
Desalination 525 (2022) 115496

Available online 17 December 2021
0011-9164/© 2021 Published by Elsevier B.V.

Enhancing the property of composite pervaporation desalination 
membrane by fabricating a less resistance substrate with porous but 
skinless surface structure 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Optimization the polysulfone (PSF) 
substrate to obtain a macro-void free, 
inter-connected pores, and skinless 
structure by changing the casting solu
tion composition and the temperature of 
coagulation bath. 

• Evaluation the composite membranes 
pervaporation (PV) performance and the 
substrate structure effect on the gas 
transport resistance. 

• The resistance to swelling polyvinyl 
alcohol (PVA) layer delamination and 
the long-term operational stabilities of 
the composite membrane. 

• Effects of temperature and salt concen
tration on the composite membranes 
desalination properties. 

• The high-water flux PV composite 
membrane, with a easy-to scale-up 
porous substrate, demonstrated a great 
potential for its composite PV mem
brane commercialization.  
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A B S T R A C T   

The fabrication methods for high performance pervaporation (PV) desalination membranes were complicated 
and difficult to be scaled-up. To address this issue, we developed a composite membrane using a porous poly
sulfone (PSF) membrane that was prepared by a conventional non-solvent induced phase inversion (NIPS) 
technology. The key was to design the PSF structure with a skinless, macro-void free and bi-continuous cross- 
sectional morphology for achieving an ultra-low transport resistance. This was done by incorporating non- 
solvent additives of polyvinylpyrrolidone (PVP) and propionic acid (PA) into the PSF polymer dope and regu
lating the temperature of the water coagulant. As a result, the PSF based PV composite membrane exhibited a 
high-water flux of 124.8 ± 3.2 kg/(m2⋅h) and a salt rejection of 99.9% when separating a 3.5 wt% NaCl solution 
at 70 ◦C. Moreover, a water flux of 71.3 ± 1.8 kg/(m2⋅h) was achieved for treating a high concentrated NaCl 
solution of 20 wt%. To our best knowledge, these PV membrane desalination performances overshadowed all 
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reported PV composite membranes using substrates fabricated by the NIPs method. Most importantly, the easy- 
to-scale-up membrane fabrication method, as well as the excellent PV desalination performance, indicated a 
great potential for industrial applications.   

1. Introduction 

Extracting fresh water from seawater, brackish or waste waters 
greatly alleviate the water shortage problem world-widely [1,2]. The 
success lies in the high efficiency of separating water from salt or vice 

versa. To date, thermally based desalination technologies, such as multi- 
effect distillation and multi-stage flashing, have been widely applied in 
the middle-east regions attributing to the low price of petroleum 
resource [3–6]. On the other hand, seawater reverse osmosis (SWRO) 
technology occupies nearly 60% desalination market because of its low 

Fig. 1. Illustrations the preparation processes of (a) the PSF ultra-filtration membranes, (b) the spray-coating and (c) the post cross-linking.  
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operation cost and high-water production quality [7,8]. However, as a 
byproduct of SWRO, a great deal of concentrated brine is generated and 
then discharged directly to environment, jeopardizing the marine ecol
ogy system tremendously [9,10]. Therefore, this is an urgent require
ment for treating brine solutions. 

In recent years, using pervaporation (PV) membrane for desalination 
has attracted much attentions due to the appealing desalination per
formance to highly concentrated salt solutions, anti-fouling property 
and great improvement in water flux [11–13]. For example, by tuning 
the structures of the PSF substrates, Li et al. tuned series of PSF sub
strates based composite membranes for PV desalination, where the 
water fluxes were further increased to 60.8 kg/(m2⋅h) at 70 ◦C for 
treating a 3.5 wt% NaCl solution [15]. To our best knowledge, the 
highest water flux of composite PV desalination membranes was re
ported by Xue et al. [16]. The water fluxes were dramatically increased 
by about 4 times (57.9 kg/(m2⋅h) to 226 kg/(m2⋅h) at 75 ◦C) when the 
support layers were changed from a chlorinated polyvinyl chloride 
(CPVC) ultra-filtration membrane prepared by NIPS to a porous elec
trospun polyacrylonitrile (PAN) nanofiber mat. All these results 
demonstrated that the membrane substrate played a crucial role in 
designing high water flux PV composite membranes. The ultrahigh 
water flux is largely benefited from the substrate structure that having a 
highly porous, inter-connected, and skinless cross-sectional 
morphology. However, the electrospinning requires fine regulation. 
Any fluctuation in temperature, air humidity, voltage may lead to 
significantly changes in fiber morphology and pore size of the fibrous 
mat [17]. More importantly, electrospinning is costly and time- 
consuming. Since the surface pore size of a fibrous mat is depended on 
the fiber diameter, slimmer fibers are preferred to obtain a fibrous mat 
with smaller surface pore sizes [18]. This requires a much-diluted 
spinning solution and prolongs the electrospinning process. Sometimes 
an intermediate layer is needed to reduce the surface pores of an elec
trospun substrate for coating a defect-free top layer [19]. Therefore, it is 
a big challenge to scale up composite PV membrane based on electro
spinning technology. On the other hand, it is not trivial to develop an 
easily scaled-up method (i.e. NIPS technology) to prepare high- 
performance PV desalination membranes. 

In this work, we aimed to develop a high property pervaporation 
(PV) desalination membrane using a NIPS substrate, where the key 
factor was to design a porous substrate structure with less gas transport 
resistance. Polysulfone (PSF) was selected as the base membrane ma
terial due to its low cost, easy processing and excellent physio-chemical 
stability [20]. Its hydrophilicity was improved by blended with certain 
amount of sulfonated polysulfone (SPSF). Effects of the organic additives 
including polyvinylpyrrolidone (PVP) and propionic acid (PA) [21,22] 
and the coagulant bath temperature on the membrane morphology [23] 
were studied. Consequently, a PSF membrane with a macro-void free 
and skin-less cross-sectional structure was fabricated successfully. After 
spray-coating a dense PVA layer, the composite PV membrane achieved 
a high water flux of 124.8 ± 3.2 kg/(m2⋅h) with a salt rejection over 
99.9% for treating a 3.5 wt% NaCl solution at 70 ◦C. When treating a 20 
wt% NaCl solution at 70 ◦C, a high-water flux of 71.3 ± 1.8 kg/(m2⋅h) 
was achieved. Moreover, attributing to the mechanical inter-lock 
structure at the interface of the PSF and PVA layers, the composite PV 
membranes were free of delamination during the relatively long oper
ation period of 480 min. 

In summary, we demonstrated that, for the first time, PV desalination 
membranes based on a substrate prepared by a NIPS process could have 
a water flux over 100 kg/(m2⋅h) which was two times higher than other 
PV desalination membranes using the same NIPS PSF substrate 
[15,16,41–43]. This indicated that high performance PV desalination 
membranes could be prepared using conventional and already 
commercialized techniques. 

2. Experimental 

2.1. Materials 

Polysulfone (Udel P1700) was supplied by Solvay S.A Co., Ltd. Sul
fonated polysulfone (SPSF) (sulfonation degree: 30%) was obtained 
from Shandong Jinlan Polymer Co., Ltd. N-methyl-2-pyrrolidone (NMP, 
purity ≥99.0%) and 98 wt% sulfuric acid (H2SO4) were bought from 
Tianjin Da Mao Chemical Reagent Factory (China). Propanoic acid (PA, 
Mw: 74 g/mol) was supplied by Tianjin Fuchen Chemical Reagent Fac
tory (China). Polyvinylpyrrolidone (PVP, K-30, Mn: 44,000–54,000) was 
got from Gongbike New Material Technology Co., Ltd. Polyethylene 
terephthalate (PET) non-woven fabric was supplied from Shanghai Pole 
Technology Co., Ltd. Polyvinyl alcohol (PVA, Mw: 104,000 g/mol, hy
drolysis degree: 99.4%) and sodium chloride (NaCl, purity ≥99.9%) 
were purchased from Sinopharm Chemical Reagent Co., Ltd. (China). 
Poly acrylic acid co-2-acrylamido-2-methyl propane sulfonic acid (P 
(AA-AMPS), Mw: 2000–5000 g/mol) in a 30 wt% water solution was 
obtained from Shandong Usolf Chemical Technology Co., Ltd. Bovine 
serum albumin (BSA, Mw: 67,000 g/mol) was supplied by Sigma-Aldrich 
Co., Ltd. A lab-equipped Millipore ultrapure water system was adopted 
to produce deionized (DI) water. 

2.2. PVA/PSF composite PV membrane fabrication 

2.2.1. Preparation of the PVA free-standing films 
Firstly, 6 g of PVA was dissolved in 94 mL of DI water, stirred at 90 ◦C 

for 2 h to get a homogenous PVA solution. Secondly, the solution con
sisting of PVA and P(AA-AMPS) at a weight ratio of 7 to 3 and a pH value 
of 1 adjusted by H2SO4 was prepared. Next, the mixed solution was 
degassed for 24 h and then casted on a PTFE substrate. Then, dense free- 
standing PVA films were formed after evaporating of water at room 
temperature for 48 h. By controlling the amount of casting solution, the 
PVA film thickness was controlled at 70 ± 10 μm. At last, the PVA dense 
films were crosslinked in a muffle furnace (100 ◦C, 15 min, air 
atmosphere). 

2.2.2. Preparation the PSF ultra-filtration membranes 
The procedure of the preparation of the PSF membranes is given in 

Fig. 1a [24]. Table 1 lists the manufacture parameters and membrane 
IDs. In a typical process, a polymer dope consisting of PSF, SPSF, PVP, 
NMP and PA was cast onto a PET non-woven fabric and then transferred 
into a water bath immediately to induce phase inversion. The water bath 
was refreshed once a day for three days to remove the residual solvent 
and additives completely. After that, water in the membrane was 
exchanged with methanol followed by n-hexane and dried at an ambient 
condition, as reported in ref. [25]. 

2.2.3. The spray-coating and post cross-linking processes 
Using a similar method of our previous work [26], the composite 

membranes were prepared by spraying-coating as illustrated in Fig. 1b. 
Specifically, a 0.5 wt% aqueous solution consisting of PVA and P(AA- 
AMPS) at a weight ratio of 7 to 3 and a pH value of 1 adjusted by 
H2SO4 was sprayed onto a PSF membrane using an air-brush. The 

Table 1 
The PSF membrane ID, dope compositions and coagulation bath temperature.  

Membranes 
ID 

PSF 
(wt 
%) 

SPSF 
(wt 
%) 

PVP 
(wt 
%) 

NMP 
(wt 
%) 

PA 
(wt 
%) 

Coagulation bath 
temperature (◦C) 

PA0-25  11.9  2.1  10  76  0  25 
PA5-25  11.9  2.1  10  71  5  25 
PA10-25  11.9  2.1  10  66  10  25 
PA15-25  11.9  2.1  10  61  15  25 
PA15-40  11.9  2.1  10  61  15  40 
PA15-60  11.9  2.1  10  61  15  60  

D. Qin et al.                                                                                                                                                                                                                                      



Desalination 525 (2022) 115496

4

distance between the nozzle and the membrane surface was 15 cm and 
the air pressure of the air-brush was maintained at 2–3 bar. Thickness of 
the coating layer was adjusted by controlling the spraying volumes. 

After coating, the composite membranes were heated at 100 ◦C for 
15 min to cross-link the PVA layer as shown in Fig. 1c. The composite 
membrane was cooled in ambient temperature for 4 h then the residual 
H2SO4, unreacted PVA and cross-linker were washed off with DI water. 
At last, the composite membranes were dried in air before test. 

2.3. Characterizations of the membrane substrates 

2.3.1. Determination of the membrane morphologies 
A scanning electron microscope (SEM) (HITACHI S-7800 Japan) was 

used to monitor the cross-section and surface morphology of the mem
branes. The average pore size and porosity at surface of the PSF mem
branes were estimated based on the SEM image using an image J 
software as introduced in ref. [27]. Thicknesses of the PVA layers were 
determined from the SEM image by a Nano Measurer software. All the 
samples were fractured in liquid nitrogen to obtain a smooth cross 
section and then sputter-coated with gold before testing. 

2.3.2. Gas permeation tests 
A lab-made gas permeation cell was used to estimate the gas trans

port resistance of the PSF membranes as shown in Fig. 2a. A detailed 
introduction of the equipment could be found in Ref. [28]. Generally, 
the gas permeation cell would measure a series of N2 flux at elevated 
trans-membrane pressures. Then, the relation between the trans- 
membrane pressure and N2 flux could be correlated using Eq. (1): 

Q =
V

A × T
(1)  

where Q was the gas flux of N2 (L/(m2⋅h)); V was the volume of the N2 
(L); A was the effective membrane area (m2); and T is the data collection 
time (h). By plot Q vs T, a linear curve could be obtained and the slope of 
the curve was used to calculate the gas transport resistance of the 
membrane. 

2.4. Swelling degree 

Dried PVA/P(AA-AMPS) self-standing films and the PSF substrates 
were weighted to get their dry weights and recorded as md(g). Then they 
were immersed in DI water at room temperature for 24 h, respectively, 
to reach sorption equilibrium. After wiping off water drops on the 
sample surface, the wet weight was measured and recorded as ms(g). 
The water swelling degree (SD, %) was calculated using Eq. (2) [29]: 

SD =
ms − md

md
× 100% (2) 

For each sample, the measurement was repeated for 3 times to get an 
average data. 

2.5. Characterizations of the composite membrane 

2.5.1. Determination of the interface bonding force 
To calculate the interface bonding force between the S-PVA dense 

selective layers and PSF substrate, a stretching method was adopted 
using a dynamic mechanical analyzer (DMA) (Q800, TA, USA) (Fig. 9S). 
A stretching force was applied perpendicular to composite membranes 

(a)

(b)

N2

Pressure gauge

Valve

Soap film

flowmeter

Membrane cell

Outlet

Valve 2

Membrane cell

Valve 1Feed tank Per istaltic Pump Condenser 

Valve 3
Vacuum gauge

Cold Trap

Vacuum Pump 

Water vapor

Fig. 2. Schematic diagrams of the processes of (a) the gas resistance measurement for the substrates and (b) the PV measurement.  
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until the PSF substrate separated from the S-PVA layer. The tensile 
~stress curve was recorded as the adhesive strength in the control force 
mode at a rate of 0.2 N/min until they were torn apart. Before the test, 
the front and back surfaces of the composite membrane were affixed 
between two glass plates using an adhesive tape, clamped by a DMA 
fixture. 

2.5.2. PV desalination properties 
The PV desalination properties were evaluated using a lab-equipped 

PV set-up as shown in Fig. 2b. A detailed description of the equipment 
and the testing protocol could be found in ref. [16]. In this work, saline 
solutions with a NaCl concentration of 0–20 wt% were used as feeds. The 
feed solution was circulated at membrane feed side with a flow rate of 
0.1 m/s. Membrane permeate side was vacuumed at 100 Pa. the 
permeated water vapor was collected using a liquid nitrogen cold trap. 
During the PV test, the permeated water vapor was collected in 15 min 
to calculate the permeate flux using Eq. (3). At each testing condition, at 
least 3 independent tests were carried out, the average was reported. 

Jw =
M

A × T
(3)  

where Jw was the permeate flux (kg/(m2⋅h)); A was the effective 

membrane area (m2), which was 3.28 cm2; and T was the operation 
period (h). The salt concentrations of the feed and permeate samples 
were analyzed by an electrical conductivity meter (DDSJ-308F, Lei chi, 
China). The salt rejection (R) was determined using Eq. (4): 

R =

(
Cf − CP

Cf

)

× 100% (4)  

where Cp(wt%) was the permeate salt concentration; Cf(wt%) was the 
feed salt concentration. 

3. Results and discussion 

3.1. Preparation of the PSF membranes with macro-void free structure 

In a typical NIPs process, a polymer dope may undergo two types of 
phase inversion processes: nucleation and growth (NG) and spinodal 
decomposition (SD). When a phase separation starts at the meta-stable 
region of a triangle phase diagram for a polymer-solvent-nonsolvent 
system, NG takes place and it usually leads to the formation of macro- 
voids in a membrane. On the other hand, when a phase inversion hap
pens inside the spinodal region, SD occurs and leads to the formation of a 
membrane with a bi-continuous structure. Since the spinodal region is 
inside the binodal curve of a phase diagram, a precipitation path of a 
polymer dope must pass through the meta-stable region first and then 
enters the spinodal region to induce the SD phase inversion. Because we 
want to prepare a membrane with a macro-void free structure, the NG 
phase inversion shall be inhibited. 

As suggested by Su et al. [30], increasing viscosity of a polymer dope 
can delay the phase inversion process so that the phase separation can be 
postponed till the dope composition falls into the spinodal region. Initial 
attempt was to add PVP into the PSF/SPSF dope to increase its viscosity. 
It was reported that PVP suppressed the formation of macro-voids [31]. 
Fig. 3a shows that the PSF/SPSF/PVP membrane exhibits a typical 
asymmetric structure with a relatively dense top skin layer and a sub- 
layer having a sponge-like bi-continuous structure that gradually turns 
into finger-like macro-voids. It can be seen the dense top layer and the 
sponge-like upper half region of the membrane are formed by SD, while 
the lower part of the membrane is formed by NG mechanism. Due to the 
high viscosity of the polymer dope, the relaxation time of the polymer 
chain is long that suppresses the nucleation of polymer rich and lean 
phases. Meanwhile, the solvent/non-solvent continuously exchanges 
and the dope composition falls into the spinodal region. Subsequently, 
SD takes place and forms the bi-continues sponge-like structure on the 
upper part of the membrane. Once the upper part of the dope pre
cipitates, the solvent/non-solvent exchange rate decreases significantly. 
The polymer dope at the lower part has more time to stay in the meta- 
stable region of the phase diagram. Hence, there is sufficiently time 
for the nuclei to form and finally grow into macro-voids at the lower part 
of the membrane. 

To solve the contradiction between macro-void free structure and 
low membrane flux, PA is added to the dope solution as a second non- 
solvent additive. PA has a capable of forming a Lewis acid–base com
plex with NMP [32]. The PA: NMP complex reduces the solvent power of 
NMP and promotes polymer chain aggregation [33]. These effects 
further increase the dope viscosity and retard the formation of macro- 
voids. As shown in Fig. S1, the PSF solution viscosity increases expo
nentially with the PA concentration [34]. More importantly, as a small 
organic molecule, PA diffuses into the polymer lean phases easier than 
the high molecular weight PVP. Consequently, solvent of the polymer 
rich phase will diffuse into the polymer lean phases. This causes the 
increment of the polymer concentration in the polymer rich phase and 
the formation of polymeric micelles that leads to the formation of bigger 
pores on membrane surface [35]. As illustrated in Fig. 3c, e, and g, when 
the PA concentration increases from 5 to 15 wt%, the surface porosity 
and average surface pore diameters gradually increases from 4.4% to 

a

100 nm

100 nm

10 μm

b

dc

100 nm10 μm

fe

10 μm

hg

100 nm10 μm

Fig. 3. SEM images surface and cross-sectional morphology of PSF membranes 
with PA concentrations of 0% (a, b), 5% (c, d), 10% (e, f) and 15% (g, h). 
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8.9% and 8.1 to 10.3 nm, respectively. Moreover, the finger-like macro- 
voids gradually move away from the surface of the PSF membrane. 
Hence, the incorporation of PA retards the formation of macro-voids, at 
the same time, increases surface pore sizes of the membrane. Therefore, 
the pure water fluxes of the PSF membranes increase from 453.3 ± 2.4 
kg/(m2⋅h⋅bar) to 654.3 ± 18.2 kg/(m2⋅h⋅bar), as listed in Table 2. 

3.2. Optimizing the PSF substrates for skin less layer structure 

Nevertheless, a thick skin layer still exists in all the PSF membranes. 
Not only that thick layer significantly increases the transport resistance 
[23], but also limits the solvent/non-solvent exchange rate and thus 
eventually causes the formation of macro-voids on the bottom of the 
membrane. To get rid of the skin layer, temperature of the coagulant 

bath is increased. Typically, the solvent/non-solvent exchange rate will 
be greatly enhanced at a high temperature. This facilitates the instan
taneous phase inversion that results in a membrane structure with big 
pores [36]. As shown in Fig. 4f, and i, macro-void free cross-sections of 
the membranes prepared at 40 ◦C and 60 ◦C are obtained. Most 
important, all the macro-void free membranes have a loosely packed 
skinless structure (Fig. 4e, h) and the surface average pore diameters 
(Fig. 4d, g) and porosity further increase from 10.3 nm to 25.2 nm and 
8.9% to 14.9%, respectively, as listed in Table 2. Therefore, the pure 
water fluxes of the PSF membranes (PA15-60) increase from 654.3 ±
18.2 kg/(m2⋅h⋅bar) to 1014.8 ± 27.6 kg/(m2⋅h⋅bar) benefiting from the 
enlarged surface pore sizes and skinless structures. 

3.3. Effects of the substrate structure on the gas transport resistance 

In a PV desalination process, the water molecules desorb from the 
backside of the dense selective layer of PV composite membrane and 
then permeate through the porous substrate in a gas state [37,38]. 
Therefore, determining the gas transport property of the substrate can 
better understand the transport resistance of the support layer of the 
composite membranes. Since it is difficult to maintain a constant water 
vapor pressure, we test the N2 gas flux of the membranes under different 
pressures. Fig. 5a shows that all the N2 fluxes increase linearly with the 
trans-membrane pressures. And the gas flux of the PSF membranes 
prepared at 25 ◦C using a polymer dope with 15 wt% PA is higher than 
those of the membranes fabricated with polymer dopes having less 
amount of PA (0, 5, and 10 wt%). Because the gas flux was sensitive to 
the membrane surface pores radius and porosity according to the viscous 
flow model (Eq. (S3)), the higher gas flux of PA 15 match its larger 
surface pore sizes and surface porosities, as listed in Table 2. Never
theless, significant transport resistance still exists on its composite PV 

Table 2 
The average surface pore sizes, surface porosities, overall membrane porosities 
and water flux of the PSF substrates.  

Membrane 
ID 

Surface 
pore size 
(nm) 

Surface 
porosity 
(%) 

Overall 
porosity 
(%) 

Water flux 
(kg/ 
(m2⋅h⋅bar)) 

Coagulation 
bath 
temperature 
(◦C) 

PA0-25  8.1  4.4  52.8 453.3 ± 2.4  25 
PA5-25  9.0  5.5  53.0 471.1 ± 9.1  25 
PA10-25  9.3  7.5  54.3 504.2 ±

14.1  
25 

PA15-25  10.3  8.9  55.0 654.3 ±
18.2  

25 

PA15-40  15.9  11.3  55.2 897.2 ±
30.9  

40 

PA15-60  25.2  14.9  56.5 1014.8 ±
27.6  

60  

(a)

100 nm100 nm 100 nm

(d) (g)

100 nm 100 nm 100 nm

(h)(b) (e)

10 μm 10 μm10 μm

(i)(f)(c)

Fig. 4. SEM images of surface, top skin layer and cross-section of PSF/PA membranes at different coagulation bath temperature: (a, b, c) 25 ◦C, (d, e, f) 40 ◦C and (g, 
h, i) 60 ◦C. 
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membrane for a thick skin layer of the PSF membranes (PA15-25, 
Fig. 4b). By simply increasing the coagulant temperature to 60 ◦C, the 
instantaneous phase inversion process was accelerated, and the sub
strate became more porous (surface pore sizes and porosity were greatly 
enhanced to 25.2 nm and 14.9%). As a result, the PA15-60 membrane 
achieved a highest gas performance (129.2 × 103 L/(m2⋅h⋅bar)), which 
is 4.8 times higher than that of PA15-25 membrane (26.9 × 103 L/ 
(m2⋅h⋅bar)). Therefore, the PA15-60 based composite PV membranes 
shall exhibit the highest water flux due to the lowest resistance of the 
substrate [39]. 

3.4. Pervaporation desalination properties 

Desalination properties of the PVA/PSF composite PV membranes 
are evaluated using an aqueous solution comprising 3.5 wt% NaCl at 
70 ◦C as feed. Fig. 6a reveals that all membranes have a salt rejection 
greater than 99.9%. This indicates that the PVA selective layer is detect- 
free. The water fluxes gradually increase from 71.2 ± 1.0 kg/(m2⋅h), 
85.7 ± 1.4 kg/(m2⋅h) to 97.4 ± 0.7 kg/(m2⋅h), as the concentrations of 
the PA additives in the PSF dope solutions increase from 0, 5, to 15 wt%. 
Note that, the thicknesses of the S-PVA layers among all composite 
membranes are similar (~0.6 μm, Fig. 6b, c). Therefore, the improve
ment in water flux must be due to the decrements in the gas transport 
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resistance of the PSF substrates. This trend becomes more clearer as the 
substrate membrane coagulation temperatures increase from 25 ◦C to 
60 ◦C, where the PV water flux further increases by 1.8 times to 124.8 ±
3.2 kg/(m2⋅h). Based on the results listed in Table 2 and the membrane 
morphologies shown in Fig. 6, the high coagulant temperature and PA 
content in the polymer dope eventually lead to the formation of a PSF 
substrate with a skinless, highly porous and inter-connected cross- 
sectional structure (Fig. 6c). As a result, the gas transport resistance of 
the PSF substrate is greatly reduced and consequently promotes the 
water flux of the composite PV membrane. 

3.5. The resistance to delamination and long-term operational stabilities 

Once delamination between the coating layer and the substrate oc
curs, the separation performance of a composite membrane will dete
riorate. To ensure a stable separation property, a strong adhesive force 
to the coating layer is preferred. In this study, the sulfonic acid groups in 
the S-PVA absorb a large amount of water. The water swelling degree of 
the cross-linked S-PVA is 193.4 ± 56.5%, which is much higher than that 
of the PSF substrate (54.5 ± 1.4% as listed in Table 3). The big differ
ences in their water swelling ratios lead to a serious delamination 
problem. As shown in Fig. S6 in the supporting information, some 
wrinkles are observed on surface of the water-swelled S-PVA/PA0-25 
membrane. By contrast, surface of the S-PVA/PA15-60 membrane is 
smooth indicating a better compatibility between the two layers. Simi
larly, after drying, the wrinkles appear more clearly on the surfaces of 
the composite membranes on top of the PA0-25, PA5-25, PA10-25, and 
PA15-25 substrates, but not on those of the PA15-40 and PA15-60 
substrates (Fig. 7). We hypothesize that the relatively smooth surfaces 
of the first four substrates provide limited contact surface to the S-PVA 
coating layer and cannot prevent the delamination of the swelled S-PVA 

Table 3 
Swelling degree of the PVA, cross-linked PVA film and PSF substrates.  

Sample Density 
(g/ 
cm2) 

Thickness 
(μm) 

Original mole ratio 
of (-OH):(-COOH) 

Swelling 
degree (%) 

PVA film  1.28 73.0 ± 4.7 – Dissolve 
Cross-linked 

PVA film  
1.30 65.3 ± 8.2 11.3:1 193.4 ± 55.6 

PSF membrane  1.24 61.3 ± 5.5 – 54.5 ± 1.4  

Fig. 7. Surface images of dried PVA films falls from the PSF substrates of composite membranes: (a) S-PVA/PA0-25, (b) S-PVA/PA5-25, (c) S-PVA/PA10-25, (d) S- 
PVA/PA15-25, (e) S-PVA/PA15-40 and (f) S-PVA/PA15-60. 
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layer. In contrast, the PA15-40 and PA15-60 substrates have a skinless 
structure that offers much rougher surface morphologies with bigger 
surface pores (AFM images in Fig. S7). Hence, the intrusion of the S-PVA 
coating solution during the spray-coating process and the larger contact 
area to the coating layer successfully prevent the formation of wrinkles 
of the water-swelled S-PVA layer as shown in Fig. 7e and f. 

The bonding forces between the two layers of the composite mem
branes are determined using a method (illustrated in Fig. S9), as intro
duced in ref. [26]. Fig. 8a shows the stress-strain diagram of all six 
composite membranes. The highest stress of each diagram is obtained as 
the delamination of the composite membrane happens. It can be seen the 
delamination stresses of the S-PVA/PA15-60 and S-PVA/PA15-40 
membranes are about 0.044 MPa, 1.6 times higher than that of the S- 
PVA/PA0-25 membrane. The higher adhesive forces of the S-PVA/PA15- 
40 and S-PVA/PA15-60 membranes agree well with their good resis
tance to delamination (Fig. 7). Therefore, no PSF membranes were torn 
off from the PVA films for the S-PVA/PA15-60 benefiting for its good 
interface adhesion, while some parts of PSF membrane (white) of S- 
PVA/PA0-25 membrane were peeled off at a low stretching force, as 
illustrated in Fig. S10 in the supporting information. The better stability 
of the S-PVA/PA15-60 composite membrane is also proved by the long- 
term PV desalination tests. Fig. 8b presents that the water fluxes and salt 
rejections of the S-PVA/PA0-25 composite membrane decreases in less 
than 45 min, while that of the S-PVA/PA15-60 membrane is stable 
during the entire 480 min testing period. 

3.6. Effects of temperature and salt concentration on the desalination 
properties 

Pervaporation desalination performance of the S-PVA/PA15-60 
membranes at different temperatures was measured using a 3.5 wt% 
NaCl solution as feed. Fig. 9a illustrates that the water fluxes increase 
from 20.8 ± 1.3 kg/(m2⋅h) to 178.7 ± 3.9 kg/(m2⋅h) when the feed 
temperature increases from 30 ◦C to 80 ◦C. This can be explained by 
well-known Arrhenius relation between temperature and membrane 
flux. The partial pressure of water vapor at the feed side increases 
exponentially with the increasing feed temperature, and thus enhances 
the water driving force of transferring composite membrane [40]. As 
shown in Fig. 9b, our membrane achieves a highest level of water flux 
that overshadows all the composite PV desalination membranes using 
substrates prepared by the NIPS method [15,16,41–43]. 

One of the application scenarios for the PV membranes is the highly 
concentrated brine solutions. We have tested the desalination properties 
of the S-PVA/PA15-60 membrane to concentrated brine water. As 
shown in Fig. 9c, the water flux decreases drastically from 124.8 ± 3.2 
kg/(m2⋅h) to 71.3 ± 1.8 kg/(m2⋅h) at 70 ◦C, as the content of NaCl in
creases from 3.5 wt% to 20 wt%. The decrements can be mainly 
attributed to the de-swelling effect of the concentrated brines [43]. 
Fig. 9d shows that the water swelling degree of the S-PVA polymer 
drastically decreases from 193.4 ± 55.6% to 60.5 ± 21.0% by increasing 
the salt concentration. As a result, the driving force for water transport 
decreases. The water concentration in the S-PVA membrane is reduced 
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from 4.0 × 104 mol/m3 to 2.4 × 104 mol/m3, as listed in Table 4. 
Moreover, we have calculated the theoretical water flux based on the de- 
swelling effect and found that the estimated water fluxes were higher 
than that of experimentally determined water fluxes. The severer con
centration polarization effect [44–46] may cause the inconsistency as 
reported in ref. [19]. Despite of the de-swelling and concentration po
larization effects of the high concentration brines, the membrane could 
also achieve a high performance of 71.3 ± 1.8 kg/(m2⋅h) at 70 ◦C. In 
summary, the easy-to-scale-up fabrication of the high-performance 
composite PV membranes suggests a great potential for industrialized 
applications. 

4. Conclusion 

In this work, high performance of PVA/PSF pervaporation desali
nation membrane was fabricated by spay-coating an ultra-thin PVA 
layer (~0.6 μm) onto a PSF ultrafiltration membrane prepared by a NIPs 
method. By tailoring the composition of the PSF dope using PVP and PA 
non-solvent additives and the coagulation bath temperature, the tar
geted PSF membranes with skinless surface, macro-void free bi- 
continuous cross-sectional morphology were obtained, which had very 
low gas transport resistance. Water flux of PVA/PSF composite mem
brane reached to 124.8 ± 3.2 kg/(m2⋅h) for separating a 3.5 wt% NaCl 
solution at 70 ◦C, which was the highest reported data among all the PV 
composite membranes based on NIPS substrates. Also, a high-water flux 
of 71.3 ± 1.8 kg/(m2⋅h) could be achieved for treating high concentrated 
solution of 20 wt% at 70 ◦C. The composite membranes were stable 
during a 480 min PV desalination test because the enhanced the adhe
sive strength between interface of the PVA layer and the PSF substrate 
that had a skinless and rough surface. The easy-to-scale-up fabrication 
method, as well as the high performance, indicates a great potential of 
PVA/PSF composite PV membranes for desalination. 
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NaCl 
content 
(wt%) 

Water content 
in the swelling 
membrane 
(×104 mol/m3) 

Experimental 
water flux (kg/ 
(m2⋅h)) 

Theoretical 
water flux 
(kg/(m2⋅h)) 

The partial 
water vapor 
pressure 
(kPa) 

0  4.0  142.0  142.0  31.16 
3.5  3.6  124.8  127.8  31.03 
10  3.4  108.4  120.7  30.82 
15  2.9  85.1  103.0  30.12 
20  2.4  71.3  85.2  28.96  
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