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Water flux of pervaporation (PV) desalination membranes can be increased by reducing
thickness of the selective layer and/or reducing the resistance of the support layer. However,
low resistant support layer typically has large surface pores that requires a thick selective
2022 layer to avoid fracture. To solve this problem, we used poly(acrylic acid-co-2-acrylamido-
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2-methyl propane sulfonic acid) (P(AA-AMPS)) to crosslink PVA to improve the mechanical
property of the coating layer. The PVA layer was deposited on to a highly porous PTFE sub-
strate via spray-coating. By optimizing the spray-coating conditions, a thin and defect-free

Keywords: P(AA-AMPS) crosslinked PVA/PTFE composite membrane with a selective layer thickness of
Pervaporation 1.1 pm was prepared. The water flux of the composite membrane reached to 256.6 + 31.3
Desalination kg/(m? h) at 75 °C with a NaCl rejection rate over 99.9% when desalinating a 3.5 wt.% NaCl

solution. The membrane flux is higher than all reported PV desalination membranes.
© 2022 Institution of Chemical Engineers. Published by Elsevier Ltd. All rights reserved.

Composite membrane
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1. Introduction Using electrospun nanofibrous membranes as substrates can
greatly reduce water vapor transport resistance and consequently
increases water flux of composite PV membranes (Selatile et al., 2018).
For example, Qin et al. adopted an electrospun polyacrylonitrile (PAN)

nanofiber membrane to prepare a composite membrane for PV desali-

The demand for freshwater has been growing continuously with the
growth in population and industrial development. It is estimated that 2
billion of people depends on contaminated water in 2021 (Eljaddi et al.,

2021; Homaeigohar and Elbahri, 2017; Wei et al., 2021). This raises an
increasing demand on water renewable technologies such as seawater
desalination (Shannon et al., 2008). Reverse osmosis (RO) dominates
the desalination market because of its high desalination efficiency
and low energy consumption as compared with the conventional ther-
mal technologies (Abraham et al., 2017; Chen et al., 2009). Other than
RO, membrane distillation (MD) and pervaporation (PV) are considered
promising membrane technologies for treating concentrated salt solu-
tions to meet the goal of zero-liquid discharge (Camacho et al., 2013;
Chiam and Sarbatly, 2013). Due to the dense and hydrophilic surface of
PV membranes, they are believed to exhibit much better fouling resis-
tance than MD (Tijing et al., 2015). Nevertheless, most PV membranes
show lower water flux than MD membranes under similar operation
conditions (Khayet and Matsuura, 2004; Xie et al., 2011; Cho et al., 2011).
Hence, it is necessary to develop advanced membrane materials and
structures to increase water flux of PV desalination membranes.

* Corresponding authors.

nation. An extraordinary high water flux of 238.7 & 4.1 kg/(m? h) were
reported when desalinated a 3.5 wt.% NaCl water solution at 80 °C (Qin
etal., 2021). However, the electrospinning parameters must be precisely
controlled to obtain the desired surface morphologies of the nanofiber
substrate (Gopal et al., 2006; Lalia et al., 2013). Moreover, the electro-
spinning process is typically complicated and time-consuming, which
is not conducive to large-scale production.

Among polymeric membranes, porous poly(tetrafluoroethylene)
(PTFE) membranes exhibit outstanding chemical stability, high heat
resistance, strong hydrophobicity, and high fracture toughness
(Astakhov and Shutov, 2007; Shyr et al., 2015). Its large pore size,
high porosity and super-hydrophobicity minimize the mass trans-
fer resistance of the support layer. Meng et al. deposited polyvinyl
alcohol (PVA) on the PTFE porous support layers by spray-coating.
A high water flux of 143.4 + 8.9 kg/(m? h) was obtained at 75 °C
using a 3.5 wt.% NaCl solution as feed with a dense layer thickness
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2.6 pm (Meng et al., 2020). However, when the thickness of the PVA
dense layer was further reduced, it was fractured during a PV experi-
ment. That was due to the poor mechanical strength of the PVA layer
crosslinked by 4-sulfophthalic acid (SPTA). Xue et al. fabricated a series
of thin film composite membranes of which the PVA dense layers were
crosslinked by three crosslinkers including sulfosuccinic acid (SSA),
4-sulfophthanlic acid (SPTA), and poly(acrylic acid-co-2-acrylamido-
2-methyl propane sulfonic acid)(P(AA-AMPS)) (Xue et al., 2020). The
fracture pressures of the free standing crosslinked PVA films were 0.122
+0.023, 0.054 + 0.014, and 0.371 + 0.036 MPa for SSA, SPTA, and P(AA-
AMPS) crosslinkers, respectively. Hence, the P(AA-AMPS) crosslinked
PVA has the best mechanical property.

Here in this work, we selected a hydrophobic PTFE membrane with
micro-sized pores as the substrate. P(AA-AMPS) was used to crosslink
PVA that was deposited onto the PTFE membrane to form a PV com-
posite membrane. It is expected that the P(AA-AMPS) crosslinked PVA
layer shall have better mechanical strength and maintain its integrity
with a thin thickness. A PVA/PTFE composite membrane with much
higher water flux can be realized.

2. Experimental

2.1. Materials

PTFE microfiltration membranes with a mean surface pore size
of 0.22 pm were bought from Beijing Shenghe Integrity Mem-
brane Science and Technology Development Center (China).
PVA (hydrolysis degree: 99.4%) and sodium chloride (NaCl,
purity > 99.5%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (China). A 30 wt.% poly (acrylic acid co-
2-acrylamido-2-methyl propane sulfonic acid) (P(AA-AMPS))
water solution was got from Sigma-Aldrich. Deionized (DI)
water was produced from a lab equipped Millipore ultrapure
water system.

2.2.  Preparation of the PVA/P(AA-AMPS) coating
solution

3 g of PVA polymer powder was mixed with 97 mL of DI
water. The solution mixture was mage-stirred at 95 °C for 5
h to obtain a homogeneous solution. After the solution cooled
down to room temperature, certain amounts of P(AA-AMPS)
(a crosslinker) and 0.1 mol/L sulfuric acid solution (a catalyst)
were added consequently to adjust the solution pH to 1.

2.3.  Preparation of the PVA/PTFE composite
membranes

First, a PTFE film was stuck on top of a glass board by scotch
tape. A 0.5 wt.% PVA/P(AA-AMPS) (7:3 w/w) solution was spray
on to the PTFE membrane using an airbrush (S120, nozzle
diameter 0.2 mm). The included angle between the nozzle and
the PTFE substrate was controlled at 80°, the operation pres-
sure was 0.3 MPa, and the distance between the nozzle to the
substrate was 10 cm. During spraying, the airbrush traversed
through the PTFE surface cyclically at a rate of 4.5 cm s~ till
roughly 1 mL of the coating solution was spent. After that, the
composite membrane was crosslinked at 100 °C for 15 min.

To tune the size of the PVA droplet, an optical microscope
was used to monitor the atomized PVA solution at different
spraying pressures. Specifically, a 0.5 wt.% coating solution
was sprayed onto a glass board at varied pressures, while other
spray coating parameters were unchanged. The mean drop
sizes were analyzed using an Image J software.

2.4. Characterization

2.4.1. Morphologies of the membranes

A thermal field emission scanning electron microscope (SEM,
JSM-7800F, JEOL Ltd, Japan) was used to determine the cross-
section and surface morphologies of the PVA/PTFE composite
membranes. Cross-sectional images were obtained by frac-
turing the composites in liquid nitrogen. The thicknesses of
dense PVA selective layers were determined from their cross-
sectional SEM images using a Nano Measurer software. All
samples were sputter coated with gold before SEM analyses.

2.4.2. ATR-FTIR spectroscopy

The chemical structure of PVA/P(AA-AMPS) was character-
ized by a Fourier transform infrared spectroscopy (ATR-FTIR,
Nicolet 560) to determine the chemical structures of the
cross-linked PVA/P(AA-AMPS) polymer. ATR-FTIR spectra of
the surface of the composites were obtained with an 8 cm™!
resolution in a wavelength range from 650 to 4000 cm™.

2.4.3. Water swelling properties

Dried self-standing PVA/P(AA-AMPS) and PVA films were first
weighed to obtain their dry weights (mo). Then, the film was
immersed in DI water at room temperature for 72 h to reach
sorption equilibrium. After that, water on the film surface was
gently wipe off and the film was weighted to obtain the wet-
weight (m1). The swelling degree S (%) was calculated by Eq.

(1):

miq —Mp

S= X 100% (1)

Mo
For each film, the measurement was repeated for 3 times
to get the average value of S.

2.4.4. Water contact angle

Hydrophilicity of the pristine PVA and PVA/P(AA-AMPS)
crosslinked films were compared by measuring their water
contact angles (JC2000D, Powereach, China). At least five loca-
tions of each sample were measured to get the average value
of water contact angle.

2.4.5. Evaluation of the cracking pressure of the composite
membranes

The PVA/PTFE composite membrane was placed on a porous
metal plate in a dead-end ultrafiltration device (HP4750, STER-
LITECH Corporation, USA). 100 mL of pure water was poured
onto the membrane. Due to the dense structure of the PVA
layer, water would be hold at the membrane feed side. By
gradually pressurize the feed solution at a speed of 0.01 bar
per minute, the PVA layer was cracked eventually indicated by
observing water flowing out of membrane permeate side. The
pressure corresponding to that moment was recorded as the
cracking pressure of the composite membrane.

2.4.6. Gas permeation tests of the PTFE membrane

To estimate the transport resistance of the PTFE membrane
to water vapor, a gas (N;) permeation cell (Fig. 1) was used
to record the gas flux determined by a bubble flow meter at
elevated transmembrane pressure (Han et al,, 2021). The N,
volume flux was calculated by Eq. (2)

Q=4 @
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Fig. 1 - A schematic diagram of the gas permeation testing system.

where Q was the gas flux of N, (L/(m? h)), V the volume of the
permeated gas (L), A; the effective membrane area (m?), and
t1 the permeation time (h). Then the resistance was estimated
by analyzing the slope of Q and transmembrane pressures.

2.4.7. Adhesion force of the PVA/PTFE composite

membranes

The adhesion force between the crosslinked PVA layer and the
PTFE layer was conducted using a dynamic thermomechani-
cal analysis equipment (DMA Q800, TA, USA). Fig. 2 shows the
way to prepare membrane samples. Two faces of the compos-
ite membrane were stuck to two glass bars. And the other ends
of the glass bars were clamped to the DMA gripper. Temper-
ature of the analysis chamber was controlled at 25 + 1.2 °C.
Test mode was set in controlled force at a rate of 0.2 N min~!
until the composite membrane was torn apart. The fracturing
strength was used to indicate the adhesion force of the two
layers.

2.4.8. Desalination performance of the PVA/PTFE

composite membranes

The desalination performance of the PVA/PTFE composite
membrane was measured by a lab-made PV device shown in
Fig. 3. Pressure on the permeate side of the membrane cell
was maintained at 100 Pa using a vacuum pump. The effective
membrane area was 3.28 cm? and a feed solution comprising
3.5 wt.% NaCl was used. In the experiment, the feed solution
was preheated to the desired temperature using a water bath,
and permeate was collected in a liquid nitrogen cold trap. The
average masses of water collected from three experiments was
used to calculate the membrane flux using Eq. (3):

_ Am
w= Aty

(3)

where Am was the mass of water vapor (kg); A, was the effec-
tive membrane area (m?); and t, was the experimental time
(h).

To estimate salt rejection (R) of the PVA/PTFE Composite
Membranes, water in the cold trap was used to wash the back
of the composite membranes. A conductivity meter (Oakton
Con 110) was used to measure the salt concentrations of feed

and permeate solutions. Rejection (R) was calculated using Eq.
(4):
Cp
R=(1- =2) x 100% 4)
Cs

where Cp was the permeate salt concentration and Cy; was the
feed salt concentration.

3. Results and discussion
3.1.  Characterization of the PVA/P(AA-AMPS)
polymers

The FTIR spectra of the pristine PVA and cross-linked
PVA/P(AA-AMPS) polymers are shown in Fig. 4(a). Two peaks
(3280 cm~! and 2939 cm 1) were observed in the spectrum of
PVA, represented the stretching vibrations of both the —OH
and —CH,— functional groups, respectively. After cross-linked
by P(AA-AMPS), the intensity of these two peaks decreased sig-
nificantly, this proved that some of the hydroxyl groups of PVA
had been consumed. Furthermore, PVA/P(AA-AMPS) showed a
stronger peak at 1710 cm~! that was attributed to the —C=0
stretching vibration of the carboxylic acid. This further proved
that PVA have been crosslinked by P(AA-AMPS).

Fig. 4(b) shows that the water swelling degree of the pure
PVA film is 1.5 times to that of the crosslinked PVA/P(AA-
AMPS) film and the water contact angle increased from 55.26°
to 62.51°. These results indicated that the cross-linked PVA
was less hydrophilic. Note that, the cracking pressure of the
P(AA-AMPS) crosslinked PVA/PTFE membrane was measured
to be 0.374 + 0.031 MPa. After the test, we did SEM test to
the film. Cracks formed on the surface as shown in Fig. 4(cq,
cy). Therefore, the composite membrane would be stable dur-
ing the PV experiment of which the highest transmembrane
pressure was 0.1 MPa.

3.2. Characterization of the PVA/PTFE composite
membranes

As shown in Fig. 5, the water contact angle of the PTFE support
layer was 143.97°, indicating its hydrophobic nature. Since the
water contact angle of PVA/P(AA-AMPS) was 62.51°, the big dif-
ference in their surface properties caused the difficulty to form
strongly bonded layer to layer structure. However, part of the
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Fig. 2 - A cartoon of preparing membrane sample for testing adhesion force.
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Fig. 3 - A schematic diagram of the pervaporation device (a), and (b) are the sketches of two porous plates: (1) small but

more porous substrate; (2) large but less porous substrate.

PVA layer would infiltrate into the PTFE pores by spray-coating
and form mechanical-interlock structure as shown in Fig. 6
(Meng et al., 2020). And the adhesion force of the PVA/PTFE
composite membrane increased to 0.14 MPa, proved the firmly
bonding inter-layer structure. Note that, the composite mem-
brane was teared up in the middle of the PTFE membrane.
This indicated that the bonding force between the PVA and
PTFE layers was stronger than the bonding force within the
PTFE membrane.

The SEM images of the top surfaces and cross sections of
the PVA/PTFE composite membranes are shown in Fig. 6(bq,
by). The thickness of the PVA layer was 1.1 + 0.1 pm,
and the PVA surface was defect-free (Fig. 6bq). During the
spray-coating process, the droplet sizes are of paramount
importance for effective coating. Creech et al. determined
nozzle design and application pressure caused the greatest
changes in the droplet size (Creech et al., 2017). Therefore, the
adjustment of spraying parameters is critical to the impact
of the dense layer. The effect of spraying pressure on droplet
sizes were detailed studied. The sizes of droplets are impacted
by the fluid properties, nozzle type and spray pressure. The

droplets form due to the competition between fluid inertia and
surface tension. Surface tension and viscosity of the spraying
fluid may affect the droplet size. However, the two factors only
have limited influence on the size of droplet (Kooij et al., 2018).
In this study, a 0.5 wt.% PVA solution was used. Its surface ten-
sion was 66.3 mN m~1, slightly lower than the surface tension
of deionized water (72.2 mN m~1). The deionized water was
sprayed directly on the glass plate to count the median size
of the droplets. The pump pressure was adjusted between 0.1
and 0.5 MPa, and a series of microscope photos were taken as
shown in Fig. 7(a;—as). The median drop sizes could be found
in Supplementary Fig. S1. The median droplets’ size was cal-
culated by Eq. (5) (Kooij et al., 2018):

Dso=C-r-a 8 We™3 )

where o = pgir/ piiquia» We = pliquiav?r/o, @ a density ratio, We a
Weber number that reflected the force balance, o the surface
tension, r the radius of the elliptical opening of the conical

nozzle,v = /2p/pliquia the liquid velocity, p the pressure before
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Fig. 5 - Contact angles of (a) the PTFE support layer and (b) the PVA/P(AA-AMPS) films.
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Fig. 7 - Microscope pictures of sprayed droplets under different pressures: pressure is (a1) 0.1 MPa, (a;) 0.2 MPa, (a3) 0.3 MPa,

(as) 0.4 MPa, (as) 0.5 MPa.

Table 1 - The median droplet’ size and the scattering
angles under different pressures.

p(MPa) 6.82 x 107*p~ 3 (10> m) Dso(10~° m) «(°)

0.1 1.470 1.889 27.88
0.2 1.166 1.521 28.70
0.3 1.019 1.353 33.75
0.4 0.926 1.295 36.54
0.5 0.859 1.204 41.25

and after the nozzle opening. Eq. (5) was transformed into Eq.

(6):
Dso = 6.82 x 1074C.p~3 )

Here C was a dimensionless constant. The data were plotted
by adjusting the pressure according to Eq. (6). Table 1 lists the
pressure and median drop size data that were used to calculate
C value.

As the spraying pressure increased, the number of droplets
increased and the size of the droplets decreased as shown in
Fig. 7. The size of the median droplet decreased also, and the
value of the dimensionless constant C was 1.29 (Supplemen-
tary Fig. S2). Hence, the size of the droplet could be tuned by
adjusting the spraying pressure. We also tested the scatterings
angle («) of the spray solution just after they left the coni-
cal nozzle under different pressures. The spray droplet size
decreased and the scattering angle increased with increased
pressure (Fig. 8a). The fixed spraying distance d is 10 cm, and
measured the diameter 1 of the circle sprayed on the glass plate
(Fig. 8b). « is calculated by the following Eq. (7):

1

a=20= arctanz—d (7)

The results are shown in Table 1. As the pressure increases,
the scattering angles also increases. At a high spraying pres-
sure, the flow rate of the spray solution increases (Fig. 8c).
According to the Bernoulli’s equation, this cause the pres-
sure, P1, decreases. Hence, the increment in AP results in an
increase in the amount of PV solution fed into the spray gun,
and thus an increase in the discharge liquid. Since the increase
in pressure is conducive to the atomization of the droplets, the
scattering angle of the atomized solution increases.

When the spraying pressure is low, the droplet size is
big, the scattering angle is small. Unevenly distributed PVA
droplets will be deposited on top of the PTFE membrane and
forms coarse PVA surface (Fig. 8d1). On the other hand, at
high spraying pressure, although the PVA solution is atom-
ized effectively, the airflow will be too strong and blow away
the PVA droplets on the PTFE surface and cause the formation
of defects (Fig. 8ds). Therefore, a moderate pressure of 0.3 MPa
is selected and a defect-free and flat PVA layer of 1 pm forms
(Fig. 8dy).

3.3.  Desalination performances

Fig. 9(a) shows the effect of feed temperature on the pervapo-
ration desalination performance of the PVA/P(AA-AMPS)/PTFE
composite membrane with a PVA layer thickness of 1.1 + 0.1
pm. The water flux reached to 256.6 + 31.3 kg/(m? h) at 75 °C
with a high salt rejection of 99.9%, while the lowest water flux
was 91.7 + 4.6 kg/(m? h) at 45 °C. The reason was that the driv-
ing force for water transport increased with temperature, and
the water diffusivity increased also. As illustrated in Fig. 9(c),
we found that the porous metal pad under the PV compos-
ite membrane also had significant impact on membrane flux.
Using a metal pad with small pore sizes but more pores could
increase the membrane flux by 20.9%. This is reasonable since
the lateral mass transfer distance of water molecules on the
perforated plate (1) becomes smaller, and the water molecules
are not easy to accumulate and can diffuse in time, thereby
increasing the water flux.

The long-term desalination performance of the PVA/P(AA-
AMPS)/PTFE composite membrane using a 3.5 wt.% NaCl
solution as the feed at 75 °C was tested (Fig. 9b). After 720
min of experiment, the water flux dropped from 248.7 kg/(m?
h) to 181.1 kg/(m? h), the conductivity of the permeate solu-
tion was maintained below 5 ps/cm, and the salt rejections
were all higher than 99.9%. The decrease in water flux could be
attributed to the formation of salt scales on the selective layer
surface (Fig. 9di1), which blocked part of the water transfer
channel, and thus increased the resistance of mass transfer-
ring. However, these salt scales could be easily washed off.
As shown in Fig. 9(dy), the surface of the composite mem-
brane was washed with deionized water for 1 h, salt scales
disappeared. There were no remarkable differences in mem-
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Table 2 - Comparison of the water permeance and permeability of the PVA layer.

Membrane Feed Vacuum Water flux Salt Dense layer Water Water Reference

type temperature  pressure (kg/(m? rejection thickness permeance permeability

(°C) (kPa) }Diff126h) (%) (m) (10* GPU) (10* Barrer)

S-PVA/PTFE 75 0.1 143.4 99.9 2.6 17.7 46.0 Meng et al. (2020)
S-PVA/PVDF/ 70 0.1 83.4 99.9 2.3 17.1 39.4 Meng et al. (2019)

PTFE
Mxene/PAN 65 0.4 85.4 99.5 0.06 12 7.2 Liu et al. (2018)
S-PVA/PAN 70 0.1 46.3 99.5 0.8 26.1 21.4 Liang et al. (2018)
S-PVA/PTFE 75 0.1 256.6 99.9 1.1 41.3 45.4 This work

Table 3 - Comparison of desalination properties between PVA/P(AA-AMPS)/PTFE composite membrane fabricated in this

work and other composite membranes reported in the literature.

Membrane material Feed temperature (°C) Thickness (wum) NaCl (ppm) Flux (kg/(m? h)) Rejection (%) Reference
Graphene oxide/polyacrylonitrile 70 = 35,000 46.1 99.8 Liang et al. (2015)
Graphene oxide 90 0.4 35,000 48.4 99.7 Xu et al. (2016)
Graphene oxide/chitosan 81 10-13 100,000 27.6 99.99 Qian et al. (2018a,b)
Graphene oxide/a-Al, O3 90 1.6 35,000 20.1 99.9 Qian et al. (2018a,b)
MZXene/PAN 65 0.06 35,000 85.4 99.5 Liu et al. (2018)
Maleic acid-MXene/polyamide 65 0.03 35,000 72.4 99.6 Ding et al. (2020)
S-PVA/PSF 70 1.12 35,000 60.8 99.8 Li et al. (2018)
S-PVA/PAN 70 0.8 35,000 46.3 99.5 Liang et al. (2018)
P(AA-AMPS)-PVA/PAN 75 0.73 35,000 211.4 99.8 Xue et al. (2020)

S-PVA/PTFE 75 1.1 35,000 256.6 99.9 This work
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brane morphology without any visible cracks, pinholes or
other defects, the water flux could also be restored. Therefore,
the PV composite film had good long-term operation stabil-
ity.

As listed in Table 2, we calculated water permeance and
permeability of the PVA layer for the PVA/PTFE membrane
(Supporting Information) and compared with some litera-
ture reported data. For S-PVA/PTFE and PVA/PTFE composite
membranes, even though their PVA layers have similar water
permeability, the water permeance of our PVA/PTFE composite
membrane is much higher. This is mainly because the dense
layer of PVA/P(AA-AMPS) is thinner, making the mass transfer
resistance of the dense layer lower than that of the S-PVA/PTFE
composite membrane.

3.4. Comparison of desalination properties of
representative PV membranes

In Table 3, the water fluxes of the composite membrane
fabricated in this work were compared with other high-

performance PV desalination membranes reported in the
literature, the S-PVA/PTFE composite membrane had the high-
est water fluxes. The dramatically improved water fluxes
could be attributed to three reasons: first, the P(AA-AMPS)
crosslinked PVA film had good mechanical strength and could
maintain its integrity at a thickness of 1.1 um; secondly, the
reduction of the thickness of the PVA layer reduced the mass
transfer resistance, and increased the water fluxes; thirdly,
attributing to the larger surface pores (0.22 pm) of the PTFE
substrate, the transport resistance of the porous region was
lower and thereby increased the water flux.

4. Conclusions

We prepared a series of P(AA-AMPS) crosslinked PVA/PTFE
composite membranes. Benefit from the good mechanical
property of the P(AA-AMPS) crosslinked PVA film and the opti-
mized spray-coating process, the thickness of the PVA layer
have been reduced to 1.1 pum and the composite membrane
could maintain it integrity during the PV desalination experi-
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ments. The water fluxes reached 256.6 kg/(m? h) with a NaCl
rejection of 99.9% using a 3.5 wt.% NaCl solution at a 100 Pa
vacuum and a temperature of 75 °C. The performance outplays
existing PV desalination membranes to our best knowledge.
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All data included in this study are available upon request by
contact with the corresponding author.
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