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a b s t r a c t
In this study, a composite membrane was prepared from recycled low-density polyethylene (R-LDPE), 
thus helping to lighten plastics’ load on the environment, while the powder of alumina was used 
to enhance the membrane contact angle, its porosity, and its mechanical properties. The membrane 
preparation was made by means of the thermally induced phase separation method by using the 
butyl acetate as a solvent, hexane as a non-solvent, and the alumina as an additive. The membrane 
crystalline property was assessed via the Fourier-transform infrared spectroscopy. The membrane 
characteristics were then investigated in terms of thickness, contact angle, pore size, porosity, mechan-
ical test, bubble point pressure, atomic force microscopy, and scanning electron microscopy analy-
sis. The results revealed that the addition of alumina had an important role in improving membrane 
structure, properties and therefore its performance. The evaluation of the R-LDPE-alumina mem-
brane showed that it has a good porosity, good hydrophobicity, and better mechanical properties. 
The obtained membranes were also applicated to the vacuum membrane distillation to test their  
performance.
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1. Introduction

Water is a basic requirement in every human being’s 
daily life. Freshwater scarcity is a big problem caused by 
pollution caused by human interruption, urbanization, and 
especially waste. In fact, the post-consumer waste genera-
tion in the United States as an example reached 216 million 
tons of solid waste per year in the year 2000, posing serious 
environmental and engineering challenges. Moreover, the 
decomposition of these wastes leads to the release of toxins 
contained in water sources, whether underground or sur-
face, and contamination of the soil in a way that affects the 

food cycle along with contamination of drinking water and 
thus poses risks to the safety of people. Therefore, recycling 
materials reduces the need to deplete more natural resources 
to extract new raw materials. On the other hand, there is 
another issue that the world is experiencing, the issue of 
the scarcity of fresh water. Adding the global population 
growth that will reach, according to the UN, 9.8 billion peo-
ple in 2050 and each person needs from 2–3 L/d of drinking 
water [1]. Consequently, desalination becomes a necessity 
for this important issue [2,3]. For this, the research commu-
nity is concentrating on water filtration and desalination to 
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produce large amounts of purified water in a short period 
of time and at a low cost. Many technologies were carried 
out in this context: thermal processes such as distillation 
(MSF, MED, MED-TC), membrane processes such as reverse 
osmosis (RO), and the hybrid process such as membrane 
distillation (MD). There are several criteria to choose which 
of these processes is most appropriate: cost, water quality, 
efficiency, and environment. Nowadays, MD is very emerg-
ing technology, and compared with the other membrane 
process, MD manifests as a promising alternative [4] due to 
its advantages such as (1) a 100% theoretical rejection fac-
tor of salts, (3) lower operating pressures than conventional 
pressure-driven membrane separation processes (nanofil-
tration, ultrafiltration, microfiltration, and RO), (4) fewer 
requirements on membrane mechanical properties (5) less 
sensitive to feed salinity for desalination. However, this pro-
cess is relatively expensive because of its high-energy con-
sumption and operating at low temperatures, which consti-
tutes a heating constraint at temperatures above 80°C. For 
this, it is necessary to couple this membrane process with 
renewable energy such as geothermal, which the water pro-
duction cost reduced from 1.22 to 0.5$/m3 [5–10], or solar 
energy [11,12], and improve its high resistance to high tem-
peratures. In this work, solar vacuum membrane distillation 
was investigated for water desalination. The membrane is 
the principal parameter making the MD process successful. 
The membrane must be hydrophobic and porous in order 
to be suited for this technique. Many researchers have used 
various materials to prepare hydrophobic-porous mem-
branes such as polyvinylidene fluoride (PVDF), PTFE, PP, 
and PE. All these studies have shown promising results, 
but still, the polymer cost is very high, and the MD mem-
branes cost can be estimated at 90$/m2 [13,14]. Therefore, 
in this work, recycled low-density polyethylene was used 
to prepare a flat sheet membrane for vacuum membrane 
distillation (VMD) application to solve together the scar-
city of fresh water and disposal of solid waste issues. This 
material is used for several reasons, such as being very 
cheap, hydrophobic in nature, small surface energy of 
28–33·10–3  N/m that is like PVDF and PP, good chemical 
stability, and very low thermal conductivity [15–17].

In addition, composite membranes have gotten a lot of 
attention today because of their flexibility in having more 
than one layer and using a variety of materials to form the 
membrane. In this present paper, a composite membrane was 
prepared using recycled low-density polyethylene (R-LDPE), 
thus helping to lighten plastics’ load on the environment, 
and the powder of alumina which it can be reinforce these 
membranes and improve its properties for better MD effi-
ciency. PE membranes for MD can be made from melt-ex-
trusion/cold-stretching methods [18]. Thermally induced 
phase separation (TIPS) has been used intensively to make 
microporous membranes since the 1980s. It was introduced 
firstly by Castro, and patented by several people for the 
preparation of microporous polymeric membranes. Besides, 
the use of TIPS method in the preparation of PE membranes 
is very limited. For this, in the present study flat sheet 
membrane was made by the TIPS method.

The objective of this work is to prepare a novel poly-
meric membrane based on R-LDPE, to improve its perfor-
mance by adding alumina powder, and to test it in solar 

vacuum membrane distillation (SVMD) for seawater and 
brackish water desalination.

2. Experimental set-up

2.1. Materials

Recycled low-density polyethylene polymer (R-LDPE) 
named Lacten (ATO) or lugden (BASF) (0.928  g/cm3, 
Mw = 45,000 g/mol) was supplied by a plastic manufacturing 
company located in Gabes (Tunisia). Commercial sodium 
hydroxide, butyl acetate, kerosene, ethanol, hexane, and 
methanol were purchased by Sigma-Aldrich (Allemagne).

2.2. Fabrication of AL/R-LDPE composite membrane

The recycled LDPE was cleaned and rinsed in the first 
stage. To eliminate contaminants, the recycled polymer 
was washed using sodium hydroxide and distilled water 
in this particular instance. Then, flat sheet membranes 
were made initially by preparing the homogeneous solu-
tion (the collodion); mixing R-LDPE (8 wt.%) in the solvent 
which is the butyl acetate in this case. Then the powder of 
alumina was added to the polymer solution. The result-
ing solution was stirred for 5  h at 120°C until complete 
dissolution of the polymer was achieved. Flat sheet LDPE 
membranes were prepared as shown in Fig. 1 by casting 
the dope solution on a glass plate (at 120°C) by means 
of a manual casting knife with a reservoir (Elcometer 
3700/1 Doctor Blade, Germany; adjustable gap size in the 
range 30–4,000  µm) with a 400  µm gap. The nascent film 
was exposed to atmospheric conditions for 5  min; then it 
was immersed in a hexane bath and then in the water for 
24  h to assure the solvent extraction from the membrane. 
Finally, the membrane was dried at ambient temperature 
before using it for testing. The composition of the poly-
mer, alumina powder and the solvent, the characteristic of 
the membrane casting are reported in Table 1.

2.3. Membrane topography atomic force microscopy, 
hydrophobicity

The surface properties of flat sheet membrane were 
evaluated using an atomic force microscope (Brucker 
Nanoscope III Device (USA), France).The 3D surface topog-
raphy of the membrane surface was obtained and the sur-
face roughness was then calculated. It is described by  
Eq. (1) [19]:

Ra
LxLy

LyLy

� � ���
1

00

Z x y dxdy, 	 (1)

where Ra: is the roughness, Z (x,  y): is the surface relative 
to the median plane, Lx, Ly: are the dimensions of the area.

The membrane contact angle (CA) was assessed using the 
sessile drop method. For this, a drop of bi-distilled water was 
deposited on the membrane by means of a micro syringe. 
Then the contact angle was measured using a goniometer 
(CAM100 Instrument, Italy). For the membrane, 6 differ-
ent places were measured; the average value and then the 
corresponding standard deviation were calculated.
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2.4. Membrane morphology, porosity, pore size and bubble point

The membrane surface was studied through examin-
ing the scanning electron microscopy (SEM) images using 
SEM type of (Zeiss EVO MA10, Switzerland). Membranes 
cross sections were set by freeze fracturing the samples in 
liquid nitrogen, to produce a clean brittle fracture. To make 
the membrane samples conductive, a thin film of gold 
was put on before the SEM test.

The overall porosity of the membrane can be calcu-
lated by Eq. (2) [19]:
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where ww is the mass of the wet sample (g), wd is the mass 
of the dry sample (g), rp is the density of the polyethylene 
(0.92 g/cm3) and rk is the density of the kerosene (0.82 g/cm3).

For this, the dried resulting membranes were cut into 
three different pieces, weighed, and then immersed in ker-
osene. After 24  h, the samples were removed and cleaned 
to remove the residual kerosene on the surfaces of the 
membranes and reweighed.

Average pore size and the bubble point of the flat sheet 
membranes were evaluated by wet/dry process using pore 
wick as wetting liquid (surface tension 16  dyne/cm) and a 
Capillary Flow Porometer (CFP 1500 AEXL, Porous Materials 

Inc., USA). First, the bubble point was identified when the 
first bubble of pure nitrogen was allowed into the mem-
brane that’s exactly where the nitrogen pressure will be 
bigger than the capillary flow of the fluid inside the largest 
pore. Then, the pressure was continuing to increase until the 
drying of the flat sheet membrane means that all the pores 
were empty of the pore wick. According to the nitrogen flow 
rates through the wet and dry membranes, the attached 
software then calculated the pore size. Fadhil et al. [20] 
report on the measurements in greater detail.

2.5. Tensile proprieties

The mechanical properties of the flat sheet membranes 
were determined using a (ZWICK/ROELL Z 2.5 Test Unit, 
ITM-CNR Italy). Three samples (1 cm2 × 5 cm2) were tested 
for each membrane. Each one was stressed, in unidirec-
tional strain, at a constant rate of 5  mm/min. The tensile 
strength, strain at break, elastic or Young’s modulus and the 
breaking elongation were determined.

2.6. Membrane applications: VMD experiments

The VMD experiments were carried out using the labo-
ratory system shown schematically in Fig. 2. The membrane 
was placed between the upper compartment (feed side) and 
the lower compartment (permeate side). The effective area 
of the membrane was 12  cm2, which was calculated based 
on the area of the membrane exposed to the vacuum space. 
The feed solution (seawater solution with 40  g/L of salin-
ity) was circulated on the membrane upstream side and 
passed through a heating water bath (Carlo Gavazzi-PDI409, 
Tunisia) equipped with a temperature controller with accu-
racy ±0.1°C. During the experiments, the feed was contin-
uously stirred at atmospheric pressure and the tempera-
ture was varied between 25°C and 90°C. The permeate side 
was connected to a vacuum pump to withdraw the vapor. 
The downstream pressure varied between 0.2 and 0.9  bar. 
Permeate was condensed in a cold trap immersed in liquid 
nitrogen and immediately the collected permeate is weighed 
each hour to examine the flux variation. The permeate 

Fig. 1. Experimental set-up of the preparation of flat sheet membranes.

Table 1
Composition of the R-LDPE, alumina powder, solvent, and the 
different characteristics of membrane casting

Type of membrane R-LDPE-alumina

LDPE (wt.%) 8
Alumina powder (wt.%) 5
Butyl acetate (wt.%) 87
Temperature of the solution (°C) 120
Time of stirring (h) 5
Gap size of the casting knife (µm) 400
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partial flux Ji of the component i, can be calculated using  
Eq. (3):

Ji mi
� � �A t�

	 (3)

where mi is the total mass of water vapor that permeates 
through the membrane, A is the effective membrane area, 
and Δt is the operation time. All VMD experiments were 
repeated at least two times to check the reproducibility of 
the measurements.

3. Results and discussion

3.1. Membrane hydrophobicity and roughness

Table 2 shows the properties of R-LDPE-alumina 
(R-LDPE-Al2O3) membrane prepared by TIPS method by 
using butyl acetate as a solvent.

It was clearly noticed that the obtained membrane has 
a hydrophobic character (115°) which is recommended for 
MD applications. Furthermore, there is a strong relationship 
between the roughness and the contact angle. According 
to Wenzel [21], the roughness enhances wettability and 
can be predicted using the Wenzel relation [(Eq. (4)]:

cos * cos� �� r 	 (4)

where θ* is the Wenzel contact angle, θ is the Young angle 
and r is the roughness ratio. Wenzel defined the roughness 
ratio as r = a/A, where a is the actual microscopic area and 
A is the apparent area [22].

If the factor r is larger than 1, a hydrophilic solid 
(θ  <  90°) becomes more hydrophilic when rough 
(θ*  <  θ). Conversely, a hydrophobic solid (θ  >  90°) shows 
increased hydrophobicity (θ* > θ).

For this reason, an atomic force microscope examined 
the topography of the surface of the obtained membrane. 
The atomic force microscopy (AFM) used, in this case, was 
carried out with a Nanoscope III device (Bruker, Santa 
Barbara, USA).

Fig. 3b illustrates the AFM image of the obtained mem-
brane. The obtained membrane has the highest roughness 
of 527 nm.

3.2. Porosity, pore size and bubble point pressure

The porosity of the membrane is the ratio between the 
pore volume and the total volume of the membrane. When 
the porosity is high, the surface of the porous membrane 
for evaporation becomes higher. According to El-Bourawi 
et al. [23], the porosity of membrane in the MD varies 
from 30% to 85%. The value of the porosity of the obtained 
membrane presented in Table 2 equal to 65%. It can be con-
cluded that the obtained membrane has a good porosity 
which can be applied in membrane distillation.

In Table 2, it can be observed that the pore size of the 
obtained membrane is equal to 0.1097 µm. Generally, mem-
branes with pore size between 100  nm to 1  µm are used 
in membrane distillation to avoid liquid penetration [24]. 
Generally, the pore size is an important parameter used to 
determine the vapor flux. When the pore size of the pre-
pared R-LDPE-alumina membrane is high, the perme-
ate flux becomes higher. Hence, it is necessary to find an 
optimum pore size for each MD process according to the 
operating conditions.

Fig. 2. (a) Schema of the device VMD: 1. Feed reservoir; 2. Membrane; 3. Permeate; 4. Condenser; 5. Vacuum pump; 6. Temperature 
control with heating oil; 7. Mixer and (b) VMD pilot [12].

Table 2
Properties of the obtained membrane

Membrane proprieties R-LDPE-alumina

Thickness (µm) 112 ± 0.005
Contact angle (°) 115 ± 2
Roughness (nm) 527
Porosity (%) 65 ± 1.78
Pore size (µm) 0.1097
Bubble point pressure (bar) 0.593
Mechanical properties Mod (N/mm2) 323.34

εbreak (%) 117.83
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3.3. Membrane morphology

The morphology of the obtained membrane was char-
acterized using SEM technique. SEM images of the top and 
the bottom of the surface of the obtained membrane are 
presented in Fig. 4.

Furthermore, Fig. 4 shows the SEM images of the 
cross-section of the obtained membrane. It was found that 
the obtained membrane has a leafy structure randomly ori-
ented which revealed a porous nature of the obtained mem-
brane. Also, it is observed that there is a presence of well 
stratified lamellae, which may be explained by the high 
degree of the crystallinity of the LDPE polymer. This agrees 
with Lloyd et al. [25], which reported that semi-crystalline 
and crystalline polymers can form folded chains and supra-
molecular architectures such as axialites and spherulites.

This morphology was mainly due to the solid–liquid 
de-mixing, which occurred during the cooling of the film. 
According to Ji et al. [26], in fact, when the membranes are 
fabricated via TIPS, the majority of the solvents are rejected 
from the spherulites (matrix polymer) when the polymer 
is crystallized (if the crystallization temperature of the 
polymer is reached).

3.4. Mechanical proprieties

In general, the material stress-strain behavior can be cal-
culated from the recorded forces and displacements based 
on the sample cross section area and loading mode [27]. 
Here, three samples (1  cm2  ×  5  cm2) were tested for each 
membrane. Each one was stressed, in unidirectional strain, 
at a constant rate of 5 mm/min. The result of the mechani-
cal properties of the obtained flat sheet membrane (tensile 
strength, strain at break, elastic or Young’s modulus and 
the breaking elongation) are presented in Table 2. It can be 
remarked that the obtained membrane has a high strain at 

break (117%). As a result, it is very elastic and this may be 
because lamellae structure formed via the liquid–liquid 
phase separation process. Because the strain-induced micro-
structural changes for membranes are often significant, 
invalidating many assumptions, such as in-plane elastic 
isotropy made about plastic deformation of bulk materials 
[28]. In addition, it had an important and applicable elastic 
modulus value. According to Wang et al. [28], the mechan-
ical properties of membranes must be accurately analyzed 
in conjunction with the underlying mechanisms to optimize 
membrane design and processing for long service life.

3.5. Effects of feed temperature and transmembrane pressure

Fig. 5 shows the effect of the feed temperature and the 
transmembrane pressure on permeate flux. In fact, the per-
meate flux increases with increasing the feed temperature. 
It can be explained that the higher feed temperature results 
in higher water vapor pressure on the hot side of the mem-
brane, resulting in a higher mass transfer force for pene-
tration of the vapor, and this agrees with Wang et al. [29]. 
In addition, it can be observed that increasing the vacuum 
pressure results to increases the permeate flux. The vacuum 
pressure has an important role in VMD performance. For 
this reason, its effect on the permeate flux has been studied. 
In Fig. 5 it can be noticed that the permeate flux increase 
with decreasing of the vacuum pressure on the permeate 
side. This may be due to the significant increase in the vapor 
pressure difference between the feed and permeate side, 
which is the driving force. This result in agreement with 
Abdallah et al. [30].

3.6. Effect of feed water salinity

Fig. 6 shows clearly that the permeate flow rate decreases 
with increasing salinity (for 0.4 bar with 40 g/L salinity the 

Fig. 3. (a) Contact angle of the obtained membrane and (b) atomic force microscopy image of the obtained membrane.
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permeate flux is equal to 1.184 kg/hm2 decrease to obtained 
0.5 kg/hm2 at the same pressure and the same salinity, this 
phenomenon decrease can be explained on one hand by 
the increasing of the partial vapor pressure at the inlet, on 
the other hand the increase in concentration polarization 
phenomena. The phenomenon of concentration polariza-
tion results from the fact that the solute concentration is 
greater to near the membrane than in the alimentation. A 

resistance thus appears within a boundary layer formed in 
the power supply. This polarization phenomenon is mod-
eled based on Fick’s law.

3.7. Comparison of different membranes used in VMD

Table 3 shows the comparison of permeate flux of dif-
ferent membranes used in VMD found in the literature for 

Fig. 4. Scanning electron microscopy image of the surface (top and bottom side) of the obtained membrane.
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water desalination with the permeate flux obtained by the 
current work. By comparing the permeate flux obtained in 
this study by other studies, almost similar. This is an encour-
agement results because our starting polymer is recycled.

The comparison of the evolution of the permeate flow 
measured at different feed water temperatures it gives in 
Fig. 7. The results of Alsaadi et al. [31] and the work of Banat 
et al. [32] were used for this comparison. We can notice in 
Fig. 7 that our results are agree with the appearance given by 
Banat and Alsaadi and are closer to those of Banat et al. [32].

4. Conclusions

In this study, a novel composite flat sheet membrane 
was prepared, characterized, and then applied on the vac-
uum membrane distillation for desalination of the seawater 
and brackish water. In fact, based on a recycled polymer, 
which is the low-density polyethylene, it can be prepared 
a flat sheet membrane via the TIPS method using 8 wt.% of 
the R-LDPE in butyl acetate, adding 5% of the powder of 
alumina. The characterization of the obtained membrane 
shows that the obtained membrane has good proprieties 
such as the hydrophobicity, which has a contact angle, equals 
115°, the porosity that equals 65% and the mechanical pro-
prieties in terms of strain at break (equals 117%) which 
shows a good elasticity, moreover, it had an important and 
applicable elastic modulus value. In addition, the obtained 
membrane was tested in the vacuum membrane distillation 
and the result is promising because the permeate flux of the 
obtained membrane is similar than that found in literature.

Abbreviations

PP	 —	 Polypropylene
PE	 —	 Polyethylene
PVDF	 —	 Polyvinylidene fluoride
R-LDPE	 —	 Recycled low-density polyethylene
TIPS	 —	 Thermally induced phase separation
FTIR	 —	 Fourier-transform infrared spectroscopy
CA	 —	 Contact angle
RO	 —	 Reverse osmosis
MD	 —	 Membrane distillation
VMD	 —	 Vacuum membrane distillation
SVMD	 —	 Solar vacuum membrane distillation
Ra	 —	 Roughness
Z (x, y)	 —	 Surface relative to the median plane
Lx, Ly	 —	 Dimensions of the area
θ*	 —	 Wenzel contact angle
θ	 —	 Young angle
r	 —	 Roughness ratio
a	 —	 Actual microscopic area
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Fig. 7. Comparative study with Alsaadi et al. [32] and 
Banat et al. [32].

Table 3
Comparison of the VMD performance of different membranes found in the literature with the current R-LDPE-Al2O3 membrane

Membrane PVDF Polypropylene ANN model R-LDPE-alumina

Feed temperature (°C) 27 60 60 60
Vacuum pressure (bar) 0.0378 0.59 0.59 0.6
Permeate flux (kg/m2·h) 0.692 0.25 0.43 1.187
References [32] [30] [33] This study
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