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a b s t r a c t

One of the major obstacles that hinder commercialization of membrane distillation (MD) for sep-
aration applications, especially for water desalination, is the limited adequate low-cost hydro-
phobic membranes. In this study, a novel poly(ethersulfone)/polyvinylidene fluoride (PES/
PVDF) blend membrane and its composite with modified graphene nanoplatelets (GNPs) was 
fabricated using electro spinning technique. The fabricated pure and blend membranes as well 
as the composite membranes with GNPs were investigated using scanning electron microscope 
(SEM), X-ray diffraction analysis (XRD) as well as static water contact angle, liquid entry pressure 
and membrane porosity measurements. The average fiber diameter and the average membrane 
pore diameter were estimated using Image J software. A mathematical model was established 
and utilized to calculate the mass transfer coefficient for the different fabricated membranes 
at different feed flow rates. Moreover, membranes’ MD performances were evaluated using a 
direct contact membrane distillation unit. The addition of only 2 wt.% GNPs into the PES/PVDF 
(3:1 w/w) blend increased its water contact angle up to 132.3 ± 0.8°. This composite membrane 
achieved a flux of about 19.35 kg/m2·h at feed inlet temperature of 65°C, flow rate of 30 l/h, and 
salt concentration of 10,000 ppm. The produced PES/PVDF/GNPs composite membrane showed 
a comparable performance to pure PVDF and PVDF/GNPs composite membranes. Although, 
a proper economic study is needed, the fact that commercial PES was used, which is relatively 
cheaper than PVDF, may make the PES/PVDF/GNPs composite membrane a viable candidate 
for MD applications.
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1. Introduction

In the last few years, global demand for drinkable water 
has substantially increased, due to population growth. The 
worldwide demand of fresh water for agricultural, indus-
trial and domestic applications is predicted to reach about 
6,900 billion m3/day by the year 2030, which would surpass 
the present available fresh water resources by about 40% [1]. 
As of now, only about 2.53% of worldwide water reserve is 
fresh water. Around 68.7% of this reserve is trapped in the 
form of ice in the north and south poles. Salt-water presents 
the other 97.47% of the water reserve but cannot be directly 
consumed due to its high saline content. Natural fresh 
water resources scarcity increases the necessity of searching 
for alternative means of water supply, like salt-water desali-
nation. With the growing energy and water crises, it is vital 
to search for pioneering techniques for efficient utilization 
of unconventional energy sources to face water deficien-
cies. One of the possible techniques for achieving this goal 
is membrane distillation (MD).

MD is a thermal membrane separation technique, which 
employs partial vapor pressure difference generated due to 
temperature difference across a semipermeable hydropho-
bic membrane to drive vapor through membrane pores 
[2–5]. It can be used for desalination, waste water treatment, 
food industries and numerous other applications [6,7]. The 
membrane used is usually hydrophobic, which means that 
it prevents the penetration of liquid but allows vapor to pass 
through its pores and thus trapping the salt on the other 
side. There are four primary configurations for MD sys-
tems. The simplest and most frequently used configuration 
is direct contact membrane distillation (DCMD) [8–11], in 
which water vapor is generated in the hot feed side. Then, 
the vapor penetrates the membrane pores to the cold per-
meate side where it condenses by a cold stream. Other MD 
configurations are air gap membrane distillation (AGMD) 
[12–14], sweeping gas membrane distillation (SWMD) 
[15–17], and vacuum membrane distillation (VMD) [18–20]. 
MD process has numerous benefits over other conventional 
distillation processes including; the ability to produce high 
quality distillate at relatively low working pressures, using 
low temperature differences as a driving force which allows 
for utilization of low-grade energy resources such as solar 
energy or waste heat, and low vulnerability to fouling and 
scaling compared to the other separation processes [21].

A suitable membrane for MD process should exhibit 
certain qualities such as high hydrophobicity, high vapor 
flux, low thermal conductivity, and high chemical stability 
[22]. So far, the most frequently used membrane materials 
for MD applications are polypropylene (PP) [23], polyvi-
nylidene fluoride (PVDF) [24], and Polytetrafluoroethylene 
(PTFE) [25], as they exhibit natural hydrophobic qualities. 
However, exploring novel membranes exclusively for MD 
applications represents an interesting point of research. 
Previous efforts for acquiring novel MD membranes were 
done by using uncommon materials such as ceramic [26], 
polysulfone [27], polyethylene [28], and metal–organic 
framework (MOF) [29] to alter their qualities to be better 
suited for MD applications. Other researchers focused on 
membrane surface modification. Surface modification gen-
erally aims to increase hydrophobicity either by increasing 
the membrane’s surface roughness or by decreasing its sur-
face energy or both. Surface modification can be done using 

coating [22], plasma treatment [30], or incorporation of some 
inorganic additives like carbon nanotubes [31,32], Titanium 
dioxide [33,34], and graphene [28,35]. Other researches pre-
sented other preparation techniques such as multi-layer 
membranes [36] and post-treated membranes [37].

There are several techniques for membrane fabrication 
for MD process such as phase inversion [24,38,39], and sol-
gel [40–42]. Recently, electro spinning technique [36,43–47] 
has been highlighted as one of the best techniques to obtain 
high porous membranes suitable for MD process. Electro 
spinning utilizes high voltage applied to a polymeric solu-
tion in a syringe to generate nanofibers that can by collected 
over a plate or a drum to constitute a nanofibrous mem-
brane. Produced membranes have some favorable advan-
tages such as high surface area to volume ratio, enhanced 
hydrophobicity, and high porosity. The membrane thick-
ness and pore size can be adjusted by varying the operat-
ing conditions such as applied voltage, solution flow rate, 
syringe movement, process time and distance between the 
syringe and the collector [48], which makes it relatively 
easier to fabricate membranes with varying characteristics. 
Previous researchers used lithium chloride as an additive to 
the polymeric solution to enhance its polarity and improve 
the electro-spinning process [49].

Poly(ethersulfone) (PES) is considered one of the prom-
ising materials for MD applications. It is a thermoplastic 
polymer with favorable qualities such as high glass tran-
sition temperature, high chemical stability, good mechan-
ical strength, and relatively low price compared to other 
formerly used materials for MD membranes [50]. PES 
membranes are widely utilized for microfiltration and 
ultrafiltration [51–53]. However, due to the presence of 
ether bonds in their chains, PES membranes have limited 
hydrophobicity and exhibit a relatively low contact angle. 
This limits their utilization in MD applications. In order to 
benefit from the qualities of PES membranes, they must go 
under some modifications. Some of the previous efforts for 
modifying PES membranes included, for instance, fluoro-
alkylsilane treatment [54], plasma treatment [30], incorpo-
rating titanium oxide nanotubes in the membrane dope [33, 
55], surface grafting [56], and coating using silica nanoparti-
cles and subsequently vacuum filtration coating [57]. 

One of the promising materials that has been lately uti-
lized to be embedded in the membrane matrix is graphene.   
Graphene has numerous attractive characteristics like 
hydrophobicity, ion selectivity, high thermal conductivity, 
suitable mechanical strength, and high thermal stability 
[58–60]. Graphene proved to be a good candidate for usage 
as a membrane filler material for MD applications, as it 
was found to enhance membrane desirable characteristics 
beside adding some favorable functionalities like anti-foul-
ing [61].

In this work, a novel composite of PES/PVDF blend 
with hydrocarbon modified (hydrophobic) graphene nano-
platelets (GNPs) is presented. Electro-spun pure PES, pure 
PVDF, PES/PVDF blend, PES/GNPs, PVDF/GNPs and 
PES/PVDF/GNPs composite membranes have been inves-
tigated. The prepared membranes were fabricated and 
characterized using different analysis techniques such as 
scanning electron microscope (SEM) imaging, X-ray dif-
fraction analysis (XRD), static water contact angle measure-
ments as well as the membrane porosity and the liquid entry 



M.S. Salem et al. / Desalination and Water Treatment 166 (2019) 9–23 11

pressure measurements were done. Also, the average fiber 
diameter and the average membrane pore diameter were 
calculated using Image J software. The membranes MD per-
formance was investigated using a lab scale direct contact 
membrane distillation unit under different conditions.

2. Experimental

2.1. Materials

Commercial PES Ultrason E 6020P flakes (ρ = 1.37 g/ cm3 
and Mw = 46,000–55,000 g/mol) were provided by BASF, 
Germany. Polyvinylidene fluoride (PVDF) pellets (ρ 
= 1.78 g/ cm3 and Mw = 275,000 g/mol) and functionalized, 
hydrocarbon modified (hydrophobic) graphene nanoplate-
lets (GNPs) (> 85% C, ρ = 0.04 g/mol and Mw = 12.01 g/ mol) 
were supplied by Sigma-Aldrich, USA. As for the solvents; 
N, N-Dimethylformamide (DMF) (> 99.8% C3H7NO, HPLC 
grade, ρ = 1.4305 g/cm3 and Mw = 73.09 g/ mol) was sup-
plied by DOP ORGANIK KIMYA, Turkey. 1-Methyl-2-Pyr-
rolidone (NMP) (> 99% C5H9NO, ρ = 1.028 g/cm3 and 
Mw = 99.13 g/mol) was obtained from CHEM-LAB, Bel-
gium. Commercial sea salt and distilled water were used 
in the MD experiments and all chemicals were used as 
received. Fig. 1 illustrates the chemical structure of PES and 
PVDF polymer.

2.2. Membrane dope and filler concentration

Pure PES and its composite with GNPs (PES/GNPs) 
as well as PES/PVDF blend and its composite with GNPs 
(PES/PVDF/GNPs) membranes were prepared and their 
characteristics were compared to our previously prepared 
pure PVDF and its composite with GNPs (PVDF/GNPs) 
[62]. The solvent mixture for the prepared membranes is 
DMF and NMP by 90:10 vol.%, respectively. The PES solu-
tion was prepared through dissolving 23 wt.% PES in the 
solvent mixture and stirring overnight at 80°C. To pre-
pare the composite (PES/GNPs) membranes, modified 
graphene nanoplatelets were added first to the solvent mix-
ture at five different weight ratios, namely 1, 2, 2.5, 3, and 
4% of the used polymer content weight, respectively and 
the suspension was sonicated for 3 h. Then, PES was added 
and stirred overnight at 80°C. The effect of the content vari-
ation of the GNPs on the membrane hydrophobicity was 
determined by measuring the static water contact angle 
of the prepared membranes. The optimum filler ratio was 
chosen corresponding to the highest hydrophobic PES/
GNPs membrane produced (i.e., the concentration at the 
highest static water contact angle). As for the PES/PVDF 
membrane dope, 17.25 wt.% PES and 5.75 wt.% PVDF (3:1 
w/w) were added to the solvent mixture. For preparing 

the PES/PVDF/GNPs composite membrane, 2 wt.% of the 
GNPs was added to the solvent mixture and then the filler 
suspension was sonicated for 1 h. After that, 3:1 w/w% of 
PES flakes to PVDF pellets, respectively, were added to the 
sonicated GNPs and the polymer/filler solution was stirred 
overnight. Before the electro spinning process, the polymer 
dope was sonicated again for at least 1 h to ensure the good 
suspension. Lithium chloride (LiCl) was added to all the 
solutions at about 0.05 wt.% of the polymer to enhance the 
electro-spinning process. Table 1 lists the composition of the 
fabricated membranes.

2.3. Membranes fabrication

All the membranes were fabricated using an electro 
spinning system (NANON-3 MECC Co. Ltd., Japan). Fig. 
2 illustrates a schematic diagram of the main components 
of the system. The electro spinning conditions used in this 
process are as follows: 22 kV applied voltage, a flow rate of 
1.2 ml/h, and 13 cm vertical distance from the tip of the nee-
dle to the collector. The nanofibers were directly generated 
over a flat plate collector covered with aluminum foil and 

Table 1 
The composition of the fabricated membranes

Membrane PES (wt. 
%)

PVDF 
(wt. %)

Graphene 
(wt. %)

Pure PES 23 – –

PES + Graphene (1) 23 – 1

PES + Graphene (2) 23 – 2

PES + Graphene (3) 23 – 2.5

PES + Graphene (4) 23 – 3

PES + Graphene (5) 23 – 4

PES + PVDF 17.25 5.75 –

PES + PVDF + Graphene 17.25 5.75 2

Pure PVDF – 14 –

PVDF + Graphene – 14 2

Fig. 1. Chemical structure of (A) poly (ethersulfone) (PES) and 
(B) polyvinylidene fluoride (PVDF).

Fig. 2. Schematic diagram of main components of the electro 
spinning system: (1) Syringe pump, (2) high voltage power sup-
ply, (3) solution, (4) nanofibers and (5) slat plate collector. 
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topped by the support. During the entire process, the inner 
chamber was maintained at 40–50% humidity and 30°C 
temperature. These conditions were kept almost constant 
for all the membranes. The Electro spinning process took 
about 6 h. After that, the electro-spun membranes were put 
in a drying oven at 60°C for 24 h to ensure the complete 
removal of any residual solvents.

2.4. Membrane characterization

2.4.1. Static water contact angle measurement

Static water contact angle of the fabricated mem-
branes was measured using a drop shape Analyzer system 
(DSA100, KRÜSS) paired with an image analysis software. 
Membrane samples were placed and deionized water drop-
lets of about 7 μL volume were dropped on different spots 
of the membrane surface. A high precision camera then 
captured the droplet images at consecutive time frames 
and the right and left contact angles were estimated using 
the image analysis software. At least, three different read-
ings were performed for two samples of each membrane to 
ensure precision and the average contact angle values were 
calculated and recorded.

2.4.2. Liquid entry pressure (LEP) determination

Liquid entry pressure (LEP; measures the minimum 
pressure at which liquid water can penetrate the mem-
brane) for all the fabricated membranes was done using a 
simple configuration prepared in our lab. This configura-
tion consists of a nitrogen gas cylinder, a small water tank, 
the membrane test cell, and a pressure gauge. First, a dry 
membrane sample was fitted inside the membrane cell. 
Then, the water tank was filled with distilled water and the 
nitrogen gas was slowly pumped to the water tank gradu-
ally raising the water static pressure and pushing it on the 
membrane surface. Then, the pressure was raised in small 
steps until bubbles started to form on the other side of the 
membrane. The pressure gauge reading at this point was 
considered the LEP. This simple experiment was repeated 
three times for each membrane and the results were aver-
aged and recorded.

2.4.3. Scanning electron microscopy imaging

The surface morphology of the produced membranes 
was investigated using a scanning electron microscope 
(SEM, JEOL JCM-6000 plus, Japan). The membrane samples 
were coated with platinum before imaging. The SEM imag-
ing was performed at an accelerating voltage of 15 kV. Sev-
eral images at different magnification values were acquired 
at various sections for all the prepared samples. Image anal-
ysis was utilized for different samples to estimate the aver-
age fiber diameter, fiber size and average pore size using 
Image J software (NIH) [63]. There are more accurate tech-
niques to measure average pore size, like ‘Mercury porosim-
etry’. However, due to the lack of appropriate equipment, 
Image J software was used like previous studies [64,65]. To 
increase the estimation accuracy as much as possible, more 
than 10 different SEM images were analyzed for each mem-
brane and the average pore size value was recorded.

2.4.4. X-ray diffraction analysis (XRD)

X-ray diffraction analysis was performed using (XRD, 
Shimadzu Xlab 6100, Japan) for the fabricated membranes. 
Readings were recorded at a 2θ range from 10° to 80°.

2.4.5. Membrane thickness measurement

Thickness of the fabricated membranes was measured 
by using a digital micrometer (range: 0–25 mm, precision: 
2 μm, HDT, China). Six readings of three different samples 
for each fabricated membrane were executed and their 
average value was calculated.

2.4.6. Membrane porosity determination

Membrane average porosity, which can be described as 
the ratio of the membrane pores volume to the total volume 
of the membrane [66] was calculated using a gravimetric 
method [67,68]. Three different samples of each membrane 
were first weighed after drying for 24 h at 60°C (Wd). Then, 
the membrane was immersed in an ethanol bath (purity 
>99%) for 10 minutes to ensure saturation with ethanol. 
After that, the samples were removed from the bath and 
immediately weighed again within 2 s from removal (Wsat). 
The sample porosity was determined using Eq. (1) [67–69]. 
Finally, the average porosity was calculated for all the mem-
branes.

( )

( )
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. .

sat d
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sat d d

eth poly

W W

W W W

ρε

ρ ρ

−
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−

+
 (1)

where ε represents the porosity, Wsat is the saturated sample 
weight (g), Wd is the dry sample weight (g) and ρeth. and ρpoly. 
are the densities of the ethanol and the polymer material 
(g/cm3) respectively. Three different samples were used for 
each membrane and the average value was calculated.

2.5.  Membrane performance using direct contact membrane 
distillation (DCMD)

The produced membranes were tested using a MD cell, 
which was fabricated at the workshop of Egypt-Japan Uni-
versity of Science and Technology (E-JUST). Fig. 3 shows a 
schematic diagram of the test cell assembly which incorpo-
rates an effective membrane surface area of about 19.89 cm2 
with feed and permeate channels dimensions of (45 × 45 × 
3 mm). Rubber gaskets (around 1.5 mm × 1.5 mm2 size) are 
used at the sides of the membrane to prevent water leakage 
and act as membrane supporters.

Fig. 4 illustrates a schematic diagram and a pictorial 
view of the actual test rig used in this work. Three different 
sets of experiments were carried out to investigate the effect 
of several feed inlet conditions on the performance of the 
fabricated membranes. Counter current flow arrangement 
was chosen for all the experiments to improve the heat 
transfer. During the experiments, a water bath (Cole-Par-
mer, USA) was used to control the feed inlet temperature 
(Tf, in), while a cooling setup (Alpha RA 8, LAUDA) con-
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trolled the permeate inlet temperature (Tper, in). A micro 
pump (Cole-Parmer, USA) was used to control and monitor 
the feed inlet flow rate and a micro gear pump (WT3000-
1JB, LONGER) was used for the permeate side. Through-
out the experiments, the inlet and outlet temperatures of 
the feed and permeate channels were measured by four 
type-k thermocouples (model: TSK, JUST CO., LTD., Japan) 
and recorded via a multi-channel data logger (midi LOG-
GER GL840, GRAPHTEC, Japan). Feed inlet pressure was 
measured using a digital double pressure meter (HND-P 
Series, KOBOLD Instruments Inc, USA). Total dissolved 
salts (TDS) of the feed and permeate sides were measured 
before and after each experiment using Waterproof CON 
150 Meter (Eutech Instruments Pte Ltd).

2.5.1. Effect of the feed inlet temperature

The effect of the feed inlet temperature (Tf,in) on the per-
formance of the fabricated membranes was studied. The 

Fig. 3. Schematic diagram for the membrane distillation (MD) 
cell components. (1) feed channel, (2) permeate channel, (3) gas-
kets, and (4) the tested membrane.

Fig. 4. (A) Schematic diagram and (B) Pictorial view of the DCMD test rig: (1) chiller, (2) heater, (3) feed water pump, (4) permeate 
water pump, (5) membrane cell, (6) feed water bottle, (7) permeate water bottle, (9) thermocouples, (10) pressure transducer, (11) data 
logger, and (12) pressure logger.
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inlet temperature of the feed saline water was changed from 
35 to 65oC at 10°C increments, while the feed inlet flow rate 
was maintained at 18 l/h and the feed inlet salt concentra-
tion was kept at about 10000 ppm. The permeate inlet con-
ditions were kept at 25°C temperature and 5 l/h flow rate 
throughout the experiments. The experimentation time for 
each membrane was about 12 h.

2.5.2. Effect of the feed inlet flow rate

The effect of the feed saline water inlet flow rate on the 
performance of the fabricated membranes was studied. 
The flow rate was raised from 12 to 30 l/h at 6 l/h incre-
ments. Meanwhile, the feed inlet temperature was main-
tained at 65°C and the feed inlet salt concentration was 
10000 ppm. During all the experiments, the permeate inlet 
temperature was kept at 25°C temperature and permeate 
flow rate was kept at 5 l/h. This procedure lasted about 
12 h/membrane.

2.5.3. Effect of the feed inlet salt concentration

The effect of the feed inlet salt concentration on the 
membranes’ MD performance was investigated by chang-
ing it from around 3–5 ppm (distillate water) up to 30000 
ppm at 10000 ppm steps. The feed saline water inlet tem-
perature was 65°C and the feed saline water inlet flow rate 
was 30 l/h. The permeate inlet remained at 25°C tempera-
ture and 5 l/h flow rate throughout the experiments. The 
experiment time/membrane was about 12 h.

2.5.4. Membrane flux and salt rejection

To calculate the permeate flux, a precise balance was 
used to measure the mass of the permeate water bottle 
before and after each experiment. The difference in weight 
represented the total mass of the permeate. The permeate 
flux was then calculated using Eq. (2):

2 1 
*

p pm m
flux

A t

−
=  (2)

where the permeate flux unit is kg/m2·h, mp2 is the per-
meate bottle mass after the experiment (kg), mp1 is the 
permeate bottle mass before the experiment (kg), A is the 
membrane effective area (m2), and t is the permeate col-
lecting time (h).

To calculate the salt rejection ratio, waterproof CON 
150 Meter (Eutech Instruments Pte Ltd), was used to mea-
sure the salt concentration (TDS) of the feed channel and 
in the permeate bottle before and after each experiment. 
Then the salt rejection ratio was calculated according to 
Eq. (3):

2 2 1 1

2 1
 1

p p p p

p p

f

m c m c

m m
salt rejection

C

 −
 − 

= −
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where cp2 is the permeate bottle salt concentration after the 
experiment (ppm), cp1 is the permeate bottle salt concentra-
tion before the experiment (ppm), and Cf is the feed inlet 
salt concentration (ppm).

3. Mathematical modeling

The total mass flux (J) [kg/(m2∙s)] across the membrane 
area can be calculated using Eq. (4):

 vJ C P= ∆  (4)

where ∆Pv is the water vapor pressure difference [Pa] 
between the membrane sides which is the driving force for 
the vapor flux and C is the membrane mass transfer coef-
ficient [kg m–2 s–1 Pa–1]. Pv on either of the membrane sides 
may be estimated with Antoine equation [70]:

( )2 3816.44
1 0.5 10 exp 23.1964

46.13v w salt salt
m

P x x x
T

 
= − − − − 

 (5)

where xw and xsalt are the water and salt mole fractions in the 
aqueous solution and Tm represents the average membrane 
surface temperature [K]. 

Because in DCMD the water is in direct contact with the 
membrane from both sides under atmospheric pressure, the 
viscous flow may be considered negligible [71]. The mass 
flux through the membrane pores may be controlled via 
three different diffusion mechanisms [72]; namely the ordi-
nary molecular diffusion through the air gaps within the 
membrane pores, Knudsen diffusion through the membrane 
pores, or Poiseuille flow in the transitional area, which com-
bines both previous mechanisms [73]. This is determined 
via Knudsen number (Kn) that is the ratio between the mean 
free path (λ) and the average pore size. The mean free path 
can be calculated for water using Eq. (6) [74]:

20

 
9.86 * 10 *

B mk T
p

λ
π−=  (6)

where kB is the Boltzmann constant, p is the mean pressure 
in the membrane pores (for DCMD, is about 1 atm) and Tm 
is the mean temperature inside the membrane pores.

In the regions where Kn < 0.01, Molecular diffusion pre-
vails, whilst when Kn > 1, Knudsen flow is dominant. How-
ever, in the transitional regions (0.01 < Kn < 1), vapor transport 
occurs due to effects from both diffusion mechanisms, and 
assuming a uniform pore size distribution, the mass transfer 
coefficient C may be estimated using Eq. (7) [75]:

1
3
2 8

m a mRT P RT
C

r M MPD
ε π

τδ

−
 

= +  
 (7)

where ε, τ, δ, and r are the membrane porosity, tortuosity, 
thickness [m], and average pore radius [m], respectively. R 
is the universal gas constant [8.314 J/ (mole. K)], M is the 
molecular weight of water [0.018 kg/mol], Pa is the air par-
tial pressure within the pores [Pa], P is the total pressure 
[Pa] and D is the water diffusion coefficient [m2/s].

Membranes porosity (ε), thickness (δ), and average pore 
radius (r), can be estimated through experimental measure-
ments, while the membrane tortuosity (τ) can be estimated 
using Eq. (8) [76]:

( )2
2 ε

τ
ε
−

=  (8)

The multiplication value PD is a function of Tm and can 
be calculated using the following relation:
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5 2.0721.895 * 10 * mPD T−=  (9)

As can be seen from the previous relations, to be able to 
accurately estimate the value of the membranes mass trans-
fer coefficients; C, we have to know the membrane surface 
temperatures at the feed (Tf,m) and at the permeate (Tp,m) 
sides. The problem with that is wheras we can measure the 
bulk temperature at both sides (Tf,b, Tp,b), we cannot do the 
same for the membrane surface temperatures. To do that, 
we have to perform some iterations.

The total heat flux through the membrane; Q [W/m2], 
consists mainly of evaporation heat transfer and conduc-
tion heat transfer within the membrane matrix and can be 
calculated using Eq. (10):

( ) ( )
( )

, , , ,

, ,

* m
f f b f m v f m p m

p p m p b

k
Q h T T J DH T T

d

h T T

= − = + −

= −
 (10) 

where hf, hp are the convective heat transfer coefficients in 
the feed and permeate sides [W/m2∙K], ΔHv is the latent 
heat of evaporation [kJ/kg] and km represents the mem-
brane thermal conductivity [W/m∙K].

hf and hp can be estimated from Nusselt number (Nu) 
that can be calculated at the feed and permeate sides using 
the following relation for laminar flow [3]:

0.8

0.036 RePr 
4.36  

1 0.0011 RePr 

D
LNu
D
L

 
  

= +
 +   

 (11)

where Re, Pr are Reynolds and Prandtl numbers, respec-
tively. D is the hydraulic diameter of the channel [m] and L 
is the channel length [m].

The latent heat of evaporation; ΔHv, can be calculated as 
a function of Tm with Eq. (12):

1.7535 2024.3v mH T∆ = +  (12)

And km can be estimated using Eq. (13):
1

1
m

g s

k
k k
ε ε

−
 −
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where kg and ks are the gas thermal conductivity and the 
polymer thermal conductivity, respectively [77].

Eq. (10) can be simplified to get Tf,m and Tp,m as follows:
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To accurately calculate the mass transfer coefficient, an 
algorithm is established, where Tm is assumed and the other 
variables are calculated using Eqns. (8)–(13). Then Tf,m and 
Tp,m are estimated and then Tm is recalculated until the rel-
ative error between the two consecutive values is less than 
0.01%.

4. Results and discussion

4.1. Filler concentration

Fig. 5 illustrates the effect of adding different ratios of 
GNPs on the static water contact angle of the PES mem-
branes as obtained via the drop shape Analyzer. As can 
be clearly seen from the figure, the static water contact 
angle was enhanced with the incorporation of GNPs from 
about 92° for pure PES membrane up to about 122.9° at 
2 wt. % GNPs content. This is cannot be only accredited 
to the hydrophobicity of the GNPs because as seen from 
SEM images (see the following section), the filler is mostly 
enclosed inside the polymer fibers. Only a little amount 
of the filler was noticed on the fiber walls. The effect of 
increasing the membrane/fiber roughness as noticed from 
projections may be effective in increasing the static water 
contact angle in the membrane. However, a slight decrease 
in the measured static water contact angle was noticed at 
GNPs content higher than 2.5 wt. %. This phenomenon 
could be attributed to aggregation of the GNPs in the mem-
brane matrix [78], which led to bad distribution of the GNPs 
and creation of several beads inside the membrane matrix 
as shown in the SEM images (Fig. 6) for 3 wt. % and 4 wt.% 
GNPs content. Meanwhile, the improvement in the static 
water contact angle when increasing the GNPs content 
from 2 to 2.5 wt.% is negligible (from 122.9 to 123.7°). For 
that, 2 wt. % GNPs ratio was chosen to complete this work.

4.2. Membrane characterization

The thickness and the porosity of the fabricated mem-
branes are shown in Table 2. As noticed, the presence of the 
GNPs in the membrane matrix slightly decreased the mem-
brane thickness (about 4.7% for the PES, 1.9% for the PVDF, 
and 4.2% for the PES/PVDF blend membrane). This may 

Fig. 5. Effect of filler content (%) on the static water contact an-
gles on PES/GNPs composite membranes.
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be attributed to the enhancement of the attraction forces 
between the fibers during the electro spinning process due 
to an increase in the conductivity of the membrane dope 
that may increase the fiber layers attraction to each other, 
resulting in a more compact membrane.

The integration of GNPs in the membrane matrix 
resulted in slightly decreasing in the average fiber diameter 
for all fabricated membranes. The PES membrane average 
fiber diameter was reduced by about 1.5%, whereas the 
PVDF average fiber diameter was decreased by about 6.25%, 
and the PES/PVDF average fiber diameter also decreased 
by about 8.7% upon adding 2 wt.% GNPs filler. This small 
reduction in the fiber diameter may be also related to an 
increase in the electrical conductivity of the membrane 
dope with the GNPs addition, which may increase the solu-
tion polarity during electro spinning and improves the pro-
cess, resulting in finer nanofibers. 

Regarding the membrane porosity, all the fabricated 
membranes show high porosity (around 90%), which is a 
big advantage of the electro spinning technique over the 
other membrane fabrication techniques. This high porosity 
positively affects the membrane flux in the MD application. 
It can be also noticed that the porosity slightly decreased 
with the addition of the GNPs (around 3% reduction in the 
membrane porosity). In a similar trend, the average pore 
size was slightly decreased with adding the GNPs (around 
8–11%). This also may be attributed to the enhancement 
in the solution conductivity after incorporating the GNPs, 
that led the fibers to move closer to each other, causing a 

decrease in the pore area, which is in agreement with previ-
ous researchers results [78].

The LEP values for the pure PES and PES/GNPs com-
posite membranes could not be determined, as these mem-
branes exhibited very low values of LEP that lower than the 
detection limits of the used gauge. Therefore, those mem-
branes proved to be unsuitable for MD applications. How-
ever, with the addition of PVDF to the PES matrix by only 
25%, the LEP increased dramatically to about 80 kPa. So, it 
can be used for MD applications. This reflects a significant 
improvement in the PES characteristics.

The uniformity and smoothness of the produced nano-
fibers as shown in the SEM images; Fig. 7, indicate an effi-
cient electro spinning process. The absence of aggregation 
or big beads in the membranes with the GNPs filler indicate 
sufficient integration and good dispersion of the additive 
in the membrane matrix. The static water contact angle of 
the fabricated membranes in table 2 and Fig. 7, pure PES 
membrane exhibited the lowest static water contact angle 
with about 92°, whereas the PVDF/GNPs membrane dis-
played the highest static water contact angle with about 
141°, which can be attributed to the natural hydrophobic-
ity of the PVDF enhanced by the used hydrophobic GNPs 
filler. In all cases, the existence of the GNPs as a filler in the 
membrane matrix increased the contact angle noticeably. 
The static water contact angle of the PES/PVDF/GNPs 
composite membrane is around 132.3 ± 0.8°, which is very 
close to the static water contact angle of the pure PVDF 
membrane around 131.6 ± 2.3°. However, the PVDF/GNPs 

Table 2 
Characteristics of the fabricated membranes (average fiber diameter, average pore size, membrane thickness, membrane porosity, 
static water contact angle, and liquid enter pressure (LEP)

Membrane Average fiber 
diameter (μm)

Average pore 
size (μm)

Membrane 
thickness (μm)

Membrane 
porosity(%)

Static water 
contact angle (°)

LEP (kPa)

Pure PES 0.342 ± 0.06 0.455 ± 0.08 112 ± 2.1 92 ± 1.6 92 ± 1.7 NA

PES / GNPs 0.337 ± 0.04 0.423 ± 0.05 107 ± 2.4 89 ± 1.7 122.9 ± 1.2 NA

Pure PVDF 0.374 ± 0.06 0.494 ± 0.04 162 ± 2.5 92 ± 2.1 131.6 ± 2.3 85 

PVDF / GNPs 0.352 ± 0.08 0.451 ± 0.05 159 ± 3.1 90 ± 1.8 141.3 ± 1.2 95

PES / PVDF blend 0.387 ± 0.07 0.428 ± 0.07 148 ± 2.2 91 ± 1.4 121.6 ± 0.6 80

PES / PVDF / GNPs 0.356 ± 0.05 0.379 ± 0.09 142 ± 1.8 88 ± 1.5 132.3 ± 0.8 85

*LEP is Water Liquid Entry Pressure – NA is Not Available due to being at a lower value than the detection limits.

Fig. 6. SEM images of PES/GNPs composite membranes; (A) 3 wt. % and (B) 4 wt.% GNPs filler.
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has higher static water contact angle than both (pure PVDF 
and PES/PVDF/GNPs composite membranes). Indeed 
increasing the content of the PVDF than the 25% used in the 
PES/PVDF blend could increase the contact angle but at the 
expense of the membrane cost.

Fig. 8 shows the XRD pattern of pure and composite 
membranes as well as the used filler; GNPs. GNPs showed 

a strong peak at 2θ = 26.3° followed by a peak at 54.7° that 
characterizes the existence of graphite [79]. These peaks 
appear as week peaks in all prepared composite mem-
branes (PVDF/GNPs, PES/GNPs, and PES/PVDF/GNPs). 
This weakness can be related to the inclusion of the GNPs 
inside the polymer fiber as shown in the SEM images. The 
pure PVDF showed one obvious peak at 2θ = 20.05° and 

Fig. 7. SEM images and water contact angle for the produced membranes. (A) pure PES, (B) PES/GNPs, (C) pure PVDF, (D) PVDF/
GNPs, (E) PES/PVDF blend, and (F) PES/PVDF/GNPs composite membrane.
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composite membrane achieved very close flux values to the 
best membrane with 16.6 kg/m2·h at the same conditions. 
So, adding 2 wt.% GNPs filler increased the flux of the 
PES/PVDF blend membrane by 43% to be comparable to 
the costly PVDF/GNPs composite membrane. This may 
be because adding graphene to the membrane resulted in 
multi-level membrane surface roughness, which increased 
its hydrophobicity. It also increased the LEP. The GNPs large 
aspect ratio also composed Nano and micro-scale lumps 
over the surface which helped to stop the water molecules 
penetration into the membrane pores and permitted more 
vapor to pass through due to the high porosity of the elec-
tro-spun membranes. GNPs also formed diffusion paths for 
the flux via continuous adsorption/desorption processes. 
This all resulted in higher vapor flux. This agrees with pre-
vious results [82].

4.3.2. Effect of the feed saline water flow rate

Fig. 10 displays the relationship between the feed 
saline water flow rate and the permeate flux. The feed 
flow rate increased from 12 to 30 l/h at 6 l/h increments, 
while the feed temperature and salt concentration were 
maintained at 65°C and 10000 ppm, respectively. As 
noticed from Fig. 10, at low flow rates, the flux values are 
very close for all the fabricated membranes. This may be 

three weak peaks at 2θ = 18.4°, 26.4°, and 38.5°. The peaks 
at 2θ =18.4°, 20.05, 26.4° and 38.5° were related to (020), 
(100), (021) and (002) crystalline peaks of PVDF α crystal-
line phase, respectively [80]. The peak at 2θ = 20.05° can be 
shown in all other membranes incorporating PVDF. The 
pure PES membrane shows a broad peak around 2θ = 18.7° 
which characterizes PES and is shown in all other fabricated 
membranes included PES [81].The novel prepared PES/
PVDF/GNPs membrane showed all of the above charac-
teristic peaks that confirms the existence of GNPs and the 
other PES/PVDF blend polymers.

4.3. Membrane performance

Only four membranes were used for the performance 
evaluation test using a DCMD test rig, as the pure PES mem-
brane and the PES/GNPs composite membranes proved to 
have a very low LEP to be used. The four membranes are 
pure PVDF, PVDF/GNPs composite, PES/PVDF blend, 
and PES/PVDF/GNPs composite membranes. They were 
all tested to investigate the effect of the feed saline water 
inlet temperature, the feed saline water flow rate, and salt 
concentration on their performance.

4.3.1. Effect of the feed saline water inlet temperature

The feed saline water inlet temperature was changed 
from 35 to 65°C at 10°C increments, while flow rate and salt 
concentration were maintained at 18 l/h and 10000 ppm, 
respectively. As shown in Fig. 9, increasing the feed saline 
water inlet temperature has a positive effect on the perfor-
mance of the tested membranes, as it increases their pro-
ductivity. This is due to increase the partial vapor pressure 
difference between the two sides, resulting in enhancing 
the driving force for the vapor flow through the mem-
brane pores. As noticed, the membrane with the best per-
formance was the PVDF/GNPs composite membrane. 
It reached a flux of 16.75 kg/m2·h at 65°C and the worst 
membrane performance (11.6 kg/m2·h) was for the PES/
PVDF blend membrane. However, the PES/PVDF/GNPs 

Fig. 8. XRD patterns of the fabricated membranes.

Fig. 9. Effect of feed saline water inlet temperature on the per-
formance of the fabricated membranes. 

Fig. 10. Effect of the feed saline water inlet flow rate on the per-
formance of the fabricated membranes.
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related to the fact that the boundary layer effects are dom-
inant. Increasing the feed flow rate enhanced the perme-
ate flux for all the membranes. This is due to higher heat 
transfer coefficient which leads to less temperature polar-
ization between the membrane surface and the bulk tem-
perature that enhancing the vapor driving force through 
the membrane pores. However, at higher flow rates, the 
flux enhancement slowed down. This may be attributed 
to an increase in the conduction heat loss across the mem-
branes, which hindered flux enhancement. This is similar 
in trend to previously reported researches [83]. Also, it is 
noticed that the performance of the PES/PVDF/GNPs 
composite membrane is very close to the membrane with 
the best performance (PVDF/GNPs; 19.77 kg/m2·h). It 
reached a flux value of 19.35 kg/m2·h at 30 l/h, which is 
only about 2.1% (within the error limits) lower than the 
flux of PVDF/GNPs membrane. It can also be noticed that 
adding the GNPs filler increased the flux by a ratio up 
to 22.5% in case of the PES/PVDF blend membrane (15.8 
kg/m2·h) and up to 11.2% for the pure PVDF membrane 
(17.4 kg/m2·h).

4.3.3. Effect of feed inlet salt concentration

Fig. 11 illustrates the effect of changing feed inlet salt 
concentration on the membranes flux. The feed inlet salt 

concentration was changed from distillate water (3:5 ppm) 
up to 30000 ppm at 10000 ppm steps, while temperature 
and flow rate were kept at 65°C and 30 l/h, respectively. 
As can be seen from Fig. 11, at relatively low concentra-
tions, the permeate flux is high, which suggests low con-
centration polarization in the membrane feed boundary. 
This minimizes the effects of salt precipitation on the per-
meate flux which agrees with other researchers [84,85]. 
However, increasing the feed inlet salt concentration sig-
nificantly decreases the permeate flux. This may be related 
to the drop of the water vapor pressure at higher salt con-
centrations at the same working temperatures. This drop 
was caused by the decrease in the water activity in the feed 
flow. This caused a growth in the salt concentration over 
the membrane surface, which led to increase the precipi-
tation of the salt over the membrane surface. As seen in 
Fig. 12, SEM images of the PES/PVDF/GNPs composite 
membrane after being exposed to a high salt concentration 
of 30000 ppm for about 12 h. The images show that salt par-
ticles formed a layer over the membrane surface. This layer 
hindered vapor flow through the membrane and decreased 
the membrane surface temperature. This effect reduced the 
flux of all the membranes as follows: Pure PVDF; 52.4%, 
PVDF/GNPs; 45.4%, PES/PVDF blend; 62.3%, and PES/
PVDF/GNPs; 47%. It may also lead to a membrane fail-
ure or salt penetration through the membrane pores if not 
treated properly.

4.4. Mathematical modeling

As a case study, the flow rate results were chosen for 
mass transfer coefficient analysis.

First, Knudsen number (Kn) was calculated for each 
membrane to recognize the transfer mechanism. Table 3 
shows the calculated values assuming that Tm is the average 
of the bulk temperatures (318 K).

As shown in Table 3, Kn for all fabricated membranes 
is between 0.01 and 1. Then, the flow mechanism is transi-
tional that combines Knudsen flow and normal diffusion.

Then, an algorithm was used as previously explained in 
the mathematical modeling section, to predict the values of 
the mass transfer coefficients for the different membranes. 
The values of the mass transfer coefficients at different flow 
rates are shown in Fig. 13.

Fig. 11. Effect of feed inlet salt concentration on the performance 
of the fabricated membranes.

Fig. 12. SEM images of salt precipitation over the PES/PVDF/GNPs composite membrane surface; (A) ×1700 and (B) ×4000 magni-
fication
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As can be seen from Fig. 13, the mass transfer coeffi-
cient tends to slightly increase with the feed flow rate, as it 
provides better heat transfer and higher driving force. The 
average mass transfer coefficients within the studied range 
are tabulated in Table 4. As noticed, the PES/PVDF/GNPs 
membrane has the highest average mass transfer coeffi-
cient, even higher than average mass transfer coefficient of 
the PVDF/GNPs membrane. This is may be due to the high 
porosity of the PES membrane.

5. Conclusions

Pure PES, pure PVDF, PES/GNPs, PVDF/GNPs, PES/
PVDF blend and PES/PVDF/GNPs composite membranes 
were fabricated and were characterized and evaluated for 
desalination by using MD process. The optimal ratio of 
the GNPs filler was found to be about 2 wt.%. Two of the 
membranes (pure PES and PES/GNPs composite) proved 
to be unsuitable for MD applications, as their LEP was 
very low (under the detection limits). The PVDF/GNPs 
composite membrane shows the best performance mem-
brane; the best performance at change the feed inlet con-

ditions. However, the novel PES/PVDF/GNPs composite 
membrane has favorable qualities and high performance 
comparable to the high cost pure PVDF and PVDF/GNPs 
composite membranes. As general trend, replacement 75% 
of the PVDF content by PES polymer resulted in reduction 
in the performance of produced PES/PVDF blend mem-
brane compared to the performance of both pure PVDF 
and PVDF/GNPs composite membranes. Whereas, only 
2 wt.% GNPs included in the blend to form PES/PVSF/
GNPs composite resulted in a significant performance to 
be comparable to the costly best performance PVDF/GNPs 
composite membrane. The PES/PVSF/GNPs compos-
ite membrane exhibited high hydrophobicity with static 
water contact angle of about 132.3°. In the DCMD tests, it 
achieved a flux of 19.35 kg/m2·h at feed inlet temperature 
of 65°C, flow rate of 30 l/h, and salt concentration of 10000 
ppm, which is only 2.1% lower than the flux of the PVDF/
GNPs composite membrane at the same conditions. Also, 
the PES/PVDF/GNPs membrane has the highest cal-
culated average mass transfer coefficient, which is even 
slightly higher than average mass transfer coefficient of the 
PVDF/GNPs membrane. These favorable characteristics, 
paired with the fact that we used commercial PES, which 
is much cheaper than the cost of PVDF, results in a cost 
reduction of about 50–75% compared to the PVDF/GNPs 
composite membrane. This composite membrane shows 
a good potential to be used instead of other conventional 
membranes in MD applications. 

6. Recommendations and future work

Although, the produced membrane showed a potential 
for MD applications, there is still much room for improve-
ment. The salt precipitation problem at high feed inlet 
concentrations should be addressed either by changing 
the membrane cell design or by other additives [86]. The 
long-term performance of the membrane also should be 
investigated, as it presents an important factor for practi-
cal implementation. Cell design optimization to produce 
higher thermal efficiency, should also be addressed. The 
effect of adding micro-feed channels may reduce tempera-
ture polarization should also be considered. A deeper math-
ematical model to accurately predict the flux at different 
conditions will be considered as a following step. 
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Table 3 
Calculated Knudsen number for the different fabricated membranes

Membrane Average pore size (μm) Mean free path (λ) (μm) Knudsen number (Kn)

Pure PVDF 0.494 ± 0.04 0.14 0.283

PVDF / GNPs 0.451 ± 0.05 0.14 0.310

PES / PVDF blend 0.428 ± 0.07 0.14 0.327

PES / PVDF / GNPs 0.379 ± 0.09 0.14 0.369

Fig. 13. Calculated mass transfer coefficient for the fabricated 
membranes at different feed flow rates.

Table 4 
Average mass transfer coefficients for the different membranes

Membrane Average mass transfer coefficient 
(C) [kg/m2∙s∙Pa] * 109

Pure PVDF 270.313

PVDF/GNPs 317.05

PES/PVDF blend 242.157

PES/PVDF/GNPs 317.42
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Symbols

Mw — Molecular weight (g/mol)
Wd — Dry sample weight (g)
Wsat — Saturated sample weight (g)
ε — Porosity
ρ — Density (g/cm3)
ρeth  — Density of ethanol (g/cm3)
ρpol  — Density of polymer material (g/cm3)
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