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a b s t r a c t
Polymers of intrinsic microporosity (PIMs) are promising membrane materials for the recovery of 
phenol from water. In this study, PIM-1 and its blend membranes with polyurethane (PU) were 
prepared and characterized. The pervaporation separation performances of these membranes were 
evaluated using phenol aqueous solution. The result showed that PIM-1 with higher molecular weight 
led to better pervaporation separation performance. PU membrane modified with 1% PIM-1 exhibited 
pervaporation separation index (PSI), which higher than that of pristine PU and similar to that of 
pure PIM-1. Furthermore, addition of styrene–butadiene–styrene (SBS) as interfacial agent could 
improve the separation performance of blend membranes. When 0.125 wt% of SBS was added to 1% 
PIM-1/PU-blend membrane, both total flux and separation factor increased simultaneously from 14.6 
to 16.1 kg μm m–2 h–1 and from 21.7 to 31.9, respectively, with 1% phenol in feed at 60°C. PSI of 1% 
PIM-1/PU with 0.125 wt% SBS is 498.1 kg μm m–2 h–1, which is much higher than that of pristine PU 
and PIM-1. The enhanced separation performance was derived from the shrunken interface voids after 
adding SBS. Blending PIM-1 with PU provides a new method for the modification of PIM-1.
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1. Introduction

Phenol is an important chemical raw material, which is 
mainly used in the production of caprolactam, salicylic acid, 
phenolic resin, and so on. During the production process 
of phenol, a large amount of phenolic wastewater arises. 
Therefore, the recovery of phenol from water will not only 
help to save the costs for factories, but also protects the 
aqueous environment [1]. The traditional methods of treat-
ing phenolic wastewater, such as adsorption, extraction, and 
distillation, are effective; however, they have limited feed 
concentration, and the problems of secondary pollution and 
adsorbent regeneration are associated with them [2].

Pervaporation (PV) is a novel separation technology that 
has been widely used in the separation of liquid solutions, 
in particular azeotropes, due to its simplicity, environmental 
friendliness, and energy-saving efficiency [3–5]. The suitable 
choice of membrane materials is the key to PV technology 
[6]. For the PV separation of phenol from water, some new 
membrane materials are being developed.

Significant attention has been paid to polymers of intrinsic 
microporosity (PIMs), which have high specific surface, control-
lable microporous structure, and excellent physical and chemi-
cal stability [7–10]. As a type of typical PIMs, PIM-1 derived from 
5,5′,6,6′-tetrahydroxy-3,3,3′,3′-tetramethyl-1,1′-spirobisindane 
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(TTSBI) and 2,3,5,6-tetrafluoroterephthalonitrile (DCTB) 
comprise fused ring sequences interrupted by sites of contor-
tion. Thus, chains of PIM-1 cannot pack efficiently in the solid 
state and possess high free volume. PIM-1 has been widely 
researched in gas separation processes [11–13]. Recently, 
many researches have reported the potential of PIM-1 in 
organophilic PV to separate volatile organic compounds [14], 
alcohol [15], and phenol from water [16], among which the 
first publication is related to the recovery of phenol from 
water [17]. Budd et al. [16] used PIM-1 as a PV membrane 
to remove phenol from water and obtained separation factor 
of 18 and flux of 20.8 kg μm m–2 h–1. PIM-1 membrane used 
in their research displayed a higher permeation flux than 
many other types of dense membranes, although the separa-
tion factor was moderate. In fact, PIM-1 has a structure rich 
in benzene rings and micropores, which benefits the separa-
tion of phenol. However, to the best of our knowledge, PV 
separation of phenol from water using PIM-1 membrane has 
not been reported by any other researcher. The applications 
of PIM-1 have not been exploited thoroughly. Based on this 
research situation, this study intended to develop the applica-
tion of PIM-1 for phenol recovery from water.

To improve the performance of membranes, modification 
is necessary. The modification methods of PIM-1 membranes 
usually fall into two categories. On the one hand, it is based 
on the functionalization of nitrile group of PIM-1 backbone 
[18,19]. Carboxylation is usually carried out before further 
crosslinking or other treatment. Zhao et al. [20] prepared 
hydrolyzed PIM-1 membrane, and then used multivalent 
metal ions to carry out its crosslinking. Higher gas selectivity 
was obtained. On the other hand, second method involves 
the blending of PIM-1 with inorganic filler or other types of 
polymers, which seems to be more facile than group function-
alization. Moreover, introduction of some required groups 
or components by mixing two or more materials together is 
relatively simple. Silicalite-1 [21], carbon nanotube [22], and 
graphene-like inorganic fillers [23] were added to PIM-1 to 
prepare mixed matrix membranes. Notably, the dispersion of 
these fillers is very important. Besides, PIM-1 (or carboxylated 
PIM-1) was also blended with polyimide [24], polyethylene 
[25], and polyetherimide [26]. The materials that are blended 
with PIM-1 should have particular affinity and benefit the 
separation of specific solvent. For example, Wu et al. [25] 
blended polyethylene with PIM-1, and the carbon dioxide 
(CO2) selectivity of PIM-1 was remarkably enhanced. The 
effects of modification were related to the phase separation 
between PIM-1 and polyethylene.

For PV separation of phenol from water, polyether block 
amide (PEBA) [27], polydimethylsiloxane (PDMS) [28], and 
polyurethane (PU) [29] are usually selected as membrane 
materials. Among them, PU shows the highest separation 
factor; nonetheless, the permeability of PU is very limited. 
Das et al. and Ghosh et al. [30,31] prepared a series of hydro-
phobic hydroxyl-terminated polybutadiene (HTPB)-based 
PU membranes to remove phenol from water, and found that 
the separation factor was very high, even up to hundreds, but 
with a poor flux less than 0.01 kg m–2 h–1.

Considering the combination of better permeability 
of PIM-1 and better selectivity of HTPB-based PU for the 
separation of phenol, the blending of PU and PIM-1 was 
considered to be feasible. Moreover, they not only have the 

complementary separation performances, but also capability 
of dissolution in co-solvent such as tetrahydrofuran and 
chloroform.

Therefore, in this study, PIM-1 and the modified 
PIM-1 membranes blended with HTPB-PU were prepared 
and characterized by optical microscopy (OM) and 
Fourier-transform infrared (FTIR) spectroscopy. Further, 
they were applied in the PV separation of phenol from water. 
Moreover, the effects of molecular weight of PIM-1, solvent 
used for membrane solution, content of PIM-1, and interface 
agent styrene–butadiene–styrene (SBS) on PV performance 
were investigated and discussed.

2. Experiment

2.1. Materials

The monomers TTSBI and DCTB were purchased 
from Sigma-Aldrich (Shanghai, China) and purified by 
re-crystallization and vacuum sublimation, respectively. 
Potassium carbonate (K2CO3) was obtained from Shanghai 
Chemical Reagent Store (Shanghai, China) and dried for 
24 h under vacuum at 120°C. HTPB (hydroxyl value = 
0.8355 mmol KOH g–1) was purchased from Zibo Qilong 
Chemical Industry Co., Ltd. (Zibo, Shandong, China) and 
dehydrated under vacuum at 120°C with constant stirring 
for 2 h before being used. 1,4-Butanediol (BDO), dibutyltin 
dilaurate (DBTDL), tetrahydrofuran (THF), toluene, metha-
nol, and chloroform were all supplied by Beijing Huihai Keyi 
Co., Ltd. (Beijing, China). BDO and THF were dried over 
molecular sieves (4 Å). Dimethylacetamide was purified by 
distillation under reduced pressure over calcium hydride 
and stored over molecular sieves (4 Å). 4,4′-Dicyclohexyl 
methane diisocyanate (H12MDI, reagent grade, 90% isomers) 
was supplied by TCI (Shanghai, China) and employed 
without further purification. SBS (SBS1401, S/B of 20/80) was 
purchased from Yueyang Petrochemical (Hunan, China).

2.2. Preparation of PIM-1 and PU membranes

2.2.1. Preparation of PIM-1 membranes

The synthesis of PIM-1 was based on polycondensation 
of TTSBI and DCTB [32]. High-temperature polymerization 
procedure for PIM-1 is shown in Fig. 1(a). The yield of PIM-1 
was approximately 92%. PIM-1 membrane was prepared by 
casting/solvent evaporation method. Membrane solution 
with 2 wt% was prepared by dissolving PIM-1 powder in 
chloroform. The solution was then filtered using 0.45 μm 
cut-off syringe filter and cast onto a Teflon holder with 9 cm 
diameter, so that the solvent could be evaporated slowly 
at room temperature. The dry membrane was formed after 
approximately 3 d, and further dried under vacuum at 80°C 
for 24 h. The yellow membrane with the thickness of about 
40–80 μm was obtained. The molecular weight and molecular 
weight distribution were determined by gel permeation 
chromatography in THF.

2.2.2. Preparation of PU membranes

HTPB-PU was synthesized via two-step method including 
prepolymerization and chain-extension reactions as shown 
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in Fig. 1(b) [1]. The prepolymer was prepared by the reaction 
of H12MDI and HTPB in THF at 30°C for 1 h in the presence of 
0.05 wt% DBTDL as catalyst with NCO/OH mole ratio of 2/1. 
Then, the chain-extender BDO (OH:NCO = 1:1) was added to 
the prepolyurethane under mechanical stirring for 15 min. 
Moreover, the solid content of solution was adjusted to about 
15% by adding solvent. Finally, the membrane solution was 
cast on a Teflon holder and left at room temperature for 
30 min, and then dried at 80°C for 10 h to remove the residual 
solvent. The thickness of the membranes was in the range of 
80–150 μm.

2.3. Preparation of PIM-1/PU-blend membranes

PIM-1/PU-blend membranes were prepared by solution 
blending and casting. First, the prepolymer solution of PU 
was prepared according to the abovementioned procedure. 
Then, stoichiometric BDO and PIM-1 were added in the 
system for chain extension and blending. The following 
procedure was the same as that for the abovementioned 
preparation of PU membranes. For the preparation of PIM-1/
PU-blend membranes with interface agent, SBS was added 
together with BDO and PIM-1 in the prepolymer of PU. The 
other procedures were similar to that for the preparation of 
PIM-1/PU-blend membranes without interface agent.

x%PIM-1/PU/y%(SBS) is used to designate PU mem-
branes with x wt% PIM-1 and y wt% SBS loading. The PIM-
1/z%PU represents PIM-1 membranes with z% PU blended. 
The solvents for preparing the membrane are abbreviated as 
C for chloroform and T for THF, which are presented in the 
parentheses following the designation of membranes. For 
example, PIM-1/1%PU(C) indicates PIM-1 membrane with 
1% PU prepared in chloroform. For the blend membranes 
containing more PIM-1 than PU, chloroform was used as sol-
vent for membrane solution; while for those with more PU 
than PIM-1, THF was used as solvent.

2.4. Membrane characterization

2.4.1. Fourier-transform infrared spectroscopy (FTIR)

The chemical composition of the membranes was 
determined by FTIR spectroscopy using a Nicolet IR 560 
spectrometer (Thermo Nicolet Corporation, USA) measuring 
in the range of 4,000–500 cm–1.

2.4.2. Optical microscopy

A microscope with integrated transmission/reflection 
light source from Shanghai Sunwell Optoelectronics Co., 
Ltd. was used to observe the membranes at different 
magnifications.

2.4.3. Thermogravimetric analysis

The thermal stability of the different types of membranes 
was tested using a TGA-2050 Simultaneous Thermal 
Analyzer (TA Instruments, USA). The temperature was in the 
range 30°C–800°C and the heating rate was 10°C min–1 with 
a nitrogen flow.

2.4.4. PV experiments

The PV performances of the membranes were tested by 
using an apparatus from Tiandabeiyang Co., Ltd. (Tianjin, 
China), as shown in Fig. 2. The feed was heated and circu-
lated from the feed tank (volume of 1.5 × 10−3 m3) through 
the upstream side of the membrane cell using a pump with 
adjustable function of flow rate. A membrane supported 
by porous sintered stainless steel in the permeate side was 
mounted in the PV cell. The measurements were carried out 
for phenol/water mixtures in which the content of phenol 
was 1–5 wt%. The feed mixture was maintained at a tempera-
ture between 50°C and 80°C using a thermostat. The effective 

OH

OHHO

HO

+
F

F
CN

CN
F

F
O

O O

O
CN

CN
O

K2CO3

160

O

n

R1NCO + HO CH2 CH2m CH CH2 OH
n

m
Dibutyltindilaurate

THF30
NHCO R2 OCNH

O O

R1

m
OCNH NHCO R2 OCNH

O O

R1

R2= CH2 CH CH CH2 n

m

O

NCO R1NCO

R1 NHCO (CH2)4

Ο

R1= CH2

HO (CH2)4 OH

m

NCO
Prepolymer

HTPB-PU

HTPBH12MDI

m HO (CH2)4 OH

PIM-1
PIM-1/PU blend membrane

m HO (CH2)4 OH

PIM-1,Interface agent (SBS)
PIM-1/PU blend membrane with interface agents SBS

(a)

(b)

Fig. 1. Structures of PIM-1 and HTPB-PU: (a) PIM-1 and (b) HTPB-PU and blend membrane.



71X. Yan et al. / Desalination and Water Treatment 138 (2019) 68–79

area of the membrane was 2.2 × 10−3 m2. Pressure on the 
permeate side was maintained below 200 Pa (absolute pres-
sure) by vacuum pump. Two cold traps were set in parallel 
allowing the collection of permeate without rupture of the 
vacuum. The concentrations of permeate and feed mixture 
were analyzed by gas chromatography (GC). GC (GC1120 
type, Sunny Optical Technology Company Limited, China) 
with thermal conductivity detector was used in this study. 
Packed column (OV-17, 3 m × 3 mm) was used for testing. 
When the permeate formed two-phase system, additional 
deionized water was added to dilute the permeate until a 
transparent solution of permeate was formed. Then, the 
as-obtained solution was injected into GC to test. The real 
concentration of original permeate could be calculated, 
because the amount of additional water was known. To 
avoid solidification of phenol on the pipe wall, the down-
stream pipe was wrapped with heated cable to maintain the 
temperature above 70°C.

The flux (J, kg μm m–2 h–1), separation factor (α), and per-
vaporation separation index (PSI, kg μm m–2 h–1) are defined 
by Eqs. (1)–(3) as follows:

J Q
A T

=
⋅

⋅ l � (1)

α =
Y X
Y X
A B

B A

⋅
⋅ � (2)

PSI = ⋅ −J ( )α 1 � (3)

where Q (kg) is the total mass of permeate collected through 
the effective area of the membrane (A, m2) during time T (h), 
and l is the membrane thickness (μm). YA and YB represent 
the weight fractions of phenol and water in the downstream 
permeate, and XA and XB represent those in the feed mixture, 
respectively. PSI is introduced to evaluate the comprehensive 
separation performances of membranes considering perme-
ation and selectivity together.

Permeability and selectivity are more representative and 
accurate than flux and separation factor, because permeabil-
ity and selectivity decouple the effect of driving force. They 
are determined by using Eq. (4) [33] as follows:

P
J l

x p y pi
i

n i i i n i
p=

−, ,γ sat � (4)

where Pi is the membrane permeability of the component i, 
l is the membrane thickness, pp is the permeate pressure, xn,i 
and yn,i are the mole fractions of the component i in the feed 
and permeate, respectively, γi is the activity coefficient, and 
pi

sat is the saturated vapor pressure. γi and pi
sat are calculated 

by using the Wilson equation and Antoine equation, 
respectively.

The ideal membrane selectivity β is defined as the ratio 
of the permeability coefficients of component i relative to 
component j:

β=
P
P
i

j
� (5)

3. Results and discussion

3.1. Characterization of PIM-1 and PU modified PIM-1 
membranes

3.1.1. FTIR spectra of membranes

Fig. 3 shows the FTIR spectra of the pristine and blended 
membranes. The spectra of PIM-1 and PIM-1/1%PU are 
similar and show characteristic peaks of PIM-1, which are 
nitrile (2,240 cm–1), ether stretch (1,265 cm–1), and aliphatic 
and aromatic C–H stretches (2,800–3,010 cm–1) [32]. The 
characteristic peaks of PU can be observed in the spectrum of 
PU and 1%PIM-1/PU membranes as follows: 3,300 cm–1 (N–H 
stretching vibration), 1,642 cm–1 (C=O stretching vibration), 
and 970 cm–1 (C=C double bond of HTPB) [1]. The 1 wt% 
content of the additional blended polymer is so low that it 
cannot change the spectrum a lot.

3.1.2. Morphology characterization by OM

The PU/PIM-1-blend membranes exhibited a macroscopic 
phase separation in this study. Thus, optical microscope was 
used to observe the morphology of membranes from a larger 
scale. The as-prepared pure membranes such as PIM-1 and 
PU present uniform morphology appearance under light 
transmission as observed using optical microscope (Figs. 4(a) 
and (b)). Some gray shadows for PU were possibly induced 
by some air gaps between PU and base plate.

In contrast, the blend membranes exhibited a different 
morphology. PIM-1 showed a rigid backbone and limited 
flexibility. However, PU exhibited flexible soft segment of 
HTPB. Although both of them could be resolved in THF 
and chloroform, their difference in structure and properties 
could result in phase separation. Fig. 4(c) shows that 1 wt% 
PU seems to have relatively good compatibility with PIM-1, 
and no visible phase separation is observed. The possible rea-
son is that the small amount of HTPB-based PU with flexible 
chain can penetrate into the micropores induced by the dis-
torted structure of PIM-1. However, the blending of 1 wt% 
PIM-1 in PU induces obvious phase separation with yellow 
PIM-1 aggregates in PU matrix (Fig. 4(d)). PIM-1 has a tortile 

Fig. 2. Pervaporation apparatus.
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structure and segment with weak mobility, which makes it 
difficult to diffuse into formed crosslinking net of PU domain. 
To increase the compatibility of PIM-1 and PU in 1%PIM-1/PU 
membrane, interface agent such as SBS was added in blend 
membranes based on similar compatible principle. The struc-
ture of styrene rich in benzene ring is similar to that of PIM-1, 
and that of butadiene in SBS is the same as soft segment of PU. 
Thus, SBS is an alternative interface agent for PIM/PU-blend 
polymer. Comparative analysis of the morphologies of sam-
ples with 0, 0.25, and 1 wt% SBS (Figs. 4(d)–(f)) indicates that 
PIM-1 agglomerates in 1%PIM-1/PU (Fig. 4(d)) tend to dis-
sociate into smaller parts as shown in Fig. 4(e), and further 
spread all over the observed field of view (Fig. 4(f)) with the 
increase in the content of SBS. SBS, as interface agent, could 

exist between PIM-1 and PU. With the help of SBS, PIM-1 
is not so repellent to PU, and becomes miscible with SBS. 
Thus, the original PIM-1 aggregates tend to disassemble into 
smaller parts, which are not excluded by PU for the existence 
of SBS. With increasing content of SBS, PIM-1 and PU become 
more compatible with each other as shown in Figs. 4(d)–(f).

3.1.3. Thermal properties of membranes

Fig. 5 shows TGA of PIM-1, PU, and blend membranes. 
The PIM-1 membrane shows a high decomposition 
temperature up to 500°C, which is estimated based on 
4.5 wt% loss of the original weight, while that of PU is 250°C. 
Thus, the thermal stability of PIM-1 decreases slightly after 
adding 1 wt% PU. Similarly, the thermal stability of PU can 
be increased slightly by adding 1 wt% PIM-1. In this study, 
operating temperature of the PV was between 50°C–80°C. 
Thus, the thermal properties of these membranes could with-
stand the PV.

3.2. PV performance of membranes

3.2.1. Effect of molecular weight of PIM-1 on PV 
performances

The apparent and intrinsic separation performance of 
pristine PIM-1 membranes with different molecular weights 
was tested and calculated using 5 wt% aqueous phenol 
solution at 80°C as shown in Fig. 6. PSI keeps increasing 
with increasing molecular weight of PIM-1, which is due 
to the increased total flux and separation factor as evident 
in Fig. 6(a). Fig. 6(b) shows partial fluxes of phenol and 
water, indicating that phenol flux enhances gradually with 
increasing number-average molecular weight (Mn), while 
water flux increases to the maximum at Mn of 7 × 104 g mol–1 
and then is restrained under higher Mn.

The membranes with different Mn were tested under the 
same feed temperature and concentration, thus permeabilities 
of solvents present a similar trend to partial flux according 
to Eq. (4). Selectivity increases with increasing Mn as shown 
in Fig. 6(c). The effects of Mn on separation performances 
can be explained in view of polymer structures. PIM-1 is 
a kind of porous polymer material, and longer molecule 
chains provide more micropores for solvents to diffuse. 
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Besides, kinetic diameter of phenol is about 5.1 Å [34], which 
is similar to the mean pore size of PIM-1 [16]. Thus, higher 
molecular weight results in higher phenol permeability and 
selectivity of PIM-1 membranes, which has been found by 
some studies [35]. Noteworthy, the permeability of water is 
much lower than that of phenol (Fig. 6(c)), while apparent 
flux of water is higher than that of phenol (Fig. 6(b)). This is 
attributed to lower driving force ( )x y p x pn i i i n i

p
, ,

sat −  for phe-
nol than water according to Eq. (4). PIM-1 membrane with 
Mn of 9 × 104 g mol–1 was selected for further study because 
of its good separation performance.

3.2.2. Effects of feed temperature and concentration

The effects of feed temperature and concentra-
tion on the PV performances of PIM-1 membrane were 

investigated. Fig. 7 shows the temperature dependence of 
performances of PIM-1 membranes with Mn of 9 × 104 and 
8.8 × 104 g mol–1, respectively. With increasing feed tempera-
ture, flux increases and separation factor slightly decreases 
(Fig. 7(a) for 8.8 × 104 g mol–1 and (b) for 9 × 104 g mol–1). That 
is a common phenomenon reported in many studies [36], 
which is usually ascribed to the enhanced movement of sol-
vents and segments of polymer. Figs. 7(e) and (f) exhibit the 
intrinsic separation properties, revealing that both permea-
bility and selectivity decrease with increasing temperature. 
This is mathematically attributed to a greater driving force 
at higher temperature induced by higher vapor pressure 
according to Eq. (4). In fact, that is the reason for desorp-
tion of water and phenol from membrane at higher tempera-
ture, although diffusion process is accelerated in membranes 
[33,37].

The abovementioned temperature dependence of par-
tial flux and permeability can be plotted according to the 
Arrhenius equation [34] as follows:

J J E
RT

=
−

0 exp( )a � (6)

P P
E
RT

P=
−

0 exp( ) � (7)

where J0 and P0 are the pre-exponential factors, R is the 
universal gas constant, T is the operating temperature, and 
Ea and Ep are, respectively, the activation energies of flux and 
permeability which can be calculated. Based on the linear 
fitting of flux and permeability vs. temperature as shown in 
Figs. 7(c), (g), (d), (h), Ea and Ep can be calculated and the 
values are listed in Table 1. Ea and Ep are positive and neg-
ative values, respectively, which display the degree and 
direction of temperature effects on flux and permeability. 
Besides, PIM-1 (Mn = 9 × 104 g mol–1) obtains higher activation 
energy for water and lower one for phenol than PIM-1 
(Mn = 8.8 × 104 g mol–1). This indicates that longer polymer 
chain can facilitate the diffusion of phenol and increase the 
energy barrier for water, which is in good agreement with the 
results presented in Fig. 6.

Feng and Huang [38] suggested that the difference 
between Ea and Ep was the molar enthalpy of vaporization 
ΔHv expressed as follows:

∆H E Ev a p= − � (8)

Calculated values of ΔHv of phenol and water are 
listed in Table 1. The values of ΔHv are slightly different 
from theoretical values of 57.3 kJ mol–1 for phenol [39] and 
42.78 kJ mol–1 for water [40] at 25°C under atmospheric 
pressure. That is probably induced by the prerequisite 
of Eq. (8) that the permeate pressure yn,ipp is very low and 
neglected in derivation process.

Fig. 8 demonstrates that the feed content of phenol 
significantly affects the separation performances. The total 
flux and PSI increase, while the separation factor decreases 
gradually with increasing phenol concentration (Fig. 8(a)). 
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Fig. 6. Effects of molecular weight on separation performance: 
(a) total flux, separation factor, and PSI, (b) partial flux, and 
(c) permeability and selectivity (feed concentration: 5 wt% and 
temperature: 80°C).
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Furthermore, the permeability and flux of phenol and 
water increase with the increase of feed content as shown 
in Figs. 8(b) and (c). Based on the hydrophobic nature of the 
PIM-1 membrane, the interaction between the membrane 
and phenol is higher than that of water and increases with 
increasing phenol concentration in the feed [41]. Thus, 

permeability of phenol increases. However, diffusion of water 
can also be facilitated because of more swelling of PIM-1 
membrane under higher phenol concentration. The affinity 
of PIM-1 to phenol overwhelms the volume priority effect of 
water. Therefore, permeability of phenol increases faster than 
that of water, which induces increased intrinsic selectivity.

Fig. 7. Effects of feed temperature on separation properties: ((a) and (b)) flux and separation factor, ((c) and (d)) linear fitting of 
1/T and Ln J, ((e) and (f)) permeability and selectivity, and ((g) and (h)) linear fitting of T and P (PIM-1 membranes: ((a), (c), (e), 
and (g)) Mn = 8.8 × 104 g mol–1, ((b), (d), (f), and (h)): Mn = 9 × 104 g mol–1, and feed concentration: 5 wt%).
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3.2.3. Effect of blending modification on PV performance

Fig. 9 exhibits that the PV performance of pure PIM-1 and 
PU membranes is significantly influenced by solvents used 
in membranes solution. Chloroform and THF are suitable 
solvents for PIM-1 and PU to prepare membrane, respec-
tively, obtaining relatively good separation performances. 
For example, the flux and separation factor of PIM-1(C) 
membrane prepared using chloroform are 12.6 kg μm m–2 h–1 
and 26.8, while those of PIM-1(T) membrane obtained using 
THF as solvent are 44.9 kg μm m–2 h–1 and 3.3, respectively. 
Based on this result, chloroform was adopted as optimized 
solvent for preparing PIM-1/1%PU, and THF was used for 
1%PIM-1/PU. The effects of solvent might have resulted from 
the packing of polymer chain.

Fig. 9(a) shows that the addition of 1 wt% PU in 
PIM-1 results in a decreased PSI compared with the pris-
tine PIM-1 membranes. However, 1%PIM-1/PU(T) shows 
relatively good separation performance with total flux 
of 14.6 kg μm m–2 h–1 and separation factor of 21.7. PSI of 
1%PIM-1/PU(T) is similar to that of PIM(C) and higher than 
that of the other membranes.

Fig. 9(b) demonstrates that the addition of 1% PIM-1 
increases the phenol flux from 1.8 of PU(T) to 2.7 kg μm m–2 h–1 
of 1%PIM-1/PU(T) and the water flux from 4.8 of PU(T) to 
12.0 kg μm m–2 h–1 of 1%PIM-1/PU(T). Thus, 1%PIM-1/PU(T) 
achieves higher flux and lower separation factor than 

Table 1
Activation energies (kJ mol–1) of solvents

Mn(PIM-1) (g mol–1) 8.8 ×104 9 × 104

Ea,water 30.08 34.11
Ea,phenol 32.12 29.6
Ep,water –15 –8.38
Ep,phenol –27.92 –29.43
ΔHv = Ea,water

–Ep,water 45.08 42.49
ΔHv = Ea,phenol

–Ep,phenol 60.04 59.03
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Fig. 8. Effects of feed concentration on separation performances: 
(a) total flux, separation factor, and PSI, (b) partial flux, and 
(c) permeability and selectivity (feed temperature 80°C and 
Mn = 9 × 104 g mol–1).
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PU(T). In PIM-1/PU-blend membrane, small molecules dif-
fuse through three paths: (1) PU domain, (2) PIM-1 domain, 
and (3) interface between PU and PIM-1. For 1%PIM-1/PU(T), 
the porous structure of PIM-1 remains in blend membrane 
because PIM-1 exists in the form of aggregates, thus paths 
between PIM-1 chains are available. Besides, the non-selective 
gaps induced by poor compatibility between PU and PIM-1 
benefit the flux and limit the improvement of separation factor.

A comparison of separation performance and econom-
ical cost was made and summarized in Table 2. Although 
1%PIM-1/PU(T) has similar PSI to PIM-1(C), the cost of 
1%PIM-1/PU(T) of 45.4 $ kg–1 is much lower than that of PIM-
1(C) of 3,107.0 $ kg–1. Taking the economic efficiency of mate-
rials into consideration, 1%PIM-1/PU exhibits a promising 
future. Therefore, the effects of PIM-1 content on separation 
performance of PU were researched in the following study.

3.2.4. Effects of PIM-1 loading on separation performances

PIM-1/PU-blend membranes with different loading of 
PIM-1 were expected to have better performances and tested 
for PV separation as shown in Fig. 10. With the increase 
in loading of PIM-1 from 0.3 to 1.5 wt%, the flux keeps on 
increasing. However, separation factor first increases to the 
maximum at 1 wt%, and then decreases under higher loading. 
That is probably induced by poor compatibility between 
PIM-1 and PU. The interfacial void between PIM-1 and PU 
is nonselective and can facilitate the diffusion of water for 
the reason that molecular size of water is smaller than that 
of phenol. When PIM-1 with less than 1 wt% is added, the 
favorable factor of the microporous structure of PIM-1 with 
phenol affinity outweighs the unfavorable factor of the phase 
interface voids. However, at a higher PIM-1 loading above 
1 wt%, the unfavorable factor plays a leading role to reduce 
the selectivity. Thus, improvement in the compatibility of 
two types of polymer becomes important, and the interfacial 
agents were added in this study for further investigation.

3.2.5. Effect of interfacial agent on PV performance

SBS was adopted as interface agent between PU and 
PIM-1 in this study. Fig. 11(a) demonstrates that with increas-
ing SBS loading, the flux increases, which is mainly induced 
by the increased water flux shown in Fig. 11(b). The phenol 
flux increases first, and then decreases when the SBS content 
is higher than 0.125 wt%. This indicates that the separation 
factor increases to the maximum of 31.86 under loading of 
0.125 wt% and then decreases gradually. A small amount of 
SBS as interfacial agent can narrow the gap between PIM-1 
and PU. Therefore, water flux does not increase significantly 

under SBS content lower than 0.5 wt% as shown in Fig. 11(b). 
However, SBS becomes an independent phase under higher 
loading and incompatible with PU and PIM-1, which facil-
itates the diffusion of water. Among these modified mem-
branes with interfacial agent, the separation performance 
of 1%PIM-1/PU/0.125%SBS membrane was found to be the 
best with separation factor of 31.9, flux of 16.1 kg μm m–2 h–1, 
and PSI of 498.1 kg μm m–2 h–1. The synthetic performance 
of 1%PIM-1/PU/0.125%SBS was much higher than that of 
pure PIM-1 and PU membranes. Thus, SBS is an effective 
interfacial agent for the modification of blend membrane of 
PU/PIM-1.

3.2.6. Comparison with data reported in literature studies

The PV performance of PIM-1 and PIM/PU obtained in 
this study was compared with other types of membranes 

Table 2
Comparison of PIM-1, PU, and 1%PIM-1/PU

Membranes Total flux (kg µm m–2 h–1) Separation factor PSI (kg µm m–2 h–1) Costa ($ kg–1)

PIM(C) 12.6 26.8 325.1 3107.0
PU(T) 6.6 37.6 240.3 14.5
1%PIM-1/PU(T) 14.6 21.7 302.2 45.4

aThe cost of material is evaluated by the price from agent supplier listed in Section 2.1. The cost of solvents (THF or chloroform) is not taken 
into consideration, because they evaporate completely.
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Fig. 10. Effects of PIM-1 loading on separation performances: 
(a) flux, separation factor, and PSI and (b) partial flux.
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discussed in literature reports as summarized in Table 3. 
Exact comparison of the separation performance under dif-
ferent test conditions was difficult. Notably, PSI can prove 
the potential of membranes in separating phenol from water 
to some extent. Table 3 summarizes that except for PEBA2533, 
PSI values obtained in this study are much higher than those 
obtained by other studies. PEBA possesses excellent compre-
hensive separation performance for recovery of phenol from 
water. Nonetheless, the casting process of PEBA membrane 
solution has to be carried out on a heated plate to avoid 

gelation [27]. Comparatively, the film-forming operation of 
PIM-1 and PIM-1-modified PU in this study can be conve-
niently conducted at room temperature. Table 3 summarizes 
that under 1% feed, PIM-1 membrane in this study achieves 
significantly higher flux, separation factor, and PSI at 60°C 
than PIM-1 from literature study [16] at 70°C. Higher feed 
temperature usually results in higher flux and lower separa-
tion factor. Thus, comparatively PIM-1 in our study performs 
better.

Hence, membranes obtained in this study are promising 
candidates for separating phenol from water.

4. Conclusions

PIM-1 and its blend membranes with PU were success-
fully prepared. PIM-1 with higher molecular weight leads 
to better PV separation performance. PU membrane mod-
ified with 1% PIM-1 shows higher PSI than pristine PU, 
and has similar PSI compared with pure PIM-1. Addition 
of SBS as interfacial agent can improve the separation per-
formance of blend membrane. When 0.125 wt% of SBS is 
added to 1% PIM-1/PU-blend membrane, both total flux 
and separation factor increase simultaneously from 14.6 
to 16.1 kg μm m–2 h–1 and from 21.7 to 31.9 with 1% phe-
nol in feed at 60°C, respectively. PSI of 1% PIM-1/PU with 
0.125 wt% SBS is 498.1 kg μm m–2 h–1, which is much higher 
than that of pristine PU and PIM-1. The enhanced separa-
tion performance is derived from the shrunken interface 
voids after addition of SBS. Blending PIM-1 with PU and 
SBS provides a new method to improve the separation 
performance.
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Table 3
Comparison of pervaporation performance of different membranes

Membrane Feed 
(wt%)

Temperature 
(°C)

Total flux 
(kg µm m–2 h–1)

Separation 
factor

PSI 
(kg µm m–2 h–1)

Reference

PDMS 1 70 15.0 7.6 113.8 [28]
HTPB-PU 3 70 2.7 62.8 166.9 [29]
PEBA2533 0.8 70 42.2 39.0 1,605.1 [36]
Polyimide 1 70 15.0 7.6 98.7 [42]
PIM-1 1 70 8.4 16.0 126.0 [16]
PIM-1(C) 1 60 12.6 26.8 325.7 This study
PIM-1(C) 5 70 42.7 16.1 646.0 This study
1%PIM-1/PU(T) 1 60 14.6 21.7 302.4 This study
1%PIM-1/PU/0.125%SBS 1 60 16.1 31.9 498.1 This study
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Fig. 11. Effects of SBS loading on separation performances: 
(a) total flux, separation factor, and PSI and (b) partial flux 
(feed temperature: 60°C, feed concentration: 1 wt%, and 
Mn = 12.8 × 104 g mol–1).
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Symbols

PU	 —	 Polyurethane
PIMs	 —	 Polymers of intrinsic microporosity
SBS	 —	 Styrene–butadiene–styrene
x%PIM-1/
PU/y%(SBS)

	 —	� PU membranes with x wt% PIM-1 and 
y wt% SBS

PIM-1/z%PU	 —	 PIM-1 membranes with z% PU blended
C	 —	 Chloroform
T	 —	 Tetrahydrofuran
J	 —	 Total flux, kg μm m–2 h–1

Ji	 —	� Partial flux of i component, kg μm m–2 h–1

α	 —	 Separation factor
PSI	 —	 Pervaporation separation index
Pi	 —	� Permeability of i component, kg μm m–2 

h–1 kPa–1

xn,i	 —	� Mole fraction of the component i in the 
feed

yn,i	 —	� Mole fraction of the component i in the 
permeate

γi	 —	 Activity coefficient of i component
pi
sat

	 —	 Saturated vapor pressure, kPa
pp	 —	 Permeate pressure, kPa
fi	 —	 Fugacity of i component, kPa
β	 —	 Selectivity
Ea	 —	� Apparent activation energy of flux, 

kJ mol–1

Ep	 —	� Permeability activation energies, kJ mol–1

∆Hv	 —	� Molar enthalpy of vaporization, kJ mol–1
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