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ABSTRACT

This paper presents a study for energy requirements of lab-scale membrane distillation
(MD) unit. This lab unit consists of flat-sheet membrane module with two circulation
pumps, heater, and cooler to study the effect of different operating conditions on both
specific energy consumption (SEC) and energy efficiency (7g) via vacuum enhanced direct
contact MD method. The flux and the two parameters of energy (SEC, ng) were measured
using different temperatures, different feed flow rates, and different feed salt concentrations.
The two membranes used were neat polypropylene (PP) membrane and PP/multi-walled
carbon nanotubes (MWCNTs) composite membrane. The membranes were synthesized via
phase inversion process, using xylene as a solvent, methyl iso-butyl ketone as a coagulant
and dispersion medium for MWCNTs. The results showed that the highest #g was 39.5 with
SEC 1,649.2 kW h/m® at flux 52.5 kg/ m?h using 15 L/min feed flow rate of synthetic feed
water with salt concentration 10,000 ppm at 55°C feed temperature. On the other hand,
using our prepared membrane for the desalination of oil field water, the values of #g and
SEC were 12.1 and 4,189.5 kW h/m?, respectively.

Keywords: Direct contact membrane distillation; Oil field produced water; Specific energy
consumption; Energy efficiency

1. Introduction

Membrane distillation (MD) is a novel process that
can be adapted effectively for water desalination or
water treatment in industrial applications [1,2]. MD
refers to a thermally driven transport of vapor through
non-wetted porous hydrophobic membranes, the driv-

*Corresponding author.

ing force being the vapor pressure difference between
the two sides of the membrane pores. Hot-side tem-
peratures under 90°C are suitable; hence, this process
is ideal for exploiting waste heat or solar thermal
resources. However, a number of issues, remain before
this technology, are fully deployed commercially.
There are different MD configurations such as (i)
direct contact membrane distillation, (ii) sweeping gas
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membrane distillation, (iii) vacuum membrane distilla-
tion, and (iv) air gap membrane distillation that can
be used for various applications (desalination, envi-
ronmental /waste cleanup, water-reuse, food, medical,
etc.). MD is an energy intensive process, it has advan-
tages such as: a nearly complete rejection of non-vola-
tile components, a low operating pressure that is not
related to feed concentration as is the case for reverse
osmosis (RO), a small vapor space, and low operating
temperatures (40-80°C) applicable in dewatering ther-
mally sensitive solutions [3,4].

The performance of membrane distillation mainly
depends on the membrane properties, the operating
conditions, and the module design [5,6].

Direct contact membrane distillation (DCMD) is
the simplest MD configuration, and is widely
employed in desalination of seawater and brackish
waters, in DCMD the hot solution (feed) is in direct
contact with the hot membrane side surface. There-
fore, evaporation takes place at the feed membrane
surface. The vapor is moved by the pressure differ-
ence across the membrane to the permeate side and
condenses inside the membrane module. Because of
the hydrophobic characteristic, the feed cannot pene-
trate the membrane (only the gas phase exists inside
the membrane pores) [7-10].

The performance of DCMD can be improved in
different ways. High temperature DCMD (e.g. DCMD
with the same temperature difference, but at higher
temperatures) can achieve higher water fluxes than
low-temperature DCMD [11]. This is because vapor
pressure increases exponentially with increasing water
temperature. In another configuration, vacuum-
enhanced DCMD (VEDCMD), the cooler water stream
flows under negative pressure (vacuum). Under speci-
fic operating conditions, VEDCMD has been shown to
increase the flux by up to 85% when compared to the
conventional DCMD configuration [11-13].

For MD process, the porous hydrophobic mem-
brane acts as a barrier layer. It prevents the penetra-
tion of the aqueous solution into its dry pores by its
hydrophobicity nature until the liquid entry pressure
of water is exceeded [14]. The membrane properties
include pore size, pore size distribution, membrane
thickness, and porosity [15-17]. Therefore, good
hydrophobicity, appropriate pore size, and narrow
pore size distribution of microporous membranes are
necessary to ensure the high permeate flux and rejec-
tion in MD process.

The previous works [18,19] found that the increase
in the flow rate and feed temperature caused an
increase in the MD process efficiency. If high fluxes
are targeted, both membrane and module characteris-
tics must be adequate. The good characteristics of only

K. Okiel et al. | Desalination and Water Treatment 57 (2016) 11945-11955

one of them (module or membrane) will not produce
the desired flux because its good characteristics can be
overshadowed by inadequate behavior of the other
one [20]. Nowadays, poly-tetra-fluoro-ethylene,
polypropylene (PP) and poly-vinylidene-fluoride are
the most popular and available hydrophobic mem-
brane materials that give high performance especially
after improvement using different nanomaterials [1,2].

Energy analysis in thermal distillation such as
multistage flash distillation and membrane desalina-
tion processes RO are well studied; however, only a
little information is available on energy analysis for
MD process [21]. To estimate the energy efficiency (ng)
of MD process, the concept of gained output ratio
(GOR) is the ratio of the latent heat of evaporation of
the produced water to the total input energy in the
MD system [22]. The GOR reflects how well the
energy input in the system is utilized for the water
production. The higher the GOR value, better is the
performance of the system. In thermal desalination
process, the GOR is an important parameter whereas
a good multi-effect distillation system may have a
GOR of 12 [23].

The energy consumption in MD systems includes
both thermal energy necessary to heat the feed aque-
ous solution and to cool the permeate aqueous solu-
tion, or condensation and the electrical energy
required to run the circulation pumps [1]. To date, the
studies reported in literature on membrane distillation
mainly investigate the temperature polarization phe-
nomena, heat efficiency/heat transfer and only few
studies refer to the energy requirements. Concerning
this point, several authors propose the internal heat
recovery as a way to reduce the external heat supply
for DCMD [22,24,25]. One of the interesting parame-
ters for a desalination plant is the specific energy con-
sumption (SEC), which is defined as the energy input
required to produce 1m® of distillate (i.e. ratio of
energy supplied to the volume of produced fresh
water). Also, it is more adequate to use energy effi-
ciency (7g) to characterize an MD system instead of
the thermal efficiency, since energy efficiency (7g)
takes into consideration the global energy input,
which includes both thermal energy and electrical
energy [22].

The present work is concerned with the calculation
of both SEC and energy efficiency (yg) in VEDCMD
system. Detailed investigations have been conducted
to understand the relationships between the water
flux/production and operation parameters, including
feed temperature, feed and permeate velocities, feed
concentration. Moreover, this study examined the
variation of the SEC and energy efficiency (yg) with
the operation parameters. Also, the study investigates
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the effect of different parameters that consume energy
for the desalination process of brine oil field produced
water. The experiments were achieved using both neat
and improved polypropylene (PP, PP/multi-walled
carbon nanotubes (MWCNTs)) membranes at different
feed temperatures, feed flow rates, and salt
concentrations.

2. Experimental part and methodology
2.1. The VEDCMD unit

The VEDCMD unit setup is schematically depicted
in Fig. 1. The membrane cell consisted of two
compartments, the feed side and the permeate side
[11-13]. The compartments were made of polyacrylic to
resist corrosion by NaCl solution. The module was posi-
tioned horizontally so that the feed solution flowed
through the bottom compartment of the cell while the
cooling water passed through the upper compartment.
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The feed and permeate were separated by the
hydrophobic porous membrane. The effective area of
the membrane was 0.0018 m”. A cooler for the regula-
tion of the cold stream temperature (0.55kW); a
thermostatic bath for the regulation of the hot stream
temperature (1.5 kW); two flow meters for the regula-
tion of the flow rate of the two streams; two pumps (the
cold pump 135W and the hot pump 300 W); two
manometers for registering the module inlet pressures
of the two streams; four thermocouples (accuracy
+0.1°C) for evaluating the module inlet and outlet tem-
peratures of both streams. The volume tank of the hot
stream was of 15 L, the volume tank of hot stream was
10 L. The feed and cold solutions were contained in
double-walled reservoirs and circulated through the
membrane module using centrifugal pumps. The outlet
temperatures of the hot and cold sides were continually
monitored and recorded. The permeated liquid was
circulated through a graduated cylinder, and the vol-
ume was measured at regular intervals. The salinity of
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the feed water was determined through water conduc-
tivity using an electrical conductivity meter (EC470-L,
ISTEK, Korea), and it should be noted here that any
increase in permeate conductivity indicated that liquid
water passed through the membrane so that the result
was rejected, in other words the salt rejection was
99.99%.

In order to check the presence of leakages in the
system, as well as the membrane hydrophobicity, the
volume in the graduated cylinder was observed when
only the hot stream was recirculated for at least 30 min
before starting the experiment. Each experiment was,
then, initiated only when no variation was reported on
the display for the time of observation. During the
experiments, the feed was at atmospheric pressure and
its flow rate varied between 6 and 15 L/min. The feed
temperature varied between 40 and 60°C. In all tests,
the distillate flow rate was kept at about 6 L/min and
the distillate temperature was in the range of 13-14°C
with negative pressure (=3 psi), where the cold cen-
trifugal pump was installed to drown the cold stream
as shown in Fig. 1.

2.2. Membranes type

Two types of prepared membranes were used in
this work. The first membrane was neat PP, and the
second was improved PP/MWCNTs with 5mg/g
(CNT/polymer concentration). The membranes were
prepared via phase inversion method. The casting
solution was prepared by dissolving a specific weight
of PP using xylene as a solvent. The casting solution
was heated to around 130°C with stirring at 320 rpm
until PP was completely dissolved and a clear solution
was obtained. Then, the polymer solution was cast
over heated glass plate at 118°C. The cast films were
exposed to solvent evaporation for a predetermined
time of 60 min. The solvent was allowed to evaporate
until a gel membrane was obtained. Detailed mem-
brane preparation procedures were presented in our
previous work [26].

The improved PP membranes with MWCNTs,
MWCNTs were placed in 10 mL methyl isobutyl
ketone, which used as a dispersion medium, with con-
tinuous stirring at 450 rpm for 24 h. After that, the
casting solution of PP was added with continuous stir-
ring. Membrane was then obtained by casting the PP
solution on a glass plate in an oven at 118°C.

The resulting membranes were immersed in hot
water (at 80°C) for three hours to remove any exces-
sive solvent. The obtained membranes were stored in
distilled water for the measurements of membrane
characterization and performance experiments. The
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pore size and thickness of the used membranes are
given in Table 1.

2.3. Feed water samples

The synthetic feed water used in this work was a
distilled water containing different concentrations of
NaCl salt and the permeate water was distilled water.

The oil field produced wastewater samples with
total dissolved salts (TDS) 230,000 mg/L from Gemsa
petroleum company—oil treatment facilities—located
in eastern desert in Egypt were collected from the
main effluent wastewater pipeline after wastewater
treatment unit before disposal. The general charac-
teristics of produced water were carried out in the
Egyptian Petroleum Research Institute, analysis and
evaluation department, central laboratory, and the
results of crude oil and produced water are given in
Table 2.

2.4. Methodology for energy calculation

Energy consumption in DCMD system includes
the thermal energy necessary to heat up the feed
aqueous solution to be treated and to cool down the
permeate aqueous solution, and the electrical energy
required to run the circulation pumps [22]:

Ein (W) = Et + Ee (1)

where E;, is the total energy consumed in membrane
distillation, (Ey) is the thermal energy necessary to heat
up the feed aqueous solution to be treated and to cool
down the permeate aqueous solution in watt, and (E,)
is the electrical energy required to run the circulation
pumps in watt.

2.4.1. Electrical energy required to run the circulation
pumps [27]

The power to pump water can be expressed as:

Epump (W) = 9797 QH g )

Table 1
Thickness and pore size of the used membrane

No. Membrane type Pore size (nm)  Thickness (um)

1 Polypropylene 453 50
2 (PP/MWCNTs) 846 50
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Table 2
Chemical composition of wastewater (after wastewater
treatment plant treatment)

Constituents mg/L

Total dissolved solids 231,985

Conductivity 21.2 x 107> mohs/cm @ 22.5°C
Density 1.15819 g/mL @ 60 F

Oil in water 5.0

Q is the flow rate in cubic meters per second and H is
the pump head in meters (pressure in meters of
water), g is the specific gravity in SI units (g = 1).

Ee = Eheating site pump + Ecooling site pump (3)

2.4.2. Thermal energy consumption for heating or
cooling [22,24]

The thermal energy consumptions were calculated
considering the heating and cooling of hot and cold
stream, where the equations used for obtaining the
heating and cooling energy are reported below:

qn = m¢Cps (Tein — Trout) 4)

e = 11,Cpp (Tp:in - Tp,oul) )
where gy, g are the heating and cooling energy (W),
respectively, m,, is the feed mass flow rate (kg/s), m,
is the permeate mass flow rate (kg/s), C, is the heat
capacity of feed water in J/kgK, C,, is the heat
capacity of permeate water in J/kg K, T¢in, Tpin are
the feed and distillate temperature at module inlet
(K), and T¢ou, Tpour are the feed and distillate
temperature at module outlet.

Ei=gq,+4q, (6)

SEC (kWh/m?) is defined as [22] the energy input
required to produce 1m® of distillate (i.e. ratio of
energy supplied to the volume of produced fresh
water).

Ein (kW)
SEC — —nTY) @)
Viis. (35)

where Vg is the volume (in m®) of water gained in
1h.
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2.5. Energy efficiency calculations [5,22]

Energy efficiency (ng) is defined as the as the ratio
between effective heat for evaporation to the total
input energy.

__ Effective heat for evaporation

= 8

e Total energy input ®)
JAAH,

= v 9

Mg E. +E, €)

where | is the water flux in m3/m?s, A is the
membrane area in m?, and AH, is the latent heat of
vaporization of water in J/kg.

It should be noted here that the change of water
properties due to temperature change and TDS change
was taken into account using the polynomial
equations used [28,29].

3. Results and discussion
3.1. The effect of operating conditions on flux
3.1.1. The effect of feed temperature on flux

Fig. 2 shows the effect of feed temperature on the
permeation flux for both membranes. The experiments
were carried out using different feed temperature
ranging from 45 to 60°C at hot flow rate 12 L/min,
with feed TDS of 10,000 ppm. As depicted, an increase
in temperature increases the permeation flux. This is
completely in agreement with the previous reported
results [8,16,18]. MWCNTs/PP nanocomposite mem-
brane showed better performance when compared to
that of neat PP membrane. Also, Fig. 2 shows that
MWCNTs/PP nanocomposite membrane possesses
better flux when compared with neat PP membrane at
the same feed temperatures. At 60°C, the maximum
flux achieved was (55.3 L/m”h) for MWCNTs/PP
nanocomposite membrane when compared with
(39.4 L/m? h) for neat PP membrane.

3.1.2. The effect of feed flow rate on flux

Feed flow rate can directly affect the permeation
flux by decreasing the temperature and concentration
polarization effects, or in better description by reducing
the effect of temperature and concentration boundary
layers [7,8]. In this study, feed flow rate values of 6, 10,
12, and 15 L/min were tested as the second operating
variable at feed temperature 55°C, feed TDS
10,000 ppm. Generally, the permeation flux increases by
increasing the feed flow rate at both membranes
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Fig. 2. Effect of feed temperature on water flux.

(Fig. 3). MWCNTs /PP nanocomposite membrane
showed better performance when compared to neat PP
membrane resulted in an increase in the flow rate from
6 to 15 L/min led to increase in the permeation flux.
More flux was found in MWCNTs /PP nanocomposite
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Fig. 3. Effect of feed flow rate on water flux.
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membrane (52.5 L/m? h) rather than 34.5 L/m? h in the
neat PP membrane at feed flow rate 15 L/min (Fig. 3).

3.1.3. Effect of feed TDS on flux

Fig. 4 shows the performance of the two synthe-
sized membranes when applying four different feed
water samples. The first three samples were synthe-
sized saline water with different salt concentration
10,000, 40,000, and 100,000 mg/L, where the fourth
sample was the oil field effluent water sample with
salt concentration 230,000 mg/L. Fig. 4 also shows that
the water flux were 19.66 and 12.43 L/m” h in case of
using MWCNTs/PP nanocomposite membrane and
neat PP membrane, respectively.

It is obvious that the MWCNTSs enhanced the per-
formance of VEDCMD with 58% at the same operating
conditions [6]. The results also show that the increase
in feed solute concentration results in a reduction of
the VEDCMD permeate flux. This behavior is attribu-
ted to the decrease in the water vapor pressure, the
driving force, with the addition of non-volatile solute
in water due to the decrease in water activity in the
feed [12,18].
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Fig. 4. Effect of feed TDS on water flux.
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3.2. Effect of operating conditions on total energy
consumption

3.2.1. Effect of feed temperature

Fig. 5 shows the effect of feed temperature on total
energy consumption. The experiments were carried
out using different feed temperatures ranging from 45
to 60°C at hot flow rate 12 L/min, with 10,000 ppm
feed TDS. As expected, total energy consumption is
strongly dependent on the feed temperature, where
total energy was 133.7 and 298.6 W when the feed
temperatures were 45 and 60°C, respectively, similar
result was reported in [24].

3.2.2. Effect of feed flow rate

The effect of feed flow rate ranged from 6 to
15 L/min on the total energy consumed was studied
at operation conditions, feed temperature 55°C, feed
TDS 10,000 ppm, as shown in Fig. 6. It can be noticed
that, as the feed flow rate increases, the total energy
consumed decreases. This may be due to the increase
in feed flow rate that results in decrease in the tem-
perature difference across the module (the difference
between feed inlet temperature and the feed outlet

350
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200
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50

Total energy consumption, Watt

40 45 50 55 60 65

Feed temperature , °C

Fig. 5. Effect of feed temperature on
consumption.

total energy
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Fig. 6. Effect of feed flow rate on total energy

consumption.
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temperature) which will affect the heating energy (Eq.
(4)) [24]. When the feed flow rate was 6 L/min the
total energy consumed was 295.1 W when compared
to 155.8 W in case of 15 L/min feed flow rate.

3.2.3. Effect of feed TDS

Fig. 7 shows the relation between the feed concen-
tration and the total energy consumption, where dif-
ferent feed concentrations ranged from 10,000 to
230,000 ppm, was used at 60°C feed temperature and
feed flow rate 12 L/min. From Fig. 7, we can find that
at feed concentration 10,000 mg/L the total energy
consumed was 257 W, and when the feed concentra-
tion increased to 230 mg/L the total energy decreased
to 148.3. These results reveal that increase in feed con-
centration decreases the total energy consumed which
may be attributed to decrease in heating energy (Eq.
(4)). Also, it should be noted that as the water salt
concentration increases the heat capacity decreases
which lead to decrease in heating energy.

3.3. The effect of operating conditions on SEC
3.3.1. Effect of feed temperature

Fig. 8 shows the SEC as a function of feed
temperature. The experiments were carried out using
different feed temperature ranging from 45 to 60°C at
hot flow rate 12 L/min, with feed TDS of 10,000 ppm.
From the figure, it can be noticed that by increasing
the feed temperature, for both membranes, the SEC
decreased. For neat PP, the feed temperature was
45°C, the SEC was 8,605.3 kW h/m?®, and when the
feed temperature increased to 60°C the SEC decreased
to 4,207.7 kW h/ m3,' while for the improved
(PP/MWCNTs) at feed temperature 45°C the SEC was
5,460.6 kW h/m® and when the temperature increased
to 60°C the SEC decreased to 2,999.4 kW h/m>.

It is important to mention that, although the
increase in feed temperature lead to an increase in both

300
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Fig. 7. Effect of feed salinity on total energy consumption.
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thermal energy and the total energy consumed, it is
found that the SEC decreased. This can be explained as
follows: at high feed temperature, the heat transferred
through the membrane by conduction will be negligi-
ble when compared to the heat transferred due to the
mass flux [22]. Therefore, the SEC may be reduced
appreciably at high operating feed temperatures [22].

3.3.2. Effect of feed flow rate

Fig. 9 shows the effect of feed flow rate ranging
from 6 to 15 L/min on SEC using both the neat (PP)
and improved (PP/MWCNTs) membranes, at opera-
tion conditions contained, feed temperature 55°C, feed
TDS 10,000 ppm. From the figure, it can be noticed
that by increasing the feed flow rate the SEC
decreased. For neat PP, when the feed flow rate was

25000

=d— Neat (PP) membrane

20000 =l Improved (PP/ MWCNTs) membrane
15000
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Fig. 9. Effect of feed flow rate on SEC.
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6 L/min the SEC was 19,993.4 kW h/m?® and when the
feed flow rate increased to 15L/min the SEC
decreased to 2,508.1 kW h/m>. As for PP/MWCNTSs
membrane, when the feed flow rate was 6 L/min the
SEC was 12,709.0 kW h/m?, and when the feed flow
rate increased to 15L/min the SEC decreased to
1,649.2 kW h/ m>. These results agreed with the study
[30], where at permeate to feed flow rate ratio was
lower than unity, as current study, the SEC is
inversely proportional to feed flow rate.

3.3.3. Effect of feed TDS

Fig. 10 shows the SEC obtained for different val-
ues of the feed TDS, the experiments were tested at
feed temperature 55°C, and the feed flow rate was
12 L/min. Generally, when the feed TDS increased
the SEC increases due to the reduction in water flux.
For neat PP, at 10,000 mg/L feed TDS the SEC was
5,022.1 kW/m>?, however, when the feed TDS
increased to 230,000 mg/L (brine oil field water) the
SEC increased to 6,626.4 kW h/m>. In case of the
improved MWCNT/PP membrane, at the same
operating conditions, the SECs were 3,176.4 and
4,189.5 kW h/m® at 10,000 and 230,000 feed TDS,
respectively.

3.4. The effect of operating conditions on energy efficiency
3.4.1. Effect of feed temperature

Fig. 11 shows the effect of different feed tempera-
tures ranging from 45 to 60°C on energy efficiency.
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Fig. 10. Effect of feed concentration on SEC.
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Fig. 11. Effect of feed temperature on energy efficiency.

The experiments were tested using both membranes at
hot flow rate 12L/min, and the feed TDS was
10,000 mg/L.

For neat PP, Fig. 10 shows that when the feed tem-
perature was 45°C the energy efficiency was 7.6, how-
ever, when the feed temperature was 60°C the energy
efficiency increased to 15.5 due to the increase in
water flux from 8.6 to 39.42 L/m” h. For the improved
(PP/MWCNTs) membrane at the same operating
conditions, it can be found that at the feed tempera-
ture 45°C the energy efficiency was 11.9, and when
the feed temperature increased to 60°C the energy effi-
ciency increased to 21.7 due to the increase in water
flux from 13.6 to 55.3 L/m” h. These results are sup-
ported by previous studies [5,31,32] where they found
that when VEDCMD system is operated at high feed
temperature, high energy efficiency is anticipated.

3.4.2. Effect of feed flow rate

Effect of feed flow rate on the energy efficiency for
both membranes was studied as shown in Fig. 12. The
experiments were tested at hot side temperature 55°C
with TDS 10,000 mg/L. The results show that the
increase in the feed flow rate from 6 to 15 L/min
increases the energy efficiency from 3.3 to 26 in case
of neat PP membrane; however, when the improved
(PP/MWCNTSs) membrane was used the energy effi-
ciency increased from 5.1 to 39.5 [5,31,32].

3.4.3. Effect of feed concentration

Fig. 13 shows the energy efficiency obtained for
different values of the feed TDS, for both membranes
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Fig. 13. Effect of feed concentration on energy efficiency.

at hot side temperature 55°C, and the feed flow rate
was 12 L/min. It can be found from Fig. 13 that when
the feed TDS was 10,000 mg/L the energy efficiency
was 13.0, and when the feed TDS increased to
230,000 mg/L the flux decreased to 12.43 L/m? h with
a decrease in energy efficiency to 7.6. When improved
(PP/MWCNTs) membrane was used at the same
operating condition, at feed TDS 10,000 mg/L the
energy efficiency was 20.5; however, when the feed
TDS increased to 230,000 mg/L with a slight increase
in the energy efficiency it decreased to 12.1.
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Table 3.
Comparison between the current study and previous
DCMD studies

EC Energy
References (kW h/m?® efficiency Feed TDS
[24] 4,580 - Distillate water
[5] - 34 600 ppm glucose
[31] - 41 Sea water
[32] - 1.38 30,000 ppm
Current study 3,176.4 20.5 10,000 ppm
3,573.5 17.7 40,000 ppm
4,067.0 14.6 100,000 ppm
4,189.5 12.1 230,000 ppm

3.5. Comparisons between previous work and current study

In this section, we shed light on our status by com-
paring the performance of our prepared membranes
and that of the available previous works in terms of
energy efficiency (yg) and SEC via DCMD process
using different feed concentrations, as shown in
Table 3.

It is clear that the current study has better perfor-
mance with higher permeate flux and enhanced
energy efficiency (yg) with lower SEC. This can be due
to the characteristic of the prepared membrane that
enhance the performance and increased the permeate
flux, energy efficiency (yg) and decreasing the SEC.
Also, it may be due to the modification of DCMD sys-
tem configuration using vacuum enhancement, i.e.
VEDCMD system configuration.

4. Conclusions

The VEDCMD performance of both neat PP and
improved PP MWCNT/polypropylene membranes
was studied at different operation conditions such as
different feed temperatures, different flow rates, and
different salt concentrations. In this work, the calcula-
tions of SEC, energy efficiency (#g), and the compar-
ison between the two used membranes were achieved.
The results showed that the improved (PP/MWCNTs)
membrane is achieving better performance than the
neat (PP) membrane in membrane distillation pro-
cesses and gave higher permeate flux and energy effi-
ciency (yg) with lower SEC at the same operating
conditions.

Also, the current study reveals that our prepared
membranes have better performance than the available
previous works. It obtained higher permeate flux and
enhanced energy efficiency (#g) with lower SEC.
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