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ABSTRACT

The polyvinylidene fluoride (PVDF) nanofibers composite membranes were fabricated for membrane
distillation using polyester nonwoven fabric as a substrate via electrospinning. The influences of non-
woven fabric and electrospinning time on membrane morphology, hydrophobicity, pore size and pore
size distribution, porosity, mechanical strength and permeability were evaluated. All the electrospun
composite membranes had a three-dimensional bead-fiber interconnected open structure and a rough
membrane surface with water contact angle of greater than 140°. The composite membranes obtained
high-mechanical strength because of nonwoven fabric substrate, which was important for indus-
trial application. The resultant membranes were tested through direct contact membrane distillation
(DCMD) using 3.5 wt% sodium chloride solution as feed, and the highest permeate flux was up to
54.0 kg/m? h at feed temperature of 80°C. The anti-fouling properties of the fabricated membrane were
investigated by DCMD experiment with mixed solution including sodium chloride, calcium chloride
and humic acid, and the composite membrane presented excellent anti-fouling performance. During
sodium chloride solution concentration process, it was demonstrated that the permeability and hydro-
phobicity of the composite membrane can maintain well after repeated use and rinse. The results sug-
gested the potential of the electrospun PVDF/nonwoven fabric composite membrane for membrane
distillation application.

Keywords: Membrane distillation; Hydrophobic surface; Electrospinning; Polyvinylidene fluoride;
Nonwoven fabric; Mechanical strength

1. Introduction and reverse osmosis (RO) [2]. Compared with other more
popular separation processes, MD is characterized with the
distinct advantages of (1) 100% (theoretical) rejection of sol-
ute, (2) lower operating temperature than distillation and (3)
lower pressure than pressure-driven membrane separation
processes such as microfiltration (MF), ultrafiltration (UF)
and nanofiltration (NF) [3]. According to the condensation
method adopted, MD was developed to direct contact mem-
brane distillation (DCMD), air gap membrane distillation
(AGMD), sweeping gas membrane distillation (SGMD) and
vacuum membrane distillation (VMD) [4]. At present, MD

Membrane distillation (MD) is a nonisothermal mem-
brane process in which the driving force is the partial pressure
gradient across a hydrophobic membrane that directly con-
tacts with the hot feed liquid solution to be treated [1]. MD is
investigated worldwide as a low-cost, energy saving alterna-
tive to conventional separation processes such as distillation
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has been applied in desalination, juice concentration, crystal-
lization and other industrial areas in laboratory or pilot plant
scale [5-9].

The hydrophobic membrane, acting as a physical barrier
and providing a liquid—gas interface for mass transfer, plays
a crucial role during MD process. The ideal MD membrane
should be with high-hydrophobicity, high-porosity, nar-
row pore size distribution, low-thermal conductivity, and
high-physical and chemical stability [10]. The mostly used
materials for MD membrane are polytetrafluoroethylene
(PTFE), polyvinylidene fluoride (PVDF) and polypropyl-
ene (PP) [11]. Compared with other two materials, PVDF
is considered promising to prepare MD membrane because
of its properties such as greater hydrophobicity and bet-
ter chemical resistance than PP, and easier manufacture
procedure than PTFE. Two main methods are often used
to fabricate PVDF membranes, thermally induced phase
separation (TIPS) method [12] and nonsolvent induced
phase separation (NIPS) method [13]. However, the PVDF
membranes prepared by these two methods are usually
with low-porosity, wide pore size distribution or poor
mechanical performance [14].

Electrospinning is a promising and versatile approach
for fabrication of nanometer- or submicrometer-sized fibers
under the application of a strong electric field to a polymer or
biopolymer liquid solution [15]. Recently, some electrospun
nanofibrous membranes have been applied for MD. The mem-
branes fabricated via electrospinning exhibit high-permeate
flux and high-salt rejection due to their high-hydrophobicity,
high-porosity, low-thickness, and interconnected open struc-
ture [16]. The electrospun nanofibers with cylindrical shape
feature a rough and re-entrant structure [17], which makes
a high-hydrophobic surface and may induce “Cassie-Baxter
State” at the interface of water and electrospun nanofibers
membrane. Moreover, the thickness of electrospun nanofi-
bers membrane can be controlled through electrospinning
time and is generally thinner than that of the membranes fab-
ricated via TIPS and NIPS methods [18], which indicates low-
mass transfer resistance and is beneficial to obtain a higher
permeate flux.

Previous studies have demonstrated successful fabrica-
tion of electrospun nanofibers membranes for MD [19-22].
Feng et al. [23] attempted to use electrospun nanofibers mem-
brane in AGMD to produce potable water from saline water,
and demonstrated that the PVDF nanofiber membrane can be
used in MD process and the membrane flux was comparable
with those obtained by commercial MF membranes. Su et al.
[24] fabricated PVDF membrane with the porosity up to 95%
by electrospinning, and the permeate flux of the electrospun
membrane was significantly higher than that of PTFE com-
mercial membrane. Li et al. [25] obtained a dual-biomimetic
polystyrene superhydrophobic electrospun nanofibrous
membrane via a one-step electrospinning technique, and the
membrane maintained a high and stable permeate water flux
compared with typical commercial PVDF MD membranes.

Although the electrospun nanofibers membranes pre-
sented satisfying permeability, their mechanical strength
should be further improved [26]. After all, the excellent
mechanical properties of nanomaterials are essentially in
the nanoscale, which do not meant the nanomaterials main-
tain outstanding mechanical performance in macroscopic

scale. In essence, the electrospun nanofibers membrane can
be regarded as a flat-sheet membrane. As for the flat-sheet
membrane with a support layer, it will present stronger
mechanical strength and can withstand the intense hydraulic
impact and flow disturbance, which are very important from
an industrial application standpoint.

The present investigation was carried out to fabricate
PVDF electrospun composite membrane for MD using poly-
ester (PET) nonwoven fabric as a support. The prepared
composite membranes contained a hydrophobic PVDF elec-
trospun nanofibrous separation function layer and a nonwo-
ven fabric support layer, which is expected to obtain both a
high-permeate flux and excellent mechanical strength. The
composite membranes properties were also tested and char-
acterized in this work.

2. Materials and methods
2.1. Materials

PVDF (FR-904) was obtained from Shanghai 3F New
Materials Co., Ltd. (China) and the molecular weight of PVDF
is about 1.02 x 10° g/mol. N,N-Dimethylformamide (DMF,
>99%) was purchased from Shanghai Jingwei Chemical Co.,
Ltd. (China). Acetone (AR grade, >99.5%) was supplied by
Sinopharm Chemical Reagent Co., Ltd. (China). NaCl (anhy-
drous, >99.5%), CaCl, (anhydrous, >97%) and humic acid
(HA) were from Beijing Chemical Works (China). The ultra-
pure water used in all experiments was produced by a Milli-Q
BIOCEL unit (MilliPore, USA) with the resistivity of 18 MQ cm.

2.2. Membrane preparation

The PVDF resin powders were dried at 100°C under
vacuum for 24 h to remove its moisture content before it
was used for dope preparation. PVDF powders (12 wt%)
were added into the DMF/acetone mixed solvent in which
the weight ratio of DMF and acetone was 9:1 and stirred
under 50°C until totally solved. Afterwards, the stirring was
stopped and the gas bubbles in the polymer solution were
released for about 12 h.

To fabricate a flat-sheet composite membrane, a non-
woven fabric was first set on the rotating drum, followed
by electrospinning of PVDF fibers on top of the nonwoven
fabric. Approximately, 40 mL PVDF polymer solution was
loaded into a syringe with a stainless steel 18-gauge nee-
dle. The syringe was placed horizontally in a syringe pump
(CSP-100C, Shenzhen Carewell Electronics Co., Ltd., China),
and a voltage supply (Tong Li Tech. Co., Ltd., China) was
connected to the needle tip via an alligator clip. The PVDF
fibers were electrospun at an applied voltage of 16 kV. Other
parameters as follows: tip-to-collector distance = 15 cm; feed
flow rate = 1.5 mL/h; chamber humidity = 30%; chamber tem-
perature = 30°C and drum speed = 150 rmp.

Four PET nonwoven fabrics supplied by BBA Fiberweb
(America) are listed in Table 1 and named A, B, C, and D,
respectively. The composite membranes using different non-
woven fabric support spun for 12 h were labeled as M-A-12,
M-B-12, M-C-12 and M-D-12, respectively, and another two
membranes spun on the nonwoven fabric B for 18 and 24 h were
named M-B-18 and M-B-24, respectively. After electrospinning,
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the fabricated composite membranes were dried in air at room
temperature to remove the residual solvents.

2.3. Membrane morphology study

The morphology of membrane was investigated with a
field emission scanning electron microscopy (FESEM; Hitachi
SU-70, Japan). Membrane samples were frozen in liquid
nitrogen, fractured to obtain fragments, and sputtered with
platinum using a HITACHI E-1010 Ion Sputtering device for
FESEM observation.

2.4. Contact angle measurement

The wettability of membrane surface was exhibited by
gauges of contact angle of water droplet with the OCA20
Video-Based Contact Angle Meter (DataPhysics Instruments
Ltd., Germany). Water droplet of 0.8 uL was carefully
dropped onto the membrane surface through a syringe under
ambient temperature and the in-air sessile drop contact angle
with water was determined 10 s after water droplet dropping
on the membrane surface. The contact angle of the membrane
surface with water was obtained by measuring five different
positions of each sample.

2.5. Porosity, pore size and pore size distribution

The term porosity is expressed as the volume ratio of
pores and total membrane. For calculating the porosity, the
membrane sample with a certain area was wetted first. The
liquid used to wet membrane sample was supported by
IB-FT GmbH (Germany) named Porefil and its surface ten-
sion and density were 16 dyn/cm and 1.87 g/mL, respectively.
The whole porosity of the composite membrane ¢, and the
porosity of the nanofibers layer ¢ were determined by grav-
imetric method and calculated by the following equations:

g.=——2 1
T p Al M
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where m, m, and m, were the weight of wet composite
membrane sample, the weight of dry composite membrane
sample, the weight of dry nonwoven fabric sample, respec-
tively. A was the area of membrane sample, [ and [ were
the thickness of the composite membrane and its nanofibers
layer, respectively. p, and p, were the density of Porefil and
PVDF, respectively.

Table 1

Parameters of the nonwoven fabric support materials
Nonwoven T (fabric W (area WIT
fabric thickness, mm) weight, g/m?) (g/cm?)
A 0.15+0.003 100£0.6 0.67
B 0.12 +0.002 80+0.5 0.67
C 0.22+0.003 140+ 0.6 0.64
D 0.30 +0.004 100£0.6 0.33

The pore size distributions of the fabricated composite
membranes were investigated by using a Capillary Flow
Porometer (CFP; Porolux 1000, IB-FT GmbH). The mem-
branes were fully wetted with the Porefil, and then the mea-
surement was carried out following the procedure described
in Khayet and Matsuura [27]. The bubble point and mean
pore size were determined with the aid of the computer soft-
ware coupled to CFP.

2.6. Mechanical properties test

The fabricated membrane mechanical properties were
measured with an Instron tensiometer (Instron 5565-5kN,
Instron Corporation, USA) at room temperature. The flat-
sheet membrane sample with an initial length of 8.0 cm and
a width of 3.0 cm was clamped at both ends and pulled in
tension at a constant elongation rate of 10 mm/min along the
length, and five specimens were tested for each membrane
sample.

2.7. Desalination experiment

DCMD experiments were carried out with 3.5 wt%
sodium chloride solution as feed to evaluate the permea-
bility of the fabricated composite membranes. The sche-
matic representation of DCMD setup is shown in Fig. 1. The
membrane module was a plate and frame consisting of two
chambers, one for the feed and the other for distillate. The
membrane with effective area of 7.47 x 10 m? was tightly
clamped between the two chambers. Both chambers had a
thickness of 1.0 mm and there were 10 flow paths with width
of 7.0 mm for each chamber. The feed and the distillate were
concurrently circulated in membrane module with the help
of two magnetic pumps (MP-215R, Shanghai Seisun Bumps,
China) and the flow rates of these two fluids kept constant at
70 L/h (about 0.28 m/s). The temperature difference between
feed and the distillate side ranged from 20°C to 60°C, and
the temperature of the distillation was maintained constant
at 20°C. The salinity of the distillate was calculated from the
measured conductivity based on a pre-established calibra-
tion curve. The permeate flux | (kg/m? h) was calculated by
the following equation:

I= 3 A ®)

where m was the mass of produced water in kg, A was
the effective contact area of feed and membrane in m? and At
was the operation time in h.
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Fig. 1. Schematic diagram of the experimental DCMD setup.
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2.8. Membrane anti-fouling evaluation

The anti-fouling properties of the fabricated membrane
were tested by carrying out DCMD experiment with high
concentrations of NaCl (100 g/L), HA (20 mg/L) and CaCl,
(20 mM) in the feed solution. The feed side and the permeate
side were kept at a constant temperature of 50°C and 20°C,
respectively. To investigate the stability of the fabricated
membrane and the influence of inorganic salt crystals on MD
performance during desalination process, the NaCl aqueous
solution (3.5 wt%) was continuously concentrated at the hot
side until the permeate flux decrease by 50%, then the mem-
brane was rinsed 5 min with deionized water. After being
dried in oven with the temperature of 50°C, the rinsed mem-
brane was employed to a new test cycle. After each cycle,
the contact angle of the rinsed membrane was measured to
investigate its resistance to wetting during MD.

SE 50KV X100

SE 50KV X300 50um WD 9.0 mm

SE S5.0KV

X300 50 pum WD 9.0 mm

3. Results and discussions
3.1. Nonwoven fabric substrates structure and permeability

The scanning electron microscopy (SEM) images of the
four PET nonwoven fabrics are shown in Fig. 2. It can be
found that the nonwoven fabrics A and B were denser than
C and D, while the nonwoven fabric A was about 30 um
thicker than B. The nonwoven fabric D was the thickest and
loosest in these four nonwoven fabrics. It has been reported
that a too denser nonwoven fabric substrate was unfavor-
able to permeability of the resultant composite membranes
fabricated via NIPS method [28]. In this study, the result of
gas permeate flux test of the nonwoven fabrics can be found
in Fig. 3, which showed that the fabric D with the loosest
construction had an outstanding gas permeate flux. The
densest fabrics A and B had the lowest gas permeate fluxes

SE 50KV X300 50um WD 9.0 mm

SE 50KV X300 50um WD 9.0 mm

Fig. 2. SEM images of the surface and cross-section of the nonwoven fabrics. A-s, B-s, C-s and D-s are the surface images, and A-c, B-c,

C-c and D-c are the cross-section images.
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during the four PET nonwoven fabrics, and the thinner
nonwoven fabric B had a slightly higher gas permeate flux
compared with the nonwoven fabric A. The less difference
of gas permeate flux between the nonwoven fabrics A and B
may be owing to the less thickness difference and the similar
structure.

3.2. Electrospun nanofibers membrane morphology

The surface and cross-section SEM images of the elec-
trospun nanofibers membranes are shown in Fig. 4. It can
be observed that the electrospun fibrous layers combined
very well with the nonwoven fabrics. All the membranes
surfaces present a bead-fiber interconnected structure and
the beads randomly distribute in the fibrous network. The
higher magnification pictures show a “three-dimensional
(3D)” nanofiber interconnected open structure. The 3D bead-
fiber interconnected open structure endowed the electrospun
composite membrane with a rough membrane surface, which
may make a Cassie-Baxter state [29] occur at the interface of
water and membrane due to the multilevel re-entrant struc-
ture in the membrane surface. Therefore, the 3D bead-fiber

50-0.um

50.0:.4m

interconnected open structure would characterize the elec-
trospun nanofibers membranes with good hydrophobicity
and facilitate the MD performance.

30
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Fig. 3. Gas permeate flux of the nonwoven fabrics.
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Fig. 4. SEM images of the surface and cross-section of the electrospun composite membranes.
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The diameter distribution of the electrospun fibers can
be obtained with the aid of the computer software coupled
to SEM. According to the statistical results as presented in
Fig. 5, M-C-12 had the greatest mean fiber diameter, about
145 + 13 nm. The mean fiber diameters of M-A-12, M-B-
12, M-D-12, M-B-18 and M-B-24 were about 108 + 20 nm,
127 + 15 nm, 130 + 10 nm, 110 + 15 nm and 103 + 17 nm,
respectively. The statistical results also revealed that the size
distribution of the nanofibers of M-C-12 was the broadest and
the nanofibers diameter ranged from 50 to 230 nm. The size
distribution of the nanofibers of M-B-12 was the narrowest
and the nanofibers diameter ranged from 45 to 185 nm. For
the composite membranes electrospun 12 h, the mean fiber
diameter of M-A-12 was the smallest which might induce a
lower thickness and poor mechanical strength of the nanofi-
bers layer. In the surface of M-D-12, more beads can be clearly
observed compared with other composite membranes.

The composite membranes M-B-12, M-B-18 and M-B-24
were fabricated using same nonwoven fabrics as substrate,
however, the electrospinning time increasing led to a decrease

30
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of the mean diameter of nanofibers, which may be attributed
to the change of tip-to-collector distance. The longer time of
spinning increased membrane thickness, which meant that
the rotating drum diameter increased and the tip-to-collector
distance reduced. The decrease of tip-to-collector distance
induced electric field intensity enhancement which would
improve the volatilization rate of the mixed solvent. In addi-
tion, the increase of the rotating drum diameter with electro-
spinning time increasing made a larger drawing ratio. The
higher solvent volatilization speed and larger drawing ratio
resulted in thinner nanofibers formation in the electrospun
composite membrane surface.

3.3. Nanofibers membrane structural attributes

A hydrophobic surface is necessary for the membrane
used in MD to prevent liquid from permeating through
the membrane. The in-air sessile drop contact angles with
water for the fabricated membranes are presented in Fig. 6,
which indicates that all the membrane surfaces constructed
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Fig. 5. The diameter distribution of the electrospun nanofibers.
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of electrospun nanofibers are hydrophobic. For hydropho-
bic materials, a rougher surface is helpful to reach greater
hydrophobicity or superhydrophobicity by achieving Cassie-
Baxter state. The electrospun nanofibers with cylindrical
shape featured a rougher and re-entrant structure, which
rendered the hydrophobic surface with higher water repel-
lency. In Fig. 6, it can be observed that all the contact angles
for the electrospun composite membranes were greater than
140°. In the surface of M-D-12, there were many beads inter-
weaved with the nanofibers, which introduced hierarchical
roughness and made the membrane surface near to super-
hydrophobic that was defined as contact angle greater than
150° [30]. Compared the composite membranes M-B-18 and
M-B-24 with M-B-12, it can be found that the electrospinning
time increasing was beneficial to membrane surface hydro-
phobicity in some extent. This result may be explained by
the fact that the 3D bead-fiber interconnected open structure
and hydrophobic materials were distinct with maintenance
of air in the surface as well as within the bulk of the fibrous
layer of the composite membranes, which can continuously
provide a new water—air—material interface as water contacts
the membrane [31].

The thickness, porosity, pore size and liquid entry
pressure of water (LEPw) of the electrospun composite mem-
branes are listed in Table 2. The total porosity of the compos-
ite membranes ranged from 62.1% to 79.8%, and the porosity
of the electrospun fibrous layer ranged from 87.5% to 92.6%,

Q9

=
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150

120

3

2

Contact angle (°)

(98]
T

M-A-12 M-B-12 M-C-12 M-D-12° MeB-18° M-B-24
Membrane

Fig. 6. The contact angles of the electrospun nanofibers mem-
branes.

Table 2
Structural attributes of the electrospun composite membranes

which indicated that the electrospun fibrous network can
endow the hydrophobic separation functional layer with
higher porosity due to the interconnected open structure. The
total porosity of M-C-12 was much lower than that of others
because of the highest area weight of the nonwoven fabric C.
There was no significant difference on porosity of the electro-
spun fibrous layers for all the composite membranes, while
the electrospinning time increasing can improve membrane
porosity due to the fibrous layer thickness increase. The
fibrous layers of the resultant composite membranes had an
interconnected open structure without “blind pores”, and
higher porosity meant the membrane had more pore chan-
nels for vapor diffusion hence leading to a higher permeate
flux. Additionally, high-porosity membrane with more void
space can also increase the thermal resistance of the mem-
brane and therefore decreases the heat conductivity across
the membrane [32].

The pore size distribution of the electrospun compos-
ite membranes can be seen in Fig. 7. The mean pore sizes
of the four composite membranes M-A-12, M-B-12, M-C-12
and M-D-12 were 1.62, 1.78, 1.94 and 2.02 pum, respectively,
it can be found that the substrate can influence membrane
pore size and the composite membrane using the loosest
nonwoven fabric D as substrate obtained the largest mean
pore diameter. Comparing the three composite membranes
spun on the nonwoven fabric B, we can clearly found that
with the increase of electrospinning time, the mean pore size
decreased from 1.78 um (M-B-12) to 1.25 um (M-B-24), and
the pore size distribution was narrowed. The LEPw values
can be obtained using the method described by Smolders and
Franken [33]. In Table 2, it can be found that the LEPw values
of the composite membranes electrospun 12 h were less than
50 kPa, and the electrospinning time increasing can improve
the LEPw value to more than 70 kPa. The membrane with
small mean pore size and narrow pore size distribution are
considered to have a better maintenance of salt rejection and
a less chance of being wetted. However, with the increase of
spinning time, the thickness increased and mean pore size
decreased, which may induce lower permeate flux during
MD practice.

3.4. Nanofibers membrane mechanical properties

In order to investigate mechanical properties of the fab-
ricated membranes, the pure PVDF nanofibers membrane
electrospun 12 h and PVDF/nonwoven fabric electrospun
composite membranes were all stretched. The stress—strain

Membranes Total thickness ~ Nanofibers layer  Total porosity Nanofibers layer =~ Mean pore size =~ LEPw
(pm) thickness (um) (%) porosity (%) (pm) (10° Pa)

M-A-12 269 +12 115+8 69.7+1.2 91.2+13 1.62+0.16 45.1+04
M-B-12 225+15 108 £7 71.0+1.1 89.4+09 1.78 +0.13 445+0.3
M-C-12 33111 112+7 62.1+1.2 91.0+1.2 1.94+0.15 42.8+0.2
M-D-12 396 +17 98 +12 735+1.2 883+1.1 2.02+0.11 43.6+0.3
M-B-18 312+9 186 +9 723+1.1 926+1.2 1.42 £ 0.08 71.3£0.5
M-B-24 470+ 14 320+ 8 79.8+1.2 93.4+09 1.25+0.13 77.9£0.6
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Fig. 7. Pore size distribution of the electrospun nanofibers membranes.

curves of the membranes are shown in Fig. 8 and the corre-
sponding experimental data are listed in Table 3.

All the composite membranes exhibited pronounced
rigidity behavior compared with the pure electrospun PVDF
nanofibers membrane. However, except M-D-12, the ductility
of all the composite membranes decreased significantly, which
vitally depend on the properties of the nonwoven fabrics, and
this result also indicated that the substrate material should
be taken into account to enhance the composite mechanical
strength. The less strain of the composite membranes electro-
spun on nonwoven fabrics of A, B and C was mainly because of
the broken nonwoven fabric substrates. These three nonwoven

fabric substrates broke in prior of the electrospun nanofibers
layer and led to the break of the composite membranes. For the
composite membranes electrospun on the nonwoven fabric B,
the electrospinning time increasing had negligible impact on
the membrane stress, which also indicated that the nonwoven
fabric substrate, on the other hand, can determine the mechan-
ical properties of the composite membranes.

Although the stress at break of M-D-12 was about
13.0 MPa, the load at break of this composite membrane was
about 154.0 N, which meant that this composite membrane
actually had a strong stretching strength and the relative low-
stress can be attributed to the highest membrane thickness
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compared with other three composite membranes electro-
spun 12 h. The strain of M-D-12 was the highest during all
the electrospun composite membranes, which demonstrated
that the nonwoven fabric D itself had a good ductility. In
Table 3, it can also be seen that the mechanical performance
of the composite membrane M-D-12 was superior to the pure
electrospun PVDF nanofibers membrane. The MD process is
usually operated in normal atmospheric pressure or below
it and the requirement of hydrophobic membrane mechan-
ical properties is lower than that of the membrane used for
pressure-driven membrane process such as MF and UF, how-
ever, excellent mechanical properties can offer hydrophobic
membrane great potential to be applied in MD industrial-
ization process considering the hydraulic impact and flow
disturbance.

3.5. Membrane distillation performance

The permeate flux of composite membranes electrospun
on different nonwoven fabric substrate at different feed tem-
perature is presented in Fig. 9. All the membranes showed an
increasing trend of permeate flux with the increase of feed
temperature due to the enhanced vapor pressure at the feed—
membrane interface. Among the four composite nanofibers
membranes electrospun on different nonwoven fabric for
12 h, the M-B-12 membrane showed the best permeability.
The highest permeate flux was up to 54.0 kg/m? h at the feed
temperature of 80°C for the M-B-12 membrane. The good
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Fig. 8. Stress—strain curves of the fabricated membranes.

Table 3
Mechanical properties of the electrospun composite membranes

permeability of the electrospun composite membrane can
be mainly attributed to the special membrane structure.
Compared with conventional hydrophobic membranes fab-
ricated through phase inversion, the membrane prepared
by electrospinning had an interconnected open structure
with high-porosity, which indicated that there were more
through channels for vapor diffusion and the mass transfer
resistance was effectively reduced, therefore, the electrospun
composite membrane obtained a high-permeate flux during
MD process. However, it should be noted that the nonwoven
fabric substrate may counteract the advantage of the electro-
spun nanofibers layer. The M-D-12 membrane, for example,
had the largest mean pore size and the highest total poros-
ity among the four composite nanofibers membranes elec-
trospun 12 h, but its permeate flux was lower than that of
the M-B-12, and this result can be attributed to the highest
thickness of the nonwoven fabric D which increased the mass
transfer resistance compared with nonwoven fabric B.

The influence of electrospinning time on membrane per-
meability is illustrated in Fig. 10. It can be found that the
increase of electrospinning time induced a low-permeate flux.
The longer is the electrospinning time, the thicker will be the
membrane. The electrospinning time increasing also reduced
mean pore size of the composite membranes. In addition, the
increase of thickness enlarged the mass transfer distance, and
improved pores tortuosity of the composite membrane. As
a result, the mass transfer resistance was improved and the
permeate flux declined. During the membrane permeability
test process, the conductivity of the distillate from all the
electrospun composite membranes was less than 10.0 pS/cm,
which indicated that the salt rejection achieved 99.99% for the
composite membranes.

3.6. Membrane anti-fouling evaluation

To investigate the anti-fouling performance of the fabri-
cated composite membrane, DCMD experiment with a 120 h
period was carried out using the mixed solution including
NaCl (100 g/L), CaCl, (20 mM) and HA (20 mg/L) as the
feed, the M-B-12 membrane with the highest permeate flux
among the composite membranes was selected to be tested.
Fig. 11 shows the variations of permeation flux and perme-
ate conductivity with operating time in the test process. In
terms of the permeation flux, it can be noted that the per-
meate flux had a negligible decline at the first 45 h, and then
started to decrease. However, at the end of the experiment,
the permeate flux declined only about 25%. In the case of the

Membrane code Stretching strain at break (%) Stress at break (MPa) Load at break (N) Elastic modulus (MPa)
Pure PVDF 164.39 + 3.57 1.86 £1.71 6.43 +0.79 7.35+1.08
M-A-12 127.53 +2.45 21.32 £2.03 172.05 + 3.60 138.71+5.16
M-B-12 130.02 +2.30 17.63 +0.95 129.00 +5.15 165.37 +3.35
M-C-12 136.16 + 3.55 23.90 +1.58 237.32 +8.62 220.68 +4.63
M-D-12 164.98 +2.37 12.96 +1.92 153.96 +4.59 153.45 +5.36
M-B-18 131.45+3.62 15.33 +1.85 143.68 +4.16 181.72 +3.87
M-B-24 132.85 +3.08 10.96 +2.53 154.53 + 6.35 207.79 + 4.64
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Fig. 9. The permeate flux of the nanofibers membranes electro-
spun on different nonwoven fabric substrate. NaCl aqueous
solution (3.5 wt%) was used as the feed. The flow rate at feed and
permeate side were 70 L/h. The distillate temperature was 20°C.

W
S

(S

(9%
S

[\
(=)

Permeate flux ( kg/mz-h)

—_
(=}

0 T T T T T T T T T
40 50 60 70 80

Feed inlet temperature ('C)

Fig. 10. The permeate flux of the nanofibers membranes electro-
spun on the nonwoven fabric B. NaCl aqueous solution (3.5 wt%)
was used as the feed. The flow rate at feed and permeate side
were 70 L/h. The distillate temperature was 20°C.

conductivity, it can be observed that the permeate conduc-
tivity maintained below 10 uS/cm during the whole experi-
ment process, which indicated that the composite membrane
pores could not be wetted easily. In the SEM image of the
fouled membrane as shown in Fig. 12, it can be found that
the foulants scattered on membrane surface and covered
part of membrane surface.

Interestingly, no foulant was observed in the inner pores
of the composite membrane. This is mainly because of the 3D
bead-fiber structure of the composite membrane. The hydro-
phobic fibrous membrane surface made it was difficult for the
foulants to adsorb and accumulate on the membrane surface.
Besides, the electrospun fibers close to membrane surface
acted a role of a filter, which prevented the foulants infil-
trating into the deeper of the overlapping fibers. Therefore,
although the accumulated foulants on the membrane surface
caused the mass transfer resistance to increase and declined
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Fig. 11. Permeate flux and permeate conductivity varied with
operating time for the M-B-12 composite membrane. The flow
rate at feed and permeate side were 70 L/h. The feed temperature
was 50°C. The distillate temperature was 20°C. The mixed solu-
tion including NaCl (100 g/L), CaCl, (20 mM) and HA (20 mg/L)
was used as the feed.
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Fig. 12. SEM image of the fouled membrane and elemental anal-
ysis of the foulants.

the permeation flux, the fibrous network beneath the surface
still kept dry and hydrophobic. As a result, the permeate
conductivity can maintain below 10 puS/cm during the whole
experiment process.

The stability of the fabricated composite membrane and
the influence of inorganic salt crystals on MD performance
during desalination process were also investigated through
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Fig. 13. Permeate flux and permeate conductivity varied with
operating time for the M-B-12 composite membrane during
NaCl solution concentration through MD. The flow rate at feed
and permeate side were 70 L/h. The feed temperature was 50°C.
The distillate temperature was 20°C. NaCl aqueous solution
(3.5 wt%) was used as the feed to be concentrated in each cycle.

concentration of the NaCl aqueous solution. During the con-
centration process, the MD experiment stopped when the
permeate flux declined 50%, and the composite membrane
was rinsed with deionized water. Undoubtedly, the rinsed
membrane must be completely dry when it was employed
on next concentration experiment. The change of permeate
flux and permeate conductivity can be found in Fig. 13. In
each cycle, the flux decreased steadily at the first 45 h and
then declined sharply until to 50%. Although the permeate
conductivity increased to about 10 uS/cm in the last few
hours in each cycle, it kept stable in most of the time. The salt
rejection of the fabricated composite membrane can main-
tain as high as 99.99% during the salt solution concentration
process, which indicated a high-resistance of the composite
membrane against inorganic salt crystals.

With the NaCl concentration increasing, the concentra-
tion polarization adjacent membrane surface became more
and more intense, the fibers near membrane surface served
as crystal nucleuses in some extent, and most of the salt
crystals formed at the cross of fibers or coated the fibers
except for a few large-size crystals scattering on membrane
surface as shown in Fig. 14. On the other hand, similar to
the case of membrane fouling by HA, the 3D interconnected
open structure of the composite membrane can also prevent
wetting and crystallizing into deeper fibrous layer. After
each rinse, the permeate flux was totally recovered, which
also indicated that the salt crystals only deposited near the
fibrous membrane surface and can be easily washed away.
The test results of the membrane surface hydrophobicity
before and after using in MD concentration are presented
in Fig. 15. It can be found that the contact angle of the mem-
brane surface stabilized in the range of 140°-143°, which
demonstrated that the membrane hydrophobicity can also
maintain well after repeated use and rinse. These results
showed that the fabricated composite membrane exhibited
satisfying performance stability, which indicated the com-
posite membrane may be of great potential to be utilized in
the MD process.
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Fig. 14. SEM image of the membrane after using in MD concen-
tration and elemental analysis of the salt crystals deposited on
membrane surface.
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Fig. 15. The contact angle of the M-B-12 composite membrane
before and after using in MD concentration.

4, Conclusion

In this work, the PVDF nanofibers composite membranes
were fabricated for MD using PET nonwoven fabric as a sub-
strate via electrospinning.

The electrospun PVDF nanofibers layer presented a 3D
bead-fiber interconnected open structure, which endowed
the composite membranes with a rough membrane surface.
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Meanwhile, the membrane surface had a multilevel re-entrant
structure and all the contact angles of the membranes were
greater than 140° and even very near to 150°.

The electrospun composite membranes with appropriate
pore size and narrow pore size distribution, high-porosity,
excellent hydrophobicity and good permeability fulfilled the
requirements of MD application. Compared with the pure
electrospun PVDF nanofibers membrane, the composite
membranes exhibited stronger mechanical properties, which
was important from an industrial application standpoint.

The fabricated membranes were tested through DCMD
using 3.5 wt% NaCl solution as feed, and the highest perme-
ate flux was up to 54.0 kg/m? h at the feed temperature of 80°C
and the rejection of NaCl maintained 99.99%. In addition,
the anti-fouling properties of the fabricated membrane were
investigated with mixed solution including sodium chloride,
calcium chloride and humic acid, and the electrospun mem-
brane presented excellent anti-fouling performance. During
sodium chloride solution concentration process, the permea-
bility and hydrophobicity of the composite membrane main-
tained well after repeated use and rinse. It is believed that
the fabricated PVDF/nonwoven fabric electrospun composite
membrane may be of great potential to be utilized in the MD
process.
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