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ABSTRACT

Membrane distillation (MD) is a thermal-driven membrane separation process which
recently garners interest from academic and industry due to its low energy requirements
and the ability to integrate with renewable energy. In this work, two different additives, i.e.
polyethersulfone (PES) and ethylene glycol (EG), were added into dope solutions consisting
of polyvinylidene fluoride (PVDF) and 1-methyl-2-pyrrolidone (NMP) to prepare mem-
branes for MD applications. The membranes were characterized with respect to thickness,
pore size, porosity, and water contact angle using scanning electron microscope and water
contact goniometer. Compared with the membranes made from pure PVDF and PVDF–EG
system, it is found that PVDF–EG–PES membrane displayed improved characteristics i.e.
having optimum porosity, large pore size, and thin membrane thickness coupled with fin-
ger-like structure extended from both inner and outer layers of the membrane. In addition
to this, the permeate flux of PVDF–EG–PES membrane during MD application was also
reported to be the highest among all the membranes studied when tested under same pro-
cess conditions. With respect to membrane performance stability, the results showed that
PVDF–EG–PES membrane could achieve a very consistent permeate flux while maintaining
high NaCl rejection throughout 20 h operation, indicating the potential of this membrane in
MD process.
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1. Introduction

Membrane distillation (MD) is a recent rising
membrane separation technology which has been
broadly applied in seawater desalination and waste-
water treatment from a wide variety of industrial sec-

tors [1]. Unlike pressure-driven membrane processes
such as ultrafiltration and reverse osmosis, MD is a
thermal-driven process in which the feed water vapor
will be transported across the porous hydrophobic
membrane by thermal driving force while the liquid
permeation will be resisted due to high surface ten-
sion [2,3]. As the nature of MD requires relatively low
energy to operate, it could be potentially integrated*Corresponding author.
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with low-grade heat and/or solar energy. Because of
this unique feature, MD has thus attracted potential
application interest from both academia and industry
in recent years [1,3].

The configurations of MD can be generally catego-
rized into direct contact membrane distillation
(DCMD), air gap membrane distillation, sweeping gas
membrane distillation, and vacuum membrane distil-
lation [1,3]. Of these configurations, DCMD is the sim-
plest MD setup and yet the most heat and mass
transfer efficient, mainly due to the occurrence of feed
water vapor condensation inside the membrane mod-
ule. Many research works have been conducted using
DCMD due to its simplicity and low energy require-
ment on laboratory scale in desalination, wastewater
treatment, and food processing [1,4–7]. Typical charac-
teristics of a good membrane for MD application shall
exhibit high water contact angle value, porous struc-
ture with porosity between 35 and 85%, surface pore
size of 10 nm–1 μm, and good resistances against harsh
chemical and thermal conditions [1]. In order to meet
these criteria, hydrophobic materials such as
polyvinylidene fluoride (PVDF), polypropylene, and
polytetrafluoroethylene are widely used as the main
membrane forming materials for MD membrane
fabrication.

Over the past 3–5 years, there are many studies
reporting the effects of additives in dope solution on
the performance of membrane for different membrane
process applications. For instance, Zhang et al. [8]
reported that the PVDF membrane blended with opti-
mum amount of polyethersulfone (PES) was able to
improve the anti-fouling property of pristine PVDF
membrane without deteriorating its rejection perfor-
mance. According to Wang et al. [9] and Bonyadi and
Chung [10], the addition of non-solvent additive, i.e.
ethylene glycol (EG), tended to enhance the pore size
distribution and create ultra-thin skin layer, leading to
the enhancement of the permeate flux production.

In general, the major driving force for the separa-
tion of feed solution in MD process is the thermal
driving force as induced by the difference in trans-
membrane solution temperature. Recently, there are
rising attentions from the researchers to investigate
the integration of MD process with renewable energy
such as solar energy to substitute the energy sources
in heating up the feed solutions [11–15]. Several
researchers had validated the viability of the
solar-driven MD and concluded that the system is able
to produce a substantial amount of permeate flux
under prolonged sampling time. In the meantime, few
notable solar-driven MD investigations such as the
success of MEDESOL (Seawater Desalination by Inno-
vative Solar-powered Membrane Distillation System)

under the support of European Commission under
sixth framework project had further strengthened the
viability of integrating MD with renewable energy in
desalting seawater [15].

The main purpose of this work is to fabricate and
characterize PVDF membranes blended with different
types of additives, i.e. EG and PES, for MD applica-
tions. Prior to MD testing, the fabricated membranes
were characterized with respect to surface and cross-
sectional morphology, pore size, porosity, and hydro-
phobicity. In the DCMD experiments, the performance
of the fabricated membranes was evaluated with
respect to permeability and NaCl rejection under vari-
ous operating conditions. The membrane performance
stability test was also conducted under prolonged
sampling period in order to assess the potential of this
membrane in MD process.

2. Experimental

2.1. Materials

PVDF in pellet form (Kynar 740) obtained from
Arkema Inc., Philadelphia, USA and 1-methyl-2-pyrrol-
idone (NMP, >99.5%) from Sigma Aldrich were used
as main membrane forming material and solvent,
respectively. EG and PES purchased from Sigma
Aldrich and Amoco Chemicals, respectively, were used
as additives during dope solution preparation and
their chemical structures are shown in Fig. 1. Sodium
chloride (NaCl, > 99.5%) from Prochem, was used to
prepare 3.5 wt% NaCl feed solution by dissolving the
powder salt in distilled water.

2.2. Dope preparation

Table 1 shows the composition of three dope solu-
tions together with their viscosity data that were used
to fabricate hollow fiber MD. After all the components
were added into the solvent, the dope solutions were
continuously stirred for at least 24 h in order to
produce a homogenous mixture. Prior to spinning

Fig. 1. Molecular structure of (a) ethylene glycol and (b)
polyethersulfone.
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process, the dope solutions were degassed using
ultrasonic to remove any bubbles that might be
trapped within the solution during dope preparation.

2.3. Preparation of hollow fiber membrane

Table 2 summarizes the spinning conditions of hol-
low fiber membrane fabrication which is based on
dry/wet phase inversion method. In this work, prior
to membrane module preparation, the as-spun hollow
fiber membranes were soaked in water for three days
in order to completely remove residual solvent from
the membrane matrix. The membranes were then nat-
urally dried at room temperature before use. For
detailed description of the spinning process, one can
refer to our previous published work [16].

2.4. Membrane characterization

The morphology of the membranes was examined
using HITACHI S3400N scanning electron microscope
(SEM) to obtain the cross sectional, inner, and outer
surface images. Prior to SEM analysis, membrane sam-
ples were first immersed into the liquid nitrogen for
cryogenic cracking followed by attachment onto a
sample holder by carbon tape. The samples were then
coated with a thin layer of gold using sputter coater
machine (SC7620, Emitech, UK) to enhance its

electronic conductivity during sample analysis. The
pore size was measured based on the SEM image
using Java-based image software, and pore size distri-
bution was plotted by spreadsheet application pro-
gram.

The membrane porosity, ε, was determined by
gravitational method which defined the ratio of the
pore volume to the total volume of the porous
membrane [17]. For each membrane sample, the dry
membrane was first weighted (W2) followed by the
immersion of the membrane into 2-butanol (Fisher
Scientific, >99%) solution for 2 h. After 1 h of drying,
the weight of the wetted membrane was measured
again W1 in order to determine membrane porosity, ε,
as expressed in the following equation.

e ¼ ðW1 �W2Þ=qW
ðW1 �W2Þ=qW þW2=qb

� 100% (1)

where W1 is the weight of the wetted membrane (g),
W2 is the weight of dry membrane (g), qW is the den-
sity of 2-butanol (0.81 g cm−3), and qb is the density of
PVDF (1.78 g cm−3). For each membrane sample, the
measurement was repeated for three times to ensure
the reproducibility of the data.

The determination of the degree of membrane
hydrophobicity on the other hand was performed in
accordance to sessile drop technique (Ramé-Hart
Contact Angle Goniometer 250, USA) with the use of
DI water as the droplet. At least 10 different spots on
the same membrane sample were analyzed to yield
the average result. To perform liquid entry pressure
(LEP) (also known as wetting pressure) analysis, a test
module filled with DI water was required in which
five unit of hollow fiber membranes were attached at
the bottom of the test module while the other end was
connected to a diaphragm pump [18,19]. During the
test, the membranes were first pressurized by a slight
applied pressure of 0.3 bar to the feed solution for
10min for degasification. Then, the pressure was
increased by a stepwise rate of 0.1 bar, until the first
drop of DI water detected on the surface of membrane
sample. The corresponding pressure applied to the

Table 1
Composition of membrane dope solution

Membrane PVDF (wt%) NMP (wt%) EG (wt%) PESa (wt%) Viscosity (cP)

PVDF 18 82 – – 2,367
PVDF–EG 18 76 6 – 2,886
PVDF–EG–PES 18 76 6 5 5,777

aThe amount of PES added was based on the total weight of PVDF in the dope solution.

Table 2
Spinning conditions of hollow fiber membrane fabrication

Parameter Value

Dope extrusion rate (ml/min) 4.5
Spinneret OD/ID (mm/mm) 1.3/0.6
Bore liquid Distilled water
Bore liquid temperature (˚C) 25
Bore liquid flow rate (ml/min) 2
External coagulant Tap water
External coagulant temperature (˚C) 25
Air gap distance (cm) 10
Room relative humidity (%) 55 ± 5
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membrane in which the first drop of water is detected
is considered as LEP. At least three measurements
were performed to yield the membrane LEP.

2.5. Experimental setup

The MD experiment was conducted to evaluate the
performance of the membranes made of different dope
formulations under various operating temperatures
and flow rates [20]. Fig. 2 illustrates the setup of the
DCMD system used in this study. A predetermined
amount of hollow fiber membranes with same effec-
tive membrane length was placed within a membrane
module with both ends of the module sealed by epoxy
resin. The DCMD system was designed to have two
circulating streams, i.e. hot stream was fed through
the shell-side while cold stream was circulated
through the lumen-side of the hollow fiber membrane
in counter-current flow. The experiments were carried
out under different feed temperatures (40–55˚C) while
the inlet temperature of the cold water was kept
constant at 18˚C. Both solution temperatures were
controlled using coiled heater (HTS-1003, LMS, Japan)
and chiller (CA-1112CE, Eyela, Japan), respectively.

The permeate flux of the membranes, J, was calcu-
lated using the equation which is similar to [21],

J ¼ �W

A�t
(2)

where J is the permeate flux (kg/m h), �W is the dif-
ference between the initial and final permeate weight
(kg), A is the effective surface area of the membrane
(m), and �t is the sampling time (h).

The rejection, R(%), of NaCl on the other hand was
determined using Eq. (3) [21].

R ¼ Cf � Cp

Cf
(3)

where Cf and Cp are the NaCl concentration (ppm) in
the feed and permeate solution, respectively.

3. Results and discussion

3.1. Properties of hollow fiber membranes

Fig. 3 presents the SEM images of PVDF mem-
branes prepared with and without additives. As
shown in Fig. 3(a), finger-like structure was developed
on the inner and outer layer of the pristine PVDF
membrane and these two layers of finger-like struc-
tures were separated by a sponge-like intermediate
layer. The formation of thin selective layer on the
inner and outer layer of membrane was due to the
strong interaction between the NMP solvent and water
(from coagulation bath), leading to immediate solidifi-
cation on membrane surface (both inner and outer).
Because of the thin selective layer formed, the diffu-
sion rate of NMP and water tends to reduce which
allows the finger-like layer to form [22]. Comparing
the pristine PVDF membrane with the modified PVDF
membranes, as shown in Fig. 3(b) and (c), it can be
clearly seen that the structure of the pristine PVDF
membrane was altered upon addition of additives into
the dope solution. With the introduction of EG into
PVDF membrane, it is found that irregular size of mi-
crovoids was formed at the intermediate layer of
membrane along with the decrease in the size of fin-
ger-like structure at the inner and outer layer of mem-
brane. This is due to the decrease in the solvent and
non-solvent exchange rate during phase inversion pro-
cess resulting from increased dope viscosity upon EG
addition (see Table 1) [23,24]. Interestingly, significant
changes in the cross section of PVDF–EG membrane
were observed by incorporating additional polymeric
material, i.e. PES into PVDF–EG membrane matrix. It
is found that irregular size of microvoids existed at
intermediate layer of membrane was suppressed by
the two-layer finger-like structure extended from the
inner and outer layer of membrane. These two layers
of finger-like structure were separated only by a thin
spongy-like structure as shown in Fig. 3(c). This struc-
tural formation might be explained by the relatively
poor miscibility between PVDF and PES polymer in
the dope in accordance to solubility parameter [25].
In principle, the presence of PVDF and PES polymer

Fig. 2. DCMD setup apparatus.
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in the dope solution is thermodynamically incompati-
ble due to the higher solubility parameter of PVDF
(15.1 (cal/cm2)1/2) than PES (11.19 (cal/cm2)1/2). This,
as a consequence, induces rapid phase separation
resulted from faster solvent and non-solvent exchange
rate, even though the dope solution is significantly
more viscous than the dope of PVDF and PVDF–EG
prepared [26].

Table 3 summarizes the properties of all the PVDF
membranes prepared from different additives. With
respect to membrane wall thickness and inner skin
layer thickness, it is found that both thicknesses were
decreased by introducing EG into the pristine PVDF
membrane. Further introducing PES into the
PVDF–EG membrane system would cause the wall
thickness and skin layer thickness continued to
decrease. The decrease in thickness is strongly linked
to better permeate flux during MD process following
the decrease in water vapor transport resistance [27].

In addition to the change in membrane thickness, the
pore dimension of PVDF membrane was also reported
to change upon addition of additive. It is found that
the mean pore size of PVDF membranes blended with
additives was relatively larger in comparison to the
pristine PVDF membrane. With respect to the degree
of hydrophobicity, the presence of hydrophilic EG in
the pristine PVDF membrane was reported to reduce
slightly membrane hydrophobicity by decreasing the
water contact angle value from 88˚ to 82˚. Although
the water contact angle value of the PVDF–EG mem-
brane was able to increase to 85˚ upon addition of
PES, the membrane hydrophobicity was still relatively
lower compared to the pristine PVDF membrane. In
addition, it is reported that the LEP of the fabricated
membranes was increased in the order of PVDF <
PVDF–EG < PVDF–EG–PES with their LEP values fall-
ing within the range of 3.5–4.0 bar. Considering the
low-operating pressure (i.e. 1 bar) employed in this

Fig. 3. Cross-sectional view of hollow fiber membrane for MD process, (a) PVDF, (b) PVDF–EG and (c) PVDF–EG–PES.
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work for MD process, it is unlikely that pore wetting
will occur during the separation process.

3.2. Performance of membrane in DCMD of 3.5 wt% NaCl
solution

3.2.1. Effect of feed inlet temperature on membrane
permeate flux

Fig. 4 shows the effect of feed inlet temperature on
the permeate flux of PVDF membranes blended with
and without additives. As can be seen, the permeate
flux of membranes was proportionally dependent on
the temperature difference in which the higher the
feed inlet temperature, the greater the permeate flux
produced. This phenomenon can be explained by the
increase in vapor pressure in the feed solution
following an increase in feed solution temperature,
creating greater driving force for water molecules to
vaporize. Of the three types of PVDF membranes
tested, it is found that the PVDF–EG–PES membranes

demonstrated the highest permeate flux followed by
PVDF–EG and pristine PVDF membrane. The highest
permeate flux achieved by PVDF–EG–PES membrane
could be mainly due to its smallest skin layer thick-
ness coupled with relatively large pore size. For PVDF
membrane, it is observed that the relatively large skin
layer thickness and small mean pore size are the main
factors causing the lowest permeate flux produced as
evidenced in Fig. 4. Since PVDF–EG–PES is the best
performing membrane in terms of permeate flux, the
performance of the membrane will be further investi-
gated under different process conditions in the follow-
ing section.

3.2.2. Effect of feed and permeate flow rate on
membrane permeate flux

In this section, two important parameters, i.e. feed
and permeate flow rate, were studied using PVDF–
EG–PES membrane to determine the optimum flow
rate of membrane during MD application. Fig. 5

Table 3
Characteristics of fabricated hollow fiber membranes

Membrane PVDF PVDF–EG PVDF–EG–PES

Internal diameter (μm) 500 450 400
Wall thickness (μm) 280 230 200
Lumen surface skin thickness (μm) 10 ± 1.23 7 ± 0.75 3 ± 0.37
Mean pore size (μm) 0.25 0.45 0.35
Porosity (%) 80 ± 1.25 60 ± 2.25 70 ± 0.75
Contact angle (˚) 88 ± 0.60 82 ± 5.60 85 ± 0.20
LEP (bar) 3.50 3.70 4.00

Fig. 4. Permeate flux of PVDF membranes as a function of
feed inlet temperature (conditions: permeate temperature:
18˚C, feed flow rate: 0.3 L/min, and permeate flow rate:
0.3 L/min).
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Fig. 5. Permeate flux of PVDF–EG–PES membrane as a
function of feed flow rate (conditions: feed inlet tempera-
ture = 55˚C, permeate inlet temperature = 18˚C, and perme-
ate flow rate = 0.3 L/min).
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shows the effect of feed flow rate on the permeate flux
of PVDF–EG–PES membrane. As can be seen, the per-
meate flux was dependent on the feed flow rate of the
MD process. Results show that the flux increment was

less significant when membrane was operated at low
flow rate of feed stream (0.1–0.2 L/min) compared
with the feed flow rate higher than 0.4 L/min. Over-
all, the permeate flux of membrane was increased
threefold from around 3 to >9 kg/m2 h with increasing
the feed flow rate from 0.1 to 0.6 L/min. The signifi-
cant flux increment can be attributed to the increase in
heat transfer coefficient of feed stream flowing at
higher flow rate which results in reduction of temper-
ature polarization on the feed side [28,29]. In principle,
the temperature at the membrane surface is in close
proximity to the bulk feed temperature when feed
solution is at high solution flow rate [28,29]. Similar
increasing trend was also observed in Fig. 6 when the
flow rate of permeate flow solution was increased
from 0.1 to 0.6 L/min. Compared to the permeate flux
achieved by membrane at flow rate of 0.1 L/min, the
permeate flux was significantly improved (approxi-
mately 180%) when the permeate flow rate was
increased to 0.6 L/min. However, it must be pointed
out that high flow rate of stream tends to increase the
transmembrane pressure, which is likely to exceed the
membrane LEP and further deteriorates permeate
quality [1,28,29].
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Fig. 6. Permeate flux of PVDF–EG–PES membrane as a
function of permeate flow rate (conditions: feed inlet tem-
perature = 55˚C, permeate inlet temperature = 18˚C, and
feed flow rate = 0.6 L/min).

Fig. 7. Stability of PVDF–EG–PES membrane performance as a function of time with contact feed inlet temperature (55˚C)
and permeate inlet temperature (18˚C) at different stream flow rates, (a) 0.3 L/min feed flow rate and 0.3 L/min permeate
flow rate, and (b) 0.6 L/min feed flow rate and 0.6 L/min permeate flow rate.
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3.2.3. Stability of membrane performance under
prolonged experimental period

Fig. 7 shows the stability of membrane performance
with respect to permeate flux and NaCl rejection as a
function of time at different feed and permeate flow
rates. As can be seen, the permeate flux of membrane
tested at 0.3 L/min feed flow rate and 0.3 L/min per-
meate flow rate was relatively lower in comparison to
the same membrane tested at higher feed and perme-
ate flow rate. The mean permeate flux of membrane at
lower flow rate was reported to be around 6.4 kg/m2 h
while it was 15.3 kg/m2h at higher flow rate. The
enhancement of permeate flux can be mainly attributed
to the increase of heat transfer coefficient due to the
raise of feed and permeate flow rate, leading to the
reduction of temperature polarization [25,27]. With
respect to salt separation efficiency, it is reported that
only a slight decrease in salt rejection was recorded
throughout the entire experimental period. Regardless
of stream flow rate, the PVDF–EG–PES membrane was
able to consistently produce high quality of water by
rejecting at least 99.3% of the NaCl in the feed stream.
The insignificant drop in salt rejection (<1.0%) during
20 h continuous separation process indicated the excel-
lent performance stability of membrane in MD process
in producing clean water.

4. Conclusions

In this study, three hydrophobic hollow fiber mem-
branes were fabricated using PVDF dope solutions
consisting of different additives. The performances of
membrane were assessed with respect to permeate
flux and NaCl rejection using DCMD system. The
morphological study shows that with addition of EG
into the PVDF dope solution, the morphology of pris-
tine PVDF membrane has been altered from a finger-
like layer with a sponge-like intermediate layer to an
irregular size of microvoids at the intermediate layer
of membrane. On the other hand, the finger-like struc-
ture was extended from both inner and outer layer of
membrane and separated by a thin spongy-like struc-
ture upon addition of EG–PES. In addition, the mem-
branes blended with additives tended to exhibit
smaller lumen surface skin thickness and larger pore
size in comparison to pristine PVDF membrane, mak-
ing them to have greater permeate flux during separa-
tion process.

The fabricated membranes were tested using
DCMD system and their performances were assessed
under different operating conditions. Results show that
PES–EG–PES membrane was the best-performing

membrane in terms of water permeability. Further
investigations also revealed that the water flux of mem-
brane varied depending on feed inlet temperature and
flow rate of feed and permeate stream. With respect to
performance stability, it is reported that the membrane
was able to achieve average flux of 15.3 kg/m2 h
throughout the 20 h experimental period with NaCl
rejection maintained at between 99.9 and 99.3%.
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