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a b s t r a c t
Membrane separation technology is widely used in the treatment of dye wastewater because of its 
low cost, high separation efficiency, simple operation and no secondary pollution. In this study, a 
series of blend cellulose acetate (CA) membranes with different compositions were prepared by 
blending a polycationic liquid synthesized in laboratory with CA. The membranes were charac-
terized by Fourier-transform infrared spectroscopy, scanning electron microscopy analysis and 
the surface properties including the water contact angle, mechanical strength, pure water flux, 
pore size and zeta potentials were also tested. The hydrophilicity of the membrane was improved 
by blending more additive. Compared with pure CA membrane, the surface zeta potential value 
of the modified membrane increased. The maximum pure water flux of the modified membranes 
was 32.51  L/m2·h. In the experiment of filtering two cationic dyes (acridine yellow hydrochloride 
and Rhodamine B) with different molecular weights, it is found that the blend modified membrane 
with optimal performance showed better antifouling performance and higher rejection rate, the 
flux recovery rates of acridine hydrochloride yellow and Rhodamine B were 93.94% and 87.47%, 
and the rejection rates were 87% and 76.1%, respectively.
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1. Introduction

Membrane separation technology has great poten-
tial in water and wastewater treatment. Based on the pore 
size diameter, membranes are often classified into micro-
filtration membranes, ultrafiltration membranes, nanofil-
tration membranes, and reverse osmosis membranes [1–4]. 
According to different membrane materials, membranes can 
be divided into inorganic membranes, organic membranes, 
or organic–inorganic hybrid membranes. Among various 
matrix membrane materials, cellulose acetate (CA) is the 

earliest membrane material due to its easy modification, low 
cost, good membrane-forming ability, and excellent hydro-
philicity [5–10].

However, due to the dense surface layer and low poros-
ity, CA membranes produce very little flux [11]. In addi-
tion, CA membranes also have some disadvantages, such 
as low mechanical strength, narrow temperature (up to 
30°C) and pH operating range, and highly susceptible to 
biological and organic pollutants [12]. To achieve antifoul-
ing CA membranes, different kinds of modifications have 
been developed. The modification methods mainly include 
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membrane surface modifications such as surface coating 
[13,14] or surface grafting [15,16], and membrane bulk mod-
ifications such as copolymerization modification [17–19] or 
blending modification [20,21]. Among them, blending mod-
ification not only has the physical and chemical properties 
of the original membrane, but also has the function of the 
added blend [22], so that a more ideal membrane mate-
rial can be obtained.

Polyionic liquids, also known as polymer ionic liquids 
[23], not only retains the ionic liquid’s strong conductivity, 
high thermal stability and non-flammability, but also com-
bines the polymer’s processability, easy recycling, high 
mechanical stability and other excellent properties, so they 
are quite applicable in solving the membrane modification 
problem [24–27].

In previous reports, membranes prepared by blending 
polycationic liquids P(PEGMAm-co-BVIm-Brn) (m/n  =  2/1 
or 1/1) with polyvinylidene fluoride (PVDF) showed excel-
lent removal of contaminants including proteins, dyes and 
oils [28–30]. However, the prepared membranes had rela-
tively large pore sizes and PVDF was a hydrophobic mate-
rial, which could easily cause membrane contamination. 
Therefore, in this study, CA, which is highly hydrophilic and 
relatively dense, was selected as the substrate, and polyca-
tionic liquids were used as additives to prepare polycationic 
liquid modified functional membranes by non-solvent- 
induced phase separation (NIPS) method. The surface 
properties were carefully investigated by adjusting the 
preparation parameters, including the casting solution 
composition and the blending ratio. In addition, the pre-
liminary application of the membranes in the treatment of 
dye containing wastewater was also studied.

2. Experimental set-up

2.1. Chemicals

Cellulose acetate (CA) and N,N-dimethylformamide 
(DMF, AR) were obtained from Aladdin Chemical Co., 
Ltd., (Shanghai, China). Poly(ethylene glycol) methyl ether 
methacrylate (PEGMA, average Mn 950, contains 300  ppm 
butylated hydroxytoluene and 100  ppm 4-methoxyphenol 
as inhibitor) was purchased from Aldrich (Shanghai, China). 
Vinylimidazole (C5H6N2, 99%) and 1-bromobutane (C4H9Br, 
>99%) were purchased from Shanghai Adamas Reagent 
Co., Ltd., (Shanghai, China). Dimethyl sulfoxide (DMSO) 
was supplied by Tianjin Zhiyuan Chemical Reagent Co., 
Ltd., (China). Other chemicals utilized in this study were all 
purchased with analytical quality and purified before use. 

Deionized (DI) water (18.2 MΩ) purified with a Milli-Q sys-
tem from Millipore (Burlington, MA, USA) was used to pre-
pare all solutions as needed in the work.

2.2. Preparation of membranes

The polycationic liquid, names as P in this report, was 
synthesized according to the previous procedure [31] by reac-
tion between 1-butyl-3-vinylimidazole bromide (BVIm-Br) 
and PEGMA via Reversible Addition-Fragmentation Chain 
Transfer Polymerization (RAFT) reaction, and the structure 
is shown in Fig. 1. It has been characterized by Fourier-
transform infrared spectroscopy (FTIR) and 1H NMR, and 
the characterization results are completely consistent with 
the literature reports. In this work, six flat sheet membranes 
were prepared by blending polycationic liquid with CA in 
different weight ratios, via a NIPS method. Firstly, the poly-
cationic liquid and CA were incorporated into DMSO and 
stirred (350  rpm) for 24  h at 60°C in an oil bath to afford 
homogeneous casting solution. The casting solution was 
cooled to room temperature and centrifuged to remove air 
bubbles at 8,000  rpm. Afterwards, the defoamed solution 
was cast on a glass plate through a film scraper with 300 μm 
thickness. After exposed to air for 10 s, the film was trans-
ferred into a coagulation bath for 2  h. After accomplished 
inversion process, the formed membrane was stored in water 
for 24 h and take it out to dry naturally to use later. The com-
positions of the casting solution are summarized in Table 1.

2.3. Characterization of membranes

2.3.1. FTIR spectroscopy

FTIR model (Nicolet iS10) was used to analyze the sur-
face functional groups of the membranes, with a spectral 
range of 500~4,000 cm–1 and a resolution of 4 cm–1.
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Fig. 1. Chemical structure of polycationic liquid, P [31].

Table 1
Composition of the membrane casting solution

Membranes Weight ratio of CA/P Polymer concentration/wt.% Solvent concentration/wt.% Coagulation bath

M0 20:0 18 DMSO/82

DI water

M1 20:1 18 DMSO/82
M2 20:2 18 DMSO/82
M3 20:0 20 DMSO/80
M4 20:1 20 DMSO/80
M5 20:2 20 DMSO/80
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2.3.2. Morphological analysis

Surface and cross-sectional morphologies of membrane 
samples were observed with scanning electron microscopy 
(SEM; Carl Zeiss EVO 18, Germany). The membrane that 
was brittle in liquid nitrogen was fixed on the sample stage 
with conductive adhesive, and after spraying gold, it was 
placed in a scanning electron microscope and evacuated 
for observation.

2.3.3. Thermogravimetric analysis and zeta potential

An Rigaku analyzer was used for thermogravimetric 
analysis (TGA). The membrane surface charge properties 
were measured with a membrane solid sample flow field 
potential analyzer (Surpass 3).

2.3.4. Pure water flux

The pure water flux test was carried out by using a 
homemade dead-end filtration device from the laboratory. 
The membrane to be tested was cut into original pieces of 
a certain size and was fixed in an ultrafiltration cup with 
an effective filtration area of 8.55  cm2. At first, the mem-
brane was pretreated under 0.8 MPa for 30 min, and second, 
the pure water was filtered under 0.7 MPa and the filtered 
pure water was collected at intervals. The pure water flux 
Jw was calculated by Eq. (1) [32] until the effluent volume 
was stable.

J V
Stw = 	 (1)

where Jw is the pure water flux (L/m2·h), V is the volume of 
pure water across the membrane (L), t is the time of each 
water withdrawal (h), and S is the effective membrane 
area of water across the membrane (m2).

2.3.5. Porosity and pore size

The membrane porosity was measured by the weigh-
ing method: the membrane to be tested was cut into circu-
lar slices with a diameter of 1.0  cm, which was washed in 
absolute ethanol and then soaked in deionized water (DI 
water) for 24  h. Take out the soaked membrane and wipe 
the residual moisture on the membrane surface with a dust-
free paper. Weigh the wet membrane mass with an electronic 
balance (Gubis, Sartorius, Germany) and record as W2. The 
wet membrane was placed in a vacuum drying oven at 
60°C and dried until the membrane quality was stable and 
then taken out. The dry membrane mass at this time was 
weighed and recorded as W1. The membrane porosity ε was 
calculated by Eq. (2) [33]:
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where ε represents the porosity (%), W1 and W2 are the wet 
weight and dry weight (kg), ρ represents the density of 
water (kg/m2), A is the area (m2) and d is the thickness (m) 
of the membrane.

The average pore size (rm) of the membrane is calculated 
with the aid of the Guerout–Elford–Ferry formula based on 
pure water flux and porosity data. The average pore size 
(rm) of the membrane was determined by Eq. (3) [33,34]:
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where rm (μm) is the average pore size, ε (%) is the poros-
ity, η (8.9  ×  10–4  Pa·s) is the liquid viscosity, l (cm) is the 
thickness of the membrane, Q (cm3/s) is the volume of pure 
water permeating through the membrane per unit of time, 
A (cm2) is the surface area of the membrane, and Δp (105 Pa) 
is the operating pressure.

2.3.6. Mechanical characterization and water contact angles

The mechanical strength was tested by a tensile strength 
tester (5944, Instron, Norwood, MA, USA); 3 to 5  strips of 
5  cm  ×  1  cm were measured from different positions, and 
the average value was recorded.

The static water contact angle was measured by the 
static hanging drop method, with a membrane surface con-
tact angle tester (Ramé-Hart 500). The contact angle was 
measured at 5 different positions on each sample, the aver-
age value was calculated and recorded with the obtained 
data, and the accepted error range was less than 3.

2.3.7. Filtration experiments

Acridine yellow hydrochloride (AH, Mw  =  505.4) and 
Rhodamine B (RhB, Mw  =  479.01) were selected for the 
anti-dye contamination experiment. The flux recovery rate 
(FRR) was calculated by Eq. (4) [34], and the rejection (R) 
was calculated by Eq. (5) [32–34]:
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J
J
r

w
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R
C
C
e� � �1 100
0

% 	 (5)

where Jw is the pure water flux of the membrane, Jr is the 
recovery flux of the membrane, Co is the contaminant con-
centration in the feed solution (mg/g), and Ce is the con-
taminant concentration in the filtrate (mg/g).

3. Results and discussion

3.1. Surface chemical composition of the membranes

FTIR analysis was conducted to determine the surface 
chemical composition of the membranes and the spectra is 
shown in Fig. 2. Compared with the pristine CA membranes 
M0 and M3, the blend membranes M1, M2, M4, and M5 
showed characteristic peaks near 1,738.8 and 2,866.6  cm–1, 
which can be assigned to the C=O absorption peaks and 
the C–H stretching vibration in polycationic liquid P, 
respectively; 1,432.4  cm–1 was the characteristic absorption 
peak of C–N vibration in the imidazolium ring skeleton; 
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1,037.8 cm–1 can be assigned to the C–O characteristic peaks 
in PEGMA. Also, the intensity of these peaks increased 
with more adding of the polycationic liquid, indicating that 
the polycationic liquid was successfully blended with CA.

3.2. Morphology of the membranes

Fig. 3 shows SEM images of the membrane surface and 
cross-sectional morphology, on the left is the surface of the 
membrane magnified 50,000  times, and on the right is a 
cross-sectional view magnified 250  times. No obvious pore 
can be found on the surface of pure CA membrane (M0). 
Comparably, more pores appeared on the surface of the 
blended membranes. This is mainly due to the hydrophilic 
polycationic liquid (P) that may accelerate the mass transfer 
rate of the solvent and non-solvent during the phase trans-
fer stage, partial amount of P might leach out from the flat 
sheet, thus producing a more porous and loose membrane 
structure. It can be seen from the cross-sectional view that 
the blend membranes (M1, M2, M4, M5) all became thicker 
with an increased ratio of the polycationic liquid (P). The 
thicknesses of membranes M0, M1, M2, M4 and M5 were 
103, 111, 192, 203, 215 and 192  μm, respectively, which 
is mainly due to the increased concentration of the cast-
ing solution, delaying the exchange between the solvent 
and the non-solvent, and ultimately forming a sponge-like  
structure.

3.3. Thermal stability and zeta potentials of the membranes

TGA curves of M3-M5 are described in Fig. 4a. From the 
figure it can be seen that the pure CA membrane M3 showed 
the only thermal weight loss at 280°C, which may be due to 
water decomposition. The modified membranes M4 and M5 
both showed three thermal weight loss processes. The first 
stage of the weight loss process (before 300°C) was attributed 
to the decomposition of water adsorbed by the membranes, 
the second stage of the weight loss (300°C  ~  400°C) was 
mainly due to the decomposition of polycationic liquids in 
the membranes, and the third stage of the decomposition 
(after 400°C) was attributed to the decomposition of the 
CA skeleton. It also can be found that the thermal stability 
of the modified membrane decreased with the increase of 
polycationic liquid addition in the modified membrane.

The zeta potential data of the M3 and M4 membrane 
are shown in Fig. 4b for pH in the range of 3–10. Due to the 
addition of the cationic additive P, the membrane surface 
zeta potential value increased, but the CA membrane sur-
face was still negatively charged, which may be due to the 
small amount of polycationic liquid added. This increased 
positive charge on the membrane surface may help to 
enhance the electrostatic interaction between the mem-
brane surface and pollutants in wastewater, which is quite 
beneficial for the interception effects of the membrane on 
some charged pollutants.

3.4. Porosity, pore size and pure water flux

As shown in Table 2, the pure water flux of the modified 
membranes increased with increasing polycationic liquid 
content at the same casting liquid concentration compared 
to the pure CA membranes M0, this is due to the porosity 
of the membranes and the hydrophilic of the additives, 
which allowed water to pass through the membrane with 
lower resistance. No water flux was detected for mem-
brane M0 because it is a compact membrane, and this can 
be found from the SEM images in Fig. 3. By mixing with the 
polycationic liquid, more pores appeared and the porosity 
was enlarged greatly from 1.75% (M0) to 92.56% (M2). Both 
the porosity and the average pore size of the membranes 
increased with the increase of the polycationic liquid con-
tent, this is mainly due to the increased content of hydro-
philic polycationic liquids, which accelerated the exchange 
rate between solvent and non-solvent. Compared with other 
blend membranes, M4 gave smaller pore size (0.00664 nm) 
and lower pure water flux (6.9 L/m2·h), and it can be found 
that membrane M4 had a denser structure and fewer pores 
on the membrane surface. These data are accorded with 
SEM observations as shown in Fig. 3.

3.5. Mechanical property

The mechanical properties of the membranes are shown 
in Fig. 5. The mechanical strength of the membranes M2 
and M5 decreased with increasing amount of polycationic 
liquid at the same concentration of the casting liquid. This 
is mainly due to the fact that with the increase of the addi-
tion of polycationic liquid, the exchange between solvent 
and non-solvent was accelerated in the film-forming stage, 
resulting in the increase of finger-like pores in the sur-
face of membranes, as well as the formation of membrane 
pores during the migration of hydrophilic polycationic liq-
uid to the solidification bath in the process of phase tran-
sition. It shows that the structure of CA membrane could 
be changed by the addition of polycationic liquid and led 
to the weakening of mechanical properties. In addition, 
under the same blending ratio, the mechanical properties 
of the membranes were enhanced by the reduction of fin-
ger-like macropores in the membranes due to the delayed 
solvent-nonsolvent exchange with the increase of the con-
centration of the casting polymer.

3.6. Water contact angle

The water contact angles of the membranes are shown 
in Fig. 6a. The smaller water contact angle represents the 

 

Fig. 2. Fourier-transform infrared spectra of the membranes.
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better hydrophilic performance. Compared with the orig-
inal membranes M0 and M3, the water contact angles of 
M1 and M2 decreased to 77.9° and 75.4°, respectively. With 
the addition of polycationic liquid, and the water contact 
angles of M4, and M5 showed the same pattern, 79.4° and 
77.9°, respectively, which indicated that the hydrophilicity 

of the membranes was increasing. Therefore, the addition 
of polycationic liquid can enhance the hydrophilicity of 
membrane surface.

The dynamic water contact angle was further measured 
for M3, M4 and M5, as shown in Fig. 6b. The faster the wet-
ting rate indicates the better the hydrophilic performance. 

 

 

 

 

 
Fig. 3. Scanning electron microscopy images of the upper surface (left) and cross-section (right) of the membranes.
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Compared with the original membrane M3, the blend mem-
brane containing polycationic liquid had a faster wetting 
rate. It was also found that the higher the additive content, 
the faster the wetting rate of the membranes. Among them, 
the contact angle of M5 with the most polycationic liquid 
content was 44.9° at 6 min, which may be attributed to two 
aspects, one was the addition of hydrophilic additives, 
and the second was the influence of membrane surface 
roughness.

3.7. Application in the cross-flow filtration of dye water

In the present study, cross-flow filtration experiments 
were carried out on two different cationic-type dyes, acri-
dine yellow hydrochloride (AH) and Rhodamine B (RhB), 
at a concentration of 30 mg/g. AH and RhB are quaternary 
ammonium salts, which existed in the form of quaternary 

  
(a)                                            (b) 

Fig. 4. (a) Thermogravimetric analysis diagram of membranes M3, M4, and M5 and (b) zeta potentials of membranes M3 and M4.

Table 2
Parameters of the original membrane M0 and the blend 
membrane M1, M2, M4 and M5

Membranes Porosity 
(%)

Pure water flux 
(L/m2·h)

Average pore 
size (nm)

M0 1.75 / /
M1 86.52 25.44 ± 1.3 1.863
M2 92.56 32.51 ± 2.2 2.442
M4 85.20 6.90 ± 1.90 0.00664
M5 91.17 10.10 ± 2.60 0.102

 
Fig. 5. Mechanical characterization of membranes M0, M1, 
M2, M4 and M5.

 
(a) 

M3  

M4  

M5
(b) 

Fig. 6. (a) Static water contact angles of the six membranes 
and (b) the dynamic water contact angles of membranes M3, 
M4 and M5.
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ammonium cation after dissociation, and at the same time, 
imidazole cation (from polycationic liquid) existed on the 
surface of the modified membrane, so there was an elec-
trostatic repulsion between the imidazole cation and the 
quaternary ammonium salts, and the dye molecules in fil-
tration were enriched on the surface of the membrane to 
form the hydration layer, which caused the membrane pores 
to be clogged to hinder the passage of dye molecules.

As shown in Fig. 7, the rejection rates of M1, M2, M4 
and M5 for AH were 76.60%, 78.20%, 87.00% and 87.50%, 
respectively; and the rejection R of M1, M2, M4 and M5 for 
RhB were 63.80%, 66.30%, 76.10% and 78.20%, respectively. 
It shows that the rejection rate of AH was higher than that 
of RhB, this may be mainly caused by the effect of pore size 
sieving. The flux recovery rates of AH and RhB for mem-
brane M4 were 93.94% and 87.47%, respectively. In other 
words, the membrane M4 had better fouling resistance to 
cationic dyes, which can be explained by the addition of 
hydrophilic polycationic liquids enhanced the hydrophilic-
ity of the CA membrane, and a hydration layer was formed 
on the surface of the membrane, which prevented the dye 
molecules from adhering.

Ong et al. [35] reported a cellulose acetate (CA) micro-
filtration membrane modified by vacuum filtration-as-
sisted layer-by-layer deposition of bilayers, the dye-rejec-
tion performance of the modified membranes increased as 
increasing bilayers of deposited on the membranes, and 
the rejection rate of cationic methylene blue (MB) dye was 
about 80%. Mahmodi et al. [36] prepared a mixed matrix 
membrane by incorporating hydrophilic MIL-101(Cr)-NH2 
nanoparticles into cellulose acetate (CA) matrix, resulting in 
enhanced hydrophilicity. The prepared membranes exhib-
ited high rejection (>97%) of methyl blue dye through size 
exclusion mechanism. In comparison, polycationic liquid 
modified CA membranes in this work have a good potential 
for application in dye wastewater treatment under the same 
substrate condition. However, its application in wastewater 
treatment is still worthy of further expectation.

4. Conclusion

In this work, a positively charged porous CA mem-
brane was firstly reported and successfully prepared from 
blending a polycationic liquid and cellulose acetate. Due 
to the blending of the polycationic liquid additive, the 

hydrophilicity of the CA membrane was enhanced that the 
water contact angle was reduced. Compared with pure CA 
membrane, the membrane porosity and the pure water flux 
was enlarged to 92.56% and 32.51  L/m2·h. The membrane 
surface appeared more positively charged by blending the 
polycationic liquid. Among all the modified membranes, 
membrane M4 who has the smallest pore size (0.00664 nm) 
and water flux (6.9 L/m2·h) showed good removal effect of 
two different cationic-type dyes (AH and RhB) in water. On 
the whole, this study expands the application of polycationic 
liquid in blended membranes, and realizes the removal of 
charged pollutants by using its charging property. Using 
cellulose acetate as the substrate membrane material is envi-
ronmentally friendly. By using polycationic liquid as an 
effective modifier for CA, membrane separation materials 
with denser membrane pore sizes can be prepared, which 
can be suitable for dyes with very small particle sizes in 
aquatic environments, and even for heavy metal ions. This 
provides important data support for the development of 
efficient membrane technology for treating dyes in water. 
However, this study is not deep enough, such as the types 
of pollutants are small, the lack of cyclic experiments, etc. 
The research team is still exploring the in-depth research.
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