed immediately after 
removing the n-butyl alcohol of the outer membrane surface 
with a filter paper. The porosity (ε) was calculated by Eq. (1):

µ %=
−
× ×

×
w w
A d

2 1 100
ρ

( )  (1)

where w2 is the weight of the membrane wetted by n-butyl 
alcohol (g), w1 is the weight of the dry membrane (g), d is the 
average thickness of the membrane (cm), ρ is the density of 
n-butyl alcohol (ρ = 0.811 g/mL), and A is the area of the PPS 
membrane (cm2).

2.3.5. Mechanical strength

The tensile strength and breaking elongation of the pre-
pared PPS membranes were measured by an YG-061-1500 
tensile tester at room temperature. Each membrane sample 
was cut into 5 mm (width) × 25 mm (length) test strips and 
the tensile rate was 10 mm/min. Each specimen was tested at 
least five times.

2.3.6. Permeability tests

Pure water flux (PWF) was measured by a self-made 
cross-flow filtration experimental device. The PPS mem-
brane was pre-pressurized with distilled water at 0.2 MPa for 
30 min and then the pressure was adjusted to operation pres-
sure of 0.1 MPa. The PWF was determined by the following 
Eq. (2):

J =
×
V
A t

 (2)

Fig. 2. Schematic of the PPS membrane casting device.

Table 1
Preparation conditions of PPS membranes

Samples PPS concentration 
(wt%)

CPL/DPS 
weight ratio

Cooling water 
bath (°C)

M-c20 24 20:80 25
M-c24 24 24:76 25
M-c28 24 28:72 25
M-c32 24 32:68 25
M-c50 24 50:50 25
M-c100 24 100:0 25
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where J is the PWF (L·m–2·h–1), V is the total permeation (L), 
A is the effective membrane area (m2) and t is the permeation 
time (h).

Nitrogen flux of dry flat membranes was calculated by 
the following equation (Eq. (3)), and the permeate flow rate 
was measured at 0.01 MPa:

J =
L
A  (3)

where J is the nitrogen flux (m3·m–2·h–1), L is the nitrogen flow 
(m3·h–1) and A is the effective membrane area (m2).

2.3.7. Liquid entry pressure

Liquid entry pressures (LEPs) of the dry PPS membranes 
were determined using a laboratory device (Fig. 3) at room 
temperature. Increased the pressure slowly until the muta-
tion of the conductivity meter, this mutation pressure was 
considered as the LEP point. The average value of three tests 
is reported.

2.3.8. Membrane distillation experiments

The performance of the PPS membranes in harsh water 
desalination was tested with VMD. Fig. 4 shows a setup sche-
matically for the desalination experiment. The hot and circu-
lating salt solution (80°C, 3.5 wt % NaCl) was contacted to 
the membranes in one side and a vacuum pump (the vacuum 
pressure is 0.085 MPa) was connected to its other side. The 
permeate vapor was condensed into liquid water through a 

condenser and collected as the product. The conductivity of 
the feed solution and the permeate water was measured by a 
conductivity meter (FE30K, Mettler Toledo, China). The salt 
rejection R was calculated by Eq. (4) as follows:

R = −1
C
C
p

f
 (4)

where Cp and Cf were the conductivity of the permeate 
water and feed solution, respectively.

3. Results and discussion

3.1. Phase diagram

The compatibility of polymer and diluents directly 
reflects the thermodynamic properties such as the binodal 
line and crystallization temperature [39]. Membrane mor-
phology was affected by the different phase separation mech-
anism, which could be seen from the phase diagram. When 
L–L phase separation occurred before polymer crystalliza-
tion, a cellular or bi-continuous structure could be observed 
[40]. On the contrary, in the case of S–L phase separation, only 
the spherical membrane structure could be obtained, unless 
this structure could be modulated by acting on polymer con-
centration, cooling rate and polymer/diluent interaction [34]. 
The binary phase diagram for the PPS–CPL, PPS–DPS sys-
tem is shown in Figs. 5 and 6, respectively. The monotectic 
point (φm) of PPS–DPS was between 30% and 40%, the L–L 
region was located left of φm and the S–L region was located 
below φm. However, the curve of crystallization points was 
higher than curve of cloud-points (the temperature of the liq-
uid–liquid phase separation of the system) in the PPS–CPL 
system, which showed that the PPS–CPL system exhibited 
only a solid–liquid (S–L) phase separation region without 
liquid–liquid (L–L) phase separation region. As a result, DPS 
had a lower compatibility with PPS than CPL [39].

The phase diagram of PPS/CPL/DPS ternary sys-
tems with different CPL/DPS mass ratios at the PPS con-
centration of 24 wt % is shown in Fig. 7. It could be seen, 

Fig. 3. LEP of the PPS membrane testing device.

Fig. 4. Schematic diagram of the VMD experiments.
Fig. 5. Binary equilibrium phase diagram for the PPS–DPS 
system.
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when the CPL/DPS weight ratio in mixed diluent reached 
35 wt %/65 wt %, L–L phase separation was no longer 
observed, and only the polymer crystallization process 
existed. But the PPS/DPS system was L–L phase separation 
when the PPS concentration was 24 wt %. It was clear that 
the increase of CPL/DPS mass ratio promoted the occur-
rence of S–L phase separation. In other words, it enhanced 
the compatibility between polymer and diluent. When the 
compatibility between polymer and diluent was enhanced, 
the L–L phase separation shifted below the S–L phase [23]. 
Thus, the L–L phase separation occurred before the poly-
mer crystallization owing to the poor compatibility between 
polymer and diluent. With the further improvement of com-
patibility, no L–L phase separation happened, but only the 
S–L phase separation [32].

3.2. Morphologies

The effects of CPL/DPS weight ratio on cross-section and 
top surface structures of PPS membranes in the L–L phase 
separation were shown in Fig. 8. As the CPL ratio increased 

in diluent mixture, several different membrane cross-section 
morphologies were observed. As the CPL/DPS ratio was 
20:80, large cellular pores were obtained in M-c20 as shown 
in Figs. 8(a-1) and (a-2). The structure of cellular pores, 
which was typical structure of membrane for L–L phase 
separation system [41]. But these cellular pores were mostly 
closed pores. As the DPS/CPL ratio increased to 24:76, the 
membrane M-c24 had a cellular microstructure without 
larger pores as shown in Figs. 8(b-1) and (b-2). Because the 
homogeneous mixture was quenched to the room tempera-
ture via TIPS process, phase separation directly entered 
the unstable region and proceeded through SD [45]. As the 
DPS/CPL ratio increased to 28:72 and 32:68, a bi-continu-
ous structure was obtained and the pores became smaller 
as shown in Figs. 8(c-1) and (c-2) and Figs. 8(d-1) and (d-2). 
As shown in Figs. 8(a-3), (b-3), (c3) and (d3), when the 
weight ratio of DPS/CPL changed from 20:80 to 32:68, the 
pore numbers of the membrane top surface (air side) were 
increased significantly. Since the temperature gap between 
liquid–liquid phase separation temperature and the crystal-
lization temperature of the polymer played an important 
role in determining the microstructure of the porous mem-
brane [41]. When the cooling condition was the same, the 
sample with 20 wt /80 wt DPS/CPL had more time for L–L 
phase separation than that with 32 wt /68 wt DPS/CPL, thus 
M-c20 had the larger cellular pores. In the S–L separation 
systems, the cross section of M-d50 and M-d100 entirely pre-
sented spherulitic structure and the spherulites grew bigger 
as the CPL/DPS ratio increased as shown in Figs. 9(e-1) and 
(e-2) and Figs. 9(f-1) and (f-2). And the top surface pores of 
M-d50 and M-d100 became smaller and smaller as shown in 
Figs. 9(e-3) and (f-3). It was because with higher CPL/DPS 
ratio the compatibility between PPS and diluent was stron-
ger, which prevented the nucleation activity of PPS and led 
to the formation of few primary nuclei at the beginning of 
crystallization [34]. In addition, in the L–L phase separa-
tion system, since the CPL/DPS ratio increased in diluent 
mixture, the pore size decreases, but the number of pores 
increases. As for the S–L phase separation systems (M-c50 
and M-c100), both the pore size and number of pores were 
reduced.

3.3. Permeation properties

Effects of CPL/DPS ratio in diluent mixture on the PWF 
and porosity of PPS membranes were shown in Fig. 10. 
The results showed that the porosity increased from 53.6% 
to 68.3% at first then decreased to 47.5% as the CPL ratio 
increased. And the PWF increased from 31.2 to 75.2 L/m2·h at 
first then decreased to 18.6 L/m2·h as the CPL ratio increased. 
It could be seen that the porosity and PWF of the M-c32 
were much higher than that of the other membranes. This 
was mainly attributed to the evolution of membrane micro-
structure changed from cellular, bi-continuous to spherulitic 
structure with the increase of CPL ratio, which was discussed 
above. Importantly, the connectivity of bi-continuous struc-
ture was better than that of cellular and spherical structure. 
The change trend of N2 flux with the increase of CPL/DPS 
ratio was similar to the trend of porosity. It could be seen that 
the LEP value decreased at first then increased, the results are 
shown in Fig. 11.

Fig. 6. Binary equilibrium phase diagram for the PPS–CPL 
system.

Fig. 7. Phase diagram of PPS/CPL/DPS ternary systems with 
various weight ratios of CPL/DPS at the PPS concentration 
of 24 wt %.
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Fig. 8. SEM photographs of PPS membranes prepared via L–L phase separation ((a) M-c20, (b) M-c24, (c) M-c28, (d) M-c32; 1: whole 
cross section ×700, 2: enlarged cross section ×3,500, 3: the top surface ×1,500).

Fig. 9. SEM photographs of PPS membranes prepared via S–L phase separation ((e): M-c50, (f): M-c100; 1: whole cross section ×700, 
2: enlarged cross section ×3,500, 3: the top surface ×1,500).
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3.4. Wettabilities

Hydrophobicity was the important property for mem-
brane application in VMD [42,43]. Effect of CPL/DPS ratio in 
diluent mixture on the WCA of PPS membranes is shown in 
Fig. 12. The results shown that the WCA increased from 92.8° 
to 121.5° at first then decreased to 88.6° as the CPL/DPS ratio 
increased from 20 wt/80 wt to 100 wt/0 wt. 

3.5. Membrane mechanical properties

The effects of weight ratio of CPL to DPS on elonga-
tion-at-break and breaking strength of PPS membranes 
are shown in Fig. 13. As CPL content increased, the tensile 
strength decreased significantly from 3.86 to 2.79 MPa at first 
and then increased to 3.55 MPa, and the breaking elongation 
decreased significantly from 12.6% to 7.9% at first and then 
slightly increased from 7.9% to 8.3%. It was well known that 
the microstructure of membranes played the important roles 
on the mechanical properties of membranes. And the high 
membrane porosity would weaken the breaking strength [44]. 
It was clear that the breaking strength of M-c50 and M-c100 
was much higher than M-c32. The main reasons were the 
surfaces of the membrane M-c50 and M-c100 had a thin layer 

of low porosity. At the same time, the spherulites grew big-
ger and more perfectly progressively as the CPL/DPS ratio 
increased and it contribute to the increase of the mechanical 
strength.

3.6. Membrane distillation performances 

Thicknesses, mean pore sizes and maximum pore sizes 
of the PPS membrane samples are shown in Table 2. In this 
work, the PPS membranes prepared via L–L phase separa-
tion were suitable for VMD experiments. The low porosity 
and poor hydrophobicity of the membranes (M-c50, M-c100) 
prepared via S–L phase separation resulted in they could not 
be used in membrane distillation. The results of VMD perme-
ate flux and salt rejection are shown in Fig. 14. As shown in 
Fig. 14, the variation tendency of permeate flux was almost 
same as the variation of N2 flux for the membrane samples. 
The increase of N2 and permeate fluxes could be attributed to 
the increase of porosity. It could be seen that the M-c32 had 
a highest stable permeation flux of 10.63 L/(m2·h1) and salt 
rejection remained above 97.4% after operating for 10 h as 
shown in Fig. 14(d). And the stable permeate flux of M-c28 
reached 8.35 L/(m2·h1) and the highest salt rejection remained 
above 98.9% as shown in Fig. 14(c). The M-c20 had a lowest 

Fig. 10. PWF and porosity of different PPS porous membranes 
prepared by different diluent mixtures.

Fig. 11. N2 flux and LEP of different PPS porous membranes 
prepared by different diluent mixtures.

Fig. 12. Water contact angles of different PPS porous membranes 
prepared by different diluent mixtures. 

Fig. 13. Mechanical properties of different PPS porous membranes 
prepared by different diluent mixtures.
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permeation flux of 2.37 L/(m2·h1) and lowest salt rejection of 
81.5%. The hydrophobicity and LEP of the membrane were 
two important factors that determine the separation proper-
ties of MD [37]. Both the LEP and the WCA of M-c28 were 
larger than other membranes, so the salt rejection of M-c28 
was highest. Table 3 listed a performance comparison between 
this work and other published MD processes [45,46]. It was 
found that the PPS membranes exhibited a great potential for 
their use in MD process for seawater treatment.

4. Conclusions

PPS flat sheet membranes were prepared from the 
ternary systems of PPS/CPL/DPS by TIPS method. 

Fig. 14. Permeate flux and salt rejection of PPS membranes (a) M-20, (b) M-d24, (c) M-d28, (d) M-d32 (80°C feed temperature, 0.085 MPa 
vacuum pressure, 3.5 wt% NaCl).

Table 3
Comparison of the flux obtained in this study with the literature for MD processes

Application Feed solution Feed 
temperature (°C)

NaCl rejection 
(%)

Driving force 
Δp (MPa)

Permeation 
flux (L/(m2·h))

Membrane code Refs.

VMD 3.5 wt% NaCl 70 99.9 0.095 2.6 FEP flat-sheet [45]
VMD 3.5 wt% NaCl 80 97.0 0.015 11.8 PVDF flat-sheet [46]
VMD 3.5 wt% NaCl 80 98.9 0.085 8.3 PPS flat-sheet (M-c28) This 

work
VMD 3.5 wt% NaCl 80 97.4 0.085 10.6 PPS flat-sheet (M-c32) This 

work

Table 2
Thickness, mean pore size and maximum pore size of the PPS 
membrane samples

Samples Thickness 
(μm)

Mean pore 
size (μm)

Maximum pore 
size (μm)

M-d20 126.3±2 0.18±0.02 0.22
M-d24 129.5±3 0.21±0.01 0.24
M-d28 125.9±2 0.25±0.02 0.31
M-d32 130.7±4 0.24±0.02 0.29
M-d50 136.5±3 0.22±0.03 0.26
M-d100 138.2±5 0.16±0.01 0.19
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The phase behaviors of PPS/CPL/DPS system were 
determined to control systematically L–L phase separation 
and S–L phase separation by changing the CPL/DPS ratio 
in diluent mixture. As the weight ratio of CPL increased, 
the compatibility between PPS and diluents became strong, 
and the cross section of PPS membrane changed from big 
cellular to bi-continuous and spherical structure. It was 
found that the membrane with bi-continuous microstructure 
possessed higher permeate flux and salt rejection than those 
of membranes with cellular structure or spherical structure 
in VMD process. Moreover, the PPS membranes exhibited 
the excellent stability and high salt rejection ratio in water 
desalination experiments. Those results show the potential 
application of this novel type of membrane in the treatment 
of sewage.
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