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Abstract Pervaporation desalination has a unique advantage to recycle concentrated salt solutions. The merit can
be applied to treat alkaline wastewater if the membrane has
superior alkali-resistance. In this paper, we used polyethylene microﬁltration membrane as the substrate and
deposited a glutaraldehyde crosslinked sodium carboxymethylcellulose layer by spray-coating. Pervaporation
ﬂux of the composite membrane reached 35  2 kg$m–2$h–1
with a sodium chloride rejection of 99.9%  0.1% when
separating a 3.5 wt-% sodium chloride solution at 70 °C.
The desalination performance was stable after soaking the
membrane in a 20 wt-% NaOH solution at room
temperature for 9 d and in a 10 wt-% NaOH solution
at 60 °C for 80 h. Moreover, the membrane was stable in
4 wt-% sulfuric acid and a 500 mg$L–1 sodium hypochlorite
solution. In a process of concentrating a NaOH solution
from 5 to 10 wt-% at 60 °C, an average water ﬂux of
23 kg$m–2$h–1 with a NaOH rejection over 99.98% was
obtained.
Keywords pervaporation, alkaline solution concentration, polyethylene membrane, acid resistance, chlorine
tolerance

1

Introduction

Alkaline wastewater is a common efﬂuent in textile
industry that uses cellulose as the major raw material [1–
3]. To tune the hydrophilicity, surface morphology, tensile
strength of cellulose, or enhance luster and the absorption
rate of dye in dyeing and ﬁnishing engineering, cellulose is
often soaked in a NaOH solution to destroy its crystalline
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structure [4]. However, this inevitably generates a large
amount of alkaline wastewater. Common methods to treat
alkaline wastewater are neutralization, electrodialysis and
diffusion dialysis. Neutralization is simple but costly.
Besides, a large amount of salt will be produced and
discharged. Electrodialysis [5] demands a high capital
investment, while diffusion dialysis needs high technical
support with low recovery rate [6].
Membrane separation has merits of simple operation,
energy-saving and environmental benign [7–10]. Reverse
osmosis and nanoﬁltration have been applied to recycle
water from NaOH wastewaters. However, at high alkali
concentrations, the two pressure-driven processes need to
overcome a very high osmotic pressure [11,12]. This limits
their feasibility for industrialization. On the other hand,
pervaporation membrane can be operated under atmospheric pressure and it has also been studied in biofuel
dehydration in recent years [13]. In addition to that the
driving-force of pervaporation is not sensitive to the ion
concentration. Thus, pervaporation have been studied for
desalinating concentrated brine solutions [14–18].
The key to treat concentrated alkaline solutions is to
utilize a membrane material having sufﬁciently high
alkaline resistance. Sodium carboxymethylcellulose
(CMC-Na) has excellent resistance to alkali [19]. CMCNa is formed in two steps. First, cellulose is reacted with
NaOH to form alkaline cellulose; and second, the alkaline
cellulose is etheriﬁed with monochloroacetic acid [20].
CMC-Na has a large number of hydroxyl and carboxylic
groups. The ring structure of CMC-Na increases the
polymer’s free volume and the –COO– groups are
hydrophilic. Moreover, CMC-Na is biodegradable, nontoxic, harmless and low cost. Therefore, CMC-Na is an
ideal material for making alkali-resistant water permeable
membranes.
Prasad et al. [21] crosslinked a polymer blend of CMCNa/polyvinyl alcohol by glutaraldehyde (GA) and used it
as the selective layer of composite pervaporation mem-
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branes. These membranes showed good performance for
isopropanol dehydration. Zhang [22] and Gao [23]
prepared a series of CMC-Na/polyvinyl alcohol-polysulfone (PVPS) composite nanoﬁltration membranes that
exhibited good acid, alkaline and chlorine resistances.
Although the selective layer material showed good alkali
resistance, the commonly used substrates such as polyvinylidene ﬂuoride (PVF), polyether sulfone (PES) and
PVPS only have limited alkaline resistance. PVF decomposes in concentrated alkali solutions and loses mechanical
strength [24,25]. The allowable pH range of PVPS and
PES is 1–13 [26]. Compare with the above three polymers,
polyoleﬁns have much stronger chemical stability. For
example, polyethylene (PE) has good mechanical properties, easy to process, good chemical stability, excellent acid
and alkali resistance [27]. However, PE has poor adhesion
to other materials due to the low surface energy. To our best
knowledge, very few studies used PE as the substrate to
prepare composite membranes [28–32]. Although the
hydrophilicity of PE can be improved by plasma treatment
[33], surface grafting [34] or ultraviolet irradiation [35],
these methods are costly and complicated.
In previous reports, we demonstrated that spray-coating
can improve the compatibility between hydrophobic and
hydrophilic materials [36,37]. Here in this study, we spraycoated the CMC-Na polymer on top of a PE microﬁltration
membrane. The CMC-Na layer was further crosslinked by
GA. The resulting CMC-Na/GA-PE composite membrane
showed a stable pervaporation performance in 10–20 wt-%
NaOH, 4 wt-% H2SO4 and 500 mg$L–1 NaClO solutions.

2

Experimental

2.1

Materials

Flat-sheet PE microﬁltration membrane was provided by

Beijing Origin Water Technology Co., Ltd. (China). CMCNa (degree of substitution = 0.7, Mw = 250000 g∙mol–1)
was purchased from RON Chemical Reagent Company
(China). GA aqueous solution (50 wt-%), NaCl (purity≥99.5%), and NaOH (purity≥96%) were obtained
from Tianjin Fuchen Chemical Reagent Factory (China).
Concentrated H2SO4 (98%) was bought from Tianjin
Damo Chemical Reagent Factory (China). Humic acid
(HA, purity≥90%) was purchased from Shanghai Maclin
Biochemical Co., Ltd. (China). Sodium alginate was
bought from Sinopharm Chemical Reagent Co., Ltd.
Deionized water was obtained from a laboratory-equipped
RO water system. All chemicals were analytical grade and
used without further puriﬁcation.
2.2 Preparation of the CMC-Na/GA-PE composite membranes

The CMC-Na polymer was dissolved in deionized water to
form a 2 wt-% CMC-Na solution. Initially, 3 g of 50 wt-%
GA aqueous solution, 1 g 98 wt-% H2SO4 and 96 g
deionized water were mixed together to prepare the
crosslinking solution. GA and H2SO4 were used as the
crosslinker and catalyst, respectively. To prepare the CMCNa coating solutions, 6 g of the 2 wt-% CMC-Na solution
was mixed with the crosslinking solution of 3, 4, 5, 6, and
8 g, respectively. This was to optimize the composition of
the coating solution. The solution mixture was stirred at
room temperature for 2 h before use. Figure 1 shows the
procedure of making the composite membranes. Speciﬁcally, a piece of PE membrane was rinsed by ethanol and
stuck on a glass board. Then, 1 mL of coating solution was
sprayed on the PE membrane by an airbrush with a nozzle
diameter of 0.3 mm. The airbrush was operated at a
pressure of 0.3 MPa. After coating, the membrane was
crosslinked at 100 °C for 2 to 5 h to obtain the CMC-Na/
GA-PE composite membrane.

Fig. 1 A schematic diagram showing the method of preparing the CMC-Na/GA-PE composite membrane.
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2.3

Characterization of the composite membranes

FTIR spectra of the composite membranes were recorded
using a PerkinElmer 782 Fourier transform spectrophotometer. Range of the wavelength was from 4000 to
500 cm–1. Elemental composition of the surfaces of the
composite membranes was determined by energy dispersive spectroscopy (EDS, HITACHI S-4700).
Crystallinity of the pure CMC-Na and GA crosslinked
CMC-Na were determined at room temperature using an
ultima IV goniometer equipped with Cu-Kα monochromatic radiation (40 kV, 40 mA). Polymeric ﬁlms were
dried and placed on a quartz plate and scanned at a range of
5°–90° with a step of 0.02°. To investigate the change of
crystallinity before and after alkali-soaking, X-ray diffraction (XRD) of self-supported membrane before and after
NaOH-soaking was tested, respectively.
Morphologies of the composite membranes were
observed by scanning electron microscope (SEM, HITACHI S-7800 Japan). To obtain a smooth cross-sectional
morphology, the sample was wetted with ethanol and
fractured in liquid nitrogen. The thicknesses of the
composite membranes were measured based on their
SEM images using the Nano Measurer 1.2 software.
Before carrying out SEM tests, all samples were sputtercoated with gold.

obtain M1. The swelling degree was calculated by Eq. (1):
S¼

M1 – M0
 100%:
M0

The CMC-Na/GA coating solution was poured in a glass
dish. After evaporated for 48 h, a ﬁlm formed and
then crosslinked for 4 h at 100 °C in a mufﬂe furnace.
The crosslinked CMC-Na/GA ﬁlm was rinsed with
deionized water for three times to remove the unreacted
substance.
To measure swelling degree, the crosslinked CMC-Na/
GA ﬁlm was dried at room temperature for 24 h and
weighed to obtain M0. After that, the ﬁlm was soaked in
deionized water for 36 h to reach sorption equilibrium. The
wet ﬁlm was taken out, wiped with tissue and weighted to

(1)

An average value resulting of three independent
experiments were reported. The cross-linking degree was
calculated by using following formula [38] Eq. (2):
Mc ¼ – V1 φ2 1=3
lnφ1 þ φ2 þ χφ2 2 ,

(2)

where φ1 was the solvent volume fraction, φ2 was the
volume fraction of the polymer, χ was the Flory-Huggins
interaction parameter between solvent and polymer, V 1
was the solvent molar volume, ρ was the polymer density,
and Mc was the average molecular weight between two
adjacent crosslinking points. ρ was measured using the
Archimedes buoyance method [39], using Eq. (3):
~n ¼

A
ð –  Þ þ L ,
A–B 0 L

(3)

where A was the mass of the membrane in air, B was the
mass of the membrane in an auxiliary liquid, ρL was the
density of the auxiliary liquid, and ρ0 was the density of air.
χ was calculated by Eq. (4) [40]:
χ¼ –

2.3.1 Determining the swelling and crosslinking degrees of
the free-standing CMC-Na/GA crosslinked polymers
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lnð1 – φi Þ þ φi
,
φi 2

(4)

where φi was the volume fraction of the water-swelled
polymer ﬁlm.
2.3.2 Water contact angle and pervaporation tests of the
composite membranes

To measure the water contact angle, a membrane sample
was dried in vacuum and cut into a rectangular sheet with a
dimension of 2 cm  2 cm. An angle goniometer (DSA
100, KRUSS, Germany) was used to determine the water
contact angle by dropping a water droplet of 3 µL onto the
sample. Each sample was measured ﬁve times and the
average value was reported.

Fig. 2 The equipment set-up of the pervaporation test.
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Pervaporation tests were carried out using a bespoke
pervaporation equipment as shown in Fig. 2. A 3.5 wt-%
NaCl solution was circulated at a ﬂow rate of 0.1 m∙s–1 at
70 °C while the pressure of the membrane permeate side
was 100 Pa. The effective area of the composite membrane
was 3.8 cm2. Water vapor coming out from permeate side
was collected by a liquid nitrogen cold trap.
The pervaporation ﬂux (J) was calculated using Eq. (5).
To calculate salt or NaOH rejection, the permeate solution
was used to wash the membrane back side to dissolve the
precipitated salt or NaOH.

2.3.4 Thermal stability, mechanical performance, and fouling tests

where M1 was weight (kg) of the permeate, A1 represented
effective area (m2) of the composite membrane, and t1 was
operation time (h). The salt or NaOH concentrations on the
feed solution and permeate solution were measured by a
conductivity meter (Oakton Con 110). Rejection R was
calculated using Eq. (6):


Cp
R ¼ 1–
 100%,
(6)
Cf

The thermal stabilities of the CMC-Na/GA ﬁlms before
and after NaOH immersion were measured by thermogravimetric analysis (TGA, HTG-1). It was operated from
25 °C to 600 °C at a heating rate of 10 °C∙min–1.
The mechanical properties of CMC-Na/GA ﬁlms before
and after NaOH immersion were measured by dynamic
thermomechanical analysis (DMA, Q800 TA Instruments,
USA). The sample was made into a strip of 15 mm long
and 5 mm wide. The sample was mounted between two
clamps and being stretched at a constant rate of 0.2 N∙min–1
until it was broken. The program automatically recorded
the tensile and deformation data to generate the stressstrain curves.
To evaluate the fouling behaviors of the CMC-Na/GAPE composite membranes, a solution having 5000 mg$L–1
sodium alginate (SA) or HA was used as feed. The
pervaporation tests were performed at 70 °C. Changes in
membrane ﬂuxes were monitored over time for 24 h.
Deionized water was added to the feed solution every hour
to maintain a constant feed concentration.

where Cf and Cp were NaOH concentrations of feed and
permeate, respectively.

3

2.3.3 Evaluation of the chemical resistances of the composite membranes

3.1 Determination of the chemical structures of the
composite membranes

The dynamic and static alkaline resistance experiments
were carried out for the composite membranes. To perform
the static tests, the composite membranes were soaked
either in a 20 wt-% NaOH solution for 9 d at 25 °C or in a
10 wt-% NaOH solution for 80 h at 60 °C. After soaking,
the membrane was washed by deionized water before test.
Pervaporation desalination properties of the membranes
before and after the static soaking tests were compared to
evaluate the membranes’ stability in alkaline solution. For
the dynamic tests, the composite membranes were used to
extract water from a 10 wt-% NaOH solution at 60 °C in a
36 h pervaporation test where the feed ﬂow rate was kept at
0.4 m∙s–1. At last, a composite membrane was used to
concentrate a NaOH solution from 5 to 10 wt-% in a
pervaporation test to evaluate its ability to enrich alkaline
solution.
To determine the acid resistance, a composite membrane
was immersed in a 4 wt-% H2SO4 solution for 9 d. Water
ﬂuxes and salt rejections before and after the acid treatment
were compared to evaluate the acid resistance.
To evaluate the chlorine resistance, a composite
membrane was soaked in a 500 mg$L–1 sodium hypochlorite aqueous solution at 25 °C for 9 d. The
pervaporation desalination properties were compared
before and after the soaking test.

Figure 3 exhibits the chemical structures of the composite
membranes. A broad absorption band at 3250–3435 cm–1
is ascribed to the stretching vibration of –OH groups of
CMC-Na chains in Fig. 3(a) [30]. While for the GA
crosslinked CMC-Na polymer, the peak becomes smaller
due to that part of the –OH groups have reacted with the
–CHO groups of the GA. In addition, the peak at
1043 cm–1 representing the stretching vibration of C–O–C
bonds [41] is stronger that indicating the formation of the
crosslinking bonds. According to Fig. 3(b), the GA crosslinked CMC-Na shows a weaker and broader peak at 22.8°
compared with that of the pristine CMC-Na polymer. This
peak represents the crystalline regions of CMC-Na [42]. The
relatively low and wide peak is the result of crosslinking that
restricts the mobility of the CMC-Na polymer chains and
limits chain packing for forming crystalline structure. All
results prove that the cross-linking reaction between CMCNa and GA occurs as shown in Fig. 3(c).

J¼

M1
,
A1 t1

(5)

Results and discussion

3.2 SEM images of the PE and CMC-Na/GA-PE composite
membranes

Figure 4 shows the SEM images of the PE and CMC-Na/
GA-PE composite membranes. The PE membrane has a
typical melt-stretch structure with a thickness of 20 µm as
shown in Fig. 4(a). A CMC-Na/GA dense layer with a

Guiqin Bai et al. Fabrication of high-performance pervaporation composite membrane

thickness of 2.2  0.3 µm is formed on top of the PE
membrane according to Figs. 4(b) and 4(c). The rough
surface is caused by the accumulation of liquid droplets
during the spray-coating process.
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3.3 Optimizing the fabrication parameters of the CMC-Na/
GA-PE composite membranes

The relations between the desalination properties and the
fabrication parameters of the CMC-Na/GA-PE composite

Fig. 3 (a) The FTIR spectra of the CMC-Na and crosslinked-CMC-Na; (b) the XRD patterns of CMC-Na and crosslinked-CMC-Na; (c)
the schematic diagram for crosslinking CMC-Na using GA.

Fig. 4 (a) The surface image of the PE microﬁltration membrane; (b) CMC-Na/GA-PE composite membrane (CMC-Na:GA = 6:4,
crosslinked in 4 h); (c) the cross-section image of the composite membrane.
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membranes are given in Fig. 5. According to Fig. 5(a), as
the mass ratio of CMC-Na:GA increases from 6:3 to 6:8,
the membrane ﬂux gradually decreases from 38.47 to
27.46 kg$m–2$h–1 while the salt rejection increases from
99.76% to 99.99%. This is due to that at a higher
crosslinker concentration, a highly crosslinked CMC-Na/
GA structure is obtained. This result is consistent with the
decrements in the swelling degrees of the crosslinked
polymers. As shown in Fig. 5(c), the polymer’s swelling
degree gradually decreases from 33% to 15%. This
corresponds to a monotonically decreased value of Mc as
shown in Fig. 5(d). To obtain a composite membrane with
both a high ﬂux and a high salt rejection, a CMC-Na:GA
mass ratio of 6:4 is chosen. At this composition, as the
crosslinking time increases from 2 to 5 h, the salt rejection
increases but the membrane ﬂux decreases as shown in Fig.
5(b). Since the salt rejection is barely increased when the
crosslinking time is higher than 4 h, 4 h is selected as the
crosslinking time. In summary, the optimized fabrication
condition of the composite membranes is determined
where a 2 wt-% CMC-Na/GA coating solution with a

CMC-Na:GA mass ratio of 6:4 is selected at the coating
solution and the crosslinking time.
3.4

The alkali resistance of the composite membrane

To evaluate the alkali resistance, a composite membrane
was soaked in a 20 wt-% NaOH for 9 d at 25 °C, where the
ﬂux and rejection were measured every three days as
shown in Fig. S1 (cf. Electronic Supplementary Material,
ESM). No observable changes in membrane ﬂux and salt
rejection is observed. Figure S1(b) shows that the chemical
structure of the CMC-Na/GA layer is unchanged after the
alkali treatment [22,43]. There are no observable changes
in color and surface topography of the membranes after
soaking in the alkaline solution. Similarly, the EDS spectra
in Fig. S1(c) indicate that the atomic concentrations of C
and O are not changed but that of Na increases. This is
because the remaining COOH groups in CMC-Na react
with NaOH to produce sodium carboxylate. Not that, the
formation of sodium carboxylate does not affect the
crosslinking structure.

Fig. 5 The pervaporation desalination performance at 70 °C for composite membranes prepared using (a) different CMC-Na:GA
solutions, (b) different crosslinked times; the effects of GA concentrations on (c) the swelling ratios and (d) Mc of the GA crosslinked
CMC-Na polymers.
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Since pervaporation test is typically carried out at
relatively high temperatures, the alkali resistance of the
composite membrane is further evaluated at 60 °C. As
shown in Fig. 6, the salt rejection of the composite
membrane is maintained at 99.5% and the normalized
membrane ﬂuxes are ﬂuctuated at 32  4 kg$m–2$h–1
during an 80 h soaking period in a 10 wt-% NaOH
aqueous solution at 60 °C. Moreover, the FTIR spectra of
the composite membrane show no observable changes as
shown in Figs. 6(c) and 6(d). This is another proof for the
excellent alkali resistance. Figure 6(b) shows the water
contact angles of the pristine PE membrane, and the CMCNa/GA-PE composite membrane before and after the alkali
treatment. Water contact angles of the pristine PE and
composite membranes are 99° and 54.85°, respectively.
After being soaked in the alkaline solution, the water
contact angle of the composite membrane is 56.9°.
Therefore, there was no signiﬁcantly change in surface
hydrophilicity. In summary, the results of pervaporation
desalination tests, FTIR spectra, and surface hydrophilicity
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prove that the composite membrane is stable in high
temperature alkaline solution.
3.5 The thermal stability CMC-Na/GA self-supporting
membrane

The TGA curves of the CMC-Na/GA self-supported
membrane before and after 15 d of NaOH immersing at
25 °C are provided in Fig. 7. The ﬁrst weight loss in a
temperature range of 50 °C–150 °C is due to the water
evaporation. The second weight loss happens in 268 °C–
334 °C, where the carboxyl groups decompose. The last
weight loss takes place in 340 °C–500 °C. This indicates
the degradation of the main polymer chains of the CMCNa. It shows that after the alkali treatment, thermal
decomposition in the temperature range of 268 °C–334 °C
is more signiﬁcant. It is because the reaction between
NaOH and the –COOH groups breaks down the hydrogen
bonding. Thus, the thermal stability decreases. In the
following decomposition stage of 340 °C–500 °C, the

Fig. 6 (a) The normalized ﬂuxes of the pervaporation composite membrane after being soaked in alkaline solutions; (b) the water contact
angles of the membranes; (c) and (d) the FTIR spectra of the membranes after immersed in 10 wt-% NaOH for different times.
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alkali treated membrane shows lower decomposition rate.
This is because the existence of Na+ cation in the polymer
increases the residual mass.
3.6 The mechanical property of CMC-Na/GA self-supporting membrane

The mechanical properties of the GA crosslinked ﬁlms
before and after the alkali treatment were determined using
a DMA equipment. As shown in Fig. S2 (cf. ESM), the
fracture strain of the ﬁlm increases from 0.5% to 0.97%,
while the tensile strength decreases from 12.33 to 7.27
MPa after it is soaked in 20 wt-% NaOH solution for 15 d
at 25 °C. This is mainly attributed to that intermolecular
hydrogen bonds were broken after the alkali treatment. It
could lead to the decrement in the crystallizing domains
and decrease the mechanical strength. To further explore
the change of the crystalline and amorphous structures
before and after the NaOH treatment, we analyzed the ﬁlms
by XRD. As shown in Fig. S3 (cf. ESM), the percentage of

crystallization domain is 56.24%, while it decreases to
33% after the NaOH-soaking.
3.7 Evaluation of the dynamic alkali-resistance of the
composite membranes

The dynamic alkali-resistance of the composite membranes and the concentrating NaOH solution were shown
in Fig. 8. A 36 h alkali-resistance test of the composite
membrane is carried out for treating a 10 wt-% NaOH
solution at 60 °C. As shown in Fig. 8(a), the composite
membrane shows a relatively stable water ﬂux and high
NaOH rejection of 99.98% during the entire experiment
period. The slightly decrement in water ﬂux over time is
caused by the scaling of NaOH on the membrane surface.
After the dynamic alkali pervaporation test, the membrane
is further tested for desalination performance and a high
salt rejection of 99.98% is obtained. Figure 8(b) shows the
pervaporation experiment for concentrating a NaOH
solution from 5 to 10 wt-%. It can be seen that the

Fig. 7 The TGA of CMC-Na/GA self-supporting membrane before and after 15 d of NaOH immersing at 25 °C.

Fig. 8 (a) The normalized ﬂux change for the dynamic alkali resistance pervaporation test (the feed solution is 10 wt-% NaOH and the
temperature is 60 °C); (b) the normalized ﬂux change during a NaOH enrichment test (from 5 to 10 wt-%).
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NaOH rejection is 99.98% and the water ﬂux gradually
decreases due to increase in the NaOH concentration of the
feed solution. Table 1 compares the separation performances of some representative membranes with the CMCNa/GA-PE membranes. No membranes have been tested at
a NaOH concentation over 10 wt-% except for our
membranes. All the above results demonstrate the
excellent alkali resistance of the composite membrane
and its potential for concentrating alkali solutions.
3.8 Acid resistance and chlorine resistance of the composite
membrane

Figure 9 shows that the salt rejection and water ﬂux of the
composite membrane does not change after it is soaked in a
4 wt-% H2SO4 at 25 °C for 9 d. Besides, it shows that the
desalination property of the composite membrane is not
affect by soaking in a 500 mg$L–1 chlorine solution for 9 d.
Therefore, the membrane is stable in acid and chlorine
solutions.
Table 1 Separation properties of alkali-resistant membranes
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3.9 Evaluation of the fouling resistance of the composite
membrane

Membrane fouling is a serious problem in water treatment
[50]. To evaluate the pollution resistance of the CMC-Na/
GA-PE composite membranes, 5000 mg$L–1 HA and SA
are chosen as organic [51] and biofouling [50] pollutants.
As shown in Fig. 10, the two membranes show stable water
ﬂuxes of 38  2 kg$m–2$h–1. In the ﬁrst two hours of HA
rejection experiment, the water ﬂux drops to 94.6%. In the
rest of the experiment, the water ﬂuxes are stable, which
may be due to the dynamic equilibrium achieved by HA in
adsorption-desorption on the membrane surface. In the
24 h SA rejection test, the water ﬂux drops to 93.8% in the
ﬁrst 2 h and becomes stable. Similarly, the initial drop is
due to the quick adsorption of SA on the membrane
surface. Note that, the overall ﬂux drops are very limited.
This is due to the hydrophilic nature of the CMC-Na dense
layer that exhibits a high resistance to organic and
biofouling.

a)

Material

NaOH concentration/%

Alkali test
method

Membrane ﬂux/(L∙m–2∙h–1∙bar–1)

Rejection/%

RO [44]

PA

0.04

Immersing

5.28

99.06

NF [45]

PVA-CMC-Na

1.96

Immersing

17.96

38.2

Membrane type

NF[46]

PVA-APES

4.0

Immersing

13.5

53.6

UF [47]

Polyphenylsulfone

0.38

Immersing

0.675

–

PPS

3.85

Immersing

154.95

–

Pervaporation [49]

PVA-FS/PVDF

0.38

Immersing

34 b)

99.9

Pervaporation (This
study)

CMC-Na/GA-PE

20

Immersing (25 °C)

Pervaporation (This
study)

35 b)

99.9  0.1

CMC-Na/GA-PE

MF [48]

10

Circulation (60 °C)

a) RO: reverse osmosis; NF: nanoﬁltration; UF: ultraﬁltration; MF: microﬁltration; PVA: poly(vinyl alcohol); PA: Polyamide; APES: aminopropyl triethoxysilane;
PPS: poly(p-phenylene sulﬁde); FS: a ﬂuorocarbon surfactant; PVDF: poly (vinylidene ﬂuoride). b) The unit of membrane ﬂux: L∙m–2∙h–1.

Fig. 9 The static acid and chlorine resistance tests of composite
membranes at 25 °C (the temperature of 3.5% NaCl feed solution
was 70 °C, and the pressure of permeate side was 100 Pa).

Fig. 10 The normalized membrane ﬂuxes of the long-time test
using the water solutions containing 5000 mg$L–1 HA or SA.
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Conclusions

In this paper, we prepared a series of CMC-Na/GA-PE
composite pervaporation membrane by spray-coating and
post crosslinking. By optimizing the membrane fabrication
conditions, the composite membrane possesses a ﬂux of
35  2 kg$m–2$h–1 and a salt rejection of 99.9% for
separating a 3.5 wt-% NaCl solution at 70 °C and an
average water ﬂux of 23 kg$m–2$h–1 with a NaOH rejection
over 99.98% when concentrating a NaOH solution from 5
to 10 wt-% at 60 °C. The pervaporation composite
membranes are stable in a 20 wt-% NaOH solution that
is 5-fold as high as the highest concentration being
attempted in other membranes. Thus, the CMC-Na/GA-PE
pervaporation composite membrane has a great potential
for concentrating alkali solutions and is suitable for applied
in harsh environments.
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