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A B S T R A C T   

In this study, we developed a high-performance composite membrane with rapid cross-linking and large-scale 
technology for PV desalination. Some strategies were adopted to achieve this purpose. First, photo cross- 
linking was used to shorten the cross-linking time of PVA within 60 s. Second, a PTFE microfiltration mem-
brane was utilized as the substrate that mitigated the transport resistance of the supporting layer. Third, an large- 
scale spray-coating device was built-up which completed the amplification preparation of composite PV mem-
brane. Finally, ZIF-8 nano-particle was introduced into the PVA layer that increased the free volume and 
amorphous region of PVA, enhancing the water flux of membrane. When desalted a 3.5 wt% NaCl solution at 
80 ◦C, a water flux of 307.58 ± 15.09 kg/m2⋅h was achieved for the PVA/ZIF-8/PTFE composite membrane. To 
better reflect the membrane performance, the permeance of PVA/ZIF-8/PTFE membrane was also calculated, 
which was reached to 674.37 kg/m2 h bar, exceeding 18.4% than the highest reported property of PVA/PAN 
nanofiber membrane (569.55 kg/m2 h bar). In addition, the composite membrane showed stable water flux and 
salt rejection when treating highly concentrated brine solution containing organic pollutant. When desalinated a 
10 wt% NaCl solution with 1 wt% HA at 80 ◦C, the PVA/ZIF-8/PTFE membrane produced water with low 
conductivity of 15.78 μs/cm and a high water flux of 129.95 kg/m2⋅h in a period of 180 min.   

1. Introduction 

Water scarcity is one of the most critical challenges to human society 
[1–3]. To address this challenge, developing innovative desalination 
strategies that can harvest fresh water from seawater, brine and waste-
water are indispensable [4–6]. Today, the main desalination technolo-
gies are multi-stage flash distillation (MSF), multi-effect distillation 
(MED) and reverse osmosis (RO) [7,8]. Nevertheless, MSF and MED are 
limited to be utilized in petroleum resources-rich areas [9], due to their 
inferior characteristics such as large equipment investment and high 
energy consumption [10]. On the other hand, RO occupies 60% of 
desalination market, because it has the superiority of low energy con-
sumption (2–4 kwh/m3), simple operation et al. [11]. However, RO is 
not a proper technology for treating concentrated salt solutions because 
of the high osmosis pressure [12]. Membrane distillation (MD) has good 
tolerance to high salinity [13], while the problems of pore wetting and 

fouling are the Achilles’ heel for MD [14–16]. Very recently, it has been 
demonstrated that the wetting and fouling problems can be mitigated by 
pervaporation (PV) composite membrane [17]. Moreover, the energy 
consumption of PV can be reduced to the same level as RO by utilizing 
low quality heat sources [18]. (e.g., factory waste heat, latent heat of 
water vaporization) [19,20]. PV desalination has a great application 
prospect in desalting highly concentrated brine solutions [21–23]. 

Among all reported PV desalination membranes, PVA based com-
posite membranes show superior desalination properties. Whereas some 
factors that limit their industrialization. First, crosslinking of PVA based 
membrane is often time-consuming (>2 h) [24–26]; second, water flux 
is still lower for employing [27]; last, large-scale preparation of PV 
membranes is seldom studied. To address these issues, some key stra-
tegies have been developed in this work. First, UV (ultraviolet) photo 
cross-linking method was adopted to crosslink the PVA layer within 60 s. 
Second, four substrates including: polyvinylidene fluoride (PVDF) 
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ultrafiltration membrane [28], polysulfone (PSF) membrane [29], 
electro-spun polyacrylonitrile (PAN) [30] nanofiber mat, and poly-
tetrafluoroethylene (PTFE) micro-filtration membrane were compared 
for selecting a appropriate substrate. PTFE membrane was chosen for 
because of its large pore size and high porosity was positive to the gas 
flux following a viscous flow model [31]. Third, the photo cross-linking 
technology and spraying process were assembled together, realizing the 
preparation of composite PV membrane in large area. 

However, PVA still contains numbers polar hydroxyl groups, which 
can form intermolecular or intramolecular hydrogen bonding [32]. This 
render the PVA crystallize easily and arrange molecular segments 
tightly, resulting in the water vapor molecules diffusion unfavourable 
[33]. To further improving the membrane permeability, the porous 
nanoparticles of ZIF-8 [34] was introduced into the PVA layer. ZIF-8 
weaken the interaction between PVA and nanoparticles [35], thus 
making the PVA chain segments more loosely, which eventually increase 
the free volume but reduce the crystallinity of PVA layer. This regen-
erated large “vacant holes” indicated that water molecules could pass 
through the more free volumes [36]. Therefore, when desalting a 3.5 wt 
% NaCl feed solution at 80 ◦C, a super high water flux of 307.58 ± 15.09 
kg/m2⋅h was obtained. Also, the permeance of PVA/ZIF-8/PTFE mem-
brane was calculated, which was reached to 674.37 kg/m2 h bar, 
exceeding 18.4% than the highest reported property of PVA/PAN 
nanofiber membrane (569.55 kg/m2 h bar) [37]. In addition, when 
treating a 10 wt% NaCl water solution containing 1 wt% humic acid 
(HA) at 80 ◦C, the water flux gradually decreased from 152.68 to 129.95 
kg/m2⋅h with a low conductivity of contributing water (<15.78 μs/cm) 
in operation time of 180 min. After washed by a 200 ppm NaClO water 
solution for 0.5 h, water flux could be recovered by 95.6%, showing the 
composites had excellent anti-fouling ability. 

2. Experimental section 

2.1. Materials and methods 

PTFE microfiltration membrane was bought from Membrane solu-
tions’ Technology (China) Co., LTD. 15 wt% PVA-SBQ (a photo PVA 
cross-linked by UV, polymerization degree:1700, saponification degree 
(DS): 88%, concentration of SBQ: 0.03~0.05 mol/kg) solution was 
bought from Shanghai Guangyi Printing Equipment Technology Co., 
Ltd. Humic acid (HA, containing 90% fulvic acid) was purchased from 
Kmart Chemical Technology Co., Ltd (Tianjin). Sodium chloride (NaCl, 
purity ≥99.5%) was got from Sinopharm Chemical Reagent Co., Ltd. 
(China). Deionized (DI) water was supplied by a lab-equipped Millipore 
ultrapure water system. Zn(NO3)2•6H2O (purity: 98%) and 2-methylimi-
dazole (purity: 99%) were provided by Sigma-Aldrich. All chemicals 
were used as received without further treatment and purification. 

2.2. Synthesis of ZIF-8 nanoparticle 

For rapidly synthesizing the ZIF-8 materials, a typical aqueous so-
lution method was adopted [34]. Specially, 3.95 mmol Zn(NO3)2•6H2O 
(1.17 g in 8 g DI water) was added into a solution of 2-methylimidazole 
(22.70 g, 276.50 mmol) in 80 g DI water. After stirring the mixture 
solution at room temperature for 5 min. The nano-particles and solution 
was separated by centrifugation at 8000 rpm for 30 min. The obtained 
products were washed by DI water for at least 3 times, and then collected 
after drying at 40 ◦C overnight. 

2.3. Spray-coating of the PTFE based composite membrane 

Two aqueous solution containing 0.6 wt% PVA and 0.6 wt% PVA/ 
ZIF-8 (10/3, wt/wt) were spray-coated onto a PTFE membrane. The 
auto-spaying apparatus set-up shown in Figs. S3a–c comprised an 
automatic guide rail, which can automatically regulate the reciprocating 
motion of the spraying gun (WA-101-102P, nozzle diameter: 1.0 mm), a 

columniform rolling (length: 100.0 cm, diameter: 40.0 cm) that attaches 
to the PTFE substrate, and an industrial grade air compressor (Fujiwara, 
7.5 kw) to provide the working spraying air. In spaying process, the 
movement speed of the spraying gun was set at 50 mm/s, and the 
rotational speed of columniform rolling was 40 rpm/min. The distance 
of the spraying gun to the membrane surface and the air pressure were 
set at 15 cm and 4.0 bar, respectively. The quantity of the spraying so-
lution to the PTFE membrane was controlled at 51.9 μL/cm2 for 
depositing a defect-free top layer consisting of pure PVA or PVA/ZIF-8. 
After coating, the PVA/PTFE and PVA/ZIF-8/PTFE composites were 
exposed to a 365 nm UV light at a power density of 90 mw/cm2 for 60 s 
to crosslink PVA. 

2.4. Characterization 

2.4.1. Characterization of PVA based membrane 
Fourier transform infrared spectroscopy (ATR-FTIR, Nicolet 560, 

USA) was used to characterize the chemical structure of membranes. The 
degrees of crystallinity were determined by X-ray diffraction analysis 
(XRD, Rigaku, Japan; CuK, λ = 0.15406 nm) using a MDI Jade 6 soft-
ware. The samples were tested in an angle region from 5◦ to 90◦ with a 
scanning speed of 5◦/min. The glass transition temperature were 
measured using a dynamic mechanical analyzer (DMA, Q800, USA). The 
free volume properties were analyzed by bulk positron annihilation 
lifetime spectroscopy (PALS) [38], a detailed testing method was 
introduced in the Supplementary information. 

2.4.2. Determining the membrane morphology and contact angle 
The surface and cross-section morphology was studied by a scanning 

electron microscope (SEM, HITACHI S-7800, Japan). The membrane 
surfaces were directly observed from the SEM images while the sample 
was fractured in liquid nitrogen to observe the cross-sectional 
morphology. A Nano measurement software-image J was used to esti-
mate the thicknesses of dense PVA layer. Water contact angles of the 
PTFE, PVA/PTFE and PVA/ZIF-8/PTFE membranes were measured 
using a contact angle goniometer (DSA100, KRUSS, Germany) [39]. In 
each measurement, 2 μL droplets of DI water or n-Hexadecane was 
carefully dropped onto membrane surface and then using a high-speed 
optimum video analysis system to determine the dynamic contact 
angle. The contact angle was the average value of five replicates at 
random locations of membrane sample. The interface energy(γ) of these 
membrane was calculated by Owens method and Wu’hamonic mean 
method [40,41]. 

2.4.3. Desalination properties of the membrane under vacuum mode 
The desalination properties were analyzed using a bespoke apparatus 

as reported in Ref. [42], applying a pressure of 100 Pa at the membrane 
permeate side, as shown in Fig. S15. For PTFE MD, the desalination 
testing under vacuum (V) mode named as VMD, for PVA sprayed PTFE 
composite PV membrane, the testing named as VPV. The permeated 
water vapor was collected in a liquid nitrogen cold trap and then 
weighed to calculate water flux using eq (1): 

Jw =
Δm

A × t
(1)  

where Jw was the permeate flux (kg/m2⋅h); Δm (kg) was the weight gain 
over time; A was the effective membrane area (m2), which was 3.8 cm2; 
and t was the data operation period (h). During the tests, 3.5 wt% NaCl 
water solution was circulated on membrane feed side at velocity of 0.1 
m/s, and the feed temperature were maintained at 40 ◦C–80 ◦C. To es-
timate the salt rejection performance, an electrical conductivity meter 
(DDSJ-308F, Leichi, China) was used to determine the salt concentra-
tions of feed and permeate solutions using eq (2): 

R=

(
Cf − CP

CF

)

×100% (2) 
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where R was the salt rejection rate of these membranes, Cf and Cp were 
the salt concentrations of the feed and permeate solutions, respectively. 
These equations were also used to calculate the water flux and salt 
rejection of these membranes when treating 10 wt% NaCl aqueous 
solution. 

2.4.4. Desalination properties of the membrane under a direct contact mode 
In order to alleviate the mass transfer resistance caused by the 

accumulation effect of water vapor at the permeable side of membrane 
[43,44], a direct-contact (DC) mode in this experiment was adopted by 
omitting the vacuum pumps or sweeping gas device [45] but replacing a 
thermostatic coolant (20.2 ± 0.7 ◦C) at membrane permeate side 
(Fig. S16). For PTFE MD, the DC testing named as DCMD, for PVA 
sprayed PTFE composite PV membrane, the DC testing named as DCPV. 
600 mL DI water was used as the liquid coolant while 2 L, 3.5 wt% or 10 
wt% NaCl water solution was served as feed. The hot NaCl water solu-
tion at membrane feed side and the cold water stream (20.2 ± 0.7 ◦C) at 
permeate side were circulated at the same speed of 0.14 m/s using two 
peristaltic pumps (WT600S, frei fluid technology co. LTD, China). The 
conductivity of contributing water of permeate solutions were measured 
by a conductivity meter (DDSJ-308F, Leichi, China) that recorded the 
conductivity every hour. The contributing water at the membrane 
permeate side was weighted using an electrical balance (CP2102, 
OHAUS) and used to calculate the membrane flux using eq (1).The 
effective transport area of membrane was 22.5 cm2 and the system was 
first operating for 0.5 h before recording data to stabilize the feed and 
coolant temperatures. 

2.4.5. Anti-fouling properties of the PTFE and PVA/ZIF-8/PTFE 
membranes 

Fouling behaviors of the PTFE and PVA/ZIF-8/PTFE membranes 
were estimated by desalting a 10 wt% NaCl solution with 1 wt% HA 
(acting as an organic contaminant) at 80 ◦C using the vacuum mode. The 
membrane fluxes were calculated using eq (1) and the conductivity of 
gaining water over time was monitored by the conductivity meter 
(DDSJ-308F, Leichi, China). To maintain a constant concentration, 
certain amount of DI water was added to the feed solution every 2 h 
during the testing. Moreover, the anti-fouling performance of these 
membranes were embodied by the water flux recovery ratio (FRR) 
calculating using eq (3) [46]: 

FRR=

(
J0

JP

)

×100% (3)  

where J0 was the initial water flux, Jt was the water flux of the polluted 
membranes after washing. The polluted membranes were washed for 
0.5 h using a 200 ppm NaClO water solution. 

3. Result and discussion 

3.1. Selection of cross-linking method for separating layer 

The preparation of separation layer can greatly affect the efficiency 
of membrane production, so it is necessary to choose a appropriate way 
for cross-linking the separating layer. At the beginning of our previous 
study, the thermal treating method (Fig. S1a) is directly used to cross- 
link PVA layer for its convenience. However, the process is long, 
which would take more than 2 h [24]. Subsequently, this process is 
shortened to 15 min via introducing acid catalyst into the cross-linking 
system (Fig. S1b) [37]. But the accelerated process is still too long to 
meet the demand of rapid membrane preparation. With research 
development and cognitive advancement, PVA cross-linking process 
further speed up to 60 s, which is achieved by the UV photo-curing 
method [47]. Fig. 1 shown the reaction process, the C––C bonds of 
photo cross-linked PVA was broken by UV light and then formed a four 
C-C ring. The cross-linking structure was confirmed by FTIR in Fig. 2. 
The reduction of peak area at 1624 cm-1 assigned to C––C bond were 0%, 
92.2%, 95.0%, 96.4% and 99.6% at a curing time of 0 s, 5 s, 15 s, 30 s 
and 60 s, respectively (the reaction conversion was calculated as eq S1). 
The cross-linking accomplished within 60 s. Therefore, for preparing the 
separating layer quickly, the UV photo-curing technology was selected. 

3.2. Selection of the PTFE substrate 

Porous substrate played a key role in achieving high performance of 
composite pervaporation (PV) membrane [27,29]. This was because the 
porous structure reduced the problem of water vapor accumulation at 
the interface between substrate and separating layer [30]. Therefore, for 
acquiring a PV membrane with high performance, a appropriate sub-
strate was necessary to select. Table S1 shown that PTFE possessed the 
largest mean pore radius and electro-spun PAN nanofiber mat had the 

Fig. 1. Schematic diagrams of the PVA crosslinking process by UV crosslinking.  
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highest porosity than the membrane fabricated by the non-solvent 
induced phase inversion method like PVDF and PVDF. Following a 
viscous flow model, the gas flux of porous substrate was positive to 
membrane pore surface size and porosity as described in the Poiseuille 
equation [31]. Clearly, PTFE and electrospinning mat were suitable. But 
the process of electrospinning mat was complexity and time-consuming, 
which was not easy to scale-up. Therefore, PTFE membrane was chosen. 

3.3. Fabricating the PVA/PTFE composite membrane 

The above work completed the selection of cross-linking method for 
separating layer and the selection of substrate. But constructing a PVA 
layer on hydrophobic PTFE membrane was challenged by dripping or 
scraping method (PTFE has interface incompatibility with the PVA 
water solution). Spray-coating technology solved the problem of PVA/ 
PTFE delamination [48] and was adopted for preparing the composites. 
Fig. S3 shown the assembled setting up and the preparation process of 
large area membrane. Specifically, as shown in Fig. S4, at the driving 
force of compressed air, PVA droplets formed. Some droplets deposited 
at the PTFE surface and other droplets penetrated the random grids 
lapped by the PTFE fibers under the extrusion of the spray-solution. At 
the same time, the automatic spraying gun moved back and forth 
following the motor direction to let the PVA droplets spray at the PTFE 
membrane (touching onto the roller surface) in large area. After spray-
ing, the spayed PVA layer was exposed in photo cross-linking light for 
cross-linking. Because of the constructed layer, PTFE accomplished the 
transition of porous MD to dense PV composite membrane successfully. 
Thus, no gas could pass through (Fig. S7) and no liquid water could be 
squeezed out (Table S3). More importantly, this equipment helped us to 
fabricate a composite membrane with large area, which was 

distinguished from the small experimental membrane. 

3.4. Characterization of the membrane morphology 

SEM morphology in Figs. S10a–f revealed that along with the 
increased spraying quantity of PVA solution, more and more pores on 
PTFE surface were covered by PVA. At the end of spaying, a smooth 
intact PVA layer with 1.2 μm thickness was formed on the rough surface 
of PTFE (Fig. S10j). The sprayed construction could be verified from the 
stripped surface morphology (stripping process shown in Fig. S11a). 
Large amount of PVA immersed into the PTFE pores and some polymers 
were wrapped around the PTFE filaments (Fig. S11b). Moreover, this 
packaging morphology could be observed obviously via fluorescent 
dying experiment. Fig. S11c demonstrated that PVA presented fluores-
cent green (PTFE fibers was gray), and this color contrast became 
increasingly clear along with the increment of PVA spraying. Ultimately 
a full fluorescent green PVA wrapped the PTFE fibers or covered the 
pores after spraying. In addition, by employing the electrochemical 
impedance spectroscopy [49], the infiltrated area of PVA was probed 
(more detail in Supporting Information, Section B.8). Fig. S14 showed 
the capacitance of membrane (equivalent area [50]) increased by an 
order of magnitude for the PVA/PTFE membrane compared with PTFE. 

3.5. Desalination properties of the PTFE and PVA/PTFE membranes 

Two testing methods including direct contact and vacuum mode 
were used to estimate the desalination performances. As Fig. 3a shown, 
in direct contact modes the water flux of PVA/PTFE was slowly dropped 
to 26.46 kg/m2⋅h from 43.74 kg/m2⋅h but maintained a stable conduc-
tivity of water production <10.0 μs/cm for treating a 10 wt% NaCl 

Fig. 2. The FTIR spectra of PVA over varied cross-linking time.  
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solution for 16 h at 75 ◦C. By comparison, the water flux of PTFE 
increased from 31.14 kg/m2⋅h to 45.74 kg/m2⋅h within 4 h while the 
conductivity of contributing water rapidly increased to 39.8 μs/cm. 
After 16 h, the water flux reduced to 11.16 kg/m2⋅h but the permeate 
water conductivity increased to 214.0 μs/cm. Clearly, the PTFE mem-
brane was not stable during testing. The problem became severe as 
membrane operated in vacuum mode. Fig. 3b demonstrated that after a 
80 min experiment, the water flux of PTFE reduced from 180.63 kg/ 
m2⋅h to 120.96 kg/m2⋅h and the conductivity of the producing water 
increased to 52.3 μs/cm. Whereas for the PVA/PTFE, the conductivity of 
contributing water maintained at 9.6 μs/cm and the water flux gradually 
decreased from 146.32 kg/m2⋅h to 122.68 kg/m2⋅h during a 120 min 
experiment. After testing testing by 80 ◦C, 10 wt% NaCl at vacuum 
mode, the difference became more clear. Fig. 4a demonstrated many 
NaCl crystals appeared on the PTFE membrane surface, and some NaCl 
crystals even immersed into the interior pores, thus wetting the PTFE. 
For the PVA/PTFE, a smooth surface with few NaCl crystals was 
observed, as shown in Fig. 4b. 

Nevertheless, PTFE always displayed higher water flux than that of 
PVA/PTFE for desalting of a 3.5 wt% NaCl feed at temperatures from 
40 ◦C to 80 ◦C whether in direct contact or vacuum mode (Fig. 5). The 
lower water flux would be attributed to the resistance of PVA layer. PVA 
molecular chains were tightly bounded together by arranging -OH [51, 
52], and had a strong tendency to crystallization (Fig. S17), which was 
difficult to water diffuse [53]. Therefore, the layer needed to regulate. 

3.6. Regulating the separation layer of PVA 

The synthesized ZIF-8 nano-particles (average diameter 103.1 nm, 
Fig. S19) was introduced to further regulate the PVA layer structure and 

the PVA/ZIF-8/PTFE was prepared. For treating the 3.5 wt% NaCl feed 
solution at 70 ◦C in vacuum mode, PVA/ZIF-8/PTFE membrane had a 
similar water flux of 226.58 ± 3.16 kg/m2⋅h with PTFE membrane 
(217.95 ± 8.08 kg/m2⋅h), as shown in Fig. 6a. This may be caused by 
two reasons: (1) MD pore wetting or contamination problems were 
happened, which would cause a rapid water flux reduction for PTFE [54, 
55]; (2) membrane concentration polarization [56] leaded to the water 
concentration difference between the bulk feed solution and the solution 
at the membrane surface. To alleviate the above problems, these mem-
branes were evaluated again using a 70 ◦C DI water as feed. Fig. 6b 
showed that the pure water flux of PTFE is 221.77 ± 6.58 kg/m2⋅h, 
213.48 ± 8.82 kg/m2⋅h, 196.27 ± 2.46 kg/m2⋅h and 158.22 ± 21.88 
kg/m2⋅h at a membrane back pressure of 100 Pa, 2000 Pa, 3000 
Pa–4000 Pa, respectively. While for the PVA/ZIF-8/PTFE membrane, a 
water flux of 247.41 ± 8.73 kg/m2⋅h, 221.19 ± 11.35 kg/m2⋅h, 192.48 
± 18.98 kg/m2⋅h and 161.72 ± 10.23 kg/m2⋅h was observed. The 
PVA/PTFE membrane had the lowest water fluxes of 185.69 ± 7.76 
kg/m2⋅h, 167.72 ± 5.30 kg/m2⋅h, 158.33 ± 1.06 kg/m2⋅h and 108.11 ±
3.90 kg/m2⋅h. Hence, the ZIF-8 nano-particle improved the water flux. 

The performance improvement can be understood from the free 
volume variation of PVA selective layer. Where the free volume could be 
finely divided into r3 (smaller pore from the cross-linked site) and r4 
(larger pore from networks clusters as well as the polymer-filler inter-
face) [57,58]. Results in Fig. 7a showed that r3 of PVA/ZIF-8 film 
increased from 0.138 to 0.156 and r4 increased from 0.297 to 0.431, 
respectively. The increment of r3 was because of the well-dispersed ZIF-8 
nano-particle effectively disrupted the PVA chains packing [59]. While 
enlarged r4 was the weak interaction between PVA and nano-particle 
caused loose chain packing and an increased chain mobility at the 
particle-polymer interface [57,60]. This disrupting chains packing and 

Fig. 3. Water flux and conductivity of permeate water:(a) PTFE, PVA/PTFE membranes measured at direct contact mode with 75.0 ± 1.1 ◦C, 10 wt% NaCl feed, (b) 
PTFE, PVA/PTFE at vacuum mode with 80 ◦C, 10 wt% NaCl feed. 

Fig. 4. SEM surface of PTFE (a) and PVA/PTFE (b) after testing by 80 ◦C, 10 wt% NaCl.  
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enhancing chains mobility could be confirmed by the decreased Tg, 
where the Tg of PVA and PVA/ZIF-8 film were 102.1 ◦C and 94.7 ◦C, 
respectively (Fig. S23a). This regenerated large “vacant holes” indicated 
that water molecules could pass through the more free volumes 
(Fig. S24) so that the water permeability was enhanced. Meanwhile, the 
performance improvement could also be understood from the crystal-
linity variation. Fig. 7b shows that the crystallinity reduced from 30.0% 
(PVA) to 15.2% (PVA/ZIF-8), implying enlarged amorphous regions of 
the PVA/ZIF-8 mixed matrix membrane, which was also beneficial for 

diffusion [53]. 

3.7. Membranes performance and anti-fouling property 

Membranes water flux performance of the PVA/ZIF-8/PTFE was 
assessed at 40 ◦C, 50 ◦C, 60 ◦C, 70 ◦C and 80 ◦C, using a 3.5 wt% NaCl 
feed solution. Fig. 8a presented the water flux of these membranes 
rapidly increased along with the rising feed liquid temperature. This was 
due to because the water vapor pressure at membrane feed side 

Fig. 5. (a) Water flux and NaCl rejection of PTFE (VMD, DCMD mode) and PVA/PTFE (VPV, DCPV mode) operated at 70 ◦C, 3.5 wt% NaCl feed; (b) Water flux of 
PTFE and PVA/PTFE varied feed temperature of 3.5 wt% NaCl feed. 

Fig. 6. (a) Water flux and NaCl rejection of PTFE, PVA/PTFE and PVA/ZIF-8/PTFE dealt 70 ◦C, 3.5 wt% NaCl feed at vacuum mode; (b) pure water flux of PTFE, 
PVA/PTFE and PVA/ZIF-8/PTFE using 70 ◦C DI water as feed by controlling the pressure at membrane back side. 

Fig. 7. The radius free volume (a), and XRD (b) of the PVA based membrane.  
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exponentially grew based on the Arrhenius equation [61], so the rising 
feed temperature offered higher driving force to make more water 
molecules transfer across the membrane. Thus, a water flux of 307.58 ±
15.09 kg/m2⋅h was acquired at the feed temperature of 80 ◦C, as shown 
in Fig. 8b. To better reflect the membrane performance, the permeance 
and permeability were calculated as illustrated in Refs. [62,63]. Table 1 
listed the comparison result of our membrane with literature-reported 
membranes, which the permeance of PVA/ZIF-8/PTFE membrane 
reached to 674.37 kg/m2 h bar, exceeding 18.4% than the permeance of 
PVA/PAN nanofiber membrane (569.55 kg/m2 h bar). And the perme-
ability of our membrane was 7.96×10-4 kg m/m2⋅h⋅bar, still more higher 
than that of PVA/PAN nanofiber membrane(4.16×10-4 kg m/m2⋅h⋅bar), 
although the water flux of that membrane was 211.37 kg/m2⋅h when 
desalinated 3.5 wt% NaCl solution in 75 ◦C [37]. Besides, 
PVA/ZIF-8/PTFE membrane also displayed good anti-fouling property. 
Such as in the desalination of 10 wt% NaCl (inorganic contaminant)+1 
wt% HA (organic contaminant) solution at 80 ◦C, the contributing water 
collecting at membrane back side consistently maintained a low con-
ductivity <15.78 μs/cm, and the water flux slowly decreased from 
152.68 kg/m2⋅h to 129.95 kg/m2⋅h during the operation period of 180 
min. Whereas the conductivity of contributing water for PTFE mem-
brane was increased quickly to 36.6 μs/cm in a very short time of 10 min 
(to 474 μs/cm in 90 min period), and the water flux dropped to 111.32 
kg/m2⋅h from 153.32 kg/m2⋅h in 120 min, as shown in Fig. 9a. 

The SEM images of the polluted membranes revealed this disparity 
visually. Fig. 10a demonstrated a large amount of sheet-like contami-
nants attached to PTFE membrane surface after completing the above 
test. Lots of irregular bulky contaminants still wrapped PTFE filament 
(Fig. 10c) after washing with a 200 ppm NaClO water solution for 0.5 h. 
By comparison, few small particles remained on the surface of PVA/ZIF- 
8/PTFE membrane after the desalination experiment (Fig. 10b), and the 
rough surface became smooth after the same washing process, as 
observed in Fig. 10d. Clearly, the PVA/ZIF-8 layer mitigated the 
contamination problem of the PTFE membrane. This was due to that the 
hydrophilic PVA/ZIF-8 layer had a higher surface energy property 
(Table S5) than the PTFE (Table S2). More obviously, this anti-fouling 

ability could be embodied in the water flux recovery rate of mem-
brane (FRR). The FRR of PTFE, PVA/ZIF-8/PTFE shown in Fig. 9b were 
75.0%, 95.6% suggested that the water flux of the PTFE membrane 
returned to 75% after washing while that of PVA/ZIF-8/PTFE returned 
to 95.6%. This further confirmed that the PVA/ZIF-8 layer alleviated the 
contamination problem. 

4. Conclusion 

In this work, spraying-coating and UV photo cross-linking technique 
was adopted for a scale-up fabrication of a PV composite membrane. The 
cross-linking time of the PVA layer by photo curing was shortened to 60 
s. And spray-coating solved the interface incompatibility between the 
PVA and the PTFE layers. In addition, the addition of ZIF-8 particles 
increased the free volumes (r3 and r4) and the amorphous region of the 
PVA layer, which favorable water transport. Therefore, when desalted a 
3.5 wt% NaCl solution at 80 ◦C, a super highest water flux of 307.58 ±
15.09 kg/m2⋅h was achieved. The permeance of PVA/ZIF-8/PTFE 
membrane was also calculated, which was reached to 674.37 kg/m2 h 
bar, exceeding 18.4% than the highest reported property of PVA/PAN 
nanofiber membrane (569.55 kg/m2 h bar). The composite membrane 
had fine quality of the contributing water and stable water flux when 
desalted highly concentrated brine solutions. When desalinating a 10 wt 
% NaCl+1 wt% HA solution, a high water flux of 129.95 to 152.68 kg/ 
m2⋅h with a low conductivity of contributing water (<15.78 μs/cm) in 
an operation time of 180 min was achieved. The excellent desalination 
property, stable producing water quality, outstanding anti-fouling 
ability, and the sale-up fabrication technology showed a great pros-
pect for industrialization of the PV desalination membranes. 

Notes 

The authors declare no competing financial interest. 

Fig. 8. (a) Water flux of PTFE, PVA/PTFE and PVA/ZIF-8/PTFE varied feed temperature of 3.5 wt% NaCl from 40 ◦C, 50 ◦C, 60 ◦C, 70 ◦C–80 ◦C at vacuum mode; (b) 
Water flux performance comparison of our membrane with other reported work. 

Table 1 
The performance comparison between our membrane with literature-reported work.  

Membrane Thickness Feed temp. (◦C) Salt conc. (wt%) Flux (kg/m2⋅h) Permeance (kg/m2⋅h⋅bar) Permeability (kg⋅m/m2⋅h⋅bar) Author 

PTFE/PVA/ZIF-8 1.18 μm 80 3.5 307.58 674.37 7.96×10-4 This work 
PVA/PAN nanofiber 0.73 μm 75 3.5 211.37 569.55 4.16×10-4 [37] 
GO/PAN ~60 nm 90 3.5 65.1 96.36 5.78×10-6 [1] 
Mxene/PAN ~60 nm 65 3.5 85.4 354.50 2.13×10-5 [2] 
PVA/PVDF 0.88 μm 85 3.5 120.0 215.32 1.89×10-4 [30] 
PVA/PSF 0.61 μm 70 3.5 124.8 416.28 2.54×10-4 [29] 
Other PVA membrane 0.8 μm 70 3.5 46.3 154.44 1.24×10-4 [31]  
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