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ABSTRACT: Membrane distillation (MD) is an attractive technology for
the separation of highly saline water used with a polytetrafluoroethylene
(PTFE) hollow fiber (HF) membrane. A hydrophobic coating of low-
density polyethylene (LDPE) coats the outer surface of the PTFE
membrane to resolve membrane wetting as well as increase membrane
permeability flux and salt rejection, a critical problem regarding the MD
process. LDPE concentrations in coating solution have been studied and
optimized. Consequently, the LDPE layer altered membrane morphology
by forming a fine nanostructure on the membrane surface that created a
hydrophobic layer, a high roughness of membrane, and a uniform LDPE
network. The membrane coated with different concentrations of LDPE
exhibited high water contact angles of 135.14 ± 0.24 and 138.08 ± 0.01°
for membranes M-3 and M-4, respectively, compared to the pristine membrane. In addition, the liquid entry pressure values of
LDPE-incorporated PTFE HF membranes (M-1 to M-5) were higher than that of the uncoated membrane (M-0) with a small
decrease in the percentage of porosity. The M-3 and M-4 membranes demonstrated higher flux values of 4.12 and 3.3 L m−2 h−1 at
70 °C, respectively. On the other hand, the water permeation flux of 1.95 L m−2 h−1 for M-5 further decreased when LDPE
concentration is increased.

1. INTRODUCTION

Clean and freshwater are getting scarcer, and soon, most of the
world population will be facing water-stressed conditions due
to climate change, industrialization, and global increase in
urbanization, all of which need urgent attention. To resolve the
overarching issue, growing research interest in recent years has
centered on the treatment of aquaculture of seawater through
water purification technologies. The desalination of seawater
has become an essential and promising option to meet the
rising demand for clean water. Membrane technology is the
most common separation method that can be classified into
pressure-driven and non-pressure-driven processes depending
on the separation mechanism. Desalination by reverse osmosis
(RO) is a widely used technology for the removal of salts from
feed water.1 However, RO is operated under a high pressure,
which requires high energy consumption.2 Therefore, to
address these limitations, membrane distillation (MD) is
often proposed as an alternative technology because of its
unique benefits associated with the process.3 Membrane
distillation (MD) is a thermally driven separation process
associated with the membrane process. MD is an alternative to
conventional distillation and RO separation, which is still in its
testing stages and not fully applied within the industry.4 Most
researchers are interested about implementing MD in

wastewater treatment, especially from the textile industry,5

rubber industry,6 mining industry,7 and dairy industry.8 MD is
operated using a hydrophobic membrane to allow only vapor
molecules rather than bulk water across the microporous
membrane under lower pressure and lower operating temper-
ature compared to RO and distillation, respectively.9 Ideally,
MD offers several advantages such as potential 100% rejection
on nonvolatile dissolved substances,10 productions of high-
purity distillate, simple operation, easy to scale up, and
relatively low energy consumptions.11 In the present, the raw
materials chosen for membrane fabrication for MD depend on
their life spans, thermal stability, and chemical and mechanical
resistance, in which most of the industrial processes use
organic polymers and inorganic materials.12 The MD process
can be classified into four different configurations, which are
direct contact membrane distillation (DCMD),13,14 vacuum
membrane distillation (VMD),15 air gap membrane distillation
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(AGM),16 and sweep gas membrane distillation (SGMD).17

Among those configurations, DCMD is one of the most
common configurations used due to its simplest MD to treat
concentrated wastewater.18 For practical use, the membrane is
the cornerstone of MD, which can exhibit long-term
permeation flux and salt rejection. Despite the advantages of
membrane distillation over conventional distillation, mem-
brane wetting is the primary issue in desalination technologies
by MD. To achieve efficient operation of the MD process, a
superhydrophobic membrane is required to prevent pore
wetting and penetration by liquid water.19,20 Almost all
industries use hydrophobic polymeric materials including
polyethylene (PE), polypropylene (PP), polyvinylidene fluo-
ride (PVDF), and polytetrafluoroethylene (PTFE).21 Hydro-
phobic polymeric membranes that are made from PTFE and
PVDF are commonly applied in MD.22 The membrane is
subjected to pore wettability with such high surface energy,
which decreases membrane flux and rejection.23 PTFE has a
lower surface energy compared to PVDF, thus probably having
a higher wetting resistance as well. Moreover, in comparison to
PVDF with large pore size, the commercial PTFE membrane
with smaller pore size is resistant to irreversible fouling, which
might reduce the permeate flux and affect the performance of
direct contact membrane distillation (DCMD).
One of the major obstacles limiting MD from commerci-

alization in the industrial separation technology is the lower
permeation flux compared to the pressure-driven membrane
process due to fouling in water treatment and membrane
wetting.24 There are several parameters of the membrane to
consider in improving the membrane performance and
efficiency such as porosity, tortuosity, chemical resistance,
thermal conductivity, and quality of distillate product. To
satisfy this condition, first of all, the membrane must not be
wetted by separate aqueous solutions and carry only water
vapor through the membrane.25 Also, suspended solids and
organic matter are among the types of waste that can cause
membrane blockage and increase the risk of membrane pore
wetting. In addition, controlling the wetting of the membrane
is one of the most significant obstacles in improving membrane
efficiency and prolonging membrane life, as pore wetting
typically leads to lower permeation flow due to the polarization
effect of temperature (TPC).26 This phenomenon occurs when
a non-isothermal boundary layer is formed on both sides of the
membrane surface. The temperature difference between
liquid/vapor interfaces and the bulk phase is called temper-

ature polarization, which has a destructive effect on the
produced driving force and imposes resistance to heat
transfer.27 The development of a membrane with hydrophobic
characteristics for the application of membrane distillation is
therefore being considered.28−30

Surface modification is one of the proposed techniques to
prevent membrane wetting by altering the morphology of the
membrane surface. Modification of the membrane can be done
by surface coating and grafting. Among those two methods, the
coating of the membrane is the easiest approach to augmenting
the hydrophobicity of the membrane by depositing the
functional thin film layer on the outer surface of the
membrane.31 Many works have been done to develop porous
and hydrophobic surfaces by a simple and inexpensive
approach. Li et al.32 and Chen et al.33 described a simple
solvent−nonsolvent coating method to prepare a lotus-like
surface with superhydrophobic polyvinyl chloride (PVC). The
membrane coating with PVC by Chen et al.33 obtains a
superhydrophobic porous surface with a water contact angle of
more than 150°. In addition, porous superhydrophobic coating
by low-density polyethylene (LDPE) has also been used to
modify the membrane surface and successfully achieved a 152°
water contact angle.34 Similarly, Lu et al.35 synthesized an
LDPE superhydrophobic surface exceeding water contact angle
of 173° by controlling the nucleation rate and adjusting the
crystallization time. In addition, cooperative porous micro-
structures and floral crystal with a nanostructure of LDPE
become favorable to enhance wettability resistance of the
membrane. In view of this, by modifying the surface
morphology through the process of producing hierarchical
surface roughness, the hydrophobicity of the membrane could
be altered. Thus, an attempt was made in this study on the
modification of the PTFE surface via an LDPE coating solution
for desalination.

2. RESULTS AND DISCUSSION
2.1. Effect of LDPE Concentrations. In this study, the

effect of LDPE concentration in the coating solution on the
hydrophobicity of the coated PTFE HF membranes by droplet
water contact angle (WCA) was evaluated. All PTFE
membranes exhibited a hydrophobic characteristic with a
contact angle higher than 90°. Figure 1 shows that the surface
WCA had an increase with a variation of (104.39 ± 0.38°),
(106.30 ± 0.53°), (127.44 ± 0.62°), (135.14 ± 0.24°), and
(138.08 ± 0.01°) for M-0, M-1, M-2, M-3, and M-4,

Figure 1. Water contact angle of PTFE HF membrane.
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respectively, with the gradual increase in LDPE concentration
in the PTFE coating layer and a decrease about ±10° for M-5
at (128.58 ± 3.09°) due to poor solubility of LDPE in the
coating solution at high concentration. In addition, higher
LDPE concentration (50 g/L) promoted a higher solution
viscosity, which affected the uniformity of the crystalline
structure on the membrane surface. The high error of WCA for
M-5 (±3.09°) among other membranes shows that the
cracking of the LDPE layer may have occurred on certain
surfaces of PTFE HF membrane and is responsible for the
reduction of WCA. These findings suggest that PTFE layer
coating and LDPE integration would increase PTFE HF
membranes’ surface hydrophobicity.
The water contact angle could be predicted by using the

Wenzel equation:36

θ θ= Rcos cosw f o (1)

θw and θo are the water contact angles upon the rough and
smooth solid surface, respectively. Rf is the nondimensional
surface factor, which is equivalent to the ratio of the surface
area of its flat projected area. These Wenzel equation and
Wenzel model illustrated that when the contact angle is θ >
90°, the membrane is more hydrophobic. Surface roughness
and non-wettability of the membrane material itself are two
general factors affecting WCA surface hydrophobicity.37

According to the figure above, the shape of the water droplets
on the membrane is different from the pristine PTFE HF
membrane (M-0) as compared to the PTFE coated layer due
to the rough hydrophobic surface. Due to its low hydro-
phobicity, the high wetting rate occurred in pristine PTFE.
Obviously, the PTFE surface roughness increased following the
coating with LDPE, which promotes high wetting resistance
due to the nano- and microstructure of the LDPE surface.
Thus, the surface of LDPE−PTFE HF membranes can be
better during MD.
2.2. Morphologies of Different PTFE HF Membranes.

The LDPE coating solution is expected to modify the
membrane surface. Figure 2 illustrates the surface morpholo-
gies for the SEM images of different PTFE HF membranes
with 2000 magnifications. As shown, the membrane surface has
a uniform topography and pore distribution for pristine PTFE

(M-0), and major changes on the surface morphology of the
membranes M-1, M-2, M-3, M-4, and M-5 have been observed.
Under the coating method, SEM revealed that the uniformity
of the formed LDPE layer has improved according to different
concentrations of LDPE coated on the surface of PTFE
membranes. The indirect coating method was based on the
work from the literature,32 which developed a rough LDPE
layer that could facilitate an interfacial interaction between a
solvent and nonsolvent on the surface of PTFE HF membrane,
further causing tensions to shrink. Consequently, the flat
interface of the coating layer was divided into various curved
surfaces for M-3 and M-5 that resulted in precipitation of
LDPE and microphase separation to take place on the surface
of the membrane.32 In addition, the fine nanostructure on the
membrane surface was formed and created a hydrophobic
layer, a high roughness of membrane, and a uniform LDPE
network. In addition, M-4 exhibited fine and scattered LDPE
aggregations on the membrane surface. As for M-1 and M-2,
the lower concentration of LDPE coating solution left on the
PTFE membrane surface was not adequate, resulting in the
formation of a non-uniform coated layer, which correlated with
the instability of the coating solution on the surface of the
membrane. As a result, the incorporation of LDPE on the
outer surface of the hollow fiber membrane is expected to
effectively enhance membrane hydrophobicity and increase
permeate flux during the MD process.38

2.3. Wetting Resistance of PTFE HF Membrane.
Measurement of hydrophobic wetting resistance for the MD
method is a significant criterion dependent on its contact angle
as well as LEP.39 The LEP value of the membrane in MD
should be sufficient to avoid wetting. The LEP values for
various PTFE HF membranes are shown in Figure 3.
Compared to the pristine PTFE membrane, which was
0.2132 ± 0.01 bar, the LEP data for all coated PTFE HF
membranes showed an increase from 0.2 to 0.99 bar.
Obviously, the LEP values of the LDPE-incorporated PTFE
HF membranes (M-1 to M-5) are higher than the uncoated
membrane (M-0), as shown in Figure 3.
These results indicate that the PTFE HF membrane needs

higher pressure to allow liquid across membrane pores and the
PTFE coating layer effectively improves the wetting resistance

Figure 2. SEM images of coated and uncoated PTFE HF membranes.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c05107
ACS Omega 2021, 6, 4609−4618

4611

https://pubs.acs.org/doi/10.1021/acsomega.0c05107?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05107?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05107?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05107?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c05107?ref=pdf


of the hydrophobic PTFE HF membrane. In addition, the
Laplace equation can be used to evaluate LEP values, which
mainly depends on membrane hydrophobicity and pore
structure40,:41

γ θ
=

− B
r

LEP
2 cos1 w

max (2)

where the coefficients of B, γ1,and θw refer to the pore
geometric factor, liquid surface tension, and contact angle,
respectively. rmax is the maximum pore size (radius), as that is
the highest tendency to wetting. It is readily apparent from the
equation that the LEP was found to vary from M-0 to M-5 due
to the variations not only in surface water contact angle but
also in the variance of surface topology and pore size
distribution. After coating the PTFE HF membrane with the
LDPE layer, the pore size was basically maintained and
porosity remained around 58−62%. The values of porosity,
contact angle, and LEP are listed in Table 1.

Table 1 shows the trend of porosity with the increase in the
LDPE concentrations (10−50 g/L). This indicates that the
coating layer of LDPE does not block and penetrate the
micropores of the PTFE HF membrane. However, M-4 has a
high LEP and contact angle for resistivity to membrane
wetting, but it is relatively lower in porosity compared to M-0.
This phenomenon can be explained based on the Cassie−
Baxter equation (CB, eq 3)42

θ θ θ= − = [ + ] −γ γrf f f rcos cos cos 1 1CB s v s (3)

where θCB, θγ, and fs and f v are the apparent contact angle, the
intrinsic contact angle on the original smooth surface, and the
fractional areas of the solid and vapor on the surface,
respectively. Based on the equation, the contact angle should
be lower by decreasing the porosity at the higher LDPE

concentration. However, it indicates that the membrane with a
higher contact angle and LEP shows a decrease in porosity
value, and hence, this phenomenon has a major impact on the
vapor permeation of the MD phase.

2.4. Polymer Crystallinity. Polymer crystallinity by FTIR
analysis was determined to investigate the influence of LDPE
concentration on the changes in membrane chemical func-
tional groups and crystal structure. Figure 4 shows the FTIR
spectra result of the membrane. All PTFE HF membranes have
C−F stretch at the 1400−1000 cm−1 wavenumber. There are
two characteristic peaks for PTFE membranes at 1201 and
1146 cm−1, which represent the CF2 asymmetric and
symmetrical stretching bands, respectively.43,44 Rocking and
wagging vibration at 658 cm−1 was also found to be similar to
the findings from the literature.45−48 The LDPE-coated
membranes M-1 to M-5 present elements of carbon (C) and
hydrogen (H) with a long chain of CH2 repeating unit.

49 The
CH2 asymmetrical and symmetrical stretching observed at
wavenumbers 2915.98 and 2848.29 cm−1 recorded different
intensities, which is also similar to the findings reported by
Gulmine et al.50

2.5. DCMD Flux Performance. Figure 5a−c shows the
DCMD flux performance of different PTFE HF membranes in
sodium chloride and distilled water as a feed, final conductivity,
and salt rejection. It can be seen from Figure 5a,b that the
tested membrane samples demonstrated various permeation
flux values because of the significantly different surface
hydrophobicity, LEP, and porosity after undergoing surface
modifications. It is important to note at this stage that all
membranes have been able to maintain 99% of sodium
chloride (NaCl) content in feed with different values of
permeate conductivity at the end of the performance test.
These high rejection values have shown that the LDPE
hydrophobic coating on the surface of the membranes only
permitted water vapor to be transported via microporous
membranes. The final conductivity values of all modified
membranes show excellent improvement in the range of
6.819−49.32 μS compared to the pristine PTFE HF
membrane at 285.94 μS. The higher value of conductivity
for the pristine PTFE HF membrane could suffer for long
operation hours of DCMD and contribute to lower NaCl
rejection. Using different concentrations in membrane
modification, M-0, M-1, M-2, M-3, M-4, and M-5 membranes
exhibited a difference in performance in terms of permeate flux.
The LDPE coating layer on the outer surface of the PTFE HF
membrane (M-1 to M-5) excellently enhanced the permeation
flux of the pristine PTFE membrane (M-0). Permeate flux of
M-0 membrane was the lowest for distilled water and NaCl
ranging between 0.0023 and 0.0026 L m−2 h−‑1 and between
0.0013 and 0.0014 L m−2 h−1, respectively, after 6 h. The
incorporation of LDPE in the coating of the PTFE layer
achieved higher permeate flux of distilled water and NaCl
(4.36−5.08 and 3.84−4.12 L m−2 h−1), respectively, compared
to the permeate flux of M-1, M-2, M-4, and M-5 membranes.
These results confirm that enhancement of surface hydro-
phobicity for the modified M-3 membrane at an optimum
concentration of LDPE coated on the outer surface effectively
improves membrane water flux. The water contact angle
increased from 104.39 to 138.08°, the LEP value increased in
the range 0.2−0.99 bar, and the deposition of a polymeric
porous superhydrophobic thin layer on the outer surface of
PTFE HF membrane with an acceptable range value of
porosity about 60% has contributed to better permeation in

Figure 3. LEP of PTFE HF membranes.

Table 1. Properties of PTFE HF Membranes

PTFE membrane porosity (%) contact angle (°) LEP (bar)

M-0 62.45 ± 0.43 104.39 ± 0.38° 0.2132 ± 0.01
M-1 61.94 ± 0.07 106.30 ± 0.53° 0.2856 ± 0.01
M-2 60.55 ± 0.35 127.44 ± 0.62° 0.4502 ± 0.01
M-3 60.18 ± 0.10 135.14 ± 0.24° 0.9868 ± 0.02
M-4 59.01 ± 0.33 138.08 ± 0.01° 0.9945 ± 0.04
M-5 58.50 ± 0.37 128.58 ± 3.09° 0.8420 ± 0.05
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the practical application of MD. Therefore, the optimum
concentration of LDPE solution did not penetrate the
membrane pores until a further increase in concentration,
which leads to a reduction of membrane flux. In addition, Rosli
et al.51 tested the performance of pristine and LDPE-coated
membranes to evaluate the effect created by the super-
hydrophobic layer by LDPE solution coating. Based on Rosli et
al.’s investigation, in different applications, the flux of the
modified membrane is twice the flux of the pristine PVDF
membrane. On the other side, a further increase in LDPE
concentration on the membrane has shown the reduction of
flux values for modified M-4 and M-5 about 21.45 and 54.76%,
respectively. The thickness of the coating layer on the surface
of the membrane could be a main contributor to the increased
mass transfer resistance. Thus, the permeation flux outcomes
exhibited good agreement with the characterization results.

Table 2 presents the summary of works demonstrating the
advantages of the modified membrane in this study over the
membranes in other works in terms of membrane properties
and performances.
The LDPE−PTFE HF membrane mass transfer diagram is

shown in Figure 6 to demonstrate the effect of the LDPE
coating layer during the MD performance test on the mass
transfer of the PTFE HF membrane. There are several effects
through the LDPE coating layer on the PTFE HF membrane
such as wettability resistance of membrane, surface roughness,
thermal conductivity, and mass and heat transfer resistance.
From Figure 6, the coating can effectively create a rough
surface that affects the convection heat transfer and the Nusselt
number with low Reynolds number, especially under a laminar
flow.56,57 Moreover, the hydrophobic layer is enhanced with
the LDPE coating that inhibits liquid film appearance along

Figure 4. FTIR spectra of coated and uncoated PTFE HF membranes.

Figure 5. Water permeation flux for (a) distilled water and (b) sodium chloride. (c) Rejection and conductivity of different PTFE membranes.
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with the outer PTFE HF membrane and gradually decreases
the thickness of the boundary layer of temperature polar-
ization.58 Studies by Liu et al.59 and He et al.60 attributed high
hydrophobicity and surface area to cause effective gas and
vapor adsorption properties. Activated diffusion61 from Figure
6 occurred when water molecules and salt ions come into
contact with LDPE, where they will only allow vapor molecules
to transport into the micropores of the PTFE membrane.
Thus, the conductivity of salt ions at the permeate tank during
the DCMD experiment decreases from 42.25 mS cm−1 to
6.819 μS cm−1. Based on the above discussion, increased

LDPE concentration can enhance membrane permeation flux
compared to the uncoated PTFE HF membrane.

3. CONCLUSIONS

In this study, low-density polyethylene (LDPE) is used in the
surface modification of polytetrafluorethylene (PTFE) HF
membrane as the solution coating and proved to successfully
enhance the hydrophobicity of the membrane surface and can
be applied in direct contact to the membrane distillation
(DCMD) process for desalination. At first, characterization
analysis such as water contact angle, surface morphology, LEP,
porosity, and FTIR was being put on a total focus. Later,

Table 2. Summary of Works on Other Modified Membranesa

membrane surface modification material
membrane properties upon

modifications
flux

(L m−2 h−1)
rejection
(%) ref

PTFE spray coating with iron oxide carbon nanotube WCA: 128 ± 1.8° 4 99.9 52
porosity: not available
pore size: 0.2 μm
LEP: >3 bar

PP coating with 1H,1H,2H,2H-perfluorooctyltriethoxysilane (POTS) WCA: 157° 1.2 99.8 53
porosity: 47.63%
pore size: 0.0695 μm
LEP: not available

PVDF silane grafting with (tridecafluro-1,1,2,2-tetrahydrooctyl)triethoxysilane WCA: >150° 6 99.9 9
porosity: 56.4%
pore size: 0.47 μm
LEP: 0.5 bar

PES surface grafting with tetraethylorthosilicate (TEOS) and
trimethylchlorosilane (TMSCl)

WCA: 150° 1.9 99.7 54
porosity: 84%
pore size: not available
LEP: not available

PET photo-induced graft polymerization with triethoxyvinylsilane WCA: 104° 0.7 99.3 55
porosity: 5%
pore size: 0.18 μm
LEP: >4.3

PTFE low-density polyethylene (LDPE) solution coating WCA: 135.14 ± 0.24° 4.12 99.9 this
studyporosity: 60.18 ± 0.10%

pore size: 0.2 μm
LEP: 0.9860 ± 0.02

aPTFE, polytetrafluoroethylene; PVDF, polyvinylidene fluoride; PP, polypropylene; PES, polyethersulfone; and PET, polyethylene terephthalate.

Figure 6. Schematic diagram of the effect of LDPE coating layer on the mass transfer of PTFE HF membrane.
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detailed discussions on coated membranes for application of
DCMD were presented. The LDPE concentrations (30 g/L)
M-3 and (40 g/L) M-4 in the coating solution were found to
produce favorable characteristics: high LEP (0.9868 and
0.9945 bar) and more hydrophobic (135.14 and 138.08°),
respectively, compared to the pristine PTFE HF membrane
(104.39°) and less reduction in porosity due to a thick LDPE
layer cover on the membrane surface. The formation of a fine
nanostructure on the membrane surface took place, which
created a hydrophobic layer, a high roughness of membrane,
and a buildup uniform LDPE network. In terms of the
desalination test, all membranes showed high salt rejection
with excellent removal of 99%. M-3 and M-4 are among the
highest consistent flux readings of about 4.12 and 3.3 L m−2

h−1, respectively, at 70 °C. A further decrease in water
permeation flux of 1.95 L m−2 h−1 for M-5 was recorded when
LDPE concentration increased. We believe that high
concentration of LDPE coated on the layer of PTFE HF
membrane causes reduction on membrane porosity and may
eventually lead to high mass transfer resistance that could
ultimately result in low water permeation flux.

4. EXPERIMENTAL SECTION
4.1. Materials. The polytetrafluoroethylene (PTFE) HF

membranes with a size of 0.8 mm outer diameter (OD)/0.5
mm inner diameter (ID) and 0.2 μm pore size were purchased
from PLC Solution (Malaysia). The low-density polyethylene
(LDPE) commercial-grade pellets produced by Petlin Sdn.
Bhd. (Malaysia) were used in this work. The polymer solvent
used was xylene (>98.5 percent of the mixture isomers + ethyl
benzene base, France) supplied by Sigma-Aldrich Sdn. Bhd.
Ethanol (>99.9 percent, Germany) and a nonsolvent indirect
coating were purchased from Merck Sdn. Bhd, while sodium
chloride (NaCl) was purchased from Sigma-Aldrich (St. Louis,
MO, USA) to be used as a feed solution.
4.2. Preparation of the LDPE Coating Solution. The

LDPE coating solution was prepared according to the literature
with some modifications.51 The LDPE pellet was dried for 24 h
in an oven at 60 °C and then slowly dissolved in xylene
without further treatment at 85 °C. The pellets and the solvent
were placed under continuous stirring at 300 rpm in a double
jacket heating tank for 2 h until the polymer is completely
dissolved. The above steps were repeated to study the effect of
LDPE polymer concentration on membrane wettability
according to Table 3.

4.3. Modification of PTFE Hollow Fiber Membrane.
PTFE HF membranes of 3 cm length were washed with
distilled water and then rinsed with ethanol to remove
contaminants from their surface. The fiber was then dried in
the oven at 70 °C for 24 h, while at one end, the fibers were
sealed with epoxy (Araldite, Hustsman Advance Materials,

Belgium) to prevent the coating solution from flowing within
the fiber lumen. The membrane was coated via indirect
methods. The fiber was first immersed in nonsolvent solution
(ethanol) for 30 s followed by 10 s in LDPE solution and dried
at room temperature in a vacuum oven.

4.4. Characterization of LDPE Coating Layer. The
coated LDPE on membrane surfaces was characterized based
on surface morphology, wettability, Fourier transform infrared
(FTIR), porosity, and liquid entry pressure (LEP).

4.4.1. Surface Morphology Checking. For morphology
observation, the membranes were examined by scanning
electron microscopy (SEM) using a Hitachi TM-3000 tabletop
to study the morphology on the flat and curved surfaces of the
fabricated LDPE layer. The membrane samples were coated
with a conducting layer of gold and finally being observed by
SEM.

4.4.2. Fourier Transform Infrared (FTIR). Polymer crystal-
linity checking by Fourier transform infrared spectroscopy or
FTIR (Thermo Scientific, Nicolet iS10, USA) was conducted
to identify the functional group of the pristine and modified
membrane. The peaks represent PTFE and LDPE with
different crystallinities. Data were collected in transmission
mode after the membrane undergoes 32 scans within the
wavenumber 4000−400 cm−1 at a resolution of 2 cm−1.

4.4.3. Membrane Wettability Measurement. The mem-
brane water contact angle (CA) was evaluated via goniometer
equipment, Rame-Hart 250-F1 USA, based on the sessile drop
method at ambient temperature. DI water (2 μL) was dropped
through a micro syringe on the hollow fiber membrane
surfaces. Then, a microscope was used to capture the
micrographs. To determine the average and remove any
occurring errors, this step was repeated for five surface
measurements at different locations for each sample.

4.4.4. Porosity Measurement. The total porosity of pristine
and modified HF membranes was calculated by the gravimetric
method mentioned in the literature.62 Three HF membranes of
3 cm long were used for each measurement to reduce error.
The total porosity was averaged for three fibers and calculated
according to the eq 4:

ε
ρ π
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=
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×
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2
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2

f d p

(4)

where Ww and Wd are the weights of wet and dry membranes
(g), ρw is the density of porefil (1.78 g/cm3), r is the inner
radius (cm), hf is the length of fiber (1 cm), and ρp is the
polymer density (2.2 g/cm3).

4.4.5. Liquid Entry Pressure (LEP). Liquid entry pressure
(LEP) is defined by the minimum pressure at which the first
drop of the feed solution occurs on the fiber lumen side. In this
work, HF membranes were equipped with water inserted in the
lumen shell side in a stainless steel tubular module. The
compressed nitrogen gas was added progressively and
continuously (at a linear rate of 5 kPa for every 5 min) to
the wetting liquid in contact with the membrane until the first
drop of water on the permeated side.

4.4.6. Direct Contact Membrane Distillation (DCMD)
Experiments. DCMD studies have been performed to
determine the separation performance of various LDPE
concentrations on the hollow fiber membrane surface (M-0,
M-1, M-2, M-3, M-4, and M-5) and are illustrated in Figure 7.
For each MD experiment, the HF membrane’s effective length

Table 3. LDPE Polymer Concentration

PTFE HF
membrane

LDPE polymer
concentration (g/l)

mass of LDPE
pellets (g)

mass of
xylene (g)

M-0 pristine
M-1 10 0.5 43.05
M-2 20 1.0 43.05
M-3 30 1.5 43.05
M-4 40 2.0 43.05
M-5 50 2.5 43.05
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was estimated to be 28 cm long. DCMD tests were performed
using 35 g/L sodium chloride (NaCl) to simulate seawater and
heated at 70 °C by placing it in a hot water bath (Protech HC-
10), whereas distilled water was maintained at 20 °C and used
as a permeate circulated counter-currently using a gear pump.
The feed solution (initial conductivity about 42.25mS cm−1)
was circulated on the shell side using a peristaltic pump, and
meanwhile, water vapors penetrated through the micropores of
the membrane and converged in the lumen fiber. The
permeate flux (L m−2 h−1) and salt rejection (%) of the
membrane by MD were determined by eqs 5 and 6,
respectively,

= Δ
Δ

J
V

A t (5)

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
= − ×R

C

C
(%) 1 100p

f (6)

where J is the permeate flux (L m−2 h−1), ΔV is the quantity of
volume distillate (L), A is the outer surface area of PTFE HF
membrane (m2), Δt is the time interval (h), R is the rejection
coefficient (%), and Cp and Cf are the concentrations of NaCl
(gL−1) at permeate and feed, respectively. To evaluate the
membrane efficiency, the membrane feed with distilled water
was first run for 6 h then followed by NaCl for another 6 h.
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