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1. Introduction 
 

In the last years, the desalination of seawater and 

brackish water to obtain fresh water in arid regions has 

gained a growing interest to overcome the problem of water 

shortage. Compared with the conventional desalination 

technology-reverse osmosis (RO), membrane distillation 

(MD) with higher separation efficiency, milder operating 

conditions, and lower energy consumption has exhibited 

promising application in seawater and brackish 

desalination, heavy metal removal, wastewater treatment 

and various separation processes (Pangarkar et al. 2018, 

Edwie et al. 2012).  

Compared with other MD configurations, VMD can 

provide greater mass transfer driven force and therefore 

produce higher vapor flux across the separation membrane 

(Racz et al. 2015). In addition to the optimization of the 

operating conditions in the VMD process, membrane 

materials are the key determinants of VMD performance. 

Membrane types include flat sheet, hollow fiber, capillary 

and spiral-wound. Among them, hollow fiber membranes 

are widely used in VMD because of their high packing 

density, self-supporting structure and high degree of 

modularity (Fang et al. 2012). In VMD, with the exception 
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of the good mechanical strength, heat resistance and 

chemical stability, hydrophobicity is one of the basic 

characteristics of the hollow fiber membrane which 

determines the wettability of the membrane surface. The 

vapor pressure difference requires a non-wetting porous 

hydrophobic membrane to assure the strong driven force for 

mass transfer.  

Several types of polymers have been studied and applied 

in the preparation of hydrophobic membrane in VMD 

process because of their low surface energies, high 

chemical resistance, thermal stability, good mechanical 

strengths and processability (Loussif et al. 2016). The most 

used hydrophobic materials in VMD are fluorinated 

polymers, including polyvinylidene fluoride (PVDF) (Kim 

et al. 2017, Chang et al. 2014), polytetrafluoroethylene 

(PTFE) (Guo et al. 2017) and polyolefin polymers, such as 

polypropylene (PP) (Gryta et al. 2013) and polyethylene 

(PE) (Xu et al. 2015) and so on. Among them, PVDF is the 

most widely used in VMD investigations. Some researches 

have been centered on the studies of the development of 

novel hydrophobic membrane material such as 

poly(phthalazinone ether sulfone ketone) (PPESK) (Jin et 

al. 2008) and poly(tetrafluoroethylene-co-

hexafluoropropylene) (FEP) (Chen et al. 2015), the changes 

in the membrane formation process such as thermally 

induced phase separation (TIPs), nonsolvent induced phase 

separation (NIPs) (Wu et al. 2006, Zuo et al. 2017b, Zuo et 

al. 2017a, Tang et al. 2012), cold pressing method (Zhu et 

al. 2013) and vapour induced phase separation (VIPs), the 
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Abstract.  Lotus leaf has a special dual micro and nano surface structure which gives its highly hydrophobic surface characteristics 

and so-called self cleaning effect. In order to endow PVDF hollow fiber membrane with this special structure and improve the 

hydrophobicity of membrane surface, PVDF hollow fiber composite membranes was obtained through the immersion coating of 

poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) dilute solution on the outside surface of PVDF support membrane. 

The prepared PVDF composite membranes were used in the vacuum membrane distillation (VMD) for the desalination. The effects 

of PVDF-HFP dilute solution concentration in the dope solution and coating time on VMD separation performance was studied. 

Membranes were characterized by SEM, WCA measurement, porosity, and liquid entry pressure of water. VMD test was carried 

out using 35 g.L-1 NaCl aqueous solution as the feed solution at feed temperature of 30 °C and the permeate pressure of 31.3 kPa. 

The vapour flux reached a maximum when PVDF-HFP concentration in the dilute solution was 5 wt% and the coating time was 

kept in the range of 10-60 s. This was attributed to the well configuration of micro-nano rods which was similar with the dual micro-

nano structure on the lotus leaf. Compared with the original PVDF membrane, the salt rejection can be well maintained which was 

greater than 99.99 % meanwhile permeation water conductivity was kept at a low value of 7-9 μS.cm-1 during the continuous testing 

for 360 h. 
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structure optimization of PVDF hollow fiber membranes 

(Drioli et al. 2013), and the development of robust multi-

bore PVDF hollow fiber membrane (Lu et al. 2016, Chang 

et al. 2019). Besides, as one simple and high-efficiency 

membrane preparation method, the hydrophobicity 

modification of PVDF hollow fiber membrane has become 

a hot research topic of the PVDF membrane in VMD. 

Various membrane modification techniques have been 

reported, including chemical grafting (Fang et al. 2012), 

blending (Teoh et al. 2009, Wang et al. 2016) and surface 

omniphobic coating (Lu et al. 2018). Surface coating of a 

highly hydrophobic layer on the available PVDF hollow 

fiber membrane is a simple and effective way to obtain 

hydrophobic composite membranes. In this method, the 

coating substance plays an important role in determining the 

final properties of the composite membranes. Some 

hydrophobic substances have been successfully coated on 

hollow fiber membranes, such as 

polytrifluoropropylsiloxane (Jin et al. 2018), silicone rubber 

(Jin et al. 2018), copolymer (Hyflon AD60) of 

tetrafluoroethylene (TFE) and 2,2,4-trifluoro-5-trifluoro 

methoxy-1,3-dioxole (TTD) (Tong et al. 2016), and 

nanoparticles such as nanosilica (Xu et al. 2017) and nano 

titanium dioxide (Meng et al. 2014).  

Lotus leaf has a special dual micro and nano surface 

structure which gives its highly hydrophobic surface 

characteristics and so-called self cleaning effect. In recent 

years, the studies of lotus leaf-like surface structure are 

concentrated on the enrichment of nanoparticles, such as 

nano zinc oxide (ZnO) (Ameen et al. 2016), nickel (Ni) 

(Shafiei et al. 2009), aluminum (Kim et al. 2012), carbon 

nanotube (Chen et al. 2018), etc. Some researchers use the 

polymer to simulate the surface structure of lotus leaf and 

apply the special structure in hydrophobic separation 

membrane. The etching method of PVDF particles 

combined with an ultrafiltration coating process was 

employed to hydrophobically modify the porous PVDF 

hollow fiber membranes (Yan et al. 2017). The prepared 

PVDF hollow fiber membrane with a superhydrophobic 

lotus leaf-like surface was applied in direct contact 

membrane distillation (DCMD) process for desalination. 

Another coating way to obtain the hydrophobic lotus leaf-

like membrane surfaces was the chemical vapor deposition 

of the hydrophobic substance such methyltrichlorosilane 

(MTS) on the support membrane surfaces (Zheng et al. 

2009). The superhydrophobic PVDF hollow fiber 

membrane was also directly obtained through the changes 

of vapor-induced phase-separation (VIPS) process with a 

long-time exposure in a saturated moist air (Peng et al. 

2012a, Peng et al. 2012b).  

In recent years, relevant scholars have also tried various 

methods of polymer synthesis and new membrane 

formation processes in order to broaden the source of 

hydrophobic hollow fiber membrane materials, such as 

PVDF copolymers (PVDF-co-hexafluoropropylene (PVDF-

HFP) (Khayet et al. 2012), PVDF-co-

trifluorochloroethylene (PVDF-CTFE) (Wang et al. 2016) 

and PVDF-co-hexafluoropropylene (PVDF-FEP) (Chen et 

al. 2015), fluorinated polyoxadiazole (f-POD) (Xu et al. 

2018)). Among them, the copolymer PVDF-HFP has higher 

hydrophobicity, higher solubility, lower crystallinity which 

is due to the incorporation of an amorphous phase of 

fluoropropylene (HFP) into the main constituent vinylidene 

fluoride (VDF) blocks. Professor Khayet's research group 

has made a continuous and systematic study on the 

preparation of PVDF-HFP hollow fiber membranes by 

nonsolvent induced phase separation (NIPS) and their 

application in MD from 2009 to 2017. Firstly, the effects of 

PVDF-HFP concentration in spinning solution on the 

micropore structure, pore size (García-Payo et al. 2010) and 

liquid entry pressure (LEP) (García-Payo et al. 2009) of 

hollow fiber membranes were investigated. Then, seven 

spinning parameters (including PVDF-HFP concentration, 

the additive concentration, dry distance, core liquid and 

external coagulation bath temperature, core liquid flow rate, 

winding rate and extrusion pressure) in PVDF-HFP 

spinning process were strictly designed and analyzed by 

using partial factor design method (Khayet et al. 2012). 

Afterwards, the effect of different solvents on the structure 

and properties of PVDF-HFP hollow fiber membranes was 

studied (García-Payo et al. 2014). And the effect of core 

liquid and external coagulation bath on the structure and 

MD properties of PVDF-HFP membrane was also studied 

by the thermodynamic and dynamic properties of PVDF-

HFP membrane (García-Payo et al. 2017a, García-Payo et 

al. 2017b). 

In the present work, in order to improve membrane 

surface hydrophobicity, PVDF hollow fiber composite 

membranes were prepared through the coating of dilute 

solution on the outside surface of PVDF hollow fiber 

membrane. It is well known that the polymer concentration 

of porous separation membranes prepared by phase 

inversion is generally higher than 10 wt% in order to 

achieve the rheological properties required for membrane 

casting of hollow fiber membrane spinning. In this study, 

the coating solution used is the hydrophobic PVDF-HFP 

dilute solution with a very low polymer concentration (3-7 

wt%). The phase inversion of the dilute solution is not a 

continuous phase separation process, but a local phase 

separation. This would result in the formation of a 

particulate bulge structure on the outer surface of the 

hollow fiber support membrane. The highly hydrophobic 

PVDF-HFP which had good compatibility with PVDF was 

chosen as the hydrophobic polymer candidate in dilute 

solution. The prepared PVDF membranes were used in the 

vacuum membrane distillation (VMD) for the desalination. 

The effect of the concentration of PVDF-HFP dilute 

solution in the dope solution and coating time on the 

separation performance in VMD was studied. The prepared 

PVDF membranes were characterized by scanning 

electronic microscopy (SEM), water contact angle (WCA) 

measurement, porosity, and liquid entry pressure of water.  
 

 

2. Experimental 
 

2.1 Materials 
 

Poly(vinylidene fluoride) (PVDF, FR-904) powder was 

supplied as resin powder from Shanghai 3F New Materials 

Co., Ltd., China and dried in a vacuum oven at 80oC for 12h 
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before use. Polyvinylidene fluoride-co-hexafluoropropylene 

(PVDF-HFP, Mw=455,000 g.mol-1) were purchased from 

Sigma-Aldrich. Polyethylene glycol (PEG, Mw=60, 000 and 

400), N, N-dimethylformamide (DMF) and N, N-

dimethylacetamide (DMAc) were obtained by Tianjin 

Kemiou reagent Co., Ltd. (China). Lithium chloride (LiCl) 

and sodium chloride (NaCl) were analytical grade and 

supplied by Aladdin Industrial Corporation (Shanghai, 

China) and used without further purification. 

 

2.2 Preparation of PVDF hollow fiber composite 
membrane 

 

PVDF hollow fiber composite membranes were 

prepared through the coating of PVDF-HFP dilute solution 

on the outside surface of PVDF hollow fiber support 

membrane. The schematic diagram of the preparation of 

PVDF hollow fiber composite membrane was illustrated in 

Fig. 1. PVDF support membrane was fabricated via the dry-

wet spinning technique. The spinning solution was 

composed of PVDF (17 wt%), LiCl (1 wt%), PEG-60, 000 

granules (6 wt%) and DMAc (76 wt%). The spinning 

solution was extruded via a tube in-orifice spinneret with 

inner/outer diameters of 0.8/1.3 mm using ultrafiltration 

water and pure water as the coagulation bath and bore 

liquid, respectively. The prepared PVDF hollow fiber 

support membrane was designated as 0#. 

The dilute solution containing the certain content of 

PVDF-HFP and DMF, and PEG-400 was stirred at 50 oC 

until a homogeneous solution was obtained as illustrated in 

Fig. 1(a). Because the concentration of polymer PVDF-HFP 

in dilute solution was very low (3-7 wt%), PEG-400 with a 

high amount of 33 wt% was added into the dilute solution 

to ensure that dilute solution has a certain viscosity to 

facilitate subsequent coating and phase inversion processes. 

The specific compositions of the coating solution 

corresponding to the membrane samples 1#-4# were 

presented in Table 1. The ends of PVDF hollow fiber 

support membrane treated by the gradient pore protection 

were sealed with the silicone rubber and immersed in the 

PVDF-HFP coating solution for a certain time (Fig. 1(b)).  

 

Table 1 Compositions of the PVDF-HFP coating solution 

Membrane 

Sample 

PVDF-HFP 

(wt%) 
PEG-400 (wt%) DMF (wt%) 

1# 3 33 64 

2# 5 33 62 

3# 7 33 60 

4# 9 33 58 

 

 

Then, PVDF support membrane was immediately taken out 

and immersed into the coagulation bath for 1 h (Fig. 1(c)). 

Afterwards, the nascent PVDF composite membrane was 

washed with pure water for several times and preserved in 

pure water. Finnally, the PVDF composite membrane was 

obtained (Fig. 1(d)). 

 

2.3 Characterization of membrane morphology and 
structure 

 

The morphology of the hollow fiber membranes was 

observed by a field emission scanning electronic 

microscopy (SEM, FEI Quanta 250, USA). Prior to SEM 

observation, the dry hollow fiber membrane samples were 

immersed in liquid nitrogen and fractured, and then 

sputtered with gold. The surface of each hollow fiber 

membrane was analyzed for its hydrophobicity by 

measuring the water contact angle (WCA) on a Kruss 

Instrument (CM3250-DS3210, Germany) at ambient 

temperature. 1 μL water droplet was dropped on the 

membrane surface using a micro syringe and then the WCA 

was measured. The images were captured by a camera. The 

measurements were carried out on at least five spots and the 

average was obtained.  

During MD process, membrane porosity plays an 

important role on the MD performance (Alkhudhiri et al. 

2012). Porous structure means that water vapor can pass 

through the membrane channel quickly and the mass 

transfer rate can be effectively increased in MD process. On 

the other hand, high porosity can reduce the thermal 

conductivity of membrane material itself, thereby 

improving the heat transfer efficiency. Thus, the porosities  

(a) (b)

(c)(d)

Hollow fiber membrane

PVDF-HFP coating solution Coagulation bath

PVDF composite membrane

TP

Agitator

 

Fig. 1 Schematic diagram of the preparation of PVDF hollow fiber composite membrane 
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of membrane before and after coating modification were 

obtained through the weight difference method according to 

Eq. (1). 




Al

WW dw −=

 

(1) 

where Ww and Wd were the weight of wet and dry 

membranes (g), respectively. A, l, and ρ were the sample 

area (cm2), the length of hollow fiber membrane (cm) and 

water density at atmosphere temperature (g.cm-3), 

successively. 

To eliminate the negative effect of membrane pore 

wetting on VMD performance, membrane material used in 

the MD must be hydrophobic. However, pore wetting will 

commonly occur and hence the quality of the production 

water may be deteriorated if the applied transmembrane 

hydrostatic pressure exceeds the liquid entry pressure of 

water (LEPw) (Tong et al. 2016). LEPw is defined as the 

minimum pressure that admits the aqueous solution to 

penetrate into membrane pores. For determining LEPw, 

hollow fiber membranes were mounted in tubular stainless 

steel modules. The shell side was filled with water, and a 

slight pressure was introduced from the compressed 

nitrogen, and increased with a step of 5 kPa at an interval of 

5 min until the first water droplet permeated on the fiber 

lumen side. The corresponding pressure was determined as 

the LEPw of the membrane sample. Capillary flow 

porometry was used to determine the pore sizes in the 

microporous membranes. membrane sample was wetted in a 

fluid (Porwick, proprietary product of PMI, surface tension 

18 dyn/cm) and sealed in a chamber for the measurement. 

 

2.4 Vacuum membrane distillation experiments 
 

Vacuum membrane distillation (VMD) experiments 

were carried out to evaluate the performance of the PVDF 

hollow fiber composite membranes. The experimental set-  

 

 

up used for vacuum membrane distillation was shown in 

Fig. 2. The feed solution was introduced in the shell side of 

the hollow fiber membrane modules by a constant-flow 

pump. Vacuum was applied on the lumen of hollow fiber 

membrane through a vacuum pump. The water vapors 

permeated through membrane micrpores and were 

condensed into liquid water after subsequent condensation 

by a stainless steel spring tube. The spring tube was 

surrounded by a low-temperature circulating liquid at 15oC 

below zero.  

The feed chamber was maintained at 50°C with the use 

of a thermostat water bath under magnetic agitation to 

minimise temperature polarization effects. The permeate 

pressure was kept at 31.3 kPa so that the permeated water 

vapour could be easily collected. 35 g.L-1 NaCl aqueous 

solution was used as the feed solution to mimic sea water. 

The distillate collected after a specific interval of time was 

weighted and the flux was calculated according to the 

following equation. The salt concentrations were examined 

via a conductivity meter (DDS-11A, Shanghai Leici 

Instrument Works, China). NaCl rejection (R) and 

membrane permeate water flux (Jw) were calculated as Eqs. 

(2) and (3). Each data was obtained by averaging the 

records of five tests to ensure the accuracy of the data. 

%100)1( −=
f

p

C

C
R

 

(2) 

where Cp and Cf were NaCl concentrations in the 

permeate and feed solution, respectively. 

tA

m
J

o

w


=

 

(3) 

where m, Ao and t were permeate water volume (L), the 

effective outside area of hollow fiber membrane (m2) and 

filtration time (h), respectively. 

T

P

Constant-flow 

pump

Vacuum pump

Hollow fiber 

membrane module

Spring 

tube

Thermostat water bath Low-temperature 

circulating liquid

Water vapor

Vacuum 

(permeate side)

Vacuum

Feed solution 

(shell side)

Micropore

Feed Permeate liquid

 
Fig. 2 Flow diagram of the vacuum membrane distillation 
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Fig. 3 Outside surface SEM images of different PVDF hollow fiber membranes (0#-4#) and the corresponding 

magnification images (0#'-4#') 
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3. Results and discussion 
 

3.1 Morphology of different PVDF hollow fiber 
membranes 

 

Fig. 3 showed the outside surface SEM images of 

different PVDF hollow fiber membranes. It could be seen 

from Fig. 3(0#) that the outside surface of the original 

PVDF membrane was relatively smooth with a few 

wrinkles. After the coating of PVDF-HFP dilute solution, 

lots of uneven bulges and cavities initially emerged on 

PVDF membrane surface as shown in Fig. 3(1#). Through 

the observation of Fig. 3(1#'), these bulges were composed 

of many nanoscale globular particles. With the increase of 

PVDF-HFP concentration in the coating solution, a large 

number of semi-continuous structures appearred on the 

surface of the PVDF membrane (Fig. 3(2#)), and there were 

many rods with a length of about 1 microns and a diameter 

of about 200 nm. With the further increase of PVDF-HFP 

concentration, these semi-continuous structures are 

gradually connected to a continuous membrane structure, 

and there are still some rods on the PVDF membrane 

surface (Fig. 3(3#)). As the PVDF-HFP content continues to 

increase, the complete dense membrane structure was 

formed and became dense with a few irregular ridges as 

shown in Fig. 3(4#).   

The polymer concentration in this study was much 

lower than that in the conventional phase inversion process. 

Because the instantaneous phase separation dominated the 

membrane formation process, the continuous membrane 

structure could not be formed under lower polymer (PVDF-

HFP) concentration after the exchange between solvent and 

non-solvent. And only some discontinuous fragmentation 

structures appearred (Fig. 3(1#)). At the appropriate PVDF-

HFP concentration, the polymer dilute solution was 

coagulated with the local formation of many gel nuclei. As 

the polymer concentration was very low, the further growth 

of gel nuclei could not form a continuous membrane 

structure, which led to the emergence of a large number of 

micron rods (Fig. 3(2#)). When the polymer concentration  

 

 

continued to increase, a continuous membrane structure 

could be obtained (Fig. 3(3#) and (4#)). 

 

3.2 Structure parameters of different PVDF 
membranes 

 

Fig. 4 showed the liquid entry pressure of water (LEPw) 

and largest pore size of different PVDF membranes. It 

could be seen with the increase of PVDF-HFP content in 

the dilute solution, the liquid entry pressure gradually 

increase from 160 kPa of the neat PVDF membrane to 223 

kPa of the 4# PVDF composite membrane. And the largest 

pore size showed the opposite trend with the decrease from 

0.232 μm of the neat PVDF membrane to 0.2μm of the 4# 

PVDF composite membrane as shown in Fig. 4. The feed 

can penetrate the membrane pores and the quality of the 

permeate water will be deteriorated if a transmembrane 

hydrostatic pressure is higher than the liquid entry pressure 

of water (LEPw). LEPw is a significant membrane structure 

parameter which characterizes the antiwetting properties of 

hydrophobic membrane and its value depends on the pore 

size and membrane hydrophobicity (Tong et al. 2016). 

Membrane with a high hydrophobic surface and a small 

pore size would show a high value of LEPw. As shown in 

Fig. 4, the gradually decline of membrane largest pore size 

was favorable for the increase of LEPw. Besides, the 

enhancement of membrane surface hydrophobicity as 

confirmed in the WCA measurement also facilitated the 

improvement of membrane antiwetting properties. The data 

of LEPw reported in the published works were listed in 

Table 2. It could be found that among the 11 literatures with 

data records, there are 4, 1, 4 and 2 literatures reported 

LEPw values below 100 kPa, 100-200 kPa, 200-300 kPa and 

300 kPa respectively. The LEPw value of PVDF hollow 

fiber composite membrane prepared in this work is 

moderate. 

During MD process, high membrane porosity plays an 

important role in the MD performance (Alkhudhiri et al. 

2012). Thus, it is important to keep high porosity during 

coating modification. The porosities of resulted PVDF  
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Fig. 4 Liquid entry pressure and largest pore size of different PVDF membranes 
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composite membranes were in the ranged of 61 %-62 % 

which had no obvious difference between the original 

PVDF (62.1 %) and membrane composite membrane. This 

indicated that the coating just affected the surface of PVDF 

hollow fiber membrane without the penetration of PVDF-

HFP into membrane pores below. 

 

3.3 Hydrophilicity of membrane surface 

 

Static water contact angle (WCA) was measured to 

evaluate the hydrophobicity of different PVDF hollow fiber 

membrane surface. The data were shown in Fig. 5. It could 

obviously seen that the WCA values of all PVDF composite 

membranes were higher than that of the original PVDF 

membrane. This implied that the coating of PVDF-HFP 

dilute solution could improve membrane surface 

hydrophobicity. It can be referred by the Wenzel equation 

that the WCA of a hydrophobic surface (θ＞90 o) will 

increase with an increase of surface roughness. As observed 

from the SEM images in Fig. 3, after the PVDF-HFP 

coating, membrane surface emerged lots of globular 

particles and rod-like bulges which increase the surface  

 

 

roughness and hence facilitied the hydrophobicity 

enhancement. 

In addition, it could be seen from Fig. 5 that with the 

increase of PVDF-HFP content in the dilute solution, the 

WCA value initially increased and then slightly decreased 

with a maximum of 130.8 o for 2# composite membrane. 

There are two major factors affecting the WCA value 

including the membrane surface structure and intrinsic 

wettability of the material itself (Ganesh et al. 2013, Li et 

al. 2017). Compared with PVDF, the hydrophobicity of 

PVDF-HFP molecule itself increased the WCA of the 

composite membrane surface. Besides, the difference in the 

surface structure of different PVDF composite membranes 

a lso  caused the change s  o f  membrane surface 

hydrophobicity. It could be seen from the SEM images that 

a large number of micronscale rods and their surrounding 

nanoscale semi-continuous structure emerged on 2# 

membrane surface which were similar to the dual micro-

nano structure on the lotus leaf surface and hence resulted 

in the obvious enhancement of membrane sur face 

hydrophobicity. By comparison of 2# and other composite 

membranes, the simultaneous appearance of large amounts 

of the micronscale rods and nanoscale semi-continuous  
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Fig. 5 Static water contact angle (WCA) of the outside surface of different PVDF membranes 
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Fig. 6 Variations of pure water flux of different PVDF hollow fiber membranes 
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structure would improve membrane surface hydrophobicity. 

Therefore, when PVDF-HFP concentration in the dilute 

solution was 5 wt%, the surface hydrophobicity of PVDF 

composite membrane (2#) reached the strongest. The highly  

hydrophobicity was favorable for the enhancement of 

membrane permeation flux during the membrane distillation 

process. 

 

3.4 Pure water flux of different PVDF membranes 
 

The effect of PVDF-HFP concentration in the dilute 

solution on the pure water flux of different PVDF hollow 

fiber membranes was shown in Fig. 6. It could be seen that 

the pure water flux increased upon the PVDF-HFP coating 

from 0# to 2# and as the PVDF-HFP concentration in the 

dilute solution further increased, the pure water flux had a 

slight decrease with a maximum value of 12.5 kg.m-2.h-1 for 

2# membrane. This trend was in accordance with the 

variations of WCA measurements in Fig. 5. 

When the PVDF-HFP concentration was low, the 

gradual formation of the micro-nano structure on PVDF 

hollow fiber membrane enhanced membrane 

hydrophobicity which reduced the adhesive of water 

molecular to membrane surface, so that the liquid film 

along the outside surface of PVDF hollow fiber composite 

membrane could be effectively inhibited. And hence the 

bound layer thickness of temperature polarization and mass 

transfer decreased (Drioli et al. 2013). This is beneficial for 

increasing the MD permeability. Because of the special 

structure and hydrophobicity of the outside surface of 

PVDF composite membrane, water molecules could keep 

the spherical structure. The evaporation, diffusion and 

condensation could be well driven by the difference of heat 

and pressure. By comparison, the outside surface of the 

original PVDF membrane was relatively smooth and less 

hydrophobic, and water molecules were prone to wetting on 

membrane surface and formed a thin liquid film, which 

resulted in the increase of mass transfer resistance of water 

molecules followed by a lower water flux as shown in Fig. 

6. When the PVDF-HFP concentration was high, the 

formation of the relative dense membrane on PVDF support  

 

 

membrane and the declined pore size of the PVDF 

composite membrane as shown in Fig. 4 increased mass 

transfer resistance (Tong et al. 2016). Consequently, the 

pure water flux slightly decreased. 

 

3.5 Separation performance of different PVDF 
hollow fiber membranes 
 

The separation performance including membrane 

permeability and the NaCl rejection were measured and the 

results of were presented in Fig. 7. It could be seen that the 

permeation water flux increased initially and afterwards 

declined slowly with a maximum value for 2# PVDF 

membrane. The NaCl rejection of different PVDF hollow 

fiber membranes were around 99.9 % and nearly had no 

difference.  

In order to make a clear comparison of desalination 

conditions, the conductivity data of water produced by 

different PVDF membranes after the distillation of mimic 

seawater were shown in Fig. 8. The conductivity of the 

mimic seawater (35 g.L-1 NaCl aqueous solution) was 510 

mS.cm-1. Although the NaCl rejection was about 99.9 %, the 

production water conductivity of different PVDF hollow 

fiber membranes was obviously different. These results 

were mainly due to the difference of surface structure and 

hydrophobicity between different membranes. The outside 

surface of PVDF composite membrane with the special 

structure and hydrophobicity was difficult to wetting and 

the mass transfer process could be well carried on. 

However, water molecules were prone to wetting on the 

original PVDF membrane surface and formed a thin liquid 

film which resulted in the increase of mass transfer 

resistance of water molecules followed by a lower water 

flux. Some solutes of NaCl could permeate the lumen side 

of PVDF hollow fiber membrane which contributed to the 

enlargement of the production water conductivity in Fig. 8. 

Table 2 listed the comparison between the current work 

and other VMD membranes in terms of water contact angle 

(WCA), salt rejection (R) and permeation water flux (Jw). It 

could be seen that salt rejection of most of the membranes 

in VMD reported in previous literatures was over 99 % and  
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Fig. 7 Variations of separation performance of different PVDF hollow fiber membranes 
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the water flux was between 1-10 kg.m-2.h-1. By comparison, 

the PVDF hollow fiber composite membranes developed in 

this work exhibited the moderate performance under a high 

permeation pressure and a low feed temperature. The effects  
 

 

of operation conditions on the VMD performance of PVDF 

composite membrane are under way to pursue even better 

separation performance. Therefore, this study may provide 

useful insights to prepared high-performance PVDF hollow 

fiber membranes for VMD applications. 

0# 1# 2# 3# 4#

0

10

20

30

C
o

n
d
u
c
ti
v
it
y
 (


S
. c

m
-1
)

Membrane code  
Fig. 8 The production water conductivity of different PVDF hollow fiber membranes 

 

Table 2 A comparison of membrane properties and VMD performance with previous literature data 

Membrane Preparation method 
Feed 

condition 

Feed 

temprature 

(oC) 

Permeate 

pressure 

LEPw 

(kPa) 
WCA (o) R (%) 

Jw (kg.m-

2.h-1) 
Ref. 

PP (a) 
Commercial 

product 

1.152 wt% 

NaCl 
80 -0.08 Mpa - - - 38 

(Liu et al. 

2017) 

Nano silica 

/PDA(b)/PEI(c)/PP 

coated hollow fiber 

Mussel-inspired/ 

surface coating 

modification 

3.5 wt% 

NaCl 
80 -95 kPa 500 - 99.92 15 

(Zhong et 

al. 2017) 

iPP (d)/ EVA(e) /NWF (f) 

flat sheet 
Blending/TIPS 3 wt% NaCl 70 3 kPa 208 120 99.9 27.6 

(Tang et al. 

2016) 

Si(g)/PP hollow fiber 
Surface coating 

modification 

3.5 wt% 

NaCl 
25 0.3 kPa - - - 0.04 

(Xu et al. 

2006) 

PTFE hollow fiber 
Cold pressing 

method 
3 wt% NaCl 70 -0.095 Mpa 170 128.5 99.9 9.5 

(Zhu et al. 

2013) 

FEP hollow fiber (h) 
Melt- stretching 

spinning 

3.5 wt% 

NaCl 
90 -0.09 Mpa 54 116.7 99 7 

(Chen et 

al. 2015) 

Fuorinated 

hydrocarbon hollow 

fiber 

Commercial 

product 
1 wt% NaCl 85 Atmosphere - 126 99 19 

(Zhang et 

al. 2010) 

Fsi/ PPESK hollow 

fiber (i) 

Surface coating 

/NIPs 

0.5 wt% 

NaCl 
40 -0.078 Mpa 18 110 99 3.5 

(Jin et al. 

2008) 

Si/ PPESK hollow 

fiber (j) 

Surface coating 

/NIPs 

0.5 wt% 

NaCl 
40 -0.078 Mpa 12 128 94.6 3.7 

(Jin et al. 

2008) 

PVDF/Ultem® (k) dual-

layer hollow fiber 

Co-extrusion /NIPs 

method 

3.5 wt% 

NaCl 
70 2 kPa 210 126.5 - 45.8 

(Zuo et al. 

2017b) 

PVDF hollow fiber NIPs method 8 wt% NaCl 80  -  - 17.5 
(Sun et al. 

2014) 

Hyflon AD60/PVDF 

hollow fiber (l) 

Surface coating 

/NIPs 

3.5 wt% 

NaCl 
70 -0.09 Mpa 700 138.9 99.9 9.0 

(Tong et al. 

2016) 

3-layers PVDF hollow 

fiber 

Co-extrusion /NIPs 

method 

3.5 wt% 

NaCl 
60 20 mbar 300 - - 26.5 

(Zuo et al. 

2017a) 

PVDF/SiO2 flat 

sheet 
NIPS 

3.5 wt% 

NaCl 
27 - 2.9 94 99.98 2.7 

(Efome et 

al. 2015) 

PVDF composite 

fiber 

Surface coating 

/ NIPs 

3.5 wt% 

NaCl 
50 

31.3 kPa 

 
223 130.8 99.99 12.2 This work 

(a) PP-Polypropylene; (b) PDA-polydopamine; (c) PEI- polyethyleneimine; (d) iPP-Isotactic polypropylene; (e) EVA-Ethylene 

vinyl acetate; (f) NWF-nonwoven fabric; (g) Si-Silicone rubber; (h) FEP-Poly(tetrafluoroethylene-co-hexafluoropropylene); (i) 

Fsi-polytrifluoroproylsiloxane; (j) PPESK-Poly(phthalazinone ether sulfone ketone); (k) Ultem®-Polyetherimide; (l) Hyflon 

AD60-Copolymer of tetrafluoroethylene (TFE) and 2,2,4- trifluoro- 5-trifluoro methoxy- 1,3-dioxole (TTD) 
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3.6 Effect of coating time on VMD performance 
 

Fig. 9 showed the variations of coating time on the 

VMD performance of PVDF composite membrane (2#). It 

could be seen from Fig. 9 that VMD permeability decreased 

slowly with the extension of coating time and then went 

down dramatically when the coating time became longer 

than 60 s. When the coating time was short, the PVDF-HFP 

dilute dope solution deposited only on the surface of PVDF 

support membrane, and the effective enhancement of 

membrane surface hydrophobicity could be obtained. 

Therefore, the separation performance had no obvious 

variations as shown in Fig. 9. However, when the coating 

time was longer than 60 s, more PVDF-HFP dilute dope 

solution penetrated into PVDF membrane pores and the 

transport resistance increased, leading to a low 

permeability. Thus, the coating time in the range of 10-60 s 

was desirable during the preparation of PVDF hollow fiber 

composite membrane. 
 

3.7 Long-term performance of different PVDF 
hollow fiber membranes 
 

Fig. 10 showed the permeation water flux and 

production water conductivity of the original PVDF  

 

 

membrane and PVDF hollow fiber composite membranes 

(2#). It could be seen from Fig. 10(a) that with the 

extension of the operation time PVDF composite membrane 

showed a stable VMD performance. Membrane permeation 

water flux and production conductivity kept almost 

unchanged with the data of 8 μS.cm-1 and 12 kg.m-2.h-1, 

respectively. By contrast, the original PVDF membrane 

VMD performance basically remained stable in the first 210 

h as illustrated in Fig. 10(b). Afterwards, membrane 

experienced an obvious flux decrease accompanied by a 

slow conductivity increase. These results suggested PVDF 

membrane suffered fouling which probably was derived 

from the micropore wetting. The stable separation 

performance of PVDF composite membrane could be 

attributed to the special micro-nano structure on the PVDF 

composite membrane surface which played the similar self-

cleaning effect of the lotus leaf surface. These results 

indicated that the PVDF-HFP coating effectively enhanced 

the stability of the PVDF hollow fiber membranes for VMD 

application. 
 

 

4. Conclusions 
 

The hydrophobic PVDF hollow fiber composite 

membranes were prepared by coating PVDF-HFP dilute 
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Fig. 9 Effect of coating time on the VMD performance of PVDF composite membrane 
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Fig. 10 Long-term VMD performance of different PVDF hollow fiber membranes 
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solution on the outside surface of PVDF support membrane. 

35 g.L-1 NaCl aqueous solution was used to simulate the 

seawater and used as the feed solution in VMD process. 

Surface hydrophobicity of the PVDF hollow fiber 

membrane was significantly improved. The surface 

structure played an important role in membrane separation 

performance in VMD test. The vapour flux reached a 

maximum when PVDF-HFP concentration in the dilute 

solution was 5 wt%. This was attributed to the well 

configuration of micro-nano rods which was similar with 

the dual micro-nano structure on the lotus leaf. The salt 

rejection was kept at 99.99 % during the long-term run 

operation of PVDF composite membrane for 360 h. These 

results indicated that PVDF hollow fiber composite 

membrane is a promising candidate for VMD process. The 

effects of operation conditions on the VMD performance of 

PVDF composite membrane are under way to pursue even 

better separation performance and will be reported in due 

course. 
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