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A novel terpolymer (abbreviated as THV), which is a copolymer of tetrafluoroethylene, hexafluoropropylene,
and vinylidene fluoride, that possesses advantages of excellent hydrophobicity, mechanical properties, and
chemical resistance is an ideal material for membrane distillation. In this study, THV hydrophobic
membranes were fabricated by the electrospinning method. Morphology and properties (pore size
distribution, liquid entry pressure, porosity, and contact angle) of the THV electrospun membranes with
various fabrication conditions (solvent composition, THV concentration, and applied voltage) were
systematically studied. Under the optimized condition, the membrane exhibited a good structure,
wetting resistance, and surface hydrophobicity. The mean pore size, liquid entry pressure of water
(LEP,,), and contact angle were 0.79 um, 118.0 kPa, and 130.7°, respectively. Owing to the advantages of
the raw material and fabrication method, the membrane showed excellent mechanical properties and
desalination performance. The tensile strength was 5.41 MPa, and the elongation at break was 247.9%,
which were 2.47 and 5.61 times higher than those of the poly(vinylidene fluoride) (PVDF) membrane,
respectively. Additionally, the membrane distillation flux was 4.42 kg m~2 h~! which was 1.93 times
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1 Introduction

Membrane distillation (MD) is a promising desalination tech-
nique owing to its unique merits such as extremely high salt
rejection rate, low temperature, low pressure, and less sensi-
tivity to fouling. Furthermore, MD is more attractive when
coupled with solar energy or a low-grade heat source."?
Although MD has a promising future, its commercialization has
still been constrained due to various reasons at present. More-
over, one of the most important issues is the lack of a suitable
membrane for this particular process.>* During the last few
years, significant attention has been paid to the membrane
fabrication technique.*® In addition, researchers have sug-
gested that an ideal membrane should satisfy a series of
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requirements, which should cover not only structure properties
(pore size distribution, bubble pore size, membrane thickness,
porosity, and tortuosity) and thermal properties (thermal
conductivity and stability) of the membrane, but also its surface
hydrophobicity and mechanical properties.***

To date, polypropylene (PP), PVDF, and poly(tetrafluoro-
ethylene) (PTFE) are widely employed because of their
intrinsic hydrophobicity.” In addition, many novel polymers,
including polystyrene,*** polyazole,** as well as copolymer of
PVDF and PTFE,***?° have been used to prepare membranes
for MD to achieve better performance. Among them, the most
promising material is the partially fluorinated copolymer of
PVDF and PTFE. Poly(vinylidene fluoride-co-tetrafluoro-
ethylene) (F2.4) has been employed for the preparation of flat
sheet membranes for MD. This new kind of membrane
exhibited a higher contact angle and water permeate flux as
compared to the PVDF membrane.>" Poly(vinylidene fluoride-
co-chlorotrifluoroethylene) (PVDF-CTFE), another copolymer
of PVDF, has also been used for membrane fabrication for
MD. The result indicated that the membrane exhibited
excellent membrane morphology, pore structure, and surface
hydrophobicity. Moreover, the water flux was much higher
than that of the PVDF membrane.*® Poly(vinylidene fluoride-
co-hexafluoropropylene) (PVDF-HFP) has also been studied,
and this new type of membrane not only exhibits better
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performance in terms of hydrophobicity and water perme-
ability, but also reveals better mechanical properties.® In
addition, Hyflon AD60 (a copolymer of TFE and 2,2,4-
trifluoro-5-trifluoromethoxy-1,3-dioxole) has been used for
hollow fiber membrane fabrication by a non-solvent-induced
phase separation (NIPS) method. The water contact angle of
the membrane was as high as 138° without any special
treatment.’®* The abovementioned studies reveal that the
raw material is crucial for the fabrication of membranes
for MD.

Poly(TFE-co-HFP-co-VDF) (THV), a terpolymer of tetra-
fluoroethylene, hexafluoropropylene and vinylidene fluoride,
possesses outstanding hydrophobicity, chemical
tance,”>* and mechanical properties® and appears to be
another excellent fluorinated copolymer for membrane fabri-
cation for MD. In previous studies, the fabrication of hydro-
phobic thin films through both NIPS and electrospinning
methods has been investigated. The result indicated that the
water contact angles of the films were as high as 118° and
145°.7>?** However, the as-prepared films in these studies were
not suitable for MD application due to lack of interconnected
pores. To the best of our knowledge, except for the above-
mentioned two studies, no other studies have been reported
on the THV membrane. According to the preliminary experi-
ment, it is difficult for THV to form a porous membrane via the
conventional NIPS method. This may be the main reason for
the lack of research on the THV membrane.

Electrospinning is a versatile technique for the preparation
of a nanofiber porous membrane. An electrospun membrane
possesses high porosity and an interconnected open-pore
structure. In addition, the membrane properties, such as pore
size, porosity, and membrane thickness, can be easily tailored
by adjusting the electrospinning parameters.”*>®* Therefore,
electrospinning has become an attractive method for the
fabrication of membranes including hydrophobic membranes
for the MD applications.* ' Porous PVDF flat sheet membranes
have been prepared using an electrospinning method.>® The
membranes showed excellent hydrophobicity and mechanical
properties. The water permeate flux was also reported to be
higher than that obtained for the membrane fabricated by
conventional methods. Moreover, more than 100 other poly-
mers have been successfully electrospun into nanofiber
membranes.*”***%** Thus, electrospinning seems to be a prom-
ising technique for THV membrane fabrication.

In the present study, we prepared THV membranes by the
electrospinning method. The effects of different electrospinning
parameters (such as solvent composition, THV concentration,
electrospinning time, and applied voltage) on the membrane
morphology and properties were studied. To demonstrate the
potential of the membrane for MD application, various charac-
terization analyses have been carried out including scanning
electron microscopy (SEM), contact angle measurement, pore
size and porosity measurements, mechanical property test, LEP,,
test, and so on. Then, the desalination performance was
measured through sweeping gas membrane distillation. For
comparison, a PVDF membrane has also been fabricated in this
research.

resis-
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2 Experimental
2.1 Materials

THV (221GZ, 3M Dyneon, USA) and PVDF (Solef 1010, Solvay,
Belgium) resins were used for membrane fabrication. Acetone
(AR, Sinopharm, China), dimethylformamide (DMF, AR, Sino-
pharm, China), and N,N-dimethylacetamide (DMAc, AR, Sino-
pharm, China) were employed as solvents. Other chemicals
employed in this investigation were PTFE (5 pm, Aladdin,
China), PVDF-HFP (Sigma-Aldrich, USA), FC 40 (3M Fluorinert,
USA), and NaCl (AR, Sinopharm, China). All the above-
mentioned chemicals were used as received.

2.2 Membrane preparation

Both THV and PVDF membranes were prepared in this
research. PVDF membranes prepared by the NIPS method are
very popular; therefore, they have been chosen for comparison.

The THV and PVDF resins were dried at 60 °C for 24 h before
preparation of a dope solution. Different amounts of solvent
and polymer were mixed in sealed breakers and stirred at room
temperature until homogeneous solutions were obtained. The
details of the THV dope solution compositions can be found in
Table 1. The PVDF dope solution consisted of 75 wt% DMAc,
20 wt% polymer, and 5 wt% acetone.*® Then, the dope solutions
were degassed in a vacuum oven at 60 °C for 30 min.

An electrospinning setup (TL-01, Tongli Ltd., China) was
used for THV membrane preparation. It consisted of two plastic
syringes (30 mL) connected to a two-channel injection pump
(LSP02-1B, Longer Pump Ltd., China) for flow rate control, two
metallic needles (inner diameter: 0.51 mm), a rotating drum
collector, and high-voltage power supply. All membranes were
fabricated onto polyester non-woven fabrics (thickness:
0.15 mm) using various electrospinning conditions (Table 1).
Other conditions including the tip-to-collector distance, total
feed flow rate, chamber temperature, and relative humidity
were fixed at 10 cm, 2 mL h™?, 55 °C, and 30%, respectively.
After electrospinning, the membranes were dried at room
temperature for 48 h to remove the residual solvent.

For PVDF membrane preparation, the dope solution was first
cast on a glass plate with a knife. After being exposed to air at
room temperature for 30 s, the film was immersed in a water
bath for 24 h. After complete coagulation, the membrane was
dried in air for another 24 h.*?

2.3 Material, solution, and membrane characterization

Fourjer-transform infrared (FT-IR) spectra (Nicolet 8700,
Thermo Fisher Scientific, USA) were acquired to compare the
THV, PVDF, PVDF-HFP, and PTFE polymer structures, as well as
to monitor any residual solvent in the electrospun membrane.
Membranes and raw materials were dried and fixed with a smart
OMNI-sampler. Each spectrum was scanned for 64 times, and
the resolution was 0.5 cm ™.

The viscosities of the THV solutions with various polymer
concentrations and solvent compositions were measured using
a cone-and-plate viscometer (Cap 2000+, Brookfield, USA) with
a no. 4 spindle. The rotating speed, operation temperature,

This journal is © The Royal Society of Chemistry 2017
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Table 1 Dope solution compositions and electrospinning conditions of THV membranes

Solvents (%, wt/wt)

Membranes THV concentration Applied voltage Spinning time
code DMF Acetone (%, wt/wt) (kv) (h)
M1 50 50 15 15 12
M2 60 40 15 15 12
M3 70 30 15 15 12
M4 80 20 15 15 12
M5 90 10 15 15 12
M6 100 0 15 15 12
M7 100 0 10 15 12
M8 100 0 20 15 12
M9 100 0 15 10 12
M10 100 0 15 20 12
Mi1 100 0 15 25 12
M12 100 0 15 15 20
M13 100 0 15 15 15
M14 100 0 15 15 9
M15 100 0 15 15 6

running time, and holding time were 750 rpm, 55 °C, 12 s, and
1 s, respectively.

The morphology of the membrane surface was investigated
through SEM (S-3000N, Hitachi Ltd., Japan). Membrane
samples were first dried at 50 °C for 12 h and then fastened to
an objective table with conducting resin. To improve the elec-
trical conductivity, the samples were sputtered with platinum
for 30 s before observation. The sputtering process was carried
out using the Hitachi E-1000 ion sputtering device at a pressure
lower than 10 Pa. The fiber diameters were measured from the
SEM images using a software program (Nano Measurer, devel-
oped by Fudan University, China). For each sample, three SEM
images were considered, and at least 200 fibers were measured.

The pore size was measured using a capillary flow porometer
(Porolux 1000, Dataphysics, Germany). FC 40 was used as the
wetting fluid, and the pore size was calculated from the gas flow
rate and pressure based on the Young-Laplace equation. The

porosity was measured by gravimetry, and FC 40 was employed
as the wetting reagent. The membrane weights before and after
wetting were measured using a high-sensitivity balance (0.1 mg
resolution; AL104, Mettler Toledo, Switzerland). Porosity (¢) was
obtained from the following equation:

e=1-—

ma/pray (1)
(my, —ma)/prc a0 +Ma/prav

where mq, My, prav, and prc 40 are the dry membrane weight
(kg), wetted membrane weight (kg), and densities of THV and
FC 40 (kg m™—?), respectively. The THV and FC 40 densities are
1.81 and 1.85 x 10° kg m™>, respectively. The membrane
thickness was measured using the SEM images.

The contact angles were measured using an optical system
(OCA15, Dataphysics, Germany) equipped with a charge-coupled
device camera; 1 pL of distilled water was dropped on the
membrane surface, and the image was obtained immediately.
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Fig. 1 Schematic of the sweeping gas membrane distillation process. (1) Feed reservoir; (2) heating bath; (3) feed pump; (4) thermometer; (5)
flowmeter; (6) nitrogen cylinder; (7) membrane module; (8) permeate water tank and balance; (9) condenser; (10) cooling bath.
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Then, the contact angle was calculated using the image process
software of the instrument. LEP,, has been measured using an
experimental system described elsewhere,** which is the
minimum applied pressure when water penetrates across the
membrane.

Mechanical properties were investigated using an Instron
tensiometer (5565-5kN, Instron Corporation, USA). The
membrane samples were tailored to 80 mm in length and
30 mm in width. A constant elongation rate of 10 mm min "
was employed at room temperature.

2.4 Sweeping gas membrane distillation experiments

The sweeping gas membrane distillation (SGMD) experiments
were conducted using the experimental setup presented in
Fig. 1. The membrane was placed in a poly methyl methacrylate
module with an effective area of 3.05 x 107> m® Then,a35gL ™"
NacCl solution was circulated as feed water by a peristaltic pump
(BT300, Longer Pump Ltd., China), and the temperature was
controlled by a heating bath (XMTD-2202, Yongshang Instru-
ments, China). High-purity nitrogen (N, > 99.99%, water < 3 X
10~%), provided by a cylinder, was employed as the sweeping
gas, and the temperature was 18.0 £ 0.2 °C. A glass condenser
connected to a cooling bath (SDC-6, Nanjing Xinchen Biotech-
nology, China) was used for the permeate water collection. The
distillate water was obtained and measured every 20 min after
the system was stabilized. The SGMD flux (J, kg m > h™") was

calculated by the following equation:
m

I=—= (2)

where m is the quantity of distillate (kg), A is the membrane
effective area (m?), and ¢ is the sampling time (h). The salt
rejection ratio (R) was calculated using the following equation:

_G-G

R= g ©)
F F
F
F ” F
F
PVDF PTFE
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where C¢and C, are the salt concentrations (mg L) of the feed
and distillate water, respectively.

3 Results and discussion
3.1 Properties of the polymers

THV is a terpolymer of TFE, HFP, and VDF. According to the
chemical structure (presented in Fig. 2), it contains 59.4-76 wt%
(59.4 wt% for PVDF, 76 wt% for PVDF-HFP and PTFE) fluorine
that varies with the molar ratio of TFE, HFP, and VDF. The
element content analysis showed that PVDF and THV contained
55.1 and 69.6 wt% fluorine, respectively. The result suggested
that the THV membrane might be more hydrophobic with more
fluorine than the PVDF membrane.
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VN N\
1396 \ 7 \[632
\ / 882
THV-material 117971132
=
7]
c
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| DMF N~ N
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Fig. 3 FTIR spectra of THV (membrane and resin), PVDF, PTFE, PVDF-
HFP, and DMF.

PVDF-HFP

THV (PTFE-HFP-VDF)

Fig. 2 Chemical structures of PVDF, PTFE, PVDF-HFP, and THV.
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The IR spectra of THV, PVDF, PTFE, and PVDF-HFP are
shown in Fig. 3. PVDF exhibited distinct characteristic peaks
assigned to -CH, bending (1400 c¢cm™'), -CF, stretching
(1169 ¢cm™ '), and amorphous phase absorption (876 and
839 cm ™). PTFE had characteristic peaks that were attributed
to the -CF, asymmetrical (1202 cm ') and symmetrical
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Fig. 4 Morphologies, fiber diameter distributions, and mean fiber
diameters (d,,) of membranes prepared using different solvent
compositions.
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(1147 em™") stretching modes,* whereas PVDF-HFP showed
a broad band at around 1068 cm™ ", assigned to the -CF, and
—CF; stretching absorptions.?” THV was expected to show all the
characteristic peaks of these three polymers as it contained the
three kinds of chain segments. Indeed, as presented in Fig. 3,
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Fig. 5 Morphologies, mean fiber diameters (d,), and fiber diameter
distributions of membranes prepared from solutions with different
THV concentrations (M6—M8) and at various applied voltages (M6,
M9-M11).
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apart from the distinct peaks assigned to -CH, bending
(1398 ecm™') and amorphous phase absorptions (882 and
832 cm™ "), a broad band also appeared at around 1150 cm ™",
which was assigned to the emergence of -CF, stretching, —-CF;
stretching, -CH, wagging, etc.

Apart from the polymers, THV electrospun membrane and
DMF were also analysed. The spectra of the THV electrospun
membrane and raw material appeared identical, and no peaks
at 1663, 1385, and 1089 cm ' (characteristic peaks of DMF,
assigned to C=O0 stretching, -CH; bending, and C-N stretch-
ing, respectively) were observed. The spectra suggested that no
changes occurred during the electrospinning process, and no
residual solvent was left in the membrane.

3.2 Membrane morphology

Acetone is an excellent solvent for THV according to preliminary
experiments; therefore, it was employed for dope solution
preparation first. However, it dripped from the spinning nozzle
as the viscosity of the solution was very low (0.322 Pa s).
Therefore, DMF, another good solvent, was added to the dope
solution to adjust the viscosity. No drops were observed until
the proportion of DMF was more than 50 wt% in the solvent.
Thus, six membranes (from M1 to M6 in Table 1) fabricated
from solutions with mixed solvent containing 50-100 wt% DMF
were studied in this research.

Fig. 4 shows the typical surface morphologies and fiber
diameter distributions of the membranes. The mean fiber
diameter was rather large when the DMF content was 50—
60 wt% (M1 and M2). As the DMF content increased, the fiber
diameter decreased accordingly. It is shown in Fig. 4 that the
mean fiber diameter decreases from 2.52 to 1.34 um as the
DMF content in the mixed solvent increases from 50 to
100 wt%. The viscosities were 0.414, 0.430, 0.438, 0.465, 0.481,
and 0.490 Pa s for the dope solution with 50, 60, 70, 80, 90, and
100 wt% DMF in the solvent, respectively. When the viscosity
is low, electrospray and electrospinning occur simultaneously;
thus, a film consisting of fibers and droplets would appear
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according to the previous studies.*®**® However, in this inves-
tigation, no droplets have been observed. As the solidification
of THV was slow, the droplet may have appeared first, but
became unstable and spread out on the membrane, especially
when the viscosity was low (M1 and M2). Therefore, fibers with
a large diameter appeared instead of droplets. As the viscosity
increased (M3 and M4), less droplets formed, and the fiber
diameter decreased. When the dope solution viscosity was
high enough (M5 and M6), homogenous fibers formed, and
the diameter was small.

Membranes prepared from dope solutions with 10, 15, and
20 wt% THV have also been studied, and the membrane
morphologies are presented in Fig. 5. A dense surface (M7)
appeared instead of a porous surface for the membrane
prepared from the 10 wt% THYV dope solution. However, porous
membranes (M6 and M8) consisting of numerous fibers were
observed when 15 and 20 wt% THV solutions were used. The
viscosities were 0.246, 0.490, and 0.866 Pa s for 10, 15, and
20 wt% THYV solutions, respectively. When the viscosity was low
(10 wt% THYV), electrospray was dominant, and the film con-
sisting of droplets appeared. Since the solidification of THV is
slow, this film may spread out on the membrane. Thus,
a smooth dense film was formed. Literature also exhibited
a similar result.>® As the shear stress inside the needles elevated
with an increase in viscosity of the polymer solution, the pres-
sure on the syringes elevated accordingly. When the solution
contained 20 wt% THYV, the electrospinning process was
hindered as the pressure was very high; this led to the defor-
mation of plastic syringes. Therefore, 15 wt% THYV was selected.

Voltages ranging from 10 to 25 kV were applied, and the SEM
images of the corresponding samples are shown in Fig. 5. The
membrane morphologies and fiber diameters (M6, M9-M11)
were quite similar (from 1.34 to 1.46 pm). It revealed that the
THV solution was not sensitive to voltage. Moreover, several
THYV solutions dripped when the voltage was equal to or lower
than 10 kv; this damaged the membrane. In consideration of
energy saving, a relative low voltage of 15 kV was selected.

Table 2 Membrane properties of THV electrospun membranes with various dope compositions and electrospinning conditions

Membrane Mean pore Maximum pore Fiber

code Thickness (um) size (um) size (um) Porosity (%) LEP,, (kPa) Contact angle (°) diameter (um)
M1 106.7 £ 3.3 1.24 £+ 0.09 1.81 £ 0.12 42.1 £ 3.2 84.4 + 4.2 131.4 £ 1.0 2.52 + 0.64
M2 117.0 £ 6.8 1.29 + 0.08 1.73 £ 0.07 44.2 £ 7.6 86.7 £ 12.0 128.4 £ 3.8 2.54 £+ 0.55
M3 123.1 £ 15.1 1.27 £ 0.02 1.72 £ 0.20 42.5 £ 7.4 82.7 £ 7.3 127.7 £ 1.4 1.98 £ 0.68
M4 159.1 £ 10.5 1.28 + 0.08 1.85 + 0.29 51.2+ 7.8 95.4 + 10.7 126.6 £ 3.0 1.68 + 0.63
M5 169.3 £ 8.4 1.07 £ 0.01 1.41 £ 0.13 56.8 + 2.5 101.4 + 17.7 128.4 £ 1.6 1.41 £ 0.52
M6 153.9 £ 6.8 0.79 £ 0.02 1.05 + 0.08 55.6 + 4.3 118.0 £ 25.4 130.7 £ 1.9 1.34 £ 0.51
M7 25.0 + 1.4 — — — 110.9 £ 0.6 —

M8 184.1 £11.2 0.75 £ 0.10 1.12 £ 0.03 57.7 £ 5.7 115.0 £ 4.2 126.9 £ 1.0 1.32 £ 0.41
M9 157.7 £ 4.5 0.83 + 0.03 1.11 £ 0.12 54.2 + 4.8 114.5 + 4.9 127.0 £ 5.8 1.46 £ 0.52
M10 162.2 £ 10.3 0.80 & 0.12 1.29 + 0.20 55.0 £ 1.0 104.9 £ 24.1 125.6 £ 2.8 1.39 + 0.61
M11 160.0 £+ 10.7 0.80 + 0.03 1.21 £+ 0.15 53.3 £ 1.5 1170+ 7.1 127.2 £ 5.5 1.39 +£ 0.55
Mi12 261.1 £ 10.1 0.84 = 0.05 1.09 £ 0.07 51.8 £ 6.0 116.7 £ 3.5 131.3 £2.7 1.40 £ 0.57
M13 196.8 £ 10.0 0.88 + 0.01 1.21 £ 0.11 53.4+ 75 91.5 + 1.0 127.0 £ 7.5 1.45 £ 0.64
M14 105.4 £ 5.1 0.83 + 0.01 1.20 + 0.17 55.3 £ 4.9 92.9 + 10.1 126.8 £ 1.1 1.41 + 0.41
M15 55.4 + 7.0 0.83 + 0.03 1.12 £+ 0.02 53.5 + 6.7 106.0 £ 1.4 128.8 £ 2.4 1.31 £ 0.44

56188 | RSC Adv., 2017, 7, 56183-56193

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra09932k

Open Access Article. Published on 13 December 2017. Downloaded on 11/5/2025 7:04:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
60
0,
M1(50%)
50 |
40
R
g
g
S 30
o
o
K
20 |
10 4
0 -
02 04 06 08 10 12 14 16 18 20
Pore size (um)
60
0,
M3(70%)
50 | ( /
40
X
g
$ 30
=]
o
14
L 20
10
0 T T T
02 04 06 08 10 12 14 16 18 20
Pore size (um)
60
0,
M5(90%)
50 |
40
ES
>
[$)
S 30
-
o
o
w
20
10
04
02 04 06 08 10 12 14 16 18 20

Pore size (um)

View Article Online

RSC Advances
60
o
M2(60%)
50 -|
40
B
>
o
& 304
=]
o
[
w
20
10 -
04
02 04 06 08 10 12 14 16 18 20
Pore size (um)
60
0,
M4(80%)
50 -|
40
x
>
2
& 30
3
o
o
w
20 |
10
04
02 04 06 08 10 12 14 16 18 20
Pore size (um)
60
0,
M6(100%)
50 -|
40 4
=
g
o 304
=]
o
J
w
20
10
0 —_—
02 04 06 08 10 12 14 16 18 20

Pore size (um)

Fig. 6 Pore size distributions of the membranes prepared using different solvent compositions.

3.3 Pore size

It can be observed from Table 2 and Fig. 6 that the pore size is
highly related to the fiber diameter. As the DMF content in the
mixed solvent increased from 50 to 100 wt% (M1 to M6), the
mean fiber diameter decreased from 2.52 to 1.34 um. Accord-
ingly, the mean pore size decreased from 1.24 to 0.79 pm. It can
also be observed from the SEM images (Fig. 4) that the distance
between fibers (related to pore size) decreases as the fiber
density increases. Apart from the mean pore size, the maximum
pore size also decreased from 1.81 to 1.05 um as the DMF
content increased from 50% to 100%. The THV concentration
(15 wt% and 20 wt%) and applied voltage did not have much
influence on the fiber diameter; thus, the pore size was main-
tained around 0.75-0.83 pm. According to previous studies, the
pore size was recommended to be between 0.1 and 1 um for
high MD performance and good wetting resistance.*>** Thus,

This journal is © The Royal Society of Chemistry 2017

M6, with a mean pore size of 0.79 um, was a good candidate for
MD applications.

3.4 Wetting resistance and surface hydrophobicity

The wetting resistance is defined by LEP,, which can be esti-
mated from the following equation:**

—2By cos

Tmax

LEP, = (4)
where B is the geometric pore coefficient (in this research,
cylindrical pores have been speculated and B equals to 1), v is
the water surface tension (N m '), 6 is the contact angle (°), and
Tmax 1S the maximum pore size (m). The hydrophobicity (contact
angle in Table 2) did not change much upon changing the dope
solution compositions and fabrication conditions, which
ranged from 125.6° to 131.4°. Thus, the LEP,, depended on the
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maximum pore size in this research. When the DMF content in
the mixed solvent increased from 50 to 100 wt% (M1 to M6), the
maximum pore size decreased from 1.81 to 1.05 pm, and the
LEP,, increased from 84.4 to 118.0 kPa, respectively (presented
in Table 2). The LEP,, of the electrospun THV membranes
satisfies the requirement of MD application according to the
literature.>

It can be observed from Fig. 7 that the contact angle for M7
(110.9°, 10 wt% THV) is much lower than that of M6 (130.7°,
15 wt% THV) and M8 (126.9°, 20 wt% THYV). Although the
membranes were fabricated from the same polymer, the surface
hydrophobicity varied widely. As presented in Fig. 5, M7 had
a smooth surface, whereas the others had a rough surface. The
average surface roughness (R,) of the membranes was 571 nm,
1094 nm, and 1048 nm for M7, M6, and M8, respectively (pre-
sented in Fig. S11). When the membrane surface was rough,
some air was trapped between the solid membrane and water.
Thus, the area between solid and air increased, and the
hydrophobicity elevated accordingly.**** The PVDF membrane
(prepared from the NIPS method) showed a contact angle of
91.9° (presented in Fig. 7), which was much lower than that of
the THV membrane. The fluorine content of PVDF (55.1 wt%)
was less than that of THV (69.6 wt%). In addition, the roughness
was smaller (Fig. S11). In conclusion, the high water contact
angle of the THV membrane was attributed to the low surface
energy material and rough surface structure.

3.5 Mechanical properties

Although MD always operates at relatively low pressures,
membrane rupture may still occur due to hydraulic impact and
flow disturbance for industrial applications;* thus, the
membranes should possess good mechanical properties.

THV electrospun membranes (with different thicknesses)
and the PVDF membrane (prepared from the NIPS method)
were tested for mechanical properties. The stress-strain curves
are shown in Fig. 8, and the mechanical property data are re-
ported in Table 3. When the membrane thickness increased
from 55.4 to 261.1 um (by increasing the spinning time), the

140

| a a
120_- -n_
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L
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Contact Angle

Fig. 7 Water contact angles for
membranes.
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Fig. 8 Stress—strain curves of the PVDF membrane and the THV
membranes prepared with different electrospinning times.

maximum loading increased from 3.20 to 15.57 N, respectively.
The tensile strength was between 5.38 and 5.71 MPa, which
indicated the homogeneous structure of the membrane. For
comparison, the tensile strength was 2.19 MPa for the PVDF
membrane. Moreover, the elongations at break ranged from
247.9% to 312.7% for the THV membranes, which was also
higher than that of the PVDF membrane (44.2%). The THV resin
has a higher elongation at break (700%) than PVDF (400%).>* In
addition, plenty of fibers in the THV membrane fused together,
as shown in Fig. 4 and 5. Thus, the THV electrospun
membranes showed better mechanical properties.

3.6 Membrane distillation performance

SGMD is relatively less studied because of the complicated
system; however, it has a great perspective as it exhibits the
advantages of a relatively low conductive heat loss and
a reduced mass transfer resistance.*® It was reported that 1.4
times higher flux and lower internal heat loss were obtained
using SGMD as compared to the case of direct contact
membrane distillation (DCMD) under the same feed condi-
tion.” Therefore, in this study, SGMD configuration was
employed for desalination test.

As shown in Fig. 9, the flux increased with an increase in feed
temperature. For the SGMD process, the water vapour permeate
flux is a function of the transmembrane pressure difference

Table 3 Mechanical properties of the PVDF and THVY membranes

Tensile strength Elongation at Young's

Membrane (MPa) break (%) module (MPa)
PVDF 2.19 44.2 14.23
M12 (20 h) 5.71 287.4 4.57
M13 (15 h) 5.48 312.7 4.69
M6 (9 h) 5.41 247.9 4.22
M14 (6 h) 5.38 296.3 3.13
M15 (3 h) 5.58 289.9 3.66

This journal is © The Royal Society of Chemistry 2017
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between the feed water and the sweeping gas. In addition, the
water vapour pressure increased exponentially with the
increasing feed water temperature. As a result, the flux
increased by 3.28-6.91 times when the feed water temperature
increased from 50 to 80 °C (Fig. 9).

The temperature polarization of the permeate side reduced
with an increase in the sweeping gas flow rate. Thus, the driving
force increased. As shown in Fig. 94, the water flux increased
with an increase in the sweeping gas flow rate. The water flux
was also promoted by the feed flow rate (Fig. 9B) due to the
reduction in temperature and concentration polarizations in
water. However, for SGMD, the total temperature polarization is
governed by the sweeping gas side.*® The effect of the temper-
ature polarization reduction in water is less important. Thus,
the flux was not affected markedly by the water flow rate.

The membrane distillation performances of THV electro-
spun membranes and PVDF membrane fabricated from the
NIPS method were compared. The water permeate fluxes and
salt rejection rates are shown in Fig. 10A. For THV membranes,
the fluxes varied with the membrane thickness markedly. By
reducing the membrane thickness, the mass transfer resistance
decreases and the flux increases. M15 with a membrane thick-
ness of 55.4 + 7.0 um showed the best membrane distillation

(A)
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Fig. 10

performance with a flux of 7.38 kg m~> h™". According to the
literature, the mass flux can be expressed as follows:*

Nl ©)

1)

where Ap is the water interfacial vapour pressure (Pa) difference
over the membrane, namely, driving force, and ¢ is the
membrane thickness (m). However, the heat loss increased with
a decrease in membrane thickness. Thus, the temperature
polarization increased and the driving force decreased.** As
shown in Fig. 10B, the rate of increase in flux slowed down when
the membrane thickness parameter (1/6, um™ ') increased. In
addition, all the THV membranes showed great salt rejection
rate higher than 99.8% (exhibited in Fig. 10A).

The PVDF membrane (thickness: 145.4 um; mean pore size:
0.11 pm; water contact angle: 91.9°; and porosity: 75.8%)
fabricated from the NIPS method was also tested via SGMD, and
the flux was 2.28 kg m > h™'. The THV electrospun membrane
with a similar thickness (153.9 pm, M6) showed a flux of
4.42 kg m~> h™", which was 1.93 times higher than that of the
PVDF membrane. Although the porosity of the PVDF membrane
(75.8%) was much higher than that of the THV membrane
(55.6%), the THV membrane showed a better interconnected

(B)

Flux (kgm?h™)

T T T T T
0.010 0.015 0.020 0.025 0.030

57 um”)

(A) Membrane distillation flux and salt rejection rate for PVDF and THV membranes with various electrospinning times. (B) Relationship

between membrane thickness and membrane distillation flux. For the abovementioned experiments, the inlet temperature of the feed solution

(35 g L™t NaCl) was 75 °C, whereas the flow rates of the gas and feed solution were 2.22 and 0.02 m s
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pore structure with less blind pores (membrane cross sections
were exhibited in Fig. S21), and the tortuosity was smaller. As
a result, the mass transfer resistance was smaller, and the flux
was higher than that of the PVDF membrane.

4 Conclusions

In this study, THV membranes were fabricated via the electro-
spinning technique. The effects of solvent composition, THV
concentration, and applied voltage on the membrane properties
were investigated. The fiber diameter and pore size decreased
with an increase in DMF content in the solvent. In addition, the
wetting resistance (LEP,,) increased. The THV content also
deeply affects the membrane fabrication. On the one hand,
electrospun fiber formation was hindered with low THV
content; on the other hand, the shear stress inside the needles
was too high to spin with a high THV content. However, the
applied voltage did not affect the membrane properties obvi-
ously. By comparing the membrane surface morphology, fiber
diameter, pore size distribution, LEP,, porosity, etc., the opti-
mized membrane fabrication conditions were chosen as
follows: 100% DMEF as a solvent, 15 wt% polymer, and 15 kV
applied voltage. Moreover, the membrane possessed an inter-
connected pore structure, a suitable pore size, good wetting
resistance, and hydrophobicity. The THV electrospun
membrane also exhibited outstanding mechanical properties
because of both the intrinsic property of the raw material and
the membrane structure. The tensile strength and elongation at
break (M6) were 5.41 MPa and 247.9%, respectively, which were
much higher than those of the PVDF membrane (2.19 MPa for
tensile strength and 44.2% for elongation at break). Due to the
high interconnected pore structure with less blind pores, the
THV electrospun membrane showed a flux that was 1.93 times
higher than that of the PVDF membrane with a similar
membrane thickness. The membrane distillation flux increased
with a decrease in membrane thickness. M15 (membrane
thickness: 55.4 £+ 7.0 um) showed the best membrane distilla-
tion performance with a flux of 7.38 kg m> h™" and salt
rejection rate higher than 99.8%. The electrospun THV
membrane in this research revealed good membrane distilla-
tion performance.
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