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A B S T R A C T   

Electrospun polyacrylonitrile (PAN) nanofiber membrane was fabricated. The surface of the PAN nanofiber 
membrane was spray-coated with a hydrophobic paint or knife-casted with an ultra-fine nanofiber cellulose (NC) 
layer. This was to mitigate the problem of infiltration of the coating solution into the pores of the virgin PAN 
nanofiber membrane when preparing composite membranes. As a result, defect-free and thin PVA layers were 
successfully deposited onto the hydrophobic PAN nanofiber or NC-PAN nanofiber substrates by a spray-coating 
method. The thin film composite (TFC) PVA/NC-PAN membrane exhibited extradentary pervaporation desali-
nation properties. A water flux of 238.7 ± 4.1 kg/m2⋅h and a salt rejection above 99.8% were obtained using a 
3.5 wt% NaCl solution as feed at 80 ◦C. This is the highest reported water flux of all the PV desalination 
membranes. Moreover, a high-water flux of 103.1 ± 5.8 kg/m2⋅h was observed using the composite membrane to 
desalinate a 20 wt% NaCl solution at 70 ◦C. The excellent desalination property of the PV composite membrane 
demonstrates a great potential for recycling brine solutions.   

1. Introduction 

Today, water shortage remains one of the main worldwide issues that 
hinders the social development. To solve this limitation, many re-
searchers attempt to purify the freshwater from seawater, brackish 
water, or other wastewater sources using electrodialysis, membranes or 
thermally based separation technologies [1,2]. Among them, nearly 
60% desalination market is occupied by reverse osmosis (RO) because of 
its advantages of the high-water quality, mediated equipment invest-
ment, and low energy consumption (2–4 kW h/m3) [3]. Nevertheless, 
RO is incapable for desalinating concentrated brines due to the rapidly 
increased cost at high osmotic pressures (5.5–6.8 MPa) [4,5]. Alterna-
tively, thermally driven processes such as multi-stage flashing or 
multi-effect distillation can treat concentrated brine water since the 
driving force is not sensitive to salt concentration of the feed. Whereas 
some problems of the severe equipment corrosion, high capital invest-
ment and energy consumption (7–27 kW h/m3) limit their applications 
[6]. As a developing prosperous technology, pervaporation (PV) desa-
lination has superiorities of good ability for treating high salinity water, 

anti-fouling and simple equipment. Moreover, if utilizing low grade 
waste heat or renewable solar/geothermal energy, the energy cost of PV 
desalination can be decreased to the level of the higher end of RO pro-
cess. Therefore, PV desalination shows a considerable potential to 
replace conventional technologies in desalination applications [7–9]. 
However, one of the top challenges that restricts PV desalination from 
industrial application still lies in the relatively low water flux comparing 
with the commercial RO membranes (30–60 kg/(m2⋅h)). 

Fabrication a thin-film composite (TFC) PV membrane with a highly 
porous substrate and a top thin selective layer (several-hundred nano-
meters) is an effective way to achieve the purpose of high-water flux 
[10]. According the solution-diffusion mechanism, water molecule first 
dissolves and then transfers to the bottom of the selective layer, and 
finally desorbs at the permeate side [8,13]. Because water permeates 
through the porous substrate of a PV composite membrane in gas state, 
whose volume is about thousand times larger than in liquid state, the 
vapor transfer resistance of the support layer of PV composite membrane 
plays an important role in determining the overall water flux [11]. In 
this work, two different kinds of membranes comprising PVDF and PAN 
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electrospun nanofiber substrates are fabricated by the typical 
non-solvent induced phase inversion (NIPS) method and the electro-
spinning technique. Attributing to the dense skin layer and numerous 
dead-end pores though its cross-section [12], the NIPS membrane has a 
relatively high resistance, which is proved by a pressure build-up anal-
ysis in this study. While the electrospun nanofibrous membranes show 
less gas transport resistance due to the interconnected pores and highly 
porous surfaces morphology. Therefore, the PAN nanofibrous mem-
branes are ideal supporting layers for preparing high flux TFC PV 
membranes [13]. However, directly depositing a thin selective layer (＜ 
1 μm) on the porous nanofibrous membrane top surface is not trivial 
attributing to the serious infiltration of the casting solution into the 
hydrophilic substrate with large surface pore size, and thus leads to the 
formation of defects on the membrane surface [14]. To address this 
limitation, many techniques have been adopted such as pre-crosslinking 
the coating polymer or filling the pores of the nanofiber substrate to 
minimize the penetration of the coating solution, or reducing the surface 
pore sizes of the electrospun nanofiber membrane [15–17]. These 
treatments are time-consuming or complicated. 

The key factor for depositing a thin defect-free selective layer on an 
electrospun nanofiber substrates is to prevent the intrusion of the 
coating solution into the large surface pores of the substrates. In this 
work, two simple but efficient techniques are developed. One is to adjust 
the surface property of a PAN nanofiber membrane by painting a hy-
drophobic chemical agent. Then a relatively thick PVA (~3.50 μm) layer 
is deposited on top of the hydrophobically treated PAN nanofiber sub-
strate. The other method is to build a transition layer between the PVA 
top layer and the PAN substrate to prevent the PVA intrusion. This is 
realized by knife-coating an ultra-fine nanofiber cellulose (NC) layer on 
the PAN nanofiber substrate (Fig. 5S). Because of the NC gutter layer, 
most PVA molecules are rejected, and thus a thin but defect-free PVA top 
layer (~700 nm) can be deposited onto the NC-PAN substrate by a spray- 
coating method. Eventually, the thin-film composite (TFC) PV mem-
brane is prepared successfully (Fig. 1). The TFC PV membrane exhibits 
water fluxes of 153.4 ± 3.4 kg/(m2⋅h) at 70 ◦C, and 238.7 ± 4.1 kg/ 
(m2⋅h) at 80 ◦C with a salt rejection over 99.8% for desalinating a 3.5 wt 
% NaCl solution. Moreover, the water permeation flux reaches to 103.1 
± 5.8 kg/(m2⋅h) at 70 ◦C using a 20 wt% NaCl solution as feed. Attrib-
uting to the optimized substrates and the thinner selective layer, this 
desalination property out-performs the highest reported data of all the 
PV desalination membranes [17–19]. More importantly, the facial 
fabrication method, and the excellent water production with high 
desalination performance, indicates great potential of the TFC PV 
membranes in treating high concentrated saline water. 

2. Experimental 

2.1. Materials 

Polyethylene terephthalate (PET) non-woven (TER-80B MIKI 
TOKUSHU PAPER) was bought from MFG Co., Ltd. Poly(vinyl alcohol) 
(PVA, hydrolysis degree: 99.4%, Mw: 105,000), poly(vinylidene fluo-
ride) (PVDF, purity≥99.5%, Mw: 200,000), and poly(4-styrenesulfonic 
acid-co-maleic acid) sodium salt (P(SS-MA), Mw: 20,000) were pur-
chased from Sigma-Aldrich (USA). Poly(vinylpyrrolidone) (PVP K-30, 
purity≥95.0%, Mw: 50,000) was obtained from Gobekie Co., Ltd. N- 
methyl-2-pyrrolidone (NMP, purity≥99.0%), N, N-dimethylformamide 
(DMF, purity≥99.0%), 98% sulfuric acid (H2SO4) and 35% hydrochloric 
acid solution (HCl) were purchased from Tianjin Damao Chemical Re-
agent Factory (China). Sodium chloride (NaCl, purity≥99.5%) and 
polyacrylonitrile (PAN, Mw: 150,000) were bought from Sinopharm 
Chemical Reagent Co., Ltd. (China). A water proof spray containing a 
perfluorinated solvent was bought from Guangzhou Xuwu Trading Co., 
Ltd. TEMPO oxidized nanofiber cellulose aqueous solution was pur-
chased from Tianjin Wood Elves Biotechnology Co., Ltd. Deionized (DI) 
water was produced from a lab-equipped Millipore ultrapure water 
system with a conductivity of 10.6 μs/cm. 

2.2. Preparation of the PVA coating solution 

First, a 0.5 wt% PVA aqueous solution and a 30 wt% P(SS-MA) water 
solution were prepared. Then, the 30 wt% P(SS-MA) solution was 
gradually added to the PVA solution till the weight ratio of PVA to P(SS- 
MA) reached to 8:2. The solution pH was turned to 1 by adding H2SO4. 

2.3. Membrane fabrication 

2.3.1. Fabrication the PVDF membranes 
The PVDF membranes were prepared via the non-solvent induced 

phase inversion (NIPS) method [20–22]. Specifically, a homogeneous 
polymer solution consisting of PVDF, PVP, and NMP in a weight ratio of 
13/5/82 was cast onto a PET non-woven fabric using a 150 μm 
casting-knife. The gel-like polymer film along with the PET fabric was 
immersed in a water bath at 25 ◦C to form a porous PVDF membrane. 
The water bath was replaced for 2 times to remove the residual solvent 
in the membrane. At last, the water-wet PVDF membrane was dried by a 
solvent exchange method as introduced in a reference paper [23]. 

2.3.2. Preparation of the electrospun PAN nanfiber membrane 
PAN was dissolved in DMF at concentrations of 9 wt%, 10 wt%, 11 

wt%, and 12 wt% for electrospinning. In all electrospinning processes, 
the applied voltage was 17–18 kV, and the PAN solution was fed to the 

Fig. 1. Illustrations of the desalination process using the thin-film composites (TFC) membranes of PVA/NC-PAN.  
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electric field by a syringe equipped with a needle of 0.7 mm outer 
diameter at a rate of 10 μL/min. The syringe was oscillated within a 
range of 30 cm in a translational motion perpendicular to the rotation 
direction of the collector. The nanofibers were collected by a drum 
covered with an aluminum foil at a rotating rate of 180 r/min. The 
distance between the needle and the drum was 24 cm. After electro-
spinning, the PAN nanofiber membranes with different concentration of 
PAN were obtained as shown in Fig. S2 in the supporting information. 
All the electrospinning processes were carried out at 20 ◦C with an air 
humidity of 20–30%. 

2.3.3. Preparation of the NC-PAN composite membranes 
A piece of electrospun PAN nanofiber membrane was immersed in a 

HCl solution (pH = 1.85) for 2 min. Then the membrane was fixed on a 
glass plate and excess water on the membrane surface was wiped off 
using a glass rod. Subsequently, a 0.5 wt% NC solution was cast on top of 
the wet nanofibrous membrane using a casting knife. After that, the NC- 
PAN composite membrane was air-dried for 2 h at 25 ◦C and then vac-
uum dried at 60 ◦C for 4 h. The NC layer thickness was controlled by a 
casting knife. 

2.3.4. Preparation of the PV composite membranes 
A PVA solution was spray-coated using an air-brush on the PVDF, 

hydrophobically treated PAN nanofiber, and NC-PAN nanofiber mem-
branes to obtain the PV composite membranes. The spraying-coating 
method was detailed introduced in our previous study [24]. The 
spray-coating processes of the composites using the PVDF and PAN 
nanofiber membranes were described in the following paragraphs. 

To prepare the PVA/PVDF composite membranes, the PVA solution 
was directly sprayed onto the PVDF membrane. Thicknesses of the PVA 
layers were controlled by controlling the spraying volumes. 

To prepare the PVA/PAN nanofiber composite membranes, two 
techniques including hydrophobic modification of the PAN nanofiber 
surface and coating a NC gutter layer are adopted. Hydrophobic modi-
fication was done by spray-coating a hydrophobic paint onto the PAN 
nanofiber surface at a volume of 12.52 μL/cm2. This was to prevent the 
penetration of the atomized PVA solution droplets into the macro- 
porous PAN nanofiber membrane. After the hydrophobic treatment, 
the defect-free PVA/PAN nanofiber composite membranes could be 
prepared at a lowest spray-coating volume of 163.27 μL/cm2 of the PVA 
solution. For the NC coating method, surface pores sizes of the PAN 
nanofiber membrane were significantly reduced. Hence, the leaking 
problem of the PVA coating solution was solved. TFC membrane with 
thinner PVA layers were realized by reducing the spray-coating solution 
volumes from 163.27 μL/cm2, 65.31 μL/cm2, to 32.65 μL/cm2, corre-
sponding to the PVA layer thicknesses of 3.78 μm, 1.26 μm, and 0.70 μm, 
respectively. After coating, all the composite PV membranes were 
heated at 100 ◦C for 15 min to crosslink the PVA. 

2.4. Membrane characterizations 

2.4.1. Determination of the morphologies and hydrophilicity of the 
membranes 

Cross-section and surface morphologies of composite membranes 
were characterized by a scanning electron microscope (SEM) (HITACHI 
S-7800 Japan). An image J software was used to calculate the average 
surface pore diameters and porosities of the PVDF, electrospun PAN 
nanofiber and NC-PAN composite according to their surface SEM images 
[25–27]. The layer thicknesses of the composite membranes were 
determined based on the cross-section SEM images using a Nano 
Measurer software. 

Atomic Force Microscopy (AFM) (Dimension Fastscantm, Bruker, 
USA) was used to observe the surface morphology of the membranes. 
Contact angle goniometer (CA) (DSA100, KRUSS, Germany) was used to 
measure the water contact angles of the electrospun PAN nanofiber 
membrane, hydrophobically treated PAN nanofiber membrane and the 
PVA/hydrophobic PAN membrane. A 2 μL water droplet was dropped on 
a membrane surface and a dynamic contact angle was determined using 
a high-speed optimum video analysis system. To acquire the dimension 
morphology of cellulose nanofiber, a transmission electron microscope 
(TEM) (FEI BioTwinG2), which equipped with an AMT digital camera, 
was operated at an accelerating voltage of 120 kV with goniometer tilt 
capability. Before measuring, the cellulose nanofiber aqueous suspen-
sion (0.01 wt %) was coated on a grid (Ted Pella) and followed by 
staining with uranyl acetate aqueous solution (2.0 wt %). 

2.4.2. Separation tests of the PVDF, PAN nanofiber, hydrophobic treated 
PAN nanofiber and NC-PAN nanofiber membranes 

The ultrafiltration performances of the membranes were carried out 
using a cross-flow ultrafiltration (UF) membrane module as shown in 
Fig. S7a in the supporting information, where the effective membrane 
area was 3.14 cm2. Initially, membrane was compacted at 0.2 MPa for 1 
h till the water flux became stable. Then the water flux was measured at 
0.1 MPa every 10 min for 3 times at room temperature. The flux was 
calculated by eq. (1): 

JW1 =
M

A1 × T1
(1)  

where Jw1 was the permeate flux (kg/(m2⋅h)); A1 was the effective 
membrane area (m2); and T1 was the operation period (h). Rejection 
experiments were performed at 0.1 MPa using a 1 g/L PVA (Mw: 
105,000) solution as feed. Concentrations of PVA was measured using a 
totally organic carbon (TOC) analysis (TOC-L, SHIMADZU, Japan). The 
calibration curve of TOC was provided in Fig. S7b in the supporting 
information. The solute rejection (R) of PVA was calculated by eq. (2): 

R=

(
Cf 2 − Cp2

Cf 2

)

× 100% (2) 

Fig. 2. Schematic diagrams of the process of gas resistance measurement of substrates (a) and the PV measurement for composite membranes (b).  
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where Cp2 was concentration of the solute in permeate and Cf2 was 
concentration of the solute in feed. 

2.4.3. Gas permeation tests of the PVDF, PAN nanofiber, hydrophobic 
treated PAN nanofiber and NC-PAN membranes 

A gas permeation cell was used to correlate the relation between 
trans-membrane pressure and N2 flux to estimate the resistance of the 
membrane to water vapor transport (Fig. 2) [28]. N2 flux was calculated 
by eq. (3): 

Q=
V

A2⋅T2
(3)  

where Q was the N2 (L/(m2⋅h)); V was the volume of the permeated gas 
(L); A2 was the effective membrane area (m2); and T2 is the permeation 
time (h). A curve of Q vs. T2 was plotted and the slop of the curve was 
used to estimate the membrane resistance to gas transport. 

2.4.4. PV desalination tests 
The desalination properties of the composite PV membranes were 

carried out using a laboratory PV set-up (Fig. 2), where the effective 
membrane area was 3.28 cm2. Feed solution comprising 0–20 wt% NaCl 
were circulated though the PV cell at a flow rate from 0.1 m/s and 
membrane permeate side was vacuumed at 100 Pa. Water vapor was 
collected every 10 min for 3 times by a liquid nitrogen cold trap. The 
permeation flux were analyzed by eq. (4): 

JW 3 =
M

A3 × T3
(4)  

where Jw3 was the permeate flux (kg/m2⋅h), A3 was the effective 
membrane area (m2), and T3 was the operation period (h). Solute con-
centrations of ions in the feed and permeate samples were analyzed by a 
DDSJ-308F electrical conductivity meter (Leichi, China). The salt 
rejection (R) was determined using eq. 5 

R=

(
Cf 3 − Cp3

Cf 3

)

× 100% (5)  

where Cp3 was the ion concentration in the permeate and Cf3 was the ion 
concentration of in the feed. 

2.4.5. Estimation of the pressure build-up of water vapor on the interface 
between the dense layer and the porous supports by a resistance model 

The pressure build-ups of water vapor at the interface between the 
top dense layer and the porous substrate were calculated by a resistance 
model [29]. The pressure build-up was analyzed by eq. (6) [30]: 

Fw =K × (P − 0.1) (6)  

where Fw is the water vapor flux (L/m2⋅h); P is the pressure build-up in a 
unit of kPa; 0.1 is the vacuum side pressure of 100 Pa; K is the slope 
measured from the gas flux and the trans-membrane pressure. 

3. Results and discussion 

3.1. Characterization of PVDF and PAN support layers 

Two kinds of support layers comprising PVDF and PAN electrospun 
nanofiber substrates are fabricated by the non-solvent induced phase 
inversion (NIPS) method and electrospinning technique, respectively. 
The SEM images in Fig. 3 demonstrate that both the surface and cross- 
section morphologies of the PVDF membrane and PAN electrospun 
nanofiber membrane. It can be clearly found that the NIPS PVDF 
membrane has a porous layer full of finger-like macro-voids and a 
relatively dense skin layer, which may lead to a high resistance to water 
vapor transport. Whereas an inter-connected porous structure without 
dense skin layer exists in the electrospun nanofiber membrane (a sche-
matic diagram of electrospinning process can be found in Fig. S1 of the 
supporting information). Hence, the transport resistance of the 

Fig. 3. SEM images of the surface and cross-section morphologies of PVDF (a,b) and the PAN electrospun nanofiber membranes (c,d).  
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nanofiber membrane shall be much lower than the NIPS PVDF 
membrane. 

Table 1 lists the surface mean pores size and the porosity of PVDF 
membrane which are 13.65 ± 2.33 nm and 14.00 ± 1.52%, respectively. 
While those of the PAN nanofiber membrane are 149.50 ± 6.80 nm and 
22.97 ± 4.10%. The mean pores size and the porosity of the PAN elec-
trospun nanofiber substrate increase by 10 times and 0.64 time, 
respectively. We directly spray-coat the PVA casting solution on the two 
membrane surfaces. It is easy to fabricate a thin selective layer(＜1 μm, 
Fig. 6a1) onto the PVDF membrane because of its smaller average pore 
size. However, the large surface pores make it difficult to deposit a 
defect-free layer on top of the PAN electrospun nanofiber membranes. 
Therefore, modification of the PAN nanofiber membrane is crucial for 
making the PVA/PAN composite PV membranes. 

3.2. Modification of the PAN nanofiber membrane surface 

Surface hydrophobicity plays an important role to expel water 
droplets out of membrane pores. To prevent the infiltration of PVA 
aqueous solution into the PAN nanofiber membrane, we spray a water 
proof paint on the nanofiber surface before depositing the PVA layer. 
Fig. 4a illustrates that the water and dye droplets spread on surface of 
the pristine PAN nanofiber membrane, indicating the hydrophilic nature 
of the PAN nanofibrous fiber. Therefore, when directly spray-coat a 0.5 
wt% PVA solution onto the pristine PAN nanofiber membrane, the 
coating solution droplets immediately penetrates into the fibrous 
membranes as shown in supporting information of video 1. Therefore, a 
PVA/PAN nanofiber composite membrane with surface defects is ob-
tained. However, after coating the fluorinated paint, a water contact 
angle of 134.4◦ is observed as shown in Fig. 4d, indicating that the 
surface of the PAN nanofiber membrane becomes hydrophobic. In 
addition, part of the surface pores is covered by the fluorinated paint as 
shown in Fig. 4b, indicating the successfully deposition of the hydro-
phobic paint. Therefore, a uniformly distributed PVA layer can form on 
top of the hydrophobically treated PAN nanofiber membrane by a simple 
spray-coating method as reported in Ref. [24]. After crosslinking the 
PVA layer, the water contact angle of the composite membrane de-
creases to 67.2◦, indicating the hydrophilic nature of PVA layer. 

Supplementary video related to this article can be found at https 

Table 1 
The surface porosity and mean pore size of the PVDF and PAN nanofiber 
membranes.  

Membrane Surface porosity（%） Mean pore size（nm） 

PVDF 14.00 ± 1.52 13.65 ± 2.33 
PAN nanofiber 22.97 ± 4.10 149.50 ± 6.80  

Fig. 4. The SEM images of water and dyes solution on the membranes surface of pristine PAN (a); hydrophobic PAN(b); PVA/hydrophobic PAN(c) and water contact 
angles of the pristine PAN, hydrophobic PAN and PVA/hydrophobic PAN(d). 
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Reducing the surface pore size of the PAN nanofiber membrane is 

another way to alleviate the infiltration of the PVA coating solution. This 
is done by depositing a NC gutter layer onto the PAN nanofiber surface. 
As shown in the TEM image of Fig. S5a, the ultra-fine NC fibers have a 
diameter of 5–10 nm and a length of 200–400 nm [31–34]. The high 
aspect ratio characteristic of NC makes it an ideal material to form an 
ultra-thin transition layer on top of PAN nanofibrous membranes with 
marginal increment in transport resistant [35–37]. Fig. 5a illustrates 
that the rejection rate to PVA of the NC/PAN composite membrane is 
improved from 50.2% to 80.6%, which is similar to the rejection of the 

PVDF membrane (85.4%) to PVA after depositing the NC aqueous so-
lution onto PAN fibrous membrane surface (the casting process is 
illustrated in Fig. S5b). This is because the large surface pores of the 
pristine PAN nanofiber membrane (~149.50 nm) is reduced to ~22.71 
nm by the ultra-thin NC layer (~107.6 nm). Therefore, a defect-free PVA 
layer can be deposited on the top surface of NC-PAN substrate (Fig. 6c). 

3.3. Effect of the substrates’ structures on PV performance 

As shown in Fig. 6a, b, c, the defect-free crosslinked PVA layers of 
0.88 μm, 3.50 μm and 3.78 μm are formed on the PVDF, hydrophobic 

Fig. 5. Pure water flux and PVA rejection of PVDF, PAN and NC/PAN membranes(a), SEM images of NC/PAN support layers: cross-section (b) and the top surface 
morphologies(c). 
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PAN nanofiber, and NC-PAN nanofiber membranes. Fig. 6d shows that 
all the composite membranes have a high salt rejection above 99.8% and 
the PVA/PVDF membrane has the lowest water flux of 70.4 ± 2.5 kg/ 
(m2⋅h) at 70 ◦C using a 3.5 wt% NaCl solution as feed, while the 
permeation fluxes of the PVA/hydrophobic PAN and PVA/NC-PAN 
membranes are 112.3 ± 12.6 kg/(m2⋅h) and 110.9 ± 5.1 kg/(m2⋅h), 
respectively. As the feed temperature increased from 50 ◦C to 85 ◦C, the 
water fluxes of the PVA/hydrophobic PAN and the PVA/NC-PAN com-
posite membranes increase more rapidly than that of the PVA/PVDF 
membrane, demonstrating in Fig. 6e. Clearly, all the PAN nanofiber mat 
based composite membranes show better performance than that of 
PVDF based membrane. Liang et al. has reported that the water fluxes of 
PV composite membranes non-linearly decreased with the increment in 
the selective layers’ thickness [30]. In this study, although the thick-
nesses of the PVA layers on the PAN nanofiber substrate are thicker than 

that of the PVA/PVDF membrane, their water fluxes are higher. 
Therefore, we believe that the higher water fluxes result in the much 
lower resistances of the nanofiber substrates. 

3.4. Resistance evaluation of the substrates 

The substrate resistances of the PVDF, hydrophobic PAN nanofiber 
membrane and the NC-PAN nanofiber membrane are estimated by 
measuring their resistances to N2 transport [38,39]. Fig. 7a Demon-
strates that all the N2 fluxes linearly increase with the trans-membrane 
pressure revealing that the gas transport behavior matches the character 
of viscosity flow. Fig. 7b shows that the hydrophobic PAN nanofiber 
membrane has the highest gas permeance (265.6 × 105 L/(m2 h bar)), 
which is 11.7 times higher than that of PVDF membrane (22.7 × 105 

L/(m2 h bar). After coating the NC layer, the gas permeance decreases to 

Fig. 6. The SEM images of the cross sectional and surface morphologies of PVA/PVDF(a1, a2), PVA/Hydrophobic PAN(b1,b2) and PVA/NC-PAN(c1,c2); the desa-
lination properties at 70 ◦C(d) and water flux (e) from 50 ◦C to 85 ◦C of the PVA/PVDF, PVA/PAN and PVA/NC-PAN composite PV membranes using a 3.5 wt% NaCl 
solution as feed. 
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88.4 × 105 L/(m2 h bar), indicating that the NC layer increases the gas 
transport resistance. Note that, the NC-PAN membrane performance is 
still 3.9 times higher than the PVDF membrane. Since the difference of 
viscosity between N2 and water vapor may cause some errors in the 
estimation of the transport resistance of the PV composite membrane. 
We correlate the water vapor permeance of the substrate with pressure 
using the viscous flow model as descripted in the Supporting Informa-
tion. The result indicates that the estimated water vapor flux is about 3.1 
times lower that the N2 flux because viscosity of water vapor is higher. If 
ignoring the transport resistance of the PVA selective layer, the theo-
retical maximum water fluxes for the PVDF, NC-PAN nanofiber and PAN 

nanofiber membrane are 152.02 kg/(m2⋅h), 655.32 kg/(m2⋅h) and 
2201.88 kg/(m2⋅h), respectively, according to the viscosity flow rela-
tionship between the water vapor flux and the trans-membrane pressure 
(the estimating process is described in Supporting Information). 
Therefore, the water fluxes of the PAN nanofiber based composite 
membranes shall be higher than the PVDF based composite membrane. 

This distinct difference at PV performance can be explained by the 
pressure build-up at the interface between the selective layer and sub-
strate. By applying the solution-diffusion model to a PV composite 
membrane [40–43], water molecule first dissolves in the dense selective 
layer, diffuse through the top selective layer, and finally desorbs as 

Fig. 7. Gas fluxes (a) and gas permeances (b) of the PVDF, PAN, Hydrophobic PAN and NC-PAN at different trans-membrane pressures.  

Fig. 8. A schematic diagram of the pressure build-up at the interface between the selective layer and supporting layer(a); cross-section of the PVA/PVDF membrane 
(b) and PVA/NC-PAN (c). 
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water vapor at the top surface of the porous substrate. However, the 
permeation of the water vapor will be restricted at uncoherent or 
dead-end hole regions of the support layer, and thus a pressure build-up 
of water vapor is produced at the interface between the bottom surface 
of dense selective layer and the top surface of the support layer as shown 
in Fig. 8a. Supposing there is no intrusion of the selective layer into the 
substrate, we can estimate the gas transport property by the resistance 
model proposed by Henis and Tripodi using Eq. (6) [44]. As listed in 
Table 2, a water vapor flux of 87.6 ± 3.1 × 103 L/(m2⋅h) corresponds to a 
pressure build-up of 4.01 kPa of the PVA/PVDF composite membrane. 
Whereas for the PVA/PAN nanofiber and PVA/NC-PAN nanofiber 
membranes, the much higher water vapor fluxes of 139.7 ± 15.7 × 103 

L/(m2⋅h) and 138.0 ± 6.3 × 103 L/(m2⋅h) correspond to the less pressure 
build-ups of 0.63 kPa and 1.66 kPa, respectively, which are only 2.09% 
and 5.5% of the saturate water vapor pressure of 30.08 kPa at 70 ◦C. The 
less pressure build-up indicates the higher driving force for water 
transport through the dense layer. Therefore, the less pressure build-up 

for the PAN based substrates explains why the PVA/PAN nanofiber and 
PVA/NC-PAN nanofiber composite membranes have thicker PVA layers 
of 3.50 μm and 3.78 μm but show higher water fluxes than the 
PVA/PVDF composite membrane that has a thinner PVA layer of 0.88 
μm. These results demonstrate again that the importance of selecting a 
support layer with an interconnected pore structure, as illustrated in 
Fig. 8c. 

3.5. Optimization of the thickness of the PVA layer 

After optimizing the PAN membranes structure, the thickness of the 
PVA layers are gradually reduced as far as they are defect-free to further 
enhance the water fluxes of the PAN based composite membranes. 
Owing to the high rejection to PVA (80.6%) of the NC-PAN substrate, a 
thin PVA layer of ~0.70 μm TFC membrane is fabricated while the PVA/ 
Hydrophobic PAN nanofiber composite membrane with a similar PVA 
layer thickness has many surface defects (Fig. S8). Therefore, the NC- 
PAN nanofiber membrane is selected as an ideal substrate and the 
PVA/NC-PAN composite membranes with the PVA layer thicknesses of 
3.78 μm, 1.26 μm and 0.70 μm are prepared (Fig. 9a, b, c). Because of the 

Table 2 
The pressure build-up of composite PV membranes.  

Composite PV 
membranes 

PVA layer 
thickness 
(μm) 

Water flux 
(kg/m2⋅h) 

Water vapor 
flux ( × 103 

L/m2 h) 

Pressure 
build-up 
(kPa) 

PVA/PVDF 0.88 70.4 ± 2.5 87.6 ± 3.1 4.01 
PVA/ 

Hydrophobic 
PAN 

3.50 112.3 ±
12.6 

139.7 ± 15.7 0.63 

PVA/NC-PAN 3.78 110.9 ±
5.1 

138.0 ± 6.3 1.66  

Fig. 9. The SEM images of the cross-section of the composite PV membranes with selective layer thicknesses of 3.78 μm (a), 1.26 μm (b), and 0.70 μm (c).  

Fig. 10. AFM morphology of the PVA/NC-PAN membrane with a 0.70 μm PVA layer.  

Table 3 
The roughness of the TFC PV membrane surface.  

Membranes Ra (nm) Rq (nm) Rmax (nm) 

Pristine PAN 390 539 3567 
NC/PAN 15.9 20.9 145 
PVA/NC/PAN 4.71 5.81 31.3  
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smooth dense PVA layer covers the NC-PAN surface completely, the 
surface morphology of the composited membrane has been changed 
(Fig. 10). Table 3 lists the values of Ra, Rq and Rmax of the PAN nanofiber 
membrane, NC-PAN nanofiber composite and the PVA (0.7 μm)/NC- 
PAN nanofiber composite membrane. Clearly, the roughness gradually 
decreases after the NC and PVA layers are coated on the PAN nanofiber 
surface. This further proves that the thin PVA layer has deposited on the 
top surface of NC-PAN successfully. 

3.6. Pervaporation desalination performance 

Desalination properties of the PVA/NC-PAN composite PV mem-
branes with different thicknesses of PVA layers are assessed using an 
aqueous solution comprising 3.5 wt% NaCl as feed. Fig. 11a shows that 
all the membranes have high salt rejections above 99.8% suggesting that 
the PVA layers are defect-free. Water flux increases from 110.9 ± 5.1 kg/ 
(m2⋅h), 143.4 ± 5.5 kg/(m2⋅h) to 153.4 ± 3.4 kg/(m2⋅h) at 70 ◦C as the 
PVA selective layer thickness decreases from 3.78 μm, 1.40 μm, to 0.70 
μm. At a feed temperature of 80 ◦C, the water fluxes increase to 159.8 ±
2.4 kg/(m2⋅h), 227.2 ± 2.9 kg/(m2⋅h), and 238.7 ± 4.1 kg/(m2⋅h), 
respectively. Comparing with the literature reported data [17–19,45], 

the PVA/NC-PAN nanofiber composite membrane has the highest water 
fluxes. The high-water fluxes can be attributed to two reasons: the 
optimization of the PAN nanofibrous membranes reducing the transport 
resistance of the support layer and the thin layer of PVA decreasing the 
mass transfer resistance in the dense layer region. In summary, the 
PVA/NC-PAN nanofiber membrane with high performance is prepared 
successfully. Moreover, when desalinating a concentrated brine solution 
having 20 wt% NaCl, the permeation flux still reaches to 103.1 ± 5.8 
kg/(m2⋅h) with high salt rejection above 99.8%, indicating its attractive 
desalination property for treating concentrated brine solutions as shown 
in Fig. 11 c. 

4. Conclusion 

In this work, high performance of thin film composites (TFC) per-
vaporation membranes for desalination is fabricated by optimizing the 
electrospun PAN nanofiber support layer structure and thickness of se-
lective layer. To adjust the structures of the PAN nanofiber membrane, 
simple techniques of hydrophobic surface modification and depositing a 
nanofiber cellulose (NC) layer have been attempted. Due to the reduced 
surface pores size diameter after coating the NC layer, a defect-free PVA/ 

Fig. 11. The PV composite membrane performances of the PVA/NC-PAN composite membranes with different PVA layer thicknesses using a 3.5 wt% NaCl solution 
as feed at 70 ◦C and 80 ◦C (a); a comparison of desalination performances of our PV membranes with the reported membranes (b); and comparison of the desalination 
properties for feed solutions with a NaCl concentration of 0–20 wt% (c). 
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NC-PAN composite membrane with a PVA layer of 0.70 μm has been 
prepared, which exhibits a water fluxes of 238.65 ± 4.05 kg/m2⋅h when 
desalinates a 3.5% wt. NaCl solution at 80 ◦C. For treating a high 
concentrated brine of 20 wt% NaCl solution at 70 ◦C, the water flux 
reaches to 103.1 ± 5.8 kg/m2⋅h with a high salt rejection above 99.8%. 
Hence, the PVA/NC-PAN composite membrane is very promising for 
concentrated brine solution reclamation. 
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