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ABSTRACT

In this work, two-membrane distillation (MD) modes, direct contact MD, and sweeping gas
MD were investigated for synthesized and real (Persian Gulf) seawater desalination. A
commercial PTFE membrane with 0.22 lm pore size was characterized (using atomic force
microscopy and scanning electron microscopy) and was used for experiments. A multipur-
pose plate and frame MD module was used for desalination experiments. The effects of
various operating conditions and MD module design, as well as feed type on the permeation
flux have been studied. The feed temperature was found to be the most effective operating
parameter. The flow rate in both sides of the MD module was found to be effective;
however, the feed flow rate showed more influence. Both the investigated modes were
successfully applied for seawater desalination, whilst the direct contact mode seems to
provide more permeation flux. The results indicated that the MD module design has signifi-
cant effect on the overall efficiency. At optimum conditions, a 99% salt rejection was
achieved for both the investigated MD modes.

Keywords: Desalination; Drinking water; Persian Gulf seawater; Direct contact MD; Sweeping
gas MD; PTFE membrane; Module design; Permeation flux

1. Introduction

Today world’s demand for freshwater cannot be
met further by the available conventional energy
sources, such as oil and gas. Therefore, technologies
which use renewable energy and/or waste heat
sources for water desalination will fill an important

niche. In dry regions like those of the Persian Gulf
and Sistan Sea regions (in the south of Iran and the
north of Arabian countries), the situation is the worst
since the freshwater demand is mostly met by ther-
mal-based desalination plants and/or pressure-driven
membrane processes, all the mentioned desalination
processes are driven by fossil fuels.
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The continued research for efficient, cost-effective,
and energy-saving technology to produce freshwater
from saline and polluted resources has introduced a
new hybrid process, a combination of traditional dis-
tillation and membrane separation, which is called
“Membrane distillation”. Membrane distillation (MD)
is a versatile nonisothermal membrane process for
separations that are mainly suited for applications in
which water is the major component present in the
feed stream to be treated, such as desalination [1,2].
MD refers to a thermal-driven transport of vapor
through a microporous hydrophobic membrane. The
MD’s driving force is the partial pressure difference
between each side of the membrane’s pores [3–5].

MD is considered as one of the technologies that is
versatile and an attractive alternative desalination
process. Various researchers have reviewed the details
of the MD process [4–11]. It holds the potential of
being a cost-effective, eco-efficient, and emerging
desalination technique that can utilize renewable and
low-grade energy resources, such as solar or geother-
mal energies, which are widely available in the
Persian Gulf region and Middle East [12–16].

A variety of the methods have been used to
impose the driving force and improve the permeation
flux that include direct contact MD (DCMD) (which is
the most investigated MD mode), air-gap MD,
vacuum MD, and sweeping gas membrane distillation
(SGMD) (which in contrast with DCMD is the least
considered MD’s configuration) [9]. The main differ-
ence in these configurations consists of the type of the
condensing (permeate side) design [8,11].

Among other applications of MD process [8,10,17],
most of the researches have been focused on desalina-
tion and treatment of water and wastewater resources
[4,11]. Most of these researches have used the
commercially available hydrophobic microporous
membranes, which specifically are fabricated for
microfiltration purposes [9]. The important character-
istics of these commercial membranes which are
required for a suitable MD membrane, such as excel-
lent mechanical and chemical resistance, thermal
stability, high liquid entry pressure, high porosity,
high hydrophobicity, low thermal conductivity, and
narrow pore size distribution have been reported
extensively [17–23]. However, there are still some
issues that have not yet been clearly answered, such
as, are the current reported MD flux limited by the
membrane or by the process parameters and module
design? A detailed discussion on these issues is high-
lighted in this paper.

The main potential challenges towards the MD
process, especially for desalination purpose; reduce
the conductive losses in order to maintain the flux

stability over time, avoid pore-wetting, and minimize
the concentration and temperature polarizations that
have been reported in detail [1,2,4,5,9,11]. Most of the
references identified in these studies used commercial
hydrophobic membrane as well as distilled water
and/or synthetic saline solutions (NaCl solution) as
feed in their experiments. In the authors’ opinion,
such feed might not provide an accurate indication of
the capability of the commercial membranes to desali-
nate real seawater. However, there are few reported
works using real seawater as feed for MD experi-
ments, but the obtained flux performances were low
compared with synthetic seawater [18].

In this work, the aim is partially to answer the
question on the expected satisfactory flux in MD by
subjecting two configurations (DCMD and SGMD)
and a commercial PTFE membrane for the desalina-
tion of Persian Gulf seawater. A number of
experiments on seawater desalination were conducted
through DCMD and SGMD configurations using a
multipurpose experimental MD set-up. The effects of
operating conditions, MD module design, and feed
type as well as flux variation for each MD mode were
studied and the obtained results were compared.

2. Materials and methods

2.1. Materials

The feed samples were synthesized seawater (NaCl
solution) and real seawater from Persian Gulf seaside
(provided from South Pars Energy Zone in the south
of Iran). Table 1 shows the composition of the applied

Table 1
Persian Gulf seawater analysis (South Pars Energy Zone
seaside in the south of Iran)

Item Value Unit

pH 7.5 –

Calcium as Ca 493 ppm

Magnesium as Mg 1,231 ppm

Sodium as Na 10,334 ppm

Potassium as K 388 ppm

Ammonia as NH4 0.01 ppm

Chloride as Cl 19,622 ppm

Sulfate as SO4 1998 ppm

Silica as SiO2 0.14 ppm

Solid total Fe 0.025 ppm

Solid total Mn 0.09 ppm

Suspended solids 12.8 ppm

Total salt content 35,878 ppm

Conductivity at 20˚C 47,410 lS/cm
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real seawater. A hydrophobic membrane made of
PTFE (Millipore, USA) with 0.22lm pore size was
used for the experiments. Table 2 shows the character-
istics of the applied membrane.

2.2. Experimental set-up

A multipurpose MD set-up was designed and
used for the experiments. The apparatus equipped by
a plate and a frame membrane module with 0.0169m2

(130� 130� 3mm) effective area for DCMD and
SGMD experiments; two diaphragm pumps (So�Pure,
Korea), one for re-circulation of the hot feed in the
closed loop of feed tank-MD module-feed tank for
both modes, and another for re-circulation of the
condensing fluid in DCMD mode (Fig. 1(a)); two
precision flow-meters (Brooks, Netherlands); an oil-
free compressor (GAST, USA), and a cold trap
equipped with a refrigerator system to provide the
sweeping gas (SG) and condensing the permeate
stream in SGMD mode (Fig. 1(b)), respectively, an PID
controller for temperature adjustment; five thermal
sensors (Pt-100) for temperature monitoring at four
inlet and outlet points, and feed tank; a double-layer
stainless steel feed tank equipped by an over-head
mixer in order to homogenize the concentration and
temperature in the feed tank.

2.3. Experimental procedure

Data were logged every 30min during 180-min
run duration, the experiments were repeated three
times, and then the average results were reported.
The membrane was first soaked in absolute ethanol
for 1 h, then washed and soaked in distilled water for
at least for 2 h and again soaked in absolute ethanol
for 1 h again, and the membrane was used after dry-
ing its both sides at least for 10min using a hot dried
air stream (60˚C). This is a standard procedure for
cleaning the pores of virgin hydrophobic membranes
prior to MD tests. This pretreatment procedure for the

applied membrane was selected because during our
preliminary investigations, we realized that by using
this precleaning procedure, the commercial mem-
branes have better performance. Therefore, the readers
are recommended to use this procedure prior to
applying the commercial hydrophobic PTFE mem-
branes for MD purposes. In all the tests conducted,
the active layer of membrane faced the hot feed.

Table 2
Characteristics of the membrane used for the present
study

Pore
size
(lm)

Water
flow
rate

mL
min cm2

� �

Bubble
point
(psi)

Thickness
(lm)

Porosity
(%)

0.22a 15a 14.8–20.9a,b 175a 70a

aReported by manufacturer.
b@ 23˚C for air with methanol.

Fig. 1. A general scheme of the DCMD (a) and SGMD (b)
apparatus applied in this work.
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The performance of membrane separation
processes is usually evaluated by the permeation flux
which is defined as the mass or volume (kg or L) of
permeate collected per the membrane active area (m2)
and operation time (h). In this work, the permeation
flux is considered as the target parameter on which
the effects of operating variables should be evaluated.

2.4. Analysis

The feed and permeate compositions were
measured using an EC470-L EC-meter (ISTEK, Korea).
Scanning electron microscopy (SEM) (VEGA, TES-
CAN, Czech Republic) and atomic force microscopy
(AFM) (DUALSCOP 95-200E, DEM, Denmark) were
used for the morphological observation of the virgin
membrane. Hydrophobicity was tested by a contact
angle measuring system (KRUSS G-10, Germany).

3. Results and discussion

3.1. Membrane characterization

As mentioned earlier, most of the applied
membranes in MD process are those that are made up
of hydrophobic polymers and are specifically
fabricated for microfiltration purposes [9]. Therefore,
characterization of these commercial hydrophobic
membranes prior to any MD test is necessary for in-
depth understanding and predicting their performance.
Fig. 2 shows the SEM and AFM images of the applied
membrane. One of the parameters should be
considered in morphological study of membranes is
the pore-size distribution. In order to measure this

parameter, inspecting line profiles analyzing on the
AFM images at different locations of the membrane
surface was considered. Fig. 3 shows the pore-size dis-
tribution (percentage of the pore-size values) for the
applied PTFE membrane. As could be observed, about
50% of pore sizes are in the range of 0.2–0.3lm, which
is really close to the reported value (0.22lm). Some
pores of higher range are observed and about 15% of
pores were below the 0.2lm. It could be concluded by
the following discussion. The PTFE membrane has very
low solubility in chemical solvents; therefore, it usually
fabricates via film-stretching method and as it could be
observed in SEM image, the membrane has noncircular
pore structure. Although, the larger pore could reduce
the membrane performance, very low surface energy of
PTFE polymer that leads to higher hydrophobicity
reduces this weak point. The hydrophobicity of the
membrane was measured based on the static water-
drop contact angle for three times and an average
value of 132.5˚ ± 0.1˚ was estimated.

Surface roughness is another important membrane
property which could directly affect the surface
hydrophobicity [24,25]. Therefore, various roughness
parameters, such as the mean roughness (Ra), the root
mean square of Z data (Rq), and the mean difference
in the height between the five highest peaks and the
five lowest valleys (Rz) were measured. The parame-
ters were obtained from the AFM images of different
locations taken from the membrane sample (2� 2 cm),
and the average values were reported. Ra represents
the mean value of the surface relative to the center
plane for which the volumes enclosed by the images
above and below this plane are equal. Rq is the
standard deviation of the Z values within the specific

Fig. 2. SEM (a) and AFM (b) images of applied membrane.
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area. Table 3 shows these roughness parameters.
Further information on the detailed description of
roughness parameters could be found in the previous
work [21].

As could be observed in three-dimensional AFM
image (Fig. 2), the membrane surface is not smooth
and some nodule aggregates are observed. The
nodules are seen as bright high peaks, while pores are
seen as darker depressions. As mentioned earlier,
PTFE membranes usually fabricate via film-stretching
method; therefore, pores are not necessarily circular.
Thus, the average of their length and width is usually
recorded as pore size. The results obtained in this
section could help to better understand the commer-
cial PTFE membrane performance when it used for
MD desalination purpose.

3.2. Effect of operating parameters

Obviously, feed temperature on the hot side of the
MD module (Th) should be investigated as the first
operating variable due to the nature of MD process,

which is a thermally-driven separation technique [4].
Fig. 4 shows the effect of the feed temperatures (40,
60, and 80˚C) on the permeation flux for two configu-
rations, DCMD and SGMD. As could be observed; the
higher the feed temperature, the higher the perme-
ation flux achieved. This can be explained by the
exponential dependency of the vapor pressure from
temperature based on the well-known Antoine’s equa-
tion (feed temperature in MD) [5]. Consequently,
higher mass transfer rate is expected when higher
level of feed temperature is used. As could be
observed, increasing the feed temperature had same
effect on increase the permeation flux for both config-
urations, but with different responses. Increasing the
feed temperature from 60 to 80˚C was more effective
than increasing it from 40 to 60˚C. However, choosing
the most-influence feed temperature depends on the
available energy source, which can be solar, wind, or
even waste heat energy in industrial units [11]. Based
on the obtained results, feet temperature of 80˚C was
adopted for next experiments.

Feed flow rate (200, 400, 600, and 800mL/min)
was investigated as the second operating variable.
Same as those observed for feed temperature, the
increase the feed flow rate increased the permeation
flux for both DCMD and SGMD modes. As it could
be observed in Fig. 5, permeation flux was increased
when the feed flow rate increased. It could be
observed that elevating the feed flow rate was more
effective for DCMD mode in comparison with SGMD
mode. It can be explained by this fact that boundary

Fig. 3. Pore-size distribution of the applied membrane.

Fig. 4. Effect of feed temperature on the permeate flux
through two configurations; DCMD (Qh = 600mL/min,
Tc = 25± 2˚C, and Qc = 300mL/min) and SGMD (Qh =
600mL/min, Qa = 0.453Nm3/h); (C= 45 g/L).

Table 3
Contact angle and roughness parameters measured for the
applied membrane

Chemistry Water contact
angle (˚)

Ra

(nm)
Rq

(nm)
Rz

(nm)

Hydrophobic
PTFE

132.5 ± 0.1 128
± 0.5

154
± 0.7

681
± 0.4
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layers effect reduced, especially for those of thermal
boundary layers, which are of more influence in
DCMD compared with the SGMD [8,9]. In other
words, heat loss through thermal conduction of poly-
meric membrane is higher for DCMD, and this
drawback may reduce with the use of higher feed
flow rates. Moreover, feed temperature was more
effective in comparison with the feed flow rate due to
the nature of driving force in MD process (vapor
pressure difference), which is in agreement to the pre-
vious works [17,20]. Based on the obtained results, a
feed flow rate of 600mL/min was adopted for next
experiments.

A variety of the methods have been used to
impose the driving force and improve the permeation
flux in MD process; a flow of distilled water for
DCMD and a flow of dried inert gas for SGMD, both
in lower temperature and pressure compared to the
feed-side conditions [26]. In order to evaluate the
effect of operating conditions in the permeate side,
cold stream flow rates of 100, 200, 300, and 400mL/
min for DCMD, and 0.113, 0.283, and 0.453Nm3/h for
SGMD were considered, respectively. Fig. 6 shows the
effect of cold stream flow rates in the permeate side of
the MD module for DCMD and SGMD, respectively.
Results indicated that increase in cold stream flow
rate for DCMD led to increase in the permeation flux
and this variation was almost linear. However,
compared to the hot stream flow rate, the cold stream
flow rate had less effect in DCMD (Fig. 6(a)). Based

on the experimental results (Fig. 6(b)), the SG flow
rate obviously affected the permeation flux; and the
increase in the SG flow rate led to the increase in per-
meation flux. It is worth quoting that SG flow rate in
the SGMD was more effective compared with the
liquid cold stream flow rate in the DCMD. Moreover,
the variation of the permeation flux was almost linear.
These effects could be explained by this fact that same
as those happened in the hose side, increase the cold
stream flow rate caused to reduce the temperature
polarization effect in the membrane surface. This may
increase the temperature difference across the
membrane, and consequently resulting higher driving
force for the vapor transfer through the pores.

Fig. 6. Effect of cold stream flow rate on the permeation
flux (Th = 80˚C, Qh = 600mL/min, and Tc = 25± 2˚C).

Fig. 5. Effect of feed flow rate on the permeate flux
through two configurations; DCMD (Th = 80˚C, Tc = 25 ± 2˚C
and Qc = 300mL/min) and SGMD (Th = 80˚C, Qa =
0.453Nm3/h); (C= 45 g/L).
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Although, it should be noted that providing higher
flow rate, both in hot and cold side channels, required
higher inlet pressure which may increase the risk of
pore-wetting criteria. Based on the obtained results,
cold stream flow rate (in DCMD) of 400mL/min and
SG flow rate (in SGMD) of 0.453Nm3/h were adopted
for the next experiments.

Overall, it could be concluded that the permeation
flux obtained by DCMD was significantly higher com-
pared with the result obtained by SGMD as the same
feed conditions. This point is so important, however,
the reason has not yet been clearly addressed. Actu-
ally, as mentioned earlier, the main difference
between the four major MD modes consists of the
type of condensing design, a cold liquid stream in
DCMD, and a cold gas stream in SGMD. It is obvi-
ously well-known that the capacity of the cold liquid
stream for absorption and condensing the permeated
vapor is significantly higher than that of cold air
stream in SGMD. In other words, when the permeated
vapor condenses in the membrane–cold air interface,
the air stream is closed to be saturated by the hot
vapor, whilst in the case of cold distilled water in
DCMD, the condensing agent (cold liquid) is far from
saturation state with the permeated vapor and its con-
densing capacity could be investigated infinity.

3.3. Effect of MD module design

Membrane module design, including hot and cold
flows arrangement and feed and permeate channels’
depth are important parameters determining the effi-
ciency of the MD process which involves simulta-
neous heat and mass transfer phenomena [20,22].
Therefore, the arrangement of flows inside the MD
module was investigated through three configurations,
co-current, counter-current, and cross-current (Fig. 7),
while the optimum operating conditions (80˚C and
600mL/min for feed stream, 400mL/min for DCMD,
and 0.453Nm3/h for SGMD in permeate side, respec-
tively), obtained from the previous section were con-
sidered. Results indicated that the higher permeation
flux was observed by use of the cross-current flow
arrangement for both DCMD and SGMD modes.
These results could be observed in Fig. 8. Moreover,
the counter-current flow arrangement led to higher
permeation flux compared to the co-current flow. This
could be explained as follows. As stated before, if the
MD process is not an isothermal operation; then, the
flow arrangement becomes important. In the co-cur-
rent configuration, there is a maximum driving force
at the module’s entrance zone of the fluids, which is
higher than the driving force for the counter-current
configuration. However, this driving force decreases

along the membrane, and it approaches zero if the
fluid path is long enough. In contrast, the driving
force for counter-current configuration is nearly con-
stant, less than the force at module’s entrance zone
and higher than that at the exit zone of the co-current
configuration. In counter-current arrangement, the
system does not meet the equilibrium. The cross-flow
configuration is more efficient than both co-current
and counter-current ones. There is no doubt that the
co-current arrangement is not as efficient as the

Fig. 7. The flow arrangement between hot and cold
streams inside the MD module; (a) co-current, (b) counter-
current, and (c) cross-current.

Fig. 8. Effect of flow arrangement on the permeation flux
for DCMD (Th = 80˚C, Qh = 600mL/min, Qa = 400mL/min,
Tc = 25± 2˚C), and SGMD (Th = 80˚C, Qh = 600mL/min,
Qa = 0.453Nm3/h).
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counter-current one due to lower overall driving force.
This is one of the major reasons for the baffling of
heat-exchangers that converts counter-current flow to
more efficient cross-flow configuration. In the cross-
flow arrangement, the system does not meet the equi-
librium and the driving force is higher than both co-
and counter-current configurations. This is because of
the cascade nature of the cross-flow arrangement,
where the hot stream always meets the fresh cold
stream. In other words, this system is similar to infi-
nite small cascade heat-exchangers in them and the
driving force is at its maximum value. Consequently,
the efficiency of both heat and mass transfer in such a
cascade system could be more than in both co- and
counter-current arrangements.

It is well-known that both temperature and
concentration polarizations at the fluid–membrane
interface are most important drawbacks of the MD
process [9]. A practical strategy, in order to reduce the
polarizations effect and improve the permeation flux
is increasing the feed superficial velocity, which
directly affects the thermal and concentration bound-
ary layers in the feed–membrane interface [27]. The
velocity may be varied by changing the flow channel
depth while the flow rate remains constant. Fig. 9
indicates that increasing the flow channels’ depth for
both the feed and the permeate sides (from 2 to 6mm)
led to decrease of permeation flux, significantly. It is
reasonable because increasng the flow channels’ depth
led to decrease in the superficial velocity, and conse-
quently an increase in polarizations effect.

3.4. Effect of feed type

The performance of both MD modes was evalu-
ated using synthesized and real Persian Gulf
seawaters for 12 h and at the same operating condi-
tions (the best operating conditions adopted from
previous experiments). Samplings were performed
every 30min and a prefiltration step was applied for
real seawater using PP capillary depth filter (5lm
pore size). The results are shown in Fig. 10 for both
DCMD and SGMD. As could be observed for both
modes, the permeation flux reduced as operating time
increased. Moreover, this reduction in the permeation
flux was more considerable for the real seawater sam-
ple when comparing with the synthesized feed sam-
ple. The main reasons for MD flux decline in long-
term operations are scaling, pore-clogging, and bio-
fouling [28,29]. Since the major constituents in seawa-
ter are alkaline (basic) deposit forming materials such
as calcium or magnesium carbonates and diatomic
earth; by lowering the pH of the feed water, these
alkaline deposits become soluble and the scale forma-

tion is limited to acidic scalants such as siliceous com-
pounds. But, other deposit-forming materials, such as
silicates or sulfate compounds, and also solid particles
can foul and clog the membrane and decline the flux.
Biofouling is also important, especially when a natural
origin feed such as seawater is used as the process
liquid [29]. Extensive study on MD fouling reduction
by reducing the feed stream’s pH using HCl investi-
gated in our previous work [18]. The results indicated
that flux decline, either for treated or untreated
seawater is completely reasonable, but it shows the
need for monthly membrane cleaning.

Fig. 9. Effect of feed channel depth (a) and permeate
channel depth (b) on the permeation flux under the same
operating conditions.
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The permeation flux variation for DCMD by use
the synthesized seawater was almost linear and lower
than that observed for the real seawater. Moreover,
during the first 6 h, same variation of the permeation
fluxes was observed for both feed samples. The initial
and final permeation fluxes for synthesized and real
seawater samples were 35.79 and 29.88 L/m2h; and
35.21 and 24.78 L/m2h, respectively. In contrast,
DCMD which showed almost linear permeation flux
variation, the flux obtained for SGMD was not linear
for both feed waters, and more reduction was

observed. The initial and final permeate flux for syn-
thesized and real seawater samples in this case were
16.47 and 9.22 L/m2h; and 16 and 7.79 L/m2h, respec-
tively.

4. Conclusions

In this work, two MD modes, the SGMD and the
DCMD, were successfully investigated for the produc-
tion of drinking water from synthesized and real
Persian Gulf seawater. In both MD modes, the feed
temperature had major effect on the permeation flux
so that an increase of feed temperature increases the
permeation flux exponentially. The DCMD shows bet-
ter performance in comparison with SGMD. This was
due to the higher condensing capacity in the permeat-
ing side of DCMD (which uses cooled water as the
condensing agent) compared to the SGMD (which
uses cooled air stream as the condensing agent). By
proper selection of flow arrangement and superficial
velocity of the streams, the polarization effects could
be minimized. Among the three different flow
arrangements, the cross-current mode offered the best
performance for both the investigated modes. Scale
formation is the major reason for flux decline during
long-time runs. Periodical addition of acid and alkali
to the feed solution may be considered as a practical
method for online cleaning and flux recovery for this
system. For both MD modes, 99.9% salt rejection was
achieved.

Due to lower operating temperature, the ability to
use the waste and/or renewable energy sources, i.e.
solar, wind, etc., MD can be investigated for desalina-
tion purposes. Obviously, in the Persian Gulf region,
due to high solar radiation, industrial MD plants have
a promising future.
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