
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 8
:1

0:
01

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Polyimide thin fi
aKey Laboratory of Marine Chemistry Theo

China), Ministry of Education, 238 Songlin

subaowei@ouc.edu.cn; Fax: +86 532 66786
bCollege of Chemistry & Chemical Engine

Songling Road, Qingdao 266100, China

Cite this: RSC Adv., 2017, 7, 42800

Received 23rd July 2017
Accepted 30th August 2017

DOI: 10.1039/c7ra08133b

rsc.li/rsc-advances

42800 | RSC Adv., 2017, 7, 42800–428
lm composite (TFC) membranes
via interfacial polymerization on hydrolyzed
polyacrylonitrile support for solvent resistant
nanofiltration

Shanshan Yang, ab Hongyan Zhen ab and Baowei Su *ab

Highly permeable, selective and solvent resistant nanofiltration (SRNF) membranes are desirable for the

separation of substances on a molecular level in organic solvent. Polyimides have attracted significant

attention for their chemical, structural and thermal stability. In this work, hydrolyzed polyacrylonitrile–

polyamide acid (H-PAN/PAA) composite membranes were prepared via interfacial polymerization of

m-phenylenediamine (MPD) and 1,2,4,5-benzenetetra acyl chloride (BTAC) on hydrolyzed

polyacrylonitrile (H-PAN) supports. The formed H-PAN/PAA membranes were then transformed into

H-PAN/PI thin film composite (TFC) membranes by a chemical imidization method. The effects of

acetone as co-solvent in organic phase solution, the additives in the aqueous solution and the

imidization time on the performance of the prepared PI TFC membranes were investigated. The

chemical composition and the morphology of the prepared composite membranes were characterized

by using FTIR, SEM and AFM. The hydrophilicity of the membrane surface was also measured. Using

Rhodamine B (RB) with molecular weight (MW) of 479 dalton (Da) and Coomassie brilliant blue (CBB)

G250 (MW ¼ 854 Da) as model chemicals, the rejections of the prepared SRNF membranes for

100 mg L�1 of RB–ethanol solution and CBB G250–ethanol solution were about 92.8% and 99%,

respectively. Their ethanol permeances were about 0.79 L m�2 h�1 bar�1 and 0.69 L m�2 h�1 bar�1,

respectively. After being immersed respectively into CCl4, toluene, ethanol, acetone and methanol pure

solvents for 30 days, the rejections of the prepared SRNF membranes remained quite stable.
Introduction

Organic solvent nanoltration (OSN), also known as solvent
resistant nanoltration (SRNF), is a new burgeoning technology
which holds enormous potential for the ne chemical, phar-
maceutical, food and petrochemical industries as it allows
separation of organic mixtures on a molecular level.1 Compared
with general separation techniques such as distillation, crys-
tallization and adsorption, etc., OSN process needs no phase
transition, thus it can minimize the degradation of heat sensi-
tive materials and avoid some unwanted side reactions, and in
particular, reduce the energy consumption. Recently, more and
more researchers have begun focusing their studies on the
membrane materials and preparation methods for SRNF
membranes.2–20 Polymers involving polyacrylonitrile (PAN),5,6,21

polyetherimide (PEI),7–10 polysulfone (PSF),11,12,22 poly-
phenylsulfone (PPSU)14,15 and polybenzimidazole (PBI)10,16,17
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10
have been reported to prepared SRNF membranes. Various new
methods and materials have been reported to prepare SRNF
membranes.18–20,23 For example, mixed matrix membranes were
prepared using nanoparticles such as TiO2 (ref. 23) and gra-
phene oxide nanosheets18 in the selective layer and they showed
improved permeance and rejection.

Polyimide (PI) is one of the most widely used polymers in
high temperature plastics, dielectrics, photoresists, nonlinear
optical materials and separation membrane materials due to its
chemical and thermal stability.24 The use of PI in SRNF
membrane preparation is increasing.

Most PI SRNF membranes were integrally skinned asym-
metric (ISA) membranes fabricated by phase inversion, which
possesses a skin-layer on the top of a porous sublayer with the
same composition. A number of recent studies have been
carried out on PI asymmetric SRNF membranes prepared
through solidication of emulsied PI solutions via phase
inversion.2–4,17,25 Since PI can be dissolved in some strong polar
solvents such as N,N-dimethylformamide (DMF), N,N-dimethy-
lacetamide (DMAc), N-methyl pyrrolidone (NMP) and dimethyl
sulfoxide (DMSO), which are typically used in membrane
fabrication, the phase inversion membrane usually needed
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic of the fabrication procedure of the PI TFC
membranes.

Fig. 2 Hydrolysis reaction of PAN support in alkaline environment.
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a post-treatment, such as imidization or cross-linking, to
improve its solvent resistance. Wang et al.2 reported the fabri-
cation of PI SRNF membranes by a two-step method including
the preparation of PAA membranes via phase inversion and the
subsequent thermal imidization of PAA membranes. Vanherck
et al.26 reported PI membranes phase-inverted from PI solutions
and subsequently cross-linked with p-xylylenediamine, which
exhibited superior chemical stability in aprotic solvents.
Nanoparticles were also used in the phase inversionmembrane.
Vandezande et al.27 reported a kind of zeolite-lled SRNF
membranes prepared with emulsied PI solution via phase
inversion.

Just recently, thin lm composite (TFC) membrane has been
investigated by several researchers via coating selective top layer
on PI substrate. Xu et al.28 prepared a kind of composite
membrane with a mussel-inspired polydopamine coating layer
based on PI support. Sun et al.29 prepared a dual-layer OSN
hollow ber membrane with hyperbranched polyethylenimine
cross-linked polyimide as the inner support layer.

Interfacial polymerization (IP) is the most generally used
method to prepare thin lm composite (TFC) membranes
consisting of an ultra-thin separating “barrier” on the top of
a chemically different porous support.1,30,31 However, most
research work were focused on aqueous membranes. Jimenez
Solomon et al.32 reported that PI-based TFC membranes
prepared with MPD and TMC by IP have the potential to achieve
higher permeances than the polymeric asymmetric
membranes, without sacricing selectivity. To our knowledge,
there is seldom any research work on PI selective layer made by
IP process excepted that Yang et al.33 had reported a kind of
polyimide/polypropylene SRNF membrane fabricated via inter-
facial polymerization and chemical imidization. However, there
is still little information available in literature about the fabri-
cation of PI TFC membranes via IP process.

It is of great importance to prepare PI TFC membranes for
SRNF with IP process which is environmental friendly,
economic and simple. This is also of great signicance for the
further development and industrial applications of PI SRNF
membranes. Hence, the aim of our study is to investigate the
method of fabricating PI TFC membranes for SRNF via the IP
process and further post-treatment.

In this work, we reported a new PI TFC membranes for SRNF
prepared on hydrophilic polyacrylonitrile supports via the IP
process and subsequent imidization process, as shown in Fig. 1.
Several key preparation parameters of the PI TFC membranes
were investigated, including additive agent in the aqueous
solution, the addition of co-solvent in the organic solution, as
well as the imidization time. The hydrophilicity of the
membrane surface was measured. Various properties (surface
morphology and structure) of the prepared PI SRNFmembranes
were extensively characterized by means of scanning electron
microscopy (SEM) and atomic force microscopy (AFM). The
separation performance of the prepared SRNF membrane was
evaluated by the ltration of dye–ethanol solution. As the
stability was very important for SRNF membranes in real OSN
application,3,17 the long term solvent resistance performance of
the prepared SRNF membranes in different organic solvents
This journal is © The Royal Society of Chemistry 2017
(CCl4, toluene, ethanol, acetone and methanol) was also
investigated.
Experimental
Materials

Polyacrylonitrile (PAN) ultraltration (UF) membrane with
molecular weight cut-off (MWCO) of 50 000 dalton (Da) was
purchased from Rising Sun Membrane Technology Co. Ltd.,
Shanghai, China. 1,2,4,5-Benzenetetra acyl chloride (BTAC,
97%) was purchased from Guangzhou Zhiya Chemdrug Tech-
nology Co. Ltd., Guangzhou, China. Tetrabutyl ammonium
chloride (TBAC, 95%), Rhodamine B (RB, MW ¼ 479 Da) and
Coomassie brilliant blue (CBB) G250 (CBBG250, MW ¼ 854 Da)
were purchased from Shanghai Ourchem Reagent Co. Ltd.,
Shanghai, China. m-Phenylenediamine (MPD), sodium dodecyl
sulfonate (SDS), acetic anhydride, acetone, trimethylamine
(TEA), n-hexane, carbon tetrachloride (CCl4), methanol,
ethanol, toluene, sodium sulfate (Na2SO4), potassium carbonate
(K2CO3), sodium hydroxide (NaOH) and potassium hydroxide
(KOH) are all of analytical grade. They were purchased from
Sinopharm Chemical Reagent Co. Ltd., China, and were used
without further purication. Deionized (DI) water was used for
membrane rinsing and preparation of aqueous solutions.
Pretreatment of the PAN UF membranes

Firstly, the commercial PAN UF membrane was immersed in DI
water over night to eliminate any impurities and rinsed it by DI
water for 1 minute before use. Then, the PAN membrane with
28.26 cm2 effective area was immersed in NaOH solution
(2.00 mol L�1) at 65 �C for 1 h in order to convert the cyanide
groups on the membrane surface into amide groups and further
into carboxyl groups through hydrolysis (Fig. 2). Subsequently,
RSC Adv., 2017, 7, 42800–42810 | 42801
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Table 1 The polarity values of the organic solvents34

Solvent CCl4 Toluene Acetone Ethanol Methanol
ET (30) 32.4 33.9 42.2 51.9 55.4
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the membrane was taken out and soaked, then was rinsed
repeatedly and thoroughly with DI water to remove the excess
NaOH solution until the pH of the soaking solution water
became neutral. Finally, the hydrolyzed PAN (denoted as
H-PAN)membrane was stored in DI water for further utilization.

Preparation of the PI TFC membranes

The H-PAN support membrane was immersed in the aqueous
solution containing MPD (0.5 wt%), SDS (0.16 wt%), KOH (0–
0.11 wt%), K2CO3 (0–0.2 wt%) and TBAC (0.1 wt%) for 20 min.
Aer the excess aqueous solution was removed, the support was
dried in the air until no droplets was seen on the substrate surface.
Then the support was immersed into the BTAC organic solution
(0.25%weight/volume BTAC and 0–0.8 wt% acetone in hexane) for
90 s to generate a nascent polyamide acid (PAA) composite
membrane via interfacial polymerization. Aer that, the
membrane was taken out again and dried in the air. The
composite membrane was then immersed in the chemical imid-
ization reagent (volume ratio of TEA : acetic anhydride : acetone¼
1 : 3 : 10) at 40 �C for 0–24 h. Thus, the PI layer on the membrane
surface was formed. Subsequently, the composite membrane was
taken out and dried in the air. Finally, the membrane was rinsed
by DI water and was soaked in DI water for storage.

According to the above steps, the optimal preparation
conditions were obtained through several single factor experi-
ments. For each test, at least 3 parallel membranes prepared
under the same conditions were measured and all the data were
the mean value of the measured data.

Characterization

The membrane morphology. The surface morphology of
both the prepared PI TFC membranes and the H-PAN support
membranes was investigated using a scanning electron micro-
scope (SEM, S-4800, Hitachi Co., Japan). Prior to the charac-
terization, the membranes were put into a vacuum drying oven
at 40 �C for 24 hours, then the dried membranes were cut into
appropriate size and were xed on the object stage using
conductive adhesive. Aer that, the SEM samples were sputter-
coated using gold with a thickness of 5 nm on their surface. The
surface morphology of the membranes was observed under 7 kV
acceleration voltage in different magnication.

The two-dimensional (2D) and three-dimensional (3D)
surface topographies of the prepared SRNF membranes were
observed by Agilent 5400 type atomic force microscope (AFM,
Nano-3D, Nikon Co., Japan) in tapping mode. The samples with
the area of 5.0 mm � 5.0 mm were scanned using the dielec-
trophoresis tip under 1.0 Hz scanning frequency. The root mean
square (RMS) roughness of the samemembrane was determined
based on three different regions using the computer soware.

ATR-FTIR spectroscopy. The composition of the composite
NF membrane surface was characterized by an attenuated total
reectance-Fourier transform infrared spectroscopy (ATR-FTIR,
MAGNA-560, Nicolet, USA) under 2 cm�1 resolution at the
spectrum range of 4000–600 cm�1.

Surface hydrophilicity. The contact angle of the membrane
surface was measured by the contact angle goniometer
42802 | RSC Adv., 2017, 7, 42800–42810
(DSA100, Kruss, Germany) with the static hanging dropmethod.
1.0 mL DI water was taken to deposit onto the surface of the
sample in order to reduce the error of each sample. Each sample
wasmeasured at 6 different points with 5mm interval per point.
The contact angle was obtained by computer soware and the
arithmetic mean value was taken as the nal contact angle.

Separation of inorganic salt solutions. The separation
performance of the composite membranes for inorganic salt
solutions was measured using a homed-made cross-ow system.
Two stainless steel sinks with each effective area of 28.26 cm2

were arranged in serial. The performance of each membrane
sheet was tested at 1.0 MPa and room temperature, using
2000 mg L�1 Na2SO4 solution. The permeate ux was measured
by using an electric balance and a computer data acquisition
system, and it was stable aer about 30 min running. However,
to acquire accurate rejection value of the membranes, the
permeate was sampled until aer 1 h running. The electronic
conductivities of the permeate and the feed were measured by
a conductivity meter. Then, the rejections and the permeances
were calculated according to literature.31 For the reproducibility,
we used at least three pieces of membrane sheets for each
experiment. The average values were calculated for each test.

Separation of dyes in organic solvents. The separation
performance of the prepared PI SRNF membranes for organic
dyes with different molecular weights was investigated using
100 mg L�1 RB–ethanol solution and 100 mg L�1 CBBG250–
ethanol solution, respectively, at 1.0 MPa and room tempera-
ture. The experimental procedure, the reproducibility, as well as
the rejections and the permeances calculation were the same as
those in the test of the inorganic salt solutions. The concen-
trations of the permeate and the feed solution were measured
by a UV-visible spectrophotometer (UV-Vis, UV759, Shanghai
Precision & Scientic Instruments Co., Ltd.) and were calculated
based on Lambert–Beer Law.

Solvent resistance performance of the membrane. In order
to investigate the solvent resistance of the prepared PI SRNF
membranes, several organic solvents with different polarity
values were selected, as shown in Table 1.34

The prepared PI TFC membranes were rstly immersed in
different organic solvents for 30 days. Aer being taken out and
rinsed thoroughly with ethanol, the membrane was immersed
in ethanol for about 2–4 hours. Then, the separation perfor-
mance of these composite membranes for different organic dye
solutions was investigated respectively.
Result and discussion
Mechanism of the interfacial polymerization process

Fig. 3 shows the FTIR spectra of the H-PAN membrane, the
H-PAN membrane aer being covered with the aqueous MPD
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 FTIR spectrum of the H-PAN support and composite
membranes.

Fig. 4 FTIR spectra of the PI TFC membranes with different imidiza-
tion time.

Table 2 The imidization degree of the PI TFC membranes with the
imidization time

Imidization time (h) 1 4 24
A1778/A1489 0.159 0.312 0.705
Imidization degree (%) 22.6 44.3 100
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solution, the H-PAN/PAA membrane prepared via the IP process
and the H-PAN/PI composite membrane prepared via chemical
imidization under the optimal conditions.

For the H-PANmembrane, the characteristic absorption peak
of C]O stretching vibration at 1736 cm�1 proved that the CN
groups on the membrane surface had converted into carboxyl
groups, which is similar to the previous reported studies.35,36 The
existing absorption peak at 2243 cm�1 corresponding to the CN
groups indicated that the CN groups inside the H-PAN
membrane didn't hydrolyze to COOH groups completely.36 For
the FTIR spectrum of the H-PAN support aer being immersed
in theMPD aqueous solution, the absorption peaks at 1665 cm�1

and 1579 cm�1 are the C]O stretches and the N–H stretches,
respectively, and the absorption peak at 1490 cm�1 is the
benzene skeleton stretches. They all indicated the deposition of
MPD on the support surface. In the spectrum of the H-PAN/PAA
membrane, the newly appeared absorption peaks at 1660 cm�1

and 1548 cm�1 correspond to the characteristic peak of the C]O
stretches at amide I band and the characteristic peak of the N–H
in-plane exural vibration at amide II, respectively, which indi-
cated that the CONH groups had generated through the amid-
ization reaction between the NH2 groups of MPD and the COCl
groups of BTAC.37 In the FTIR spectrum of the H-PAN/PI
membrane, the absorption peaks at 1723 cm�1 and 1778 cm�1

correspond to the symmetric and asymmetric C]O stretches in
the imide groups, respectively. The absorption peak at
1367 cm�1 is the C–N stretches. The absorption peak at
725 cm�1 corresponds to the imide carbonyl group stretches. All
of them indicated obviously the cyclodehydration of amide
groups and the formation of polyimide groups.38,39

Fig. 4 is the FTIR spectra of the prepared PI TFC membranes
with different chemical imidization time (1 h, 4 h, 24 h).
According to the spectra, the imide absorption peaks at
1723 cm�1, 1778 cm�1 and 1367 cm�1 increase gradually with
the imidization time increasing from 1 h to 24 h, while the
amide absorption peaks at 1660 cm�1 and 1545 cm�1 decrease
gradually. These phenomena indicated the increase of the
This journal is © The Royal Society of Chemistry 2017
imidization degree with imidization time. The amide absorp-
tion peaks at 1660 cm�1 and 1545 cm�1 vanished generally at
24 h imidization time, proving that the amide groups had
converted into the imide groups completely.

Assuming that the imidization degree of the composite
membrane with 24 h chemical imidization was 100%, the
degree of chemical imidization at different imidization time
was analyzed using the ratio of the absorbance at 1778 cm�1

and 1489 cm�1 according to literature.37,40 The results were
shown in Table 2. The imidization degree of the skin layer at 1 h
imidization time was 22.6%. And it gradually increased up to
44.3% while the chemical imidization time increased to 4 h.

Factors inuencing the PI TFC membranes performance

Effect of the co-solvent concentration. The separation
performance of the PI TFC membrane prepared with different
acetone concentrations (0.10, 0.25, 0.40, 0.60 and 0.80 wt%) in the
organic monomer solution was investigated using 2000 mg L�1

Na2SO4 solution and 100 mg L�1 CBBG250–ethanol solution
respectively. The results were shown in Fig. 5.

As presented in Fig. 5, with the increase of the acetone
concentration, the permeances of the PI TFC membranes for
both Na2SO4 solution and CBBG250–ethanol solution showed
an upward trend. However, both Na2SO4 and CBBG250 rejec-
tions increased at rst, they reached amaximum value when the
concentration of acetone was about 0.25 wt%. Nevertheless, the
rejections decreased generally with the further increase of the
acetone concentration.

The reason for this phenomenon could be attributed to
a narrow miscible zone formed in the hexane/water/acetone
RSC Adv., 2017, 7, 42800–42810 | 42803
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Fig. 5 Effect of concentration of acetone on the separation perfor-
mance of the PI TFC membranes for Na2SO4 aqueous solution (a) and
CBBG250–ethanol solution (b).

Table 3 Effect of acid acceptor on the separation performance of the
PI TFC membranes

Acid acceptor

Concentration Na2SO4 solution

(%)
Permeance
(L m�2 h�1 bar�1)

Rejection
(%)

K2CO3 0.2 6.9 88
KOH 0.1 6.11 89.6
K2CO3 + KOH 0.12 + 0.04 7.2 92.3

Fig. 6 The effect of imidization time on the separation performance of
the PI TFC membranes for Na2SO4 aqueous solution.
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system during the IP process. This narrow miscible zone caused
the formation of an orderly and regular active layer between the
aqueous solution and the organic solution, resulting in the
formation of a thinner skin layer and reducing the solvent
penetration resistance.41 Thus, the permeances of the
composite membranes for both the aqueous solution and the
ethanol solution increased greatly as acetone concentration
increased. However, when the acetone concentration increased
higher than 0.25 wt%, the skin layer formed in the IP reaction
zone would become loose gradually due to the extension of the
narrow miscible zone, causing the formation of larger pores on
the membrane surface and the decrease of the densication of
the skin layer.41–43 Thus it resulted in the decrease of both
Na2SO4 and CBBG250 rejections.

As depicted in Fig. 5, when the acetone concentration was
0.25 wt%, maximal rejection could be achieved for both the
Na2SO4 aqueous solution and the CBBG250–ethanol solution,
and the membrane permeance can be remained relative higher.
Therefore, 0.25 wt% was selected as an optimal acetone
concentration. Under this preparation condition, the rejection
of the composite membranes for Na2SO4 solution could reach
94% with a permeance of 8 L m�2 h�1 bar�1, and the rejection
for CBBG250–ethanol solution could reach 99% with a per-
meance of 0.68 L m�2 h�1 bar�1.
42804 | RSC Adv., 2017, 7, 42800–42810
Effect of acid acceptor. As shown in Table 3, when the
mixture of the strong alkali KOH and the weak alkali K2CO3 was
added, both of the membrane permeance and the rejection
increased. This may be explained by the fact that when only
KOH was added, excess KOH would turn the aqueous monomer
solution much strong alkali, KOH might react with BTAC
molecules at the interface. Therefore, less BTAC molecules
would participate in the IP reaction, and the extent of the IP
reaction would be discounted, leading to a slight decrease of the
membrane separation performance. On the other hand, when
only the weak alkali K2CO3 was added, it might not have enough
alkalinity to neutralize the acid generated during the IP reaction
of MPD and BTAC. However, when both of them were added,
K2CO3 can serve as a buffer solution so that the alkalinity of the
solution would not be too high for KOH to react with BTAC.
Therefore, we selected the mixture of K2CO3 and KOH as acid
acceptors.

Effect of the imidization time. As shown in Fig. 6, when the
imidization time was shorter than 4 h, the rejection increased
with the imidization time, and the permeance had a reverse
trend. However, when the imidization time was higher than 4 h,
the rejection decreased sharply together with a sharply increase
of the permeance accordingly. Therefore, the optimal imidiza-
tion time was 4 h.

The effect of the imidization time on the membrane sepa-
ration performance could be explained by the variation of the
membrane sectional and surface morphology in the “SEM”

section.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra08133b


Fig. 7 SEM images of the membranes surface morphology ((A) PAN support; (B) H-PAN support; (C) PAA membrane; (D) PI membrane
(imidization for 1 h, without acetone); (E) PI membrane (imidization for 4 h, without acetone); (F) PI membrane (imidization for 4 h, with acetone);
(G) PI membrane (imidization for 24 h, without acetone)).

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 42800–42810 | 42805
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Fig. 8 AFM images of the membranes surface morphology (two dimensional: (A1) H-PAN support, (B1) PAA membrane, (C1) PI membrane (with
acetone), (D1) PI membrane (without acetone); three dimensional: (A2) H-PAN support, (B2) PAA membrane, (C2) PI membrane (with acetone),
(D2) PI membrane (without acetone)).

42806 | RSC Adv., 2017, 7, 42800–42810 This journal is © The Royal Society of Chemistry 2017
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Fig. 9 The contact angle of the porous support and composite
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Characterization of the PI TFC membranes

SEM. As can be seen from Fig. 7, the membrane surfaces
under different conditions showed different morphologies.
From Fig. 7A and B, we can see that the surface of the PAN
substrate membrane became smoother aer being modied by
NaOH solution. According to the SEM image in Fig. 7C, a kind of
network structure was formed with apparent large pores on the
membrane surface aer the interfacial polymerization between
MPD and BTAC. However, aer 4 h chemical imidization, the
membranes skin layer became dense, as can be seen in Fig. 7D.

Compared the images of Fig. 7D, E and G, when the imid-
ization time was less than 4 h, with the increase of the imid-
ization time, the pores size of the composite membranes
became smaller and the density of them increased. The pores
on the membrane surface for 4 h imidization were more
uniform and denser, which indicated that the membrane
surface morphology became better with the increase of the
imidization time from 1 h to 4 h. However, with the further
increase of the imidization time from 4 h to 24 h, there emerged
much larger pore on themembrane surface, as can be seen from
Fig. 7G. The morphology of the membrane surface can just
provide evidence to the membrane rejection variation as illus-
trated in the “Effect of the imidization time” section, which
showed a maximum value at the imidization time of 4 h.

The variation of the pore size with the imidization time can
be explained by two main effects of the imidization reagent on
the PI TFC membranes additional to the imidization reaction.
The rst is the swelling compression effects during the process
of chemical imidization, which could remove the imperfections
or defects in the membrane according to the Brown theory of
latex formation.44 This might play a leading role when the
imidization time was less than 4 h, which caused the decrease
of the pore size and increased the rejections, as shown in Fig. 6
and 7. The second can be termed as solvent activation effect,
which was quite similar to the effects of the DMF solvent acti-
vation on the membrane performance reported in the litera-
tures.31,32,44 The chemical imidization reagent could remove
some small molecular fragments formed during the interfacial
polymerization step. It played a leading role when the imid-
ization time was from 4 h to 24 h. Therefore, the pore size of the
membrane became lager and the rejections decreased, as
shown in Fig. 6 and 7.

The comparison of the membranes with and without the
addition of acetone in the organic phase solutions during the IP
process can be seen from Fig. 7E and F. The addition of acetone
as co-solvent could adjust the morphology of the composite
membranes,42 leading to the appearance of larger ridge-valley
structure and the increase of the pore size on the outermost
layer.43 However, the membrane could still maintain a high dye
rejection with a slight increase of permeance, as shown in Fig. 5,
revealing that the pores were not through-holes and there was
a dense separation layer inside the skin porous layer. This has
been proved by the commercial NF90membrane which also has
large pore-like structure on its surface45 but still has a NaCl
rejection as high as 90%, demonstrating a denser layer exists
beneath the top rough layer.
This journal is © The Royal Society of Chemistry 2017
AFM. As shown in Fig. 8A, the surface of the H-PAN support
was smooth and the RMS value was about 15.4 nm. From Fig. 8B
we can see that the surface of the PAA membrane without
imidization was quite uneven, existing larger “vortex” structure
with a RMS value of about 105 nm, indicating that the
membrane surface was much rougher. From Fig. 8C we can see
that the AFM image of the PI TFCmembranes prepared with the
addition of acetone as co-solvent under the optimum condi-
tions was more uneven with a RMS value of about 124 nm.
According to Fig. 8D, the RMS value of the PI TFC membranes
without the addition of acetone in the organic solution was
61.4 nm. Hence, the addition of acetone increased the rough-
ness and the specic surface area of the membrane, which
could increase the permeance of the composite membrane.46

Contact angle analysis. The variation of the contact angle
during different membrane preparation stages is shown in
Fig. 9. It can be seen that the contact angle of the PAN
membrane was 37�, but that of the H-PAN membrane was 29�,
which indicated that NaOH modication could improve the
hydrophilicity of the PAN support greatly. Aer the IP process,
the contact angle of the PAA composite membrane increased
quite slightly to 37.8�, this is due to the fact that the amide
groups generated by the nucleophilic substitution reaction of
MPD and BTAC are relative more hydrophobic than the COOH
groups of H-PAN. Subsequently, imide groups were generated
by the cyclodehydration of the amide groups, leading to the
further decrease of the PI TFC membranes surface hydrophi-
licity. However, the contact angle of the PI TFC membranes
increased only slightly to 42.5�, which indicated that the
composite membranes have very good hydrophilicity and may
have great potential for the applications in polar solvent.
Separation performance for dyes in organic solvents

From Fig. 10, the rejections and the permeances of the prepared
PI TFC membranes for RB–ethanol solution were 92.8% and
0.80 L m�2 h�1 bar�1 respectively, and those for CBBG250–
ethanol solution were 99% and 0.69 L m�2 h�1 bar�1,
respectively.
membrane surfaces.
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Fig. 11 The rejections and the permeances of the PI TFC membranes
without soaking (no solvent) and after soaked in organic solvents
(carbon tetrachloride, toluene, ethanol, acetone, methanol, respec-
tively) for 30 days.

Fig. 10 The rejections and the permeances of prepared PI TFC
membranes for different organic dye solutions.
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Table 4 compares the separation performance between the
PI TFCmembranes prepared in this work and others. The upper
parts of Table 4 are those prepared without the addition of
nanoparticles, and the lower parts are those with the addition of
nanoparticles. It is obvious that the PI TFC membranes we
prepared have good separation performance among the upper
parts for dyes in the organic solutions, since we use even
smaller solute with MW of 479 Da and 854 Da, yet we can
achieve rejection of 99% for CBBG250 (854 Da) and 92.8% for
RB (MW 479 Da), and the permeation ux is comparable. From
the RB rejection we can estimate that the molecular weight cut-
off (MWCO) of the PI TFC membranes prepared under the
optimum conditions was about 450 Da.
Long term stability of the composite membranes in organic
solvents

The long term stability of the PI SRNF membranes prepared
under the optimal conditions were shown in Fig. 11.

According to Fig. 11, aer being immersed in different pure
organic solvents with different polarity index (Table 1) for 30
days, the ethanol permeances of the prepared TFC membranes
decreased to about 50%. This was in accordance with some
previous studies,47,48 which indicated that the ethanol
Table 4 Comparison of the performance of the PI TFC membranes in t

Membrane Solvent
Permeance
(L m�2 h�1 bar�1

PI/H-PAN Ethanol 0.79
PI/H-PAN Ethanol 0.68
EB-cross-linked PSU Isopropanol 0.015
Cross-linked (PDA/PI) Ethanol 0.91
(Catechol/POSS)/PAN Ethanol 1.26
(HAD/MPD/TMC)/PI Ethanol 2.7
p-Xylylenediamine/PI DMF 5.41
TPP/GO/HPEI/PSS Ethanol 3.1
MWCNTs-COOH/P84 Ethanol 9.6
PPSU/Cu-BTC Methanol 9.6
GO-Poppy/PAN-H Isopropanol 1.21

42808 | RSC Adv., 2017, 7, 42800–42810
permeances of the pretreated membranes with different pure
solvents showed a downward trend due to the chain reorgani-
zation.47,48 This was a physical aging process in which the pore
size and the pore density would be reduced, eventually causing
the decrease of the permeances.20 However, the rejections of the
prepared PI SRNF membranes for CBBG250–ethanol solution
only changed 0.5–3% aer 30 days' immersion with these
organic solvent, which proved that the PI SRNF membranes we
prepared has very good solvent resistance performance and are
quite promising in organic solvent system application.
Conclusions

We have successfully prepared PI TFC membranes for SRNF via
interfacial polymerization between MPD and BTAC, with
acetone as co-solvent introduced into the organic phase solu-
tion, and the subsequent chemical imidization. The prepared PI
TFC membranes showed higher permeance without sacricing
rejections. The rejections of the prepared membrane for
100 mg L�1 RB–ethanol solution and 100 mg L�1 CBBG250–
ethanol solution were about 92.8% and 99%with the permeances
his work with literature data

) Solute and MW (Da) R (%) Reference

Rhodamine B (479) 92.8 This work
CBBG250 (854) 99 This work
Rose bengal (1017) 94.3 49
Rose bengal (1017) 99 28
Rose bengal (1017) 99 19
Rose bengal (1017) 100 50
Rose bengal (1017) 98 26
Rose bengal (1017) 97 18
Rose bengal (1017) 85 25
Methyl blue (800) >90 15
Rose bengal (1017) 99 51

This journal is © The Royal Society of Chemistry 2017
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of about 0.79 L m�2 h�1 bar�1 and 0.68 L m�2 h�1 bar�1

respectively.
Aer being immersed in organic solvents of CCl4, methanol,

ethanol and acetone for about 30 days respectively, the per-
meance of the PI TFC membranes for CBBG250–ethanol solu-
tion decreased by 50%. However, the rejections only changed
0.5–3.0%, which proved that the PI TFC membranes we
prepared have very good solvent resistance performance and are
quite promising in organic solvent system application.
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