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a b s t r a c t

The desalination of highly concentrated brine wastewater is still a challenge in water treatment. In 
the present study, tubular polytetrafluoroethylene (PTFE) membranes were prepared by electrospin-
ning and sintering method with the assistance of removable template. By increasing the membrane 
thickness, freestanding PTFE tubular membranes with sufficient strength and high liquid entry 
pressure value available in vacuum membrane distillation (VMD) were obtained. Their permeate 
flux and scaling behavior were further evaluated by VMD process for simulated reverse osmosis 
(RO) brine desalination. The results demonstrate that membrane scaling and permeate flux were 
highly related to the feed flowing conditions, especially in the saturation stage. The relationship of 
the salt crystallization mechanism, flowing disturbance conditions and VMD performance was fur-
ther discussed. In proper flowing conditions,foulants mainly formed in the solution bulk and can be 
cleaned easily by the flushing of the feed flow. In four cycles of continuous concentration, the tubular 
membranes exhibit a steady performance of flux and rejection. These results shed light on the feasi-
bility and prospect of the tubular electrospun membranes in high salinity brine desalination.

Keywords: Membrane distillation; Tubular membrane; PTFE; High salinity brine; Membrane scaling

1. Introduction

As an emerging desalination technology, membrane 
distillation (MD) technology has received a great deal of 
attention in recent years [1–4]. In the MD process, water 
vapors transport through a porous hydrophobic membrane 
under the vapor pressure difference between the feed and 
permeate side. According to the separation mechanism, 
MD can operate with reasonable fluxes under moderate 
temperature and pressure at high solution concentrations. 
Although MD technology has shown its promising appli-
cation in the fields of seawater desalination [5,6], wastewa-

ter treatment [7] and pure water production [8], the most 
particular application potential lies in the desalination of 
highly concentrated solutions, which are out of the scope of 
reverse osmosis (RO) [9].

Despite its many distinctive benefits, the MD process 
has yet to be widely implemented in industry. Membrane 
wetting danger is the major challenge for long-time opera-
tion in MD applications.

As a basic component in the MD system, the membrane 
has to be hydrophobic to ensure the retention of liquid, and 
only the vapor phase is allowed to pass through. Microfiltra-
tion membranes fabricated by hydrophobic materials, such 
as polypropylene (PP), polyvinylidene fluoride (PVDF) or 
polytetrafluoroethylene (PTFE), were widely tested in MD 
process [1]. However, even though hydrophobic mem-
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branes were used, pore wetting may still occur, because 
the membrane hydrophobicity was totally destroyed by 
unwanted deposits. Fouling is believed the major contribu-
tion to pore wetting [10].

Membrane fouling can be dependent on several factors, 
such as the degree of saturation, hydrodynamic conditions, 
solution compositions and membrane properties like rough-
ness and morphology [10]. In general, membrane fouling 
can be reduced at high cross-flow velocity [11]. Enhancing 
the flowing dynamics can increase the flowing turbulence 
and reduce the polarization degree. Both are beneficial for 
mitigating fouling deposit. Good flowing distribution and 
adequate turbulence are highly decided by the membrane 
structure and the flow channel of the modules. 

Regarding MD modules, flat sheet and hollow fiber are 
the two major module configurations in MD application 
[12]. Flat sheet membrane modules were widely employed 
in laboratory experiments for it is easy to construct and 
replace. However, the packing density of flat sheet mod-
ules were low, and good flow distribution was difficult to 
achieve in the frame channels [12]. Fluid dead zones caused 
by the vortex are not well resolved yet [13]. Hollow fiber-
based modules can provide larger packing densities, which 
were attractive in commercial applications [4,14]. However, 
hollow fiber membranes have a high fouling tendency and 
are difficult to clean and maintain [12,15]. 

Tubular membrane modules were widely used in tra-
ditional membrane technologies, such as microfiltration 
(MF) and ultrafiltration (UF), but rarely proposed in the 
MD process for lower packing density [16]. Even though 
tubular membrane modules are more attractive than oth-
ers because it is suitable for fluids of high velocity, which 
favorable for fouling reducing, easy cleaning and low ten-
dency to polarization phenomena [4,12]. Comparing to flat 
sheet and hollow fiber modules, tubular membrane mod-
ules may be more suitable for highly concentrated solution 
treatment. On the other hand, unlike flat sheet membranes, 
tubular membranes are usually produced without support 
[1], which requires higher strength and stiffness. Thus, the 
few studies that test tubular membranes in the MD process 
mostly use membranes made of ceramic [17]. Polymeric 
tubular membranes have rarely been studied in MD, not to 
mention their fouling performance. 

Recently, nanofiber membranes fabricated by elec-
trospinning were tested in the MD process and show an 
attractive application performance [18,19]. Nanofiber 
membranes are believed to possess high porosity, high 
hydrophobicity, interconnected open pore structure and 
controllable membrane parameters, which are highly 
desirable for MD membranes. Tubular nanofiber mem-
branes were widely proposed in tissue engineering as 
scaffolds [20,21] but that not been mentioned in MD appli-
cations to my knowledge. The mechanical strength of the 
electrospun membranes was the main concern, though 
less mechanical integrity was required in MD compared 
to other membrane separation processes. Nanofiber mem-
branes can be enhanced by many methods, and increas-
ing membrane thickness may be the most convenient and 
effective method. Khayet et al. [22,23] prepared self-sus-
tained electrospun nanofibrous membranes with enhanced 
thickness and successfully applied them in direct contact 
membrane distillation (DCMD). 

In a previous work [24], hydrophobic electrospun 
PTFE flat membranes with a water contact angle (WCA) 
above 150o and membrane porosity as high as 80% was 
fabricated by an electrospinning-sintering strategy. The 
membrane was further applied and evaluated in MD and 
displayed a stable salt rejection above 98.5% for inorganic 
salt solution desalination. In this paper, tubular PTFE 
nanofibrous membrane without support was fabricated 
with the assistance of a removable template. The mechan-
ical properties and other membrane parameters of the 
prepared tubular membranes with various thicknesses 
were studied. The freestanding tubular membranes were 
further assembled in a tube-shell module for treating sim-
ulated RO brine by vacuum membrane distillation (VMD) 
process. The VMD performance and fouling conditions 
were also investigated.

2. Experimental

2.1. Materials

PTFE emulsion (FR301B, which contains 60 wt% of 
PTFE fine particles dispersing in water, PTFE particle size 
around 200 nm) was purchased from 3F Co. Ltd., China. 
PVA 1799 (with a polymerization degree of 1700 and a 
hydrolysis degree of 99.0%) was purchased from Sichuan 
Vinylon Factory, China. 

The chemical agents used in this study, including 
sodium chloride (NaCl), potassium chloride (KCl), mag-
nesium sulfate (MgSO4), magnesium chloride (MgCl) and 
calcium sulfate (CaSO4), were purchased from Chengdu 
Kelong Chemical Plant (Chengdu, China) and were all ana-
lytical reagents.

Deionized water and pure nitrogen were used in this 
study.

2.2. Feed water preparation 

Simulated RO brine was used as the feed and was for-
mulated according to the composition given by Ge et al. 
[25], which contains 32.61 g/L NaCl, 1.03 g/L KCl, 4.52 g/L 
MgCl, 2.91 g/L MgSO4 and 1.80 g/L CaSO4 in water.

2.3. Freestanding tubular membrane preparation

The process of preparing freestanding tubular mem-
branes is illustrated in Fig. 1. The spinning solution was 
prepared by mixing 10 g of PVA aqueous solution with a 
concentration of 15% and 7.5 g of PTFE emulsion (60%).The 
mix solution was stirred for over 6 h at room temperature 
before usage.

PTFE/PVA composite fibrous membranes were then 
fabricated by electrospinning. 18 kV direct current volt-
age, generated by a DC high-voltage power supply (BGG, 
Beijing High-voltage Technology Co. Ltd., China), was 
applied on the spinneret, whose distance to the collector 
was around 20 cm. The collector, which also acts as a tem-
plate, was around 8 mm in diameter and formed by a bun-
dle of parallel iron wires. Electrospinning was processed 
at ambient temperature, and the relative humidity was 
around 40 to 60%.
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By controlling the collection time, PTFE/PVA compos-
ite membranes with various thickness were obtained. The 
membrane together with the collector was vacuum dried 
at 80°C for 6 h and then sintered in an atmosphere tube 
furnace (JGL1200, Shanghai Jiugong Electric Co. LTD, 
China). The composite membrane was heated to 380°C in 
N2 atmosphere and held for 30 min. Freestanding PTFE 
membrane was obtained by removing the iron wires after 
they cooled down.

2.4. Membrane characterization 

The surface and cross-section of the membrane tubes 
were observed by scanning electron microscopy (SEM) 
(KYKY-2800, Shanghai).

The mechanical properties of the freestanding tubes 
were tested using an electronic fabric strength tester 
(YG065C, Laizhou Electron Instrument Co. Ltd., China). 
Tube samples with 60 mm in length were directly mounted 
on the sample clamps and were stretched at a strain rate 
of 100 mm/min. The respective thickness of each tube was 
measured by a pointer type pachymeter (CH-10-AT, Liuling 
Instrument Factory, Shanghai, China), whose measurement 
precision is 0.001 mm. Five specimens were tested for each 
sample to give the average values.

Water contact angle (WCA) measurements were 
performed using a DataPhysics OCAH200 goniometer 
equipped with a video capture device. Flat samples were 
cut off from the sintered tubular membranes and pasted 
on a flat glass slide. A deionized water droplet of approx-
imately 4 μL was deposited on the membrane surface. The 
corresponding images were captured to measure the WCA 
value. The WCA test was carried out at room temperature, 
and no less than five locations were tested for each sample.

Membrane pore size and distribution were charac-
terized by a differential flow method [26] on a membrane 
pore size analyzer (3H-2000PB, Beijing Beiside Technology 
Apparatus Co. Ltd., China). Porofil, a low surface tension 
liquid (16 mN/m), was used as the wetting agent.

As tubular membranes, the liquid entry pressure (LEP) 
value was measured according to the method described in 
literature [27]. The pressure applied by compressed nitro-
gen was increased slowly and stepwise, and the pressure 
value at which the first drop of water appears on the outer 
surface was indicated as the LEP value of the given mem-

brane. The LEP values were also tested five times to give the 
average value for each membrane.

2.5. VMD experiment

To evaluate the VMD performance, the prepared tubu-
lar membranes whose inner diameter was 8 mm were 
further constructed into a tube-shell module. Since the 
membrane tube was self-sustained, the free ends of the 
tubular membrane with a glass tube collected as inner sup-
port were directly inserted though rubber plugs with a cen-
tral hole. The rubber plugs were then tightly mounted on 
the glass shell. To precisely observe the flowing condition, 
one single membrane tube was studied in once testing. The 
tubular membranes tested in this study were around 200 
mm in length. The prepared RO brine was circulated in the 
tube lumen of the membrane while vacuum applied on the 
shell side. The VMD set-up isillustrated in Fig. 2. In this 
study, the RO brine was circulated via a magnetic pump 
(MP-10R, Xishan Pumps Co. Shanghai, China), with a max-
imum hydraulic pressure of 115kPa. The feed temperature 
and the pressure of the permeate sidewere fixed at 60°C 
and 5 kPa (–95 kPa shown on the vacuum pressure gauge), 
respectively.

For high salinity water treatment, simulated RO brine 
with an initial volume of 1 L was concentrated gradually 
until the residual solution was too little to circulate in the 
system. The different flowing conditions on the membrane 
performance were studied, and recirculation velocities of 
0.17 m/s, 0.5 m/s and 1.0 m/s were performed for VMD 
testing. The permeate vapors were collected and measured 
by volume and conductivity (DDS-307A, INESA Scientific 
Instrument Co. Ltd., Shanghai, China) every 20 min.

After testing, the tubular membranes were carefully 
removed from the shell and were naturally dried to observe 
the deposited layers. Membrane cleaning was implemented 
by tap water flushing for 10 min.

A continuous VMD process was also carried out to 
investigate the online cleaning performance of the tubular 
module. The online cleaning was processed by pouring all 
the produced water back into the feed tank after every cycle 
of concentration. By that the feed brine was diluted to the 
initial concentration. The VMD testing was ongoing, and 
permeated vapors were collected and measured as before. 
Several concentration cycles were implemented contin-

Fig. 1. Schematic illustration of the procedure for preparation of the tubular PTFE membrane.
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uously and the durability of the tubular membranes was 
evaluated by the flux recovery condition and the permeated 
water conductivity. No less than three samples were tested 
and cleaned in each mode.

3. Results and discussion

3.1. Freestanding tubular membrane and its morphology

Combined with the template approach, the PTFE nano-
fibrous tubes can be successfully fabricated by the electro-
spinning-sintering strategy. Fig. 3 shows the photo image of 
the tubular membranes, as well as SEM images of the tube 
outer and inner surfaces and the cross-section. We can see 
in Fig. 3 that, after template sintering, the fiber morphology 
of the inner surface obviously differed from the outer side. 
The outer surface of the tube was still constructed by nano-
fibers, which is similar to that proposed in previous litera-
ture [24]. The PTFE fibers of the inner side were no longer 
isolated from each other but formed interconnected fibrous 
networks with the intersecting points fused together. This is 
mainly attributed to the compaction between the shrinking 
fibers and the incompressible template. With the PVA com-
ponent decomposing and the PTFE particles fusing in sin-
tering, the centripetal shrinkage tightened the fiber layers 
and increasing fusion tendency of fibers in nearby layers. 
This also can be observed from the cross-section morphol-
ogy of the tubular membranes (Fig. 3b). The tube wall was 
compact and symmetrical.

WCA images of the water drops deposited on the inner 
and outer surface of the membrane tube are also illustrated in 
Fig. 3, and the WCA values were 151±2o and 156±2o, respec-
tively. The hydrophobicity of the inner surface was slightly 
decreased by the compression in sintering. The surface 
roughness was believed to be decreased because of the fusion 
of the connection points of fibers [28]. However, since shrink-
age is inevitable, and the inner surface is still hydrophobical 
though the WCA slightly decreased. The tubular membranes 
were also believed be potential in MD application.

3.2. Mechanical properties of the freestanding tubular 
 membranes

The fiber fusion in sintering was detrimental to hydropho-
bicity but was beneficial to the membrane strength. Typical 
stress-strain curves of the tubes before and after sintering are 
shown in Fig. 4a. In general, the precursor membranes before 
sintering were flexible and weak with the yield strength less 
than 1 MPa, while the elongation at break was up to 67%. After 
sintering, strong membranes are formed. The yield strength 
was above 4 Mpa, and the elongation at break was decreased 
to around 30%. Increasing membrane thickness will led to a 
gradual enhancement of mechanical strength. For the sintered 
tubes, the yield strength was around 5.3±1.2 MPa in a thick-
ness range from 87 μm to 346 μm. For guarantee, reliable yield 
strength value of 4 MPa was further used to evaluate the tubu-
lar strength in case of damage deformation.

The variation of the mechanical properties of mem-
branes before and after sintering could be explained by the 
evolution of the fiber structures during sintering process. 
The precursor nonwoven mat was constructed by randomly 
arranged fibers, which can easily adjust their orientation to 
the load and results in lower modulus of elasticity, higher 
value of elongation and a continuous increase of strength 
before breakage. The membrane strength was obviously 
enhanced in the sintering process because of the fusion of 
the nodes and the thickness compression. 

In VMD application, the downstream vacuum pressure 
and the hydraulic pressure of the feed were the main loads 
applied on the membrane. As we know, the circular sec-
tion pipeline is the best configuration for pressure vessels. 
The initial hoop stress at the tube wall due to internal fluid 
pressure can be conveniently estimated from the following 
equation [29]:

σt
PD

t
=

2
 (1)

where σt is the circumferential stress in Pa; P is the internal 
pressure in Pa; D is the diameter of the tube in meter and 

Fig. 2. Schematic diagram of the experimental set-up for VMD.
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t is the thickness of the tube wall in meter. This formula is 
applicable when the wall thickness is much smaller com-
pared to the outside diameter, (D/t) >> 1.

In our study, the pressure applied on the tube wall was 
determined mainly by the pressure difference of the feed 
side (not exceeding the maximum hydraulic pressure of the 

pump, 115 kPa) and the vacuum side (5 kPa in this study). 
So, the resultant load was less than 110 kPa. D is basically 
decided by the diameter of the template we used. From Eq. 
(1), we can figure out that thinner tubes with thicker wall will 
be more bearable for pressures. So hollow fiber membranes 
were usually self-sustained and were widely implemented 

 

Fig. 4. (a) Typical stress–strain curves of the fibrous membranes before and after sintering.(b) Tensile strength and yield strength of 
the sintered tubular membranes with different thickness.

 

 

Fig. 3. Tubular membranes after sintering: (a) photo images; SEM images of (b) the cross-section, (c) outer surface and (d) inner 
surface, and the corresponding WCA images shown as insets.
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in pressure-driven filtrations. However, in the MD process, 
the narrow flow channels of hollow fibers lead to poor flow-
ing dynamics and the resultant high degree of polarization 
phenomenon and fouling [12]. On the other hand, mem-
brane thickness is an important character that affects MD 
performance. Thicker membranes were believed beneficial 
for reducing heat loss by conduction but also increase the 
mass transfer resistance. A membrane thickness of 10~60 μm 
is widely recommended by different authors for seawater 
desalination [2]. In high salinity applications, thicker isotro-
pic hydrophobic membranes above 100 μm are required for 
improving the MD performance [2]. An optimal membrane 
thickness up to 700 μm was also proposed in some cases [2].

In our research, when the tube diameter was 8 mm, 
the applied pressure across the membrane wall was below 
0.110 MPa, the circumferential stress  should be less than 4 
MPa, the yield strength of the membrane. The theoretical 
thickness available in VMD was calculated to be above 110 
μm, without membrane yield deformation.

3.3. Effect of membrane thickness on characterizations

After sintering, enhanced tubular membranes with suf-
ficient mechanical strength can be used as self-sustained. 
However, in VMD application, adequate LEP value was 
also required. 

As an attractive approach for membrane fabrication, 
electrospinning technology was believed to be easy for tai-
loring membrane properties by adjusting electrospinning 
parameters. Fiber diameter and membrane thickness are 
highly correlated to the membrane pore size and distribu-
tion [30], which further affects the LEP value. Since the elec-
trospinning and sintering parameters were fixed, the fiber 
diameter affection may be negligible. The pore size and LEP 
value were believed mainly determined by the membrane 
thickness.

By adjusting the collection time in the electrospinning 
process, composite membranes with a series of thicknesses 
were obtained. After sintering, the membrane pore size, 
LEP value and the corresponding thickness were measured 
and listed in Table 1.

We can see in Table 1 that membrane pore sizes and the 
corresponding LEP values were generally decreased with 
the membrane thickness increased. A considerable reduc-
tion of pore size was observed when the thickness increased 
from 87 μm to 214 μm. After that, it seemed difficult for 

the pore size to further diminish, as the thickness largely 
increased. The effect of the membrane thickness seemed 
relatively limited. But when the membrane thickness 
increased, the pore size distribution became more centered, 
and the pore path was elongated, which made the mem-
brane difficult to be wetted.

This phenomenon was also proven in the filtration 
application of electrospun membranes [30]. Since the pore 
sizes of electrospun membranes were actually the combi-
nation of the inter-fiber spaces of fiber layers, thicker mem-
brane will lead to more intersected inter-fiber spaces and 
smaller pore size. As the electrospinning process continues, 
the newly deposited nanofibers can be seen as an added 
layer with larger inter-fiber spaces. Therefore, thicker fiber 
deposition will finally homogenize the pore size and reach 
a plateau value of pore size.

Although further increasing the membrane thickness 
was ineffective to reduce pore size, the newly increased lay-
ers can continuously narrow down the membrane pore size 
distribution,which results into higher LEP value of thicker 
membranes.

The water contact angles of the membranes were not 
significantly changed with the membrane thickness varia-
tion and were maintained in the range of 149.6–152.3o. This 
may be due to the similar surface that was constructed by 
nanofibers fabricated in the same conditions.

3.4. MD performance of tubular membranes for RO 
 concentration

To evaluate the desalination performance, a set of tubu-
lar PTFE membranes with a thickness around 346±3 μm 
were prepared and used for further application. The RO 
brine was concentrated gradually to super-saturation in 
various feeding velocities, while the feed temperature and 
the downstream pressure was maintained steadily at 60°C 
and 5 kPa, respectively. Fig. 5 shows the permeate flux and 
conductivity variation in the concentration. The concentra-
tion factor (CF) was the ratio of the concentration in the con-
centrate to that in the initial feed solution.

In Fig. 5a, we can figure out that the permeate flux was 
improved with the feed rate increasing. The effect of the 
feed rate on the permeate flux has been widely studied. It 
is believed that a rise in the feed flowing velocity causes a 
rise in turbulence, a reduction of heat transfer resistance in 
the boundary layers, and a consequential rise in the mass 
transfer coefficient [12].

Though operation in different flowing velocities, all 
curves in Fig. 5a show a similar two-stages trend of the flux 
variation to the concentration increasing. In the primary 
stages, the flux reduction was near linear to the CF increas-
ing, while in the second stage, when the concentration 
exceeded some critical CF points, a dramatic flux decline 
was observed.

Some researchers proposed a similar trend in treating 
high salinity solutions. The sharp reduction of the permeate 
flux in the second period was believed closely associated 
with salt crystallization [31]. The brine was supersaturated 
when exceeded a critical level, and the feed contents were 
quite different from that of the first stage.

In the first stage, before saturation, the flux reduction 
was mainly affected by the vapor pressure variation of the 

Table 1
Membrane thickness (t), inner surface water contact angle, 
mean pore size (dm), and the liquid entry pressure (LEP) of the 
tubular PTFE membranes prepared with different thickness

Sample 
No.

Membrane 
thickness 
(μm)

Water 
contact 
angle (o)

Mean 
pore size 
(μm)

Maximum 
pore size 
(μm)

LEP 
(kPa)

1 87 152.3 0.765 0.939 95
2 157 149.7 0.643 0.762 120
3 214 151.3 0.586 0.674 155
4 278 149.6 0.557 0.625 170
5 346 150.6 0.542 0.574 185
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feed solution, which were proportional to the concentra-
tion, whose relationship was described by Raoult’s Law.
After that, crystals formed in the solution bulk or mem-
brane surface resulted in an aggravated flux reduction. The 
crystal forming and depositing behavior were dramatically 
affected by the solution disturbance of the different operat-
ing conditions [32], which resulted in the different trends of 
flux variation in the second stage. Unlike in the first stage, 
the flux trend in the second stage was quite different when 
tested in different flowing conditions. Furthermore, the crit-
ical CF point was slightly affected by the operation condi-
tions. The saturated CF in the feed velocities of 0.17 m/s, 
0.5 m/s and 1.0 m/s shown in Fig. 5a was 2.89, 3.13 and 
2.93, respectively. That can also be explained by the effect of 
agitation on the crystal formation rate and mechanism [32].

At lower circulating velocity of 0.17 m/s, once exceeds 
the critical concentration, the flux was dramatically 
decreased in a short period. It seemed that the membrane 
pores were rapidly blocked by the precipitates. While at 
higher velocity of 0.5 m/s or 1.0 m/s, the flux decreased 
much more gently. As we know, the brines flowing in tubu-
lar systems were equally distributed, and the shear rates 
introduced by high cross-flow velocity will effectively 
diminish the concentration polarization and promoted 
disturbance of the membrane surface regime. Both effects 
relieve the tendency for surface crystallization.

Furthermore, considering the distillate conductivity 
in Fig. 5b, when operated at high velocities of 1.0 m/s, 
membrane wetting occurred in the supersaturated stage. 
The permeate conductivity increased notably when the CF 
exceeded 3, while the conductivity of the permeated water 
was below 10 μS/cm and was maintained steadily in the 
first stage. This phenomenon may be attributed to the tur-
bulent flow formed at high velocities. The turbulent flow 
enhanced the vertical hydrodynamic pressure on the mem-
brane surface. The additional pressure may be negligible to 
the LEP value, but it may highly increase the collision prob-
ability between the crystals and the membrane inner wall, 
which may highly increase the tendency of surface crystal-
lization and the risk of pore wetting.

To further investigate the crystal forming behavior, the 
deposited layer on the tube inner surface was observed after 
testing. The SEM images of the crystals formed in different 

velocities are illustrated in Fig. 6. As we have discussed the 
effect of flowing condition on the crystallization rate, it also 
affects the crystal size and shape. At a slow velocity of 0.17 
m/s, the crystals were well-shaped and show orthorhombic 
structure. The crystal size was large and completely cov-
ered the membrane surface.

The crystals formed at the velocity of 0.5 m/s were also 
well-shaped but much smaller in size. When operated at 
the flowing velocity of 1.0 m/s, the crystals were irregu-
lar in shape and non-uniform in size. We believed that the 
collisions and secondary nucleation dominated in the high 
shearing rate. 

According to the above results, the flowing condition 
was critical in the high salinity brine treatment. Proper 
circulation velocity will not only effectively diminish the 
concentration and temperature polarization but will also 
flushing the particles away from the membrane surface to 
minimize fouling development.

3.4. Membrane cleaning

After testing at the flow velocity of 0.5 m/s, the mem-
brane was further cleaned by off-line flushing. The mem-
brane surface condition before and after cleaning was 
analyzed by SEM. The results are illustrated in Fig. 7.

We can see in Fig. 7 that after simple flushing, the accu-
mulated crystals could be effectively removed, except for 
few residual salts formed in the drying process. We can pre-
sume that during the MD testing, foulants basically formed 
in the feed bulk instead of embedding in the membrane 
pores.

For further investigation, online cleaning was carried 
out by collected water poured back. The VMD performance 
of the continuous concentration is shown in Fig. 8. In four 
concentrating cycles, the VMD process displayed a sim-
ilar two-stages trend in each treating cycle. The permeate 
flux decreased to a relatively low level when the brine was 
supersaturated at the end of each cycle, but followed by the 
distilled water poured in, the feed was diluted to under-sat-
urated and the flux returned to a high level quite close to 
the initial value in a very short period. That may confirm 
that the crystals forming mechanical and weak adherence to 
the membrane surface. The shearing of the cross-flow veloc-

 

Fig. 5. Effect of the feed velocity on the permeate flux (a) and conductivity (b) at 60°C in 5 kPa VMD for RO brine treatment.
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ity in the tube lumen can easily peel the foulants away from 
the membrane surface. 

This highly fouling resistance of the tubular mem-
brane was mainly attributed to the increased lumen 
space, which available for higher flowing rate, com-
paring to the widely proposed hollow fibers. Several 
researches proposed that the slow internal flow in the 
fine hollow fibers often extreme concentration polariza-

tion and shown highly fouling potential even with bulk 
concentrations well below saturation [33]. The improved 
flowing dynamics in tubular membrane modules will 
effectively increase feed turbulence and resulted to a low 

Fig. 6. SEM images of the crystals formed in the MD concentra-
tion at flow velocities of (a) 0.17 m/s, (b) 0.5 m/s and (c) 1.0 m/s.

Fig. 7. SEM images of the used membrane (a) before and (b) after 
off-line cleaning. 

Fig. 8. Permeate flux and conductivity in continuous operation 
for RO brine concentration in the VMD process. The flow veloc-
ity, temperature and vacuum pressure were 0.5 m/s, 60°C and 
5 kPa, receptivity.
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In the continuous concentration process, the highest 
permeate flux slightly decreased from 19.92 kg/m2·h of the 
initial cycle to 18.06 kg/m2·h of the fourth cycle. The flux 
recovery was above 90%, compactable to those chemical 
cleaning methods [33], revealing the anti-fouling efficiency 
of tubular membranes.

During the continuous VMD process in 0.5 m/s flow-
ing velocity, the permeate conductivity fluctuated in a 
small extent but was sustained to produce water with a 
conductivity lower than 10 μS/cm. Pore wetting was not 
observed. This also indicated the feasibility and durability 
of the tubular PTFE membranes applied in highly salinity 
brine treatment.

4. Conclusion

In summary, we found that freestanding PTFE electro-
spun tubular membranes can be prepared by an electrospin-
ning and sintering method with the assistance of removable 
template. After sintering, the thickness compression due to 
fiber shrinkage helped enhancing the membrane strength 
and make the membranes self-sustainable. By increasing 
the membrane thickness, high LEP value membranes avail-
able in high salinity brine treatment by VMD were obtained.

Membranes with an 8 mm inner diameter and 346±3 μm 
thickness were successfully applied in simulated RO brine 
treatment by VMD.

The conclusions drown in this work summarized as 
 follows:

1. The freestanding PTFE electrospun tubular mem-
branes exhibit a steady performance of permeate 
flux and rejection in the conditions in our study.

2. The permeate flux and fouling behavior of the tubu-
lar membranes shown a highly related to the operat-
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effects of flow disturbance condition and crystalliza-
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