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ABSTRACT

A submerged membrane distillation (SMD) process for fresh water production from Red
Sea water using commercially available hollow fiber membranes has been successfully
employed and compared with the conventional direct contact membrane distillation
(DCMD) process. The hollow fiber membranes have been characterized for its morphology
using field effect scanning electron microscope. In SMD process, a bunch of hollow fiber
membranes are glued together at both ends to get a simplified open membrane module
assembly submerged into the coolant tank equipped with a mechanical stirrer. Hot feed
stream is allowed to pass through the lumen side of the membrane using a feed pump.
Continuous stirring at the coolant side will reduce the temperature and concentration polar-
ization. During the conventional DCMD process, using feed-coolant streams with co-current
and counter-current flows has been tested and the results are compared in this study. In
SMD process, a water vapor flux of 10.2 kgm−2 h−1 is achieved when using a feed inlet tem-
perature of 80˚C and coolant temperature of 20˚C. Under the same conditions, during con-
ventional DCMD process, a water vapor flux of 11.6 and 10.1 kgm−2 h−1 were observed
during counter-current and co-current flow streams, respectively. Results show that the
water production in the SMD process is comparable with the conventional DCMD process,
while the feed-coolant flow streams are in the co-current direction. During conventional
DCMD operation, a 15% increase in the water production is observed when feed-coolant
streams are in the counter-current direction compared to the co-current direction.
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1. Introduction

Increase of fresh water demand due to population
growth, pollution, and non-uniform distribution of
potable water is forcing mankind to novel, more sus-
tainable, and environmentally friendly technologies

for fresh water production. Membrane distillation
(MD) is an emerging alternative, more sustainable
desalination technology offering high-quality water
production from seawater, brackish water, or indus-
trial wastewaters (e.g. produced water) [1–5]. In the
MD process, a highly hydrophobic macro-porous
membrane separated by two water streams, a hot feed
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water stream (e.g. seawater or wastewater), and a
coolant stream is used. The partial water vapor pres-
sure difference created across the membrane contactor
due to the transmembrane temperature difference is
the driving force of the MD process. The high hydro-
phobic nature of the membrane prevents membrane
wetting and allows only water vapor to pass from hot
stream through the pores, which condenses at the
other side of the membrane and results in ultra-pure
quality water production [4,6–14]. Not only because
the hollow fiber membranes are self-supported but
also their high surface area to volume ratio has
attracted researchers for utilizing them as an efficient
MD membrane over conventional flat sheet MD
membranes [15–18].

In the present study, a commercially available
hydrophobic poly tetrafluoroethylene (PTFE) hollow
fiber membrane is subjected to the direct contact mem-
brane distillation (DCMD) process by using Red Sea
water as the feed solution. The hollow fiber membrane
is characterized for its morphology using field effect
scanning electron microscope. A submerged membrane
distillation (SMD) process for fresh water production
from Red Sea water using hollow fiber membranes has
been successfully employed and compared with the
conventional DCMD process. Feed stream in the co-
current and counter-current directions has also been
investigated and water vapor flux is compared in the
DCMD process.

Fig. 1. A schematic diagram of bench-scale experimental setup of (a) DCMD and (b) SMD.
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2. Experimental

Commercially available hydrophobic PTFE hollow
fiber membranes with a nominal pore size of 0.2 μm,
outer diameter of 2mm, and a wall thickness of 0.5
mm were tested in DCMD and SMD configurations. A
schematic diagram of the bench-scale hollow fiber
DCMD and SMD setups are shown in Fig. 1(a) and
(b), respectively. Red Sea water was used as feed solu-
tion in all experiments. Sea water was collected from
the King Abdullah University of Science and Technol-
ogy (KAUST) seawater reverse osmosis plant and fil-
tered through a 10-μm filter to remove suspended
solids prior to the MD process. Tap water was used as
a coolant in both DCMD and SMD experiments. In the
SMD process, a bunch of hollow fiber membranes are
glued together at both the ends to get an open mem-
brane module assembly and simply submerged in to
the permeate tank equipped with a mechanical stirrer.
Hot feed stream is allowed to pass through the lumen
side of the membrane using a peristaltic pump. Con-
tinuous stirring at the coolant side helps to uniform
the temperature and reduce the temperature, and con-
centration polarization effects at the outer surface of
the hollow fiber membrane. Active surface area of the
membrane is calculated to be 0.0075m2. Seawater was
preheated and fed into the lumen side of the mem-
brane in both the DCMD and SMD configurations
using an electric heater.

Feed/coolant flow rates were kept at 1.5 Lmin−1 in
all experiments. Temperature of the tap water in the
permeate tank is controlled using an electric chiller. In
both the DCMD and the SMD processes, the flux is

calculated by recording the increase in the weight of
the permeate overflow from the coolant tank using a
weighing balance as a function of time at different
feed inlet temperatures (40–80˚C). Conductivity of the
permeate was continuously monitored during DCMD
and SMD processes using a conductivity meter
(Oakton Instruments, Malaysia).

3. Results and discussion

Fig. 2 shows the SEM images of cross-section,
outer surface, and inner surface of the PTFE hollow
fiber membranes.

Liquid entry pressure and nominal pore size of the
membrane is given as 18 psig and 0.2 μm, respectively.
The wall thickness of the membrane is higher com-
pared to the conventional membranes used for MD
process [19–24]. High membrane thickness causes
higher mass transfer resistance and lowers the water
flux during the MD process. SEM morphology also
reveals that the membrane is less porous and pores
are generated as a result of stretching during the fabri-
cation in the form of cracks on the membrane mate-
rial. Low magnification shows a smoother surface,
whereas the high magnification of inner surface shows
a fibril structure, and the outer surface shows a por-
ous structure.

Experimental setup of the SMD process is shown
in Fig. 3.

Coolant from a chiller is passed through a glass
coil in the permeate tank to control the temperature of
the tap water. SMD configuration is an easy way of

Fig. 2. SEM images of PTFE membrane. Cross-section ((a) and (b)), outer surface ((c) and (d)), and inner surface ((e) and (f)).
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the fabrication of membrane modules, which avoids
the complex design and fabrication processes. Partial

water vapor pressure difference across the membrane
is the driving force in the MD processes, which drives
the water vapors from the hot feed side to the coolant
side across the membrane and allows the vapors to
condense along with the tap water. As a result, the
volume of the permeate tank increases and excess vol-
ume generated is collected through an overflow con-
nection into a beaker placed on a weighing balance.
Water vapor flux is calculated using the following
equation.

J ¼ W

At
(1)

where J is the water vapor flux, W is the weight of
permeate collected during a time interval (h), and A is
the active area of the membrane (m2).

Water vapor flux comparison during counter-
current and co-current feed streams at different feed
inlet temperatures during the DCMD process is plot-
ted in Fig. 4(a). Fig. 4(b) shows the comparison
between the water vapor flux during the DCMD

Fig. 3. Experimental setup of SMD process.

Fig. 4. Water vapor flux profile vs. feed inlet temperature during (a) co-current and counter-current DCMD process and
(b) co-current DCMD and submerged MD process.
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and SMD processes. The water vapor flux during
co-current DCMD and SMD was found to be 10.1
and 10.2 kgm−2 h−1, respectively, at a feed inlet tem-
perature of 80˚C and at a coolant inlet temperature
of 20˚C. The water vapor flux during counter-current
DCMD was determined to be 11.6 kgm−2 h−1 at a
feed inlet temperature of 80˚C and at a coolant inlet
temperature of 20˚C. In the SMD process, a water
vapor flux of 10.2 kgm−2 h−1 is observed when using
a feed inlet temperature of 80˚C and coolant temper-
ature of 20˚C. Under similar conditions, during the
conventional DCMD process, a water vapor flux of
11.6 and 10.1 kgm−2 h−1 was observed during coun-
ter-current and co-current flow streams, respectively.
There is a possibility of less turbulence in the SMD
process at the coolant side than that in the conven-
tional DCMD process, which may result in a more
temperature polarization at the outer surface of the
membrane. During the MD process, the temperature
polarization at the coolant side or at lower tempera-
tures has negligible influence on the effective trans-
membrane vapor pressure and water vapor flux
compared to the feed side [25]. Results showed that
the water production in the SMD process is compa-
rable to that of conventional DCMD process, while
the feed-coolant flow streams are in co-current direc-
tion. During conventional DCMD operation, a 15%
increase in the water production is observed when
feed-coolant streams are in the counter-current direc-
tion compared to the co-current direction. It was
observed that the water flux during the DCMD and
SMD processes using PTFE hollow fiber membrane
is much less than that of the flux observed during
the DCMD process using PTFE and other types of
flat sheet membranes under the same operating con-
ditions, as reported in previous studies [25–27]. This
is due to the different membrane characteristics,
especially the thickness and pore size distribution of
the membranes. Conductivity of the tap water in the
permeate tank was observed to be decreasing with
time during all experiments. This is due to the high
quality of water vapors passing from the feed side
to the permeate tank by rejecting all non-volatiles at
the feed side. The heat and mass transfer during the
present study is low due to the increased wall thick-
ness and less porous structure of the membrane.
Membrane modules in the SMD design is similar to
the membrane bioreactors (MBRs), and it is possible
to adapt MD membranes in MBR process to extract
fresh water from wastewater and concentrate the
nutrients, simultaneously. Engineered membrane
design is necessary to make the membrane more
appropriate for optimum MD process.

4. Conclusions

A facile design of the MD process is possible,
namely SMD is successfully employed, tested, and
compared with the conventional DCMD process using
commercially available PTFE hollow fiber membranes.
A 15% increase in the water vapor flux is observed
when feed-coolant streams are in the counter-current
direction compared to the co-current direction,
whereas the water production in the SMD process is
comparable with the conventional DCMD process
while the feed-coolant flow streams are in the co-cur-
rent direction. SMD module design is much simpler
than the conventional DCMD modules and it is possi-
ble to use this design in MBRs to reduce the volume
of wastewater by extracting fresh water using the MD
process. Membrane characteristics play an important
role in the increased water production during the MD
process and it is very important to have engineered
MD membranes and optimized process conditions for
a low energy and efficient water recovery.
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