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ABSTRACT

Membrane distillation (MD) is a promising thermally driven membrane separation technique. In MD,
water vapor is being separated from the hot feed water solution using a microporous hydrophobic
membrane, due to the difference in temperature, and hence vapor pressure, across the membrane.
Air gap membrane distillation (AGMD) process is one of the common configurations of applying the
MD process for water desalination and other applications. In AGMD, a stagnant air gap is introduced
between the membrane and a condensation surface within the membrane module to reduce the con-
duction heat loss through the membrane. In this review article, design characteristics and operating
conditions of AGMD and its modified designs to enhance the productivity and reduce the energy
consumption are surveyed and discussed. Previous work on pilot AGMD systems and multi-stage or
multi-effect systems with energy saving modules is highlighted. Membrane materials and develop-
ments used with the AGMD modules are presented with discussion of membrane fouling and scaling
problems. In addition, modeling techniques based on the heat and mass transfer equations and sim-
ulation approaches of the AGMD process are presented. The merits of operating the AGMD systems
with solar and other renewable energies are discussed along with the economic aspects. The future
research directions of AGMD are highlighted in this review. This will help researchers to direct their
research without repetition of previous known studies.

Keywords: Air gap membrane distillation; Module configurations; Fouling; Heat and mass transfer;
Solar energy

1. Introduction technology for desalination processes increasingly desirable
[1]. Membrane technology is considered as the most suitable
desalination process. Pressures and concentrations are the
main driving forces through the isothermal membrane pro-
cesses such as nanofiltration (NF) membranes [2] and reverse
osmosis (RO) processes [3]. In addition, there are other mem-
brane processes that are non-isothermal requiring a thermal

There is a growing demand for access to clean water
sources, for both domestic and industrial use. The abun-
dant availability of seawater and brackish water makes
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driving force to establish the required trans-membrane par-
tial vapor pressures. Membrane distillation (MD) technol-
ogy represents one of these processes that is used in the
desalination process. The MD process was introduced at the
beginning of 1960s [4]. Later, few researchers conducted
the research on the process until the middle of 1980 [5-9] for
the simple reason that membranes were not available at the
suitable characteristics for MD compared with RO [10]. In
1997, Lawson and Lloyd [11] conducted a historical review
on development of MD process, and later in 2011, Susanto
[12] summarized the historical development in MD process
in different phases as shown in Fig. 1. After the development
of modified membranes and establishment of membrane
companies, an interest in the MD process has grown substan-
tially and was classified as new technology [11,13-16] or as a
supplement for desalination processes [17,18]. This growth
led MD processes to yield promising results in waste water
treatment and many other applications [19-29]. In the period
2011-2017, a hybrid of MD with renewable energy plant was
widely studied at pilot plant scale to desalinate salty water
and produce hot water and electricity. More details of these
plants are discussed later in this study.

MD is a thermally driven membrane separation pro-
cess, in which only vapor molecules are transported through
hydrophobic membranes. The driving force for the process
is the trans-membrane vapor pressure difference. MD pro-
cess has many advantages, namely, low operating tem-
perature and hydraulic pressure, high rejection of solutes,
performance independent of high osmotic pressure [11],
less-sensitive to feed concentration for seawater desalination,
less requirements on membrane mechanical properties and
potentially good permeate flux [7,30].

The distillation occurs in an MD process below the nor-
mal boiling point of the feed solution, and the process takes
place based on equilibrium between the vapor and liquid
of the feed liquid mixture [31]. A greater difference in tem-
perature produces greater vapor pressure to drive vapor
through the membrane. The appeal of the technology is the
fact that a low-temperature differential is needed. Practical
field demonstration units have performed with temperature
differences between the hot and cold sides of only 10°C, and
with feed water temperatures of 67°C-93°C. Pumping energy
is still required to move pre- and post-treated water through
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the system, but typical pump pressures are limited to a few
psi. The ratio of thermal energy input to electrical energy
input is about 10 to 1 [32]. On the other hand, MD does not
require intensive pretreatment and is less susceptible to
organic and colloidal fouling in comparison with RO [3].
MD can directly use waste heat and solar thermal as its main
source of energy as the operating temperature in the range
of 40°C-80°C [33,34]. Compared with thermal desalination
process such as multi-stage flash distillation (MSF) and mul-
tiple-effect distillation (MED), MD is less demanding regard-
ing vapor space and building material’s quality leading to
potential lower construction costs and compact design [35].

Therefore, MD can be a promising process for
small-to-medium scale and off-grid seawater desalination
applications in remote coastal areas. However, MD has
some limitations, that need to be addressed, such as high
susceptibility to the polarization in the feed channel, mem-
brane pore wetting [11]; high resistance to water vapor flow
through membrane due to the presence of trapped air in the
pores [36]. Also, the heat lost by conduction through the mem-
brane is relatively large and the low thermal efficiency has
resulted in the limited commercialization of MD process [37].

The MD process can be conducted using different con-
figuration designs [8] which differ based on the nature of
the cold side of the membrane. These configurations include
direct contact membrane distillation (DCMD) [38], air gap
membrane distillation (AGMD) [39], sweeping gas mem-
brane distillation (SGMD) [40,41], and vacuum membrane
distillation (VMD) [42]. In DCMD, both the feed solution and
permeate solution, which is colder than the feed solution, are
in direct contact with the membrane; the former at the feed
side and the latter at the permeate side of the membrane. The
AGMD configuration contains a stagnant air gap between the
membrane and a condensation surface where the evaporated
volatile molecules cross both the membrane pores and the air
gap to condense over a cold surface in the membrane module.
As for the SGMD, a flowing stream of gas sweeps the mem-
brane surface at the permeate side which is followed by the
condensation of the vapor molecules outside the membrane
module. In the VMD, vacuum is applied to the permeate side
where the applied pressure is less than the volatile molecules
saturation pressure. Typical configurations of these distilla-
tion methods are shown in Fig. 2.
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Fig. 1. Historical development of membrane distillation [12].
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Fig. 2. Four MD configurations.

Modified configurations were developed and designed
to improve the flux and the efficiency of MD process. A mate-
rial gap membrane distillation (MGMD) was developed by
Francis et al. [43]. In this configuration, air gap in AGMD was
filled with different materials such as sand, deionized (DI)
water, sponge (polyurethane) and polypropylene (PP) mesh
as shown in Fig. 3(a). Another recent study was conducted
using hollow fiber membranes as a filling material [44].
Swaminathan et al. [45] introduced another AGMD configu-
ration called conductive gap membrane distillation where a
high conductivity material (such as a metal mesh) is inserted
into the gap of AGMD system. Another configuration called
permeate (liquid or water) gap membrane distillation
(PGMD) was explored by Winter et al. [46,47] and Ruiz-
Aguirre et al. [48] as shown in Fig. 3(b). In this configuration,
a third channel is introduced as an additional non-permeable
foil. Khalifa [49] used only water gap in AGMD design. In
these configurations, the gap is additionally allowed to be
flooded with water where the distillate is collected from the
top of the gap rather than the bottom. The vacuum air gap
membrane distillation (V-AGMD) process is another MD
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configuration as shown in Fig. 3(c). In this design, the AGMD
was supplemented by a vacuum pump [50-52]. More details
about these configurations are covered later in this study.

Many literature reviews have been conducted on the MD
subject. An old historical review was made in 1997 by Lawson
and Lloyd [11]. Later, different reviews were performed on the
principle and modification and developments of MD process
by many authors [3,37,53-55]. The applications of MD process
in desalination and water and waste water treatment were cov-
ered by Hassan and Fath [56], Camacho et al. [31], Susanto [12],
Shirazi and Kargari [57], and Pangarkar et al. [58]. In addition,
modified membranes in MD process for higher permeate flux
were reviewed [59-61], while the fouling and scaling over MD
membrane were covered in other works [62-64].

The energy consumption aspects of MD including the use
of solar energy, heat recycling, and other alternative forms of
energy have also been reviewed elsewhere [65-68]. Khayet
[69] and Hitsov et al. [70] reviewed the theoretical modeling
of MD process. Optimization of the membrane properties for
MD process has also been investigated [71]. Recently, com-
prehensive reviews on principles and applications of VMD
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Fig. 3. Schematic diagram of (a) MGMD, (b) PGMD, and (c)
V-AGMD configurations.
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Fig. 4. History of published AGMD papers over the past few
decades.

[72] and DCMD [73] were conducted. On the other hand,
many patents have been recently published about the mod-
ifications and developments of MD process [3]. These pat-
ents mainly cover the membrane casting methods, integrated
MD with the other processes to achieve complex separa-
tions, module designing, and configuration modifications to
improve the MD process.

Based on the available literature and to the best of our
knowledge background, no systematic review covered the
AGMD configuration. Therefore, the main objective of this
work is to conduct a comprehensive review of the AGMD
configuration. The topics covered in this review include the
AGMD technique and its modifications, operating variables
affecting AGMD, AGMD modules, membrane development
in AGMD, scaling and fouling in AGMD, integration of solar
energy with AGMD, theoretical modeling of AGMD, and
AGMD in desalination process. Fig. 4 shows a history of all
AGMD published papers over the past few decades as found
in the literature. It clearly indicates that interest in the AGMD
research has soared in the last 5 years.

2. AGMD process

In AGMD configuration, a thin air gap is interposed
between the membrane cold surface and a condensation sur-
face. The evaporated volatile molecules pass through both
the membrane and the air gap, and then condense on the
cold surface [39]. The temperature difference between the
feed solution and the cold condensation surface is the driv-
ing force for permeation of water vapor and volatile com-
pounds at the hot liquid/vapor interfaces formed at the feed
membrane surface. The mass transfer in the AGMD process
includes the movement of the water molecules from the bulk
liquid toward the membrane. The molecules are evaporated
at the membrane surface. Then, the vapor is transported
through the membrane pores and diffusion through the stag-
nant air gap by natural convection. Finally, the condensation
takes place over the cold surface [74].

The main benefit of the air gap is to solve the problem of
heat loss by conduction through the membrane as compared
with DCMD, which leads to relatively low efficiency of the
MD process. However, as the vapor has to move through
stagnant air, its flux is reduced depending on the thickness
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of the air gap and therefore its flux is lower than DCMD or
VMD configurations [75]. Compared with a DCMD process,
an AGMD process provides the freedom of using any cool-
ant, as the coolant does not mix with the condensate as in the
case of DCMD. Moreover, DCMD is relatively less efficient in
heat utilization. On the other hand, AGMD has a high ther-
mal efficiency due to air insulation between the heated feed
stream and the coolant stream [76]. AGMD can deal easily
with membrane leakage and as well as membrane damage,
in which the MD process can be stopped for a while and
the distillate does not have the chance to get contaminated
as that in DCMD [76]. However, this configuration still suf-
fers from producing low flux compared with DCMD [77,78].
Therefore, many studies were interested to overcome this
problem by modifying the AGMD configuration, which will
be discussed in the following section.

3. Modified AGMD configuration

Tian et al. [79] presented an innovative design of AGMD
configuration which improved the permeate flux. The mod-
ern design includes a tangent directional and rotational inlet
turbulent manipulated flow of hot feed and a partial contact
between the membrane and the cooling plate in a small air
gap thickness. The turbulent flow accelerates the diffusive
process of mass and heat, reduces the boundary layer thick-
ness of temperature and concentration and at the same time
washes the membrane surface. This improves the tempera-
ture and concentration polarization on the membrane sur-
face and raises the efficiencies of mass and heat transfer. The
results of the new design showed that a 2.5-fold improve-
ment of flux was achieved using tap water as a feed over the
traditional AGMD technique at almost the same conditions.
The same improvement was obtained by Chernyshov et al.
[80] who introduced spacers inside the feed chamber of an
AGMD module. Five spacers of the same thickness with dif-
ferent geometries were investigated in this work and include:
two spacers of twisted tapes and three others made of round
rods. They differ from each other in the type of filaments and
angles, at which the filaments are placed with respect to the
main flow direction. Filament orientation is described using
two angles: angle between filaments and flow angle of attack
as shown in Fig. 5. The results showed that the maximum
flux with spacers was about 2.5 times higher compared with
an empty channel.

In another study, a channeled coolant plate was designed
instead of a flat plate for distillation of saline water using
AGMD [81] as shown in Fig. 6. The channels consisted of dif-
ferent types of fins over the plate. Fig. 6 shows cylindrical fins
over coolant plate used in the study. For the same equivalent
air gap, the flux enhanced maximum up to 50% compared
with a flat coolant plate for a coolant temperature of 25°C. On
the other hand, an integrated vacuum system with AGMD
was investigated by Alsaadi et al. [50] and recently by Liu
et al. [52] to improve the permeate flux. The new configura-
tion shown in Fig. 7 removes all non-condensable gases from
air gap. It was concluded that the new system increased the
flux by more than three times when the gap pressure is main-
tained at the saturation pressure of the feed temperature.
However, the author noted that this system will increase the
operating cost of the process.
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Fig. 6. Channeled coolant plate used for condensation in
AGMD [81].
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Fig. 7. V-AGMD configuration modified by Alsaadi et al. [50].
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Recently, Abu-Zeid et al. [51] modified a similar configu-
ration to improve the performance of the AGMD process as
depicted in Fig. 7. It was found that the integration of vac-
uum pump with AGMD could improve the flux, gained out-
put ratio (GOR), thermal efficiency and performance ratio.
The GOR is defined as the ratio of the latent heat of evapora-
tion of the water produced to the input thermal energy. Most
of the pilot plants use AGMD configuration with or without
enhancement of vacuum system. On the other hand, MGMD
was studied to fill the gap between the membrane and the
condensation plate with different materials in AGMD mod-
ule [43]. The proposed materials were DI water, sand, PP,
and sponge (polyurethane).

A very high flux was obtained in the range of 200%-800%
by filling the gap with sand and DI water at different feed
water temperatures. The study also found that PP and poly-
urethane had no effect on the permeate flux. Other investi-
gators studied a water gap membrane distillation instead of
AGMD where the air was replaced by the water [49,82]. The
study showed that the water gap system enhances the perme-
ate flux significantly. In another study, a new AGMD config-
uration referred to as bulky modules was designed as a result
to incorporate the air gap, condensing plate, and cooling
channel [83]. The authors introduced porous and non-porous
hollow fibers to compact the module volume. The vapors
passing through the porous fibers are condensed at the
outer wall of non-porous fiber which is cooled by the circu-
lation of a cold fluid inside the fiber. As mentioned earlier,
PGMD was modified using a foil as a coolant plate [46]. In
this configuration, the sensible and latent heat is transferred
through the condenser foil to preheat the feed water in the
condenser channel by internal heat recovery. This reduces
the specific energy demand due to an additional heat trans-
fer resistance in the PGMD system. Another improvement of
AGMD configuration by coating the condensing surface with
anano-structured copper oxide was conducted by Warsinger
et al. [84]. It was found that there were improvements in flux
in excess of 60% over original AGMD configuration. On the
other hand, Criscuoli [85] investigated the integration of
AGMD with DCMD modules at lab scale. In this integration,
the feed exiting from the DCMD module is sent as coolant
stream in the AGMD module — where it is heated by the per-
meating vapor, before being recycled back to the DCMD unit.
The results showed that the integration system gave a lower
specific thermal energy consumption and higher permeate
flux than that single DCMD unit. Additionally, the suggested
system gives chance to simultaneously treat two different
feeds at different operating temperatures.

Recently, AGMD system with double-sided cooling
channel was investigated [86]. In the same direction, the inte-
gration of hollow fiber AGMD configuration with multiple
cooling channels made of stainless steel was developed [44].
In this work, the hollow fiber membranes were packed in the
air gap area between the outer and inner cooling channels.
The investigators claim that the flux and heat efficiency of this
configuration were higher than those observed in the origi-
nal AGMD models. Another novel configuration called dou-
ble-pipe AGMD module (DP-AGMD-M) was presented by
Liu et al. [87]. This configuration consisted of polyvinylidene
fluoride (PVDF) hollow fiber membrane and heat exchange
capillary copper tubes as depicted in Fig. 8. The feed was

(a)

Cold feed
out

Copper tube Copper tube

Effective length
Aiir gap

Cold feed in

Membrane
Distillate
Hot feed out

Fig. 8. (a) Configuration and (b) cross-section of DP-AGMD-M
[87].

wrapped with thermal insulation cotton to reduce heat loss to
surrounding. The results showed an improvement in the per-
formance of AGMD process. On the other hand, a multi-stage
AGMD process using hollow fiber membranes for further
concentrating RO brine and obtaining a high flux was inves-
tigated [88]. The results showed that a multi-stage AGMD
improved the flux in comparison with a single-stage AGMD
process. In the same direction, multi-effect air gap membrane
distillation process was also developed [89]. Many parameters
such as feed temperature, feed flow rate, coolant temperature,
coolant flow rate, and air gap thickness were studied. A high
flux up to 166.4 kg/m? h at the feed temperature of 80°C, cool-
ant temperature of 20°C, coolant flow rate in each cooling
channel of 0.75 L/min, and air gap thickness of 5 mm using
flat sheet polytetrafluoroethylene (PTFE) membrane under
four AGMD stages with total membrane area of 224 cm?.

In a very recent study, Khalifa et al. [90] experimentally
investigated multi-stage air AGMD (MS-AGMD) with par-
allel and series flow stage connections for the feed stream
and coolant stream. In terms of permeate flux and energy
consumption, the results showed that the parallel stage con-
nection gave better performance than series connections. In
addition, the flux of MS-AGMD module is found to be 2.6-3.0
times the flux of single-stage AGMD module, for series and
parallel stage connections, respectively.

In another study, a pilot plant employing a spiral-wound
AGMD membrane was utilized for seawater desalination
[91]. The results showed that there is a notable influence of
evaporator inlet temperature and water circulation rate on
process performance. There was a trade-off between the flux
and energy efficiency when the water circulation rate var-
ied. The energy efficiency is defined as the ratio between the
amount of heat brought into the membrane and the total heat
actually used for evaporation of the feed to produce fresh
water: Increasing the water circulation rate resulted in not
only an improvement in the flux but also an increase in both
specific thermal and electrical energy consumption. The opti-
mum operating conditions were obtained at specific thermal
and electrical energy consumption of 90 and 0.13 kW h/m?,
respectively.

The flat sheet module is the most common type of AGMD
used in MD research [49,92-96] for its simplicity. The hol-
low fiber module of AGMD has been investigated by other
researchers [83,97-104] and has been found to be better than
the flat sheet module as it has higher specific surface area
and packing density. Moreover, hollow fiber membrane has
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other advantages such as it does not require any additional
support, and has relatively low mass and heat transfer resis-
tance in the boundary layer [66,105]. A spiral-wound module
is rarely used in MD configuration which was mentioned in
literature [46,106].

Guijt et al. [107] conducted an AGMD experiment using
a single hollow fiber membrane. In this study, one piece of
hollow fiber membrane was simply stretched inside a small
tubular module and tightly sealed at the top and bottom
parts of the module. The results revealed that the thermal
efficiency of the AGMD process was in the range of 85%—
90%. The advantages of hollow fiber membrane have encour-
aged researchers to design several tubular AGMD modules
by using parallel PP hollow fiber membranes and PP hol-
low fiber heat exchange tubes [88,98]. Additionally, porous
and non-porous hollow fibers were used as channels for hot
salt and cold water, respectively. The experimental results
proved that these modules exhibited excellent heat recovery
characteristics.

A similar study was conducted by Yao et al. [98] in which
a maximum flux of 9.2 kg/m? h was obtained. Later, Geng et
al. [99] introduced a net to maintain the air gap width among
porous and non-porous hollow fiber membranes. Their mod-
ule had relatively large area of 0.204 m?and gave a flux of
2.5 kg/m? h. Recently, a hollow fiber module with multiple
cooling channels for the AGMD process was developed by
Aryapratama et al. [44]. A 12.5 kg/m? h of a flux was obtained
in this model, which is higher than most of the previous
studies that used polymeric fibers as coolant channels. In a
very recent study [108], unexpected finding was obtained for
the desalination of NaCl (18 wt%) using both configuration
AGMD and DCMD at pilot scale with feed and coolant tem-
peratures of 70°C and 20°C, respectively. The results showed
that the flux for AGMD was 1.2 times higher compared with
the flux for DCMD. Another recent study [109] proved that
AGMD gave higher GOR than DCMD and PGMD configura-
tions in large area modules.

4. Operating variables affecting AGMD process

Different operating variables affect the AGMD perfor-
mance. This includes feed temperature, feed flow rate, feed
inlet concentration, coolant temperature, coolant flow rate,
and gap width. These variables are highlighted in the follow-
ing sections.

4.1. Effect of feed temperature

The feed temperature in AGMD is usually varied in the
range of 40°C-80°C. Many researchers have studied this vari-
able and showed its effect on performance of AGMD process
[93,110-122]. All the results of these studies showed that the
permeate flux increases with the increase in the feed tempera-
ture. In more details, Khalifa and Lawal [93] found that 80°C is
an optimum feed temperature of AGMD desalination system.
Another similar study was conducted on AGMD for desalina-
tion of seawater (30,000 ppm) and ground water (4,000 ppm)
at 40°C [111]. The results showed that the permeate flux
increased with increasing feed temperature from 40°C to 46°C
and maximum flux was found to be 22.98 and 12.48 kg/m? h
of ground water and seawater, respectively, at the operating

conditions are: feed temperature of 60°C; feed flow rate of
55 L/h; coolant temperature of 15°C; and air gap thickness of
1.2 mm. Another study proved experimentally that the flux
was increased in the range of 550%-750% when the feed tem-
perature is increased from 40°C to 80°C, depending on the
other operating variables [113]. Based on that, Abu-Zeid et
al. [72] concluded that there is an exponential increase of the
permeate flux with the increase of the feed temperature for
all MD configuration. This is due to the exponential increase
of the vapor pressure of the feed solution with temperature
(e.g., Antoine equation), which increases the trans-membrane
vapor pressure. In addition, increasing feed temperature will
decrease the temperature polarization [20]. Recently, it was
found that the permeate flux increased by about 3.8-fold with
the increase of feed temperature from 45°C to 65°C for 35 g/L
NaCl solution using AGMD system [123].

4.2. Effect of feed flow rate

The effect of feed flow rate in the hot feed channel on
the permeate flux has been investigated by many authors
[93,111,112,116]. The increase of the flow rate leads to a
reduction in the negative effect for temperature and concen-
tration polarizations and enhances the evaporation process
at the liquid—vapor interface on the hot membrane side [37].
It also enhances the mixing level in the boundary layer that
improves the heat and mass transfer coefficients. Therefore,
a turbulent flow regime is preferable to obtain a relatively
high permeate flux. However, the increase of the flow rate
is limited since the feed channel should not exceed its lig-
uid water entry pressure (LEP ) value. Khalifa and Lawal
[93] concluded that if the feed flow rate is increased from 1
to 5 L/min, this will result in 30% increase in the permeate
flux. However, for feed flow rates above 3 L/min, the incre-
mental increase in permeate flux becomes less significant.
Similar results were obtained for desalination of seawater
using AGMD [111]. Another study showed that feed flow
had a slight effect on the permeate flux when AGMD was
carried out for desalination of 75 ppm NaCl at the operat-
ing conditions of coolant temperature of 20°C, coolant flow
rate of 3 L/min, and air gap thickness of 3 mm [113]. A simi-
lar conclusion was drawn by another investigator [124]. The
permeate flux using TF1000 membrane in AGMD increases
from around 0.132 to 0.174 L/m? min when the feed flow
rate increases from 0.5 to 1.89 L/min [20]. The same authors
obtained the same trend for desalination using different salty
solutions [125].

4.3. Effect of feed salt concentration

The effect of the concentration of feed water on the per-
meate flux was studied by Khalifa et al. [113]. The tested feed
solutions were fresh water (TDS of 0.075 g/L); NaCl solutions
with concentrations ranging from 4 to 50 g/L, and raw sea-
water (TDS of 60 g/L). The results showed that the permeate
flux decreased gradually with increasing feed salt concen-
tration. The maximum and minimum percentage reduction
in permeate flux when the feed concentration was increased
from 0.075 to 60 g/L is about 17% and 5% corresponding to
feed temperatures of 40°C and 80°C, respectively. The rea-
son for that is increase of feed salinity increases the effect of



34 H. Al-Zoubi et al. / Desalination and Water Treatment 110 (2018) 27-64

concentration polarization, which reduces water vapor pres-
sure difference across the membrane. A decrease in flux of
around 27% was reported in another work at feed tempera-
ture of 80°C when the concentration of salt solution increased
from 0.145 to 60 g/L [49]. The change in the reduction is due
to the change of the type of used membranes in both works.
Martinez [126] attributed this reduction to the decrease in
water activity. Yun et al. [127] claimed that the boundary
layer solution at high concentration reaches the saturation
state where its properties are changed. Its density, boiling
point, surface tension, and viscosity are increased, while the
vapor pressure is decreased.

Alkhudhiri et al. [128] studied the effect of concentration
of four different salts (NaCl, MgCl, Na,CO,, and Na,SO,)
on flux using AGMD cell. It was found that for all investi-
gated salts, the permeate flux declined when their salt solu-
tion increased due to the reduction of vapor pressure of feed
solution. Other works concluded similar findings in which
the flux tends to decrease slightly with increasing in the feed
saline concentration [86,116,128-130].

4.4. Effect of coolant temperature

In one study [113], a maximum of 11% reduction in per-
meate flux has been observed when coolant temperature was
increased from 15°C to 30°C at 1 L/min coolant flow rate and
at a feed temperature of 70°C. In another study [20], a range
of coolant temperature of 5°C-25°C was studied at constant
hot feed temperature and flow rate. The result showed that
the permeate flux of TF200 dropped off from 2.4 g/m?* s at
a coolant temperature of 5°C to 1.4 g/m? s at a coolant tem-
perature of 25°C. This result can be attributed to the fact that
decreasing the coolant temperature at constant feed tem-
perature leads to an increase in the vapor pressure difference
across the membrane, which in turns leads to enhanced flux.
Therefore, it is recommended to use cooling water at atmo-
spheric condition if the feed temperature is high enough.
This will lower the cost of energy input for keeping the cool-
ing water below the room temperature.

4.5. Effect of coolant flow rate

It has been observed in numerous studies that the cool-
ant flow rate has little effect on the permeate flux as long as
it is able to keep the condensation surface at an acceptable
low temperature for vapor condensation. The fact has been
attributed to the presence of the air gap [93,110]. For exam-
ple, increasing the coolant flow rate from 2 to 4 L/min was
found to result in about 5% increase in flux [49]. In another
work, around 13% increase in the flux was observed when
the coolant flow rate was increased from 1 to 3.5 L/min [92].
However, the importance of higher coolant flow rate is to
reduce the air condensate interfacial temperature [74]. In
another work, it was found that the effect of coolant flow rate
depends on the gap width and feed temperature [93].

4.6. Effect of gap width

Khalifa [49] studied the effect of the gap width on the
permeate flux. The gap width was changed from 4 to 8 mm
using a thicker gasket between the membrane support plate

and the condensation plate. The results confirmed that the
increase of the gap width reduces the flux, particularly at
higher temperature. For example, at 90°C the flux decreased
by 22% when increasing the gap from 4 to 8 mm in the
AGMD. Another work showed that reducing air gap width
from 7 to 3 mm resulted in considerable rise in permeate flux
[86]. The authors attribute the rise in flux to the increment
in temperature gradient within the vapor compartment as
a result of decline in resistance to mass transfer. Banat and
Simandl [131], and Chouikh et al. [132] studied the effect of
the air gap width of flux experimentally and theoretically
and found that reducing the air gap width increased the
temperature gradient within the vapor compartment and
increased the flux.

In another study by Khalifa and Lawal [93], the flux was
observed to increase by 100% when the air gap width was
reduced from 7 to 3 mm, at a given feed temperature. Jonsson
et al. [103] found theoretically that the air gap width becomes
more significant for air gaps thinner than 1 mm. However,
the practicality of conducting experiments limits the ability
to use smaller gaps. Similar findings regarding the relation
of the flux with the air gap width have been observed in other
works [23,54,116,122,131,132]. Recently, Swaminathan et al.
[109] concluded that air gap has an advantage in AGMD
performance in desalination of high feed salinity levels.
The results showed that AGMD achieved a higher GOR
than PGMD and DCMD systems as the air gap effectively
makes the AGMD system behaves as though it has a thick
membrane.

5. Membrane development in AGMD
5.1. Membrane properties

The lack of available commercial MD membranes with
high performance, minimized fouling/scaling tendency,
and excellent wetting resistance is one of the major difficul-
ties in MD process. It has been established that the perfor-
mance of a process is a direct consequence of the utilized
membrane parameters (thickness, porosity, mean pore size,
pore distribution, contact angle, surface tension, and geom-
etry) [58]. The reduction of the membrane production costs
and improvement of the membrane performance in terms
of energy efficiency and flux by optimizing the membrane
properties are important technical challenges which have
gained the interest of many researchers [39,99,133-135]. Ali
et al. [133] examined the effect of the five MD membranes
characteristics (porosity, tortuosity, thermal conductivity,
pore diameter, and thickness) on production cost using fac-
torial design (FD) and numerical model of two MD configu-
rations: DCMD and AGMD in a small-scale and single-stage
process setup. They found that the five MD membrane char-
acteristics affect water production cost to varying degrees
(Figs. 9 and 10). They observed that the pore size has a minor
effect on water cost for AGMD in comparison with DCMD
as shown in Fig. 9. They attributed this to the high diffusion
resistance across the air gap in AGMD which dominates
its mass transfer processes. Therefore, it is recommended
to reduce the diffusion resistance by increasing porosity or
decreasing membrane thickness or tortuosity in order to
yield high flux (low cost) of the water as shown in Fig. 10.
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Fig. 9. Effects of membrane average pore size and porosity on water production cost at average thickness and tortuosity values for
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and (b) DCMD [133].

For improvement of the membrane performance in terms of
energy efficiency and flux, Eykens et al. [71] demonstrated in
their review paper that the membrane porosity and the opti-
mized membrane thickness are the most important parame-
ters in designing the membranes for MD process, while the
tortuosity is preferably as low as possible. In another study
by Asghari et al. [115], an increase in membrane porosity
and pore size distribution increases the permeate flux. In
contrast, the permeate flux decreased with thickness and
tortuosity of the membrane. However, both Cho et al. [136]
and Woods et al. [134] proved that the nominal pore size of
the membrane is not a critical factor to determine water flux
for AGMD configuration and it can be neglected. Alklaibi
and Lior [137] showed that the thermal conductivity of the
membrane material has higher effect on the mass transfer of
AGMD than on that of DGMD.

In one study by Xu et al. [138], 10 different commer-
cially available PTFE, PP, and PVDF membranes were tested
in desalination of highly saline water reaching 120 g/L by
AGMD. Process performance was investigated with different

membrane characteristics, such as membrane material, thick-
ness, pore size and support layer, using a locally designed and
fabricated AGMD module and spacer. Based on results, the
PP membrane showed a better performance than the PVDF
and PTFE membranes especially the membranes which have
pore sizes of 0.2 and 0.45 mm. In general, smaller pore size
led to lower flux and larger pore size led to pore wetting due
to lower LEP  values. Recently, discarded PTFE membranes
used in AGMD were reused as microfiltration (MF) cell to fil-
trate humic acid aqueous solutions (15 mg/L) to prevent mem-
brane disposal issues and save costs [139]. The virgin PTFE
membranes were used for the treatment of NaCl (65 g/L) and
RO brines (50 g/L) until the membrane pores were blocked or
wetted. The results observed that the reused AGMD mem-
branes gave better results than that new MF membrane.

5.2. Membrane materials and fabrication

The structure and chemistry of membranes are highly
important, and the requirements vary depending on
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application and the type of used MD configuration. In gen-
eral, hydrophobicity is the main requirement for MD mem-
branes in most applications. The membranes must be made
from intrinsic or modified hydrophobic polymers [60].

5.2.1. Polymeric membranes

The most popular polymers used in MD membranes
are PTFE, PP, and PVDF [39,60,83,140,141]. PTFE is a highly
crystalline polymer with excellent chemical resistance and
thermal stability. It has the lowest surface energy among the
polymers considered. PTFE are often used in commercial MD
systems due to the good wetting resistance, accepted water
flux, and very good stability in various operation conditions
[142-145]. The main disadvantage of PTFE lies in its difficult
processability. On the other hand, PP also has a highly crys-
talline structure but higher surface energy than PTFE [141].
However, the membrane performance is generally lower due
to the symmetric structure and the moderate thermal stabil-
ity at elevated temperatures. PVDF is a semi-crystalline poly-
mer with a similar surface energy of PP. Unlike PTFE and PP,
PVDF can be easily dissolved in common solvents such as
n-methyl-2-pyrrolidone, dimethylacetamide, and dimethyl-
formamide (DMF). More importantly, PVDF is the cheapest
membrane among these three membranes [54].

Several comparative studies to evaluate the performance
of PVDEF, PP, and PTFE membranes are found in literature.
One of these studies by Moradi et al. [144] compared the
performance of PVDF membrane which was prepared using
the optimized needleless electrospinning technique with the
commercial PTFE. The comparison was based on the results
of the wettability tests, water flux, scanning electron micros-
copy (SEM), mechanical strength, and LEP  measurements.
In addition, the salt rejection performance and the durability
of membranes were investigated using AGMD experiment.
The results showed that the AGMD permeate flux declined
more slowly for PVDF membrane compared with that of
PTFE membrane. Furthermore, AGMD experiments fed
with real seawater proved that PVDF membrane was more
resistive to fouling effects. Another study by He et al. [124]
compared the performance of nine types of flat sheet porous
membranes made of PVDF, PTFE, and PP materials with dif-
ferent pore sizes. The comparison was based on the results
of LEP | test, gas permeability test, measurement of contact
angle test, water flux, and salt rejection [124]. The results
showed that PTFE membrane with pore size of 0.22 um is
more suitable for MD process due to high porosity and high
hydrophobicity. The PTFE gave higher permeate flux than
PVDF and PP membranes. A porous composite hydropho-
bic/hydrophilic membrane was tested in AGMD and liquid
gap MD (LGMD) cells [146]. It was concluded that the LGMD
was more attractive than AGMD for desalination process
using this composite.

5.2.2. Modification of membrane fabrication methods

Wooetal. [140,141] fabricated enhanced PVDF and PVDE-
HFP (PH) nanofiber membranes by using different concentra-
tions of graphene utilizing different fabrication methods. The
use of graphene significantly enhanced the membrane prop-
erties and robustness as depicted in Fig. 11. Phase inversion
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Fig. 11. Schematic of the effect of graphene on the membrane for
AGMD process [141].

method was used in fabricating the (G/PVDF) membrane
[140], and fluorinated surface-modifying macromolecules
(SMM) mixed with polyetherimide [147]. During casting pro-
cedure, SMM migrated to the membrane surface rendering it
more hydrophobic with small pore size and low roughness
parameters compared with the bottom membrane surface.
The modified membrane was tested in AGMD configuration.
Recently, Woo et al. [148] studied the development of an
omniphobic PVDF by electrospinning and CF, plasma sur-
face modification for AGMD applications using real RO brine
produced from coal seam gas (CSG) water as a feed solution.
The modification process improved the wetting properties of
the modified membrane, as the plasma treatment lowered its
surface energy and gave omniphobic property to the mem-
brane. Moreover, the obtained flux was 15.28 kg/m? h and salt
rejection of 100% for feed concentration of 15,354 ppm at feed
temperature of 60°C, at 20°C of coolant water, and 3 mm air
gap thickness. In another work, a one-step electrospinning
technique in fabricating the PVDF-HFP (G/PH) electrospun
membrane was used [141].

The use of different graphene concentration led into dif-
ferent membranes with different characteristics. The results
showed that when graphene concentration was increased
over (0.7 wt%) for (G/PVDF) membranes, the fabricated
membranes tended to have higher thickness, lower poros-
ity, smaller pore size, and higher contact angle than that of
(G/PVDEF-0.5) membrane. While for the (G/PH) electrospun
membrane, 5 wt% was used as the optimal graphene con-
centration in these experiments and the results revealed the
membrane contact angle of (>162°), membrane porosity of
(>88%), and LEP  of (>186 kPa). At graphene concentration of
(0.5 wt%), the obtained flux of the (G/PVDEF-0.5) membrane
was the highest for 24 h of AGMD test, while (G/PH) electro-
spun membrane showed stable AGMD flux (22.9 kg/m? h) for
60 h of operation as shown in Fig. 12.
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Fig. 12. Flux and salt rejection performances of the G/PH and
neat PH membranes for 20 h operation (at feed temperature of
60°C; and coolant temperature of 20°C) [141].

Argon plasma sputtering of PTFE was used to produce
porous hydrophobic coatings on a polyethersulfone (PES)
membrane via RF magnetron plasma reactor [149]. By chang-
ing the deposition conditions (applied RF power, working
gas pressure, and distance between the target and the sub-
strate), different polymeric films with different morphologies
and/or chemical compositions were obtained. By studying
the morphologies of the films, the deposition conditions at
which the sputtered film had a chemical structure and sur-
face composition close to those of the PTFE film are high
pressure, moderate RF power and longer target—substrate
distance as depicted in Fig. 13. The presented PES mem-
brane was tested in AGMD process for removal of benzene
from water. The results showed that the treated PES mem-
brane is comparable to the commercial PTFE membrane with
similar separation factor and permeate flux after 20 h oper-
ation AGMD process. In another work, Gancarz et al. [150]
investigated a vacuum plasma coating using perfluorohex-
ane and hexafluorobenzene on a track-etched polyethylene
terephthalate (PET) membrane for AGMD applications. The
modified membranes gave lower fluxes in comparison with
commercial members (PTFE). This is due to the narrowing
and plugging of pores appearing over the surface of the mod-
ified membranes.

The role of membrane thickness is not straightforward.
For example, low thickness membranes offer less resistance
to the mass transfer. However, they suffer from more energy
losses [151]. To overcome this issue, dual and triple layer
membranes have been introduced. A triple layer configura-
tion, consisting of a thin hydrophobic nanofiber layer over
the conventional casted microporous layer in addition to the
support layer was prepared by Prince et al. [152], (Fig. 14)
where the layers were bound to each other by heat pressing
and solvent binding. For the prepared membrane, LEP was
found to be 1.6 times higher than the conventional dual layer
membrane and more than 8.7 times higher than that of the
nanofiber membrane. Regarding salt penetration, the triple
layer membrane had the lowest salt penetration (<0.02%)
at different feed temperatures, while the dual layers exhib-
ited salt penetration higher than (<0.07%) which increase as
the feed temperature increases. The results showed a high

robustness during the long-term AGMD operation of 40 h.
In another work, an ultrasonic irradiation technique was
applied to AGMD system to enhance the permeate flux [153].
An ultrasonic stimulation of resonance frequency of 20 kHz
and irradiation power up to 90 W was applied to a flat-plate
AGMD system of PTFE membrane with a temperature dif-
ference up to 55°C. The results showed that the flux was
increased up to 25%.

A two hollow fiber set based compact membrane device
was developed by Singh and Sirkar [83], the first set consists
of porous hydrophobic hollow fibers of either PP or PVDF.
The second set consists of solid PP through the bore of each
fiber. Different modules with different packing densities of
hollow fibers were investigated for desalination of brine con-
taining 1% NaCl as shown in Table 1. Experimental results
showed that the flux values using modules with porous PP
hollow fibers are significantly higher than those in the mod-
ule with PVDEF. In general, 25 kg/m?h water vapor flux were
produced. In addition to the most popular polymers such
as PP, PVDF, and PTFE, MD membranes can be made from
their copolymers with enhanced hydrophobicity and dura-
bility. Table 2 shows the types of the modified AGMD mem-
branes with their characteristics and the used feed solutions
found in the literature.

In another study by Wang et al. [155], hollow fiber mem-
branes with three different thickness isotactic polypropyl-
ene (iPP) were prepared through thermally induced phase
separation (TIPS) with cosolvent di-n-butyl phthalate and
dioctyl phthalate. The ratio of membrane thickness to mem-
brane inner diameter was held constant at 0.2. The maximum
value of water flux and GOR reached 6.62 kg/m? h and 6.95,
respectively, for a membrane thickness of 67.2 pm, while the
maximum thermal efficiency of 89.42% was achieved for a
membrane thickness of 100.3 pm. The authors claim that the
prepared iPP hollow fiber membrane by TIPS method has
great potential to be considered in AGMD process in future.

Electrospun fibers can be assembled into a nonwoven like
structure. By changing the spinning conditions, the porosity,
pore size, and thickness can be tuned [158]. The first attempt
to use electrospun nanofiber membrane in MD was produced
by Feng et al. [39]. Electrospun PVDF membranes were pre-
pared using a typical electrospinning setup, where 18 wt%
solution of PVDF Kynar761, Elf-Chem USA, in DMF was
used as the polymer dope. The polymer solution was elec-
trospun at a rate of 2 mL/h. Using AGMD configuration, the
observed membrane flux was comparable to those obtained
by the commercial membranes (5-28 kg/m? h) at tempera-
ture differences ranging from 25°C to 83°C. In addition, the
membrane performance was stable after almost 2 months of
operational period.

Recently, Woo et al. [156] conducted the electrospinning
technique to prepare the dual-layer hydrophobic/hydrophilic
nonwoven membrane for distillation. The top layer for the
neat single and dual-layer nanofiber membranes composed
of a hydrophobic polyvinylidene fluoride-co-hexafluoropro-
pylene (PH) while the bottom support layer was made of
either PAN, nylon-6 (N6), or polyvinyl alcohol (PVA) nano-
fibers which were fabricated with and without heat-press
post-treatment. The active layer of all electrospun nanofi-
ber membranes which faces the feed side exhibited a highly
porous (porosity > 80%), rough, and hydrophobic surface,
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Fig. 13. Atomic force microscopy (top) and SEM (bottom) scans of fluorocarbon plasma polymer films deposited at different pressures
and powers at sputtered target-substrate distances of (a) 5 and (b) 10 cm [149].
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(a)
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Fig. 14. SEM image of the various layers of the triple layer membrane. Layer 3 faces the hot feed water side and layer 1 faces the side
with the air gap. (a) Top surface of the triple layer membrane in order of layer numbers from top to bottom. (b) Cross-section view of
the triple layer membrane, and (c) contact angle of the respective layers [152].

Table 1
Details of the modules used for AGMD experiments [83]

Membrane No. of porous No.of  Length LD of porous Effective surface area ~ Outside surface area of Packing
hollow fibers  solid (cm) hollow fiber (um) of porous hollow fibers porous hollow fibers/  fraction
fibers (based on 1.D) (cm?) volume of shell (ecm™)
Module #1 10 10 15.5 330 16 2.51 0.072
Module #2 14 14 14.4 330 20.9 3.675 0.101
Module #3 21 21 14 330 30.35 5.269 0.151
Module #4 29 29 14.2 330 42.7 7.31 0.210
PVDF E 7 35 155 691.7 23.58 2.59 0.176
PVDF H 3 35 14.0 900 11.87 2.24 0.196

while the other side was hydrophilic with varying porosity.
The prepared membrane produced a permeate flux of about
(10.9-15.5 kg/m? h), which was much higher than that of a
commercial PVDF membrane. In another work, fabricated
carbon nanotubes composite electrospun membrane was
studied and has showed a higher permeate flux compared
with poly(vinylidene fluoride-co-hexafluoropropylene) elec-
trospun membrane in DCMD configuration [167]. However,
there is no study of AGMD process that uses modified mem-
branes with nanotubes found in literature. Therefore, the
authors suggest that this area should be focus of investiga-
tion in future.

5.2.3. Ceramic membranes

Metal oxides of titania, silica, zirconia, alumina, or iron
are commonly used for the fabrication of ceramic membranes.
Some researchers preferred the ceramic membrane over poly-
meric membrane due to its fundamental properties, such as

high mechanical strength and long life. Similar to the hydro-
philic polymers used in MD processes, ceramic membranes
(i.e., zirconia, alumina, and titanium) need to be modified
to improve their hydrophobicity. The first example of using
ceramic membrane in membrane desalination was presented
in 2004 by Larbot et al. [159] where zirconia and alumina
membranes were grafted with fluoroalkylsilanes (C8, Cl1,
and C6). The whole process was controlled by thermograv-
imetric analysis (TGA) apparatus. Three tubular membranes
were tested, one from alumina and two from zirconia. A ZrO,
membrane with 200 nm pore diameters (denoted as Z2), was
prepared in the laboratory, while a ZrO, membrane, 50 nm
(denoted as Z1) in pore diameters, and an Al,O, membrane
with 200 nm pore diameters (denoted as A1), were produced
by Pall Exekia. Results showed that surfaces had a hydro-
phobic behavior with high values of contact angles and that
the contact angle values were independent of pore diameter.
Using NaCl solution with different NaCl molarity as feed
solution, the observed flux was highest for the Z2 membrane
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Modified AGMD membranes found in the literature

Reference  Modified Thickness Pore size Feed solution Flux
membrane type (um) (um) with its observations (kg/m?h)
[154] PVDEF/LiCl/DMA 8/3/89 Not available 0.35 1%-2% aqueous NaCl solution, 23.4
T,=59.85°C, T, =19.85°C
[141] G/PVDF-HFP 100 0.86 3.5 wt% NaCl, T = 60°C, T, =20°C, salt 229
rejection 99.99%
[140] G/PVDF-0.5 88 0.11 RO brine from CSG produced water, 20.5
salt rejection 99.99%, T, = 60°C +1.5°C,
T,=20°C+1.5°C
[155] iPP (M-1) 67.2 0.25 6 wt% NaCl 6.6
[156] Dual-layer nonwoven nanofiber 92.7 0.18 3.5 wt% NaCl, Tf =60°C, Tp =20°C 15.5
membranes PH/PAN, N6, or PVA
[157] Clay—alumina - 1.43 Solution, salt rejection 99.96%, tempera- 4.1
ture difference 60°C
[158] FAS grafted ceramic membranes  — 0.05and 0.2 NaCl, Tf= 90°C, Tp =5°C, salt rejection 6.7
close to 100%
[39] Electrospun PVDF membranes - 0.2 1 wt% NaCl, temperature difference 60°C 12.0
[136] Polyvinylidene fluoride - 0.1 1g/L NaCl, T,=60°C 13.0
[152] Triple layer membrane: 175 0.1 3.5 wt% NaCl, T = 80°C 15.2
Layer 1: PET support
Layer 2: PVDF casted
Layer 3: PVDF nanofiber
[159] Grafted ceramic membranes: - NaCl molarity is 0.1 M, Tp =5°C, Tf(Z2
Z1 0.05 and A1) =95°C, T(Z1) = 90°C 3.97
Z2 0.2 8.43
Al 0.2 6.8
[160] Grafted Al hollow fiber ceramic 181 0.185 6.5 wt% NaCl, T = 80°C, T, =20°C 30.6
membrane by the phase inversion
[161] Grafted ceramic membranes - 0.18 NaCl molarity is 1 M, Tf= 95°C, Tp =5°C, 6.5
using Tunisian clay flow velocity = 2.6 m/s
[162] Grafted ceramic membranes 9 0.011 99% salt rejection 7.0
using Tunisian olive oil
molecules.
[163] Modified ceramic membranes - 0.05 1 mol/L NaCl, AT =70°C 4.6
using Zr, Al and AlSi
[164] Modified ceramic membranes - 0.5 M NaCl solution, Tf= 95°C
using:
Zr50 0.05 4.7
Ti5 0.005 0.83
[165] Ceramic titania membranes and 3 wt% NaCl, Tf=90°C, Tc = 5°C 3.7
metal oxide
[166] Modified nanospiked glass 500 4 5 wt% NaCl, T = 95°C 111
membrane
[150] Plasma coating using - <0.3 Juice 4.0
perflourohexane (PFB) and
hexafluorobenzene (HFB) on PET
[147] Surface-modifying macromole- 64.7 0.027 30 g/L NaCl, T,=60°C, Tp = 20°C, salt 5.4
cules on polyetherimide (PEI) rejection 99.94%
[148] Modified PVDF by 150 0.81 RO brine, salt rejection 100%, 15.3

electrospinning and CF, plasma

T,= 60°C +1.5°C, T, = 20°C +1.5°C
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when temperature difference was kept at 90°C and the molar-
ity at 0.1 M (Table 3).

Das et al. [157] fabricated a clay alumina (0%, 20%,
40%, and 55% clay by weight and rest alumina) that were
maintained in porous support preparation by extrusion fol-
lowed by sintering at 1,300°C for 2.5 h to obtain 3 mm/2 mm
(outer diameter/inner diameter) capillary. 1H, 1H, 2H,
2H-perfluorodecyltriethoxysilane (97%) (C8) was used as
grafts to modify the surface hydrophobicity. Capillary with
45 wt% ceramic produced a pore size of 1.43 micron and was
considered as a perfect candidate for grafting with C8 poly-
mer. The maximum theoretical permeate flux obtained was
4.11 kg/m?h, while the experimental flux value was within
+5% of the theoretical values. Another type of ceramic mem-
brane (Fluorosilanes [FAS] grafted ceramic membranes)
was prepared and characterized in AGMD by Krajewski et
al. [158]. The hydrophobic active layer was created by graft-
ing 1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane (C8 com-
pound) on commercial ceramic membranes. The membrane
morphology of the asymmetric zirconia membrane is pre-
sented in Fig. 15. The efficiency of grafting process was char-
acterized by TGA, contact angle, and LEP  measurements.
The results showed that the rejection of NaCl was found to be
close to 100%, indicating good hydrophobic behavior of the
FAS grafted ceramic membranes. The permeate fluxes were
in the range of 1.0-7.0 kg/h m?, depending on NaCl concen-
tration and temperature difference, which are comparable to
those observed for the polymeric hydrophobic membranes.
A similar study by Gazagnes et al. [163] was conducted in

Table 3
Daily flux and rejection rate for different NaCl solutions and
temperature differences for the three membranes [159]

NaCl molarity =~ Feed/permeate  Average daily ~Rejection
temperature, °C  flux, kg/d m*>  rate, %

A1l membrane

0.001 63/5 214 90
95/5 140.5 96

0.01 63/5 19.8 95
95/5 156.1 99.5

0.1 63/5 20.9 100
95/5 163.2 100

1 63/5 18.2 100
95/5 129.5 100

Z1 membrane

0.1 60/5 16.8 100A
90/5 95.3 100

1 60/5 15.7 100
90/5 82.7 100

2.9 60/5 12.1 100
90/5 68.8 100

Z2 membrane

0.1 60/5 28.2 99.0
95/5 202.3 99.5

1 60/5 25.6 99.1
95/5 165.7 98.5

which hydrophobic ceramic membranes of different nature;
zirconia, alumina, and aluminosilicate, with pore diameters
of 50, 200, 400, and 800 nm, were chemically modified with
1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane and tested in
desalination of seawater and NaCl solutions of various con-
centrations (0.5-2 mol/L) using AGMD. High rejection rates
of 95%-100% were obtained. The same modification was
grafted elsewhere on the Tunisian clay ceramic membranes
with pore diameters of 0.18 um (MF) and 15 nm (UF) [161].
Both seawater and sodium chloride were used as a feed
solution using the modified membrane in AGMD cell. An
appropriate flux (6.5 kg/m?* h) with high rejection (99.2%) was
obtained for desalination of 1 mol/L NaCl at feed and per-
meate temperatures of 95°C and 5°C, respectively. Again, the
same modification was grafted recently on alumina hollow
fiber ceramic membranes prepared by the phase inversion
technique [160]. A very high flux (30.6 kg/m? h) was obtained
using the modified membrane through AGMD system.

Recently, a UF ceramic membrane was modified by
grafting Tunisian olive oil molecules [162]. Although the
modified UF membrane gave a high rejection of seawa-
ter, the water permeability showed a high decrease from
90 to 7 kg/m? h bar, before and after grafting, respectively.
In another work, membrane was prepared using the graft-
ing parameters applied for the grafting of C8 on zirconia
powder [168].

A comparison of various MD methods for desalination
(AGMD, DCMD, and VMD) using modified zirconia and
titania ceramic membranes with pore diameters of 50 nm
(Zr50) and 5 nm (Ti5) by grafting perfluoroalkylsilane mol-
ecule (C8) were presented by Cerneaux et al. [164]. Using
NaCl solution as a feed solution, Zr50 showed rejection
rates higher than 99% obtained in DCMD and AGMD con-
figurations. Whereas in VMD configuration, lower rejection
rates were obtained. The highest value of flux (4.7 kg/m? h)

Fig. 15. SEM picture of the morphology of the asymmetric
zirconia supported alumina membrane [158].
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was obtained while performing AGMD at a feed tempera-
ture of 95°C. Concerning Ti5, similar high rejection rates
were obtained in VMD and DCMD. But poor flux of only
0.83 kg/m? h was measured while performing DCMD com-
pared with 6.1 kg/m? h while performing VMD. In another
study, ceramic titania membranes and metal oxide powders
(ALO,, TiO,, and ZrO,) were modified by various perfluo-
roalkylsilanes molecules [165]. A 3.7 kg/m? h of flux was
obtained for desalination of NaCl solution (3 wt%) using
AGMD configuration.

5.2.4. Glass membranes

Glass membranes are another type of membranes
which can be used in AGMD process for water desalina-
tion. Superhydrophobic glass membranes that have ordered
arrays of nanospiked microchannels were fabricated by Ma
et al. [166] using a process that involves fiber drawing, tem-
plate removal, differential etching, and surface modification.
The presented membranes have shown higher flux and bet-
ter antifouling ability than those of existing polymer mem-
branes, especially at high salt concentration. This is because
of its large pore diameter, narrow pore size distribution,
straight pore shape, water-repelling ability and high chem-
ical and thermal stabilities.

6. Fouling and scaling in AGMD

Fouling has two main types: (i) biological fouling is
growth of microorganisms, such as bacteria and viruses, and
aquatic organisms, such as fungi and algae, on the mem-
brane surface, (ii) organic fouling occurs through adsorption
of natural organic matter compounds on membrane, causing
gel formation of macromolecular substances. On the other
hand, scaling occurs due to precipitation deposits resulting
in high concentration of bulk solution on the membrane sur-
face [169-172]. In MD configuration, both fouling and scal-
ing have lower effect than the conventional pressure-driven
membrane separation (e.g., RO) as the operating pressure is
relatively low. However, Shirazi et al. [170] concluded that
membrane fouling in MD depends on the membrane prop-
erties, module geometry, feed solution characteristic, and
operating conditions. Moreover, fouling process accelerates
wetting of MD membranes. The indicted parameters for this
phenomenon are flux decline, membrane hydrophobicity
reduction, and permeate quality [173,174]. Other works con-
cluded that the membrane fouling mitigation techniques in
AGMD are different than that in other configurations such
as DCMD [75,175]. Therefore, this section will review and
highlight the fouling occurred in AGMD and its mitigation
techniques.

A pilot treatment of CSG produced water by a combina-
tion of UF/RO and AGMD was conducted by Duong et al.
[175]. The authors reported that the possible precipitation of
silica and calcium may pose a scaling risk in long-term oper-
ation. As a result, a commercial anti-scalant was added to the
CSG water just before the RO treatment at a dosage of 5 mg/L.
The results showed that operating the pilot MD system at a
low permeate flux (1.4 kg/m? h) together with anti-scalant
could be an effective measure to control membrane fouling.
Another long-term field operation on a AGMD pilot plant

[176] observed that mineral acids such as HCl and H,SO, could
effectively clean and remove a significant amount of fouling
and reduce the wetting of the membranes. In other works,
a diluted HCI (2%-5%) has been used to wash and remove
inorganic scale deposited on the membrane surface after treat-
ment of tape water using AGMD system [177,178]. Moreover,
it was found that the fouling layer consisted of uneven accu-
mulation of granular pollutants and cuboid crystals. After the
washing process, the flux recovered to its initial value.

Given their corrosive nature, mineral acids are unsafe for
use and storage in a household, which is the key target of
small-scale seawater AGMD systems. Therefore, Duong et
al. [179] used vinegar, mainly consisting of acetic acid (i.e.,
5-8 vol%) as the cleaning agent and found it to be much more
efficient than fresh water. In one study, precipitation of sil-
ica compounds formed on the membrane after filtration of
demineralized water using NF/MD system [180]. The silica
clogged capillary membrane inlets, causing a gradual decline
of the module efficiency. The silica layer was significantly
limited with acidification of NF permeate to pH 4. In another
work, AGMD system was employed to treat pond water. A
decline in flux was reported after 800 h as a result of bio-
fouling [18]. In this work, the original flux was restored by
reversing the direction of the flow.

Recently, a very high salty concentration (65 g/L of
NaCl), above the saturation concentration of NaCl at dif-
ferent feed inlet temperatures up to 82°C, was tested using
the AGMD configuration [181]. The authors claimed that, at
saturated phase, crystallization fouling occurs by blocking
or wetting the membrane pores due to the continued
deposition and growth of salt crystals on the membrane
surface and inside the membrane pores. Moreover, they
suggested a simple mitigation technique to overcome the
fouling by washing the membranes with water which is
enough to partially recover the initial properties of the
membrane. More details about fouling, scaling, and clean-
ing are found elsewhere [62,63].

7. Integration of AGMD with solar energy and other
renewables

Utilization of solar thermal energy for solar membrane
distillation desalination system (SMDDS) is a green technol-
ogy for the solution of the water resource problem and high
energy cost [182-185]. The components of a SMDDS system
are a solar collector, heat storage tank, heat exchanger, and
MD module as shown, for example, the solar DCMD in Fig. 16
[186]. The energy generated by the solar collectors and pho-
tovoltaic (PV) panels can either provide the thermal energy
supply for the low operating temperatures required by MD or
produce electricity required to run the low-pressure pumps
in MD process. The feed stream is heated using energy from
a solar collector through heat exchanger, while the tempera-
ture of the permeate stream is reduced by heat exchange with
cooling water in another heat exchanger. The cooling water
also acts as the feed make-up, and so this energy is also sub-
stantially recovered. In addition, the latent heat required to
evaporate the hot water is recovered when the condensation
occurs in the cold stream line.

A hybrid VMD with solar energy has been investigated
by few researchers [187,188] where extra energy is required
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Fig. 16. Schematic diagram of SMDDS system using DCMD [186].

from solar collectors to apply the low pressure (vacuum) on
the membrane permeate side. AGMD utilizing solar energy
is widely used for its technical simplicity, long mainte-
nance-free operation periods, and production of high quality
water.

Banat et al. [189,190] developed a small scale stand-alone
solar desalination system in Irbid (Jordan) based on a spi-
ral wound AGMD to provide potable water in remote areas
having abundant solar energy. The required energy was
supplied entirely by flat plate solar thermal collectors with
5.73 m? area and an auxiliary electrical energy supply by a PV
panel. A brackish feed water is directly heated in the absorber
of the collector. The system produced a flux of 120 L/d with
an approximate distillate conductivity of 5 puS/cm with 10 m?
membrane area. The thermal energy required by the process
was in the range of 200-300 kW h/m? and the GOR was found
to be in the range of 0.3-0.9. Later, a similar pilot plant was
installed in Alexandria (Alexandria University, Egypt) [183]
and it gave a high salt rejection of 99.5%. In another study by
Banat et al. [190], a similar pilot plant with larger flat plate
solar thermal collectors (72 m?) in Aqaba port in south of
Jordan was installed to desalinate seawater (55 mS/cm) for a
90 d operation. The results showed that flux varied from 5 to
27 kg/m? h with an electrical conductivity varying between
20 and 250 pS/cm. Later, a similar pilot plant was installed in
Spain but in this system five membrane modules were used
with a maximum design capacity of 1,600 L/d with a solar
collector area of 90 m?[33]. The maximum permeate flux was
about 75 L/d.

In another work, Cipollina et al. [185] designed, devel-
oped, and tested a laboratory scale MD unit coupling with
solar energy. Multi-stage arrangement, compactness of
the unit, internal heat recovery and integration with a heat
exchanger for the utilization of waste heat or solar energy
for the final brine heating, were the unique characteristics of
the unit. Different types of MD such as free air gap, perme-
ate gap, and partial vacuum air gap were tested during the
investigation and the effect of the air gap configuration was
observed. In their model, a flux of 12 kg/m? h was obtained
at feed temperature of 80°C and flow rate of 1.2 L/min. In
another work, AGMD with solar absorption function (SAF-
AGMD) was investigated experimentally [191]. The solar sys-
tem power consists of eight lamps with adjustable irradiance

by a transformer. The results showed an increase of 2%-8%
in flux by the solar absorption function was seen.

Duong et al. [91] performed the optimization of the
AGMD system in terms of distillate production, solar ther-
mal, and electrical energy consumption. The results showed
that a AGMD for seawater desalination can be achieved
with 90 kW h/m? thermal and 0.13 kW h/m?electrical energy
consumption. These values suggest that a small scale and
off-grid seawater desalination is commercially feasible at
locations where the solar thermal or low-grade heat source
is available. Chang et al. [192] experimentally tested SMDDS
utilizing AGMD configuration. A laboratory-based system
with automatic control function using the proportional-in-
tegral control algorithm was developed in this work. The
control structure adopted proportional integral temperature
control for the MD and solar thermal subsystems. The opti-
mization process showed the operating strategies for maxi-
mum water production. The proposed proportional integral
control scheme could give an output performance up to 80%
of water production for a sunny day operation. Later, the
same authors optimized the same system using a dynamic
modeling on the Aspen custom modeler (ACM) platform
[193]. In this model, the effect of solar radiation intensity,
thermal energy storage tank configurations, and flow rates
effect on the performance of the system were studied. It was
concluded that simple thermal storage tank and lower flow
rate of the module are beneficial for the amount of water
produced. The same authors investigated another SMDDS
system at a small scale to produce fresh water for small com-
munities in remote arid areas [194]. They used a flat sheet
membrane module in their work.

A model of a solar-driven AGMD system was considered
by Chen et al. [195]. The system consisted of solar thermal
collector, storage devices, heat exchanger, and MD unit. The
system was operated with indirect solar energy due to the
intermittent nature of the sunlight. The ACM software was
utilized for modeling and simulation of each individual unit.
With a given amount of water production rate, 10 design
parameters were analyzed to get the minimum total annual
cost (TAC) using design degree of freedom analysis. The
minimum TAC per cubic meter of pure water production was
found at 500 W/m?. From the simulation results, it was con-
cluded that the pure water production can be kept at constant
level irrespective of the weather conditions.

Galvez et al. [196] conducted a project called seawater
desalination by innovative solar-powered membrane dis-
tillation system (MEDESOL) supported by the European
Commission under the Horizontal Program “Global Change
and Ecosystems” (Global 4). The main objective of this
project was the development and experimental assessment
of the solar multi-stage MD concept in order to develop a
high-efficiency and cost-effective system for seawater desali-
nation in EU and developing countries. The system involved
the integration of several MD modules into a multi-stage
MD system in order to minimize the specific energy con-
sumption. Another theoretical model tested the energy
efficiency of single-stage MD-based desalination cycles in
each of the MD configurations including AGMD, DCMD,
and VMD [197] at a bench scale. Both AGMD and DCMD
have potential for high GOR. The same authors conducted
the same model experimentally with AGMD configuration
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using a composite solar-absorbing hydrophilic membrane
[198,199]. The top layer of the composite membrane can
absorb the solar energy while the underneath hydropho-
bic surface ensures the required non-wettability. Moreover,
they fabricated serpentine flow channel for the coolant and
condensate channels as shown in Fig. 17. The importance of
reducing the pressure in air gap has also been highlighted
in this work. This gave a significant improvement, with per-
formance increasing over 1.5 times as the gap pressure is
reduced from 1 to 0.4 atm.

In another study, an integration of evacuated tube and
concentrated photovoltaic/thermal (CPV/T) solar collectors

Vacuum Port
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Flow Path

Condensexr
Surface

Thermal
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Condensate
Flow Path

Condensate
Collection
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Fig. 17. Serpentine flow channel in a square area showing the
coolant channel and condenser surface [198].

with AGMD unit at a bench scale for seawater desalination
was conducted by Hughes et al. [200]. The collector used
high concentrating optics, allowing for a smaller area of
receiver to be used as predicted in Fig. 18. The receiver incor-
porates a hybrid design, where a thermal collector is placed
directly beneath the PV cells. The waste heat generated by
the cells is cooled using a salt solution which is pumped into
AGMD cell. The cooling process is very important to prevent
decrease in the cells efficiency. Therefore, this integration
process provided two types of energy; (1) a thermal energy
which is required to drive the AGMD unit, and (2) an electri-
cal energy which is required to power the pump and tracking
devices. The AGMD module was tested for a fluctuating inlet
feed temperature due to the variable energy produced by the
solar energy source during the day. The integration process
gave a maximum flux of 3.4 kg/m?h and a conductivity of
35 uS/em.

Another solar-powered AGMD system was studied by
Kullab et al. [201] at lab scale. The system consisted of AGMD
unit integrated with non-concentrating solar thermal collec-
tors and was used to desalinate salty water. A theoretical
model was used to analyze the experimental data. Scale-up
of the MD unit through the model was accomplished
through experimental data obtained from an AGMD test
alone and trials were conducted with various feedstock TDS
levels, temperatures, and flow rates. The model was success-
fully applied to the solar data obtained from a case study in
Gaza, Palestine. The results showed that the flow rate of per-
meate was 8.5 m*/h with high quality water (<10 ppm TDS)
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Fig. 18. Schematic diagram of CPV/T solar desalination system [200].
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and the power consumption was 150 kW h/m?. In another
work, Khan et al. [202], Khan and Martin [203], and Mohan
et al. [204] designed an integrated biomass-based polygen-
eration system with AGMD providing fresh water to meet
the needs of 30 households in a rural village in Bangladesh.
This system was successfully implemented to treat ground
water with high concentration of arsenic 1,600 pg/L as the
product water arsenic levels were lower than detection limits
(0.4 ug/L) [205].

Another small unit based on integration of solar domestic
hot water and MD (SDHW-MD) was studied and installed in
UAE [206,207]. The unit was designed to achieve the demand
of 15-25 L/d of pure drinking water and 250 L/d of DHW for
a single-family villa. Experimental analyses were performed
during summer on flat plate solar collectors having differ-
ent aperture areas. The average hot-side temperature ranged
from 50°C to 70°C awhile the average cold-side temperature
was observed to be 35°C. Experimental results were com-
pared with empirical relation-based model developed using
laboratory experimental data along with PolySun simula-
tions. Monthly energy consumption and water production
profiles were obtained which formed a basis for detailed
dynamic simulation and optimization of system performance.
Recently, solar membrane distillation (SMD) using AGMD
configuration was investigated at small scale [208]. In this
work, a hierarchical control system composed by two layers
is used for optimizing the operation of a SMD pilot plant, in
terms of thermal efficiency, permeate flux, and cost savings.

8. Modeling of AGMD
8.1. Techniques of AGMD modeling

Some of the research presented in the previous sections
include modeling and simulation to predict the effect of the
different operating conditions and geometrical parameters
on the performance of the MD process. The research work in
this field can be divided into different categories based on the
focus of study and the model details. Some available models
in the literature focus on predicting two-dimensional (2D) or
three-dimensional (3D) flow field distributions in the feed
channel to reduce the temperature and concentration polar-
ization. Other models focused on the membrane structure
in order to enhance the understanding of the mass transfer
of the water vapor using either generic geometries, which
consist of interconnected cylinders, or based on empirical
relations. The complete MD module has been studied with
simplified analytical and empirical model while the model
parameters were obtained from the experimental work [209].

Alsaadi et al. [94] has developed a one-dimensional (1D)
model for flat sheet type modules. The model was based
on mathematical equations that describe the heat and mass
transfer mechanisms of a single-stage process to simulate
AGMD modules in both co-current and counter-current flow
regimes. They validated the model with experimental data
obtained under different operating conditions and parame-
ters. The predicted values of water vapor flux were compared
with the experimentally observed values and good agreement
was achieved (with £10%). Khalifa et al. [210] used an analyt-
ical model for heat and mass transfer to predict the perme-
ate mass flux and they found that the model delivered good

results in comparison with experiments. In another study,
Alklaibi and Lior [114] carried out a modeling and sensitiv-
ity analysis for AGMD module. They modeled the AGMD
module as a 2D conjugate problem in which a simultaneous
numerical solution of the momentum, energy, and diffusion
equations of the feed and cold solutions have been carried
out. They validated the numerical results with that available
from experiments. Warsinger et al. [211] set a model based
on 1D transport of mass and energy across a unit cell, with
400 unit cells used to describe the experimental system. The
model takes input parameters including Reynolds number,
bulk temperature and mass flow rate of the hot side feed, and
condenser temperature and calculates a variety of parame-
ters including Nusselt numbers, Sherwood number, Schmidt
number, effective conductivities, condensation film thickness,
diffusion, thermal resistances, and MD membrane flux. The
modeling includes concentration and temperature polariza-
tion effects in the feed channel near the membrane surface.

8.2. Computational fluid dynamics and optimization

In order to understand the performance of the AGMD
module, the complete MD unit has been investigated.
Different authors (e.g., Chang et al. [212] and Cheng et al.
[213]) built the models for DCMD and AGMD modules on
Aspen Plus platform. They have used the model to analyze
and optimize large-scale systems. Khayet and Cojocaru [214]
constructed an experimental based artificial neural network
(ANN) model to describe the performance of AGMD process
for different operating conditions. These conditions, which
represent the input variables of this process, include the air
gap thickness, the condensation temperature, the feed inlet
temperature, and the feed flow rate of salt aqueous solutions.
The response was set to the performance index, which takes
into consideration both the permeate flux and the salt rejec-
tion. A neural network-based optimizing control system for
seawater desalination solar-powered MD unit has also been
performed [215]. The model has been trained and tested using
experimental data collected for the purpose. Afterwards, the
NN model has been used for the analysis of the process per-
formance under various operating conditions similar to one
conducted recently by Shirazian and Alibabaei [216].

Other researchers have applied the response surface
methodology for modeling and optimization of MD desalina-
tion process [112]. Regression models have been developed to
predict the performance index and the specific performance
index which takes into consideration the energy consumption
as function of different variables. They validated the model
statistically by analysis of variance and good agreement was
found with experimental data. AlcheikhHamdon et al. [217]
analyzed a complete set of experimental data on AGMD
using the methods of FD. They investigated a two-level and
three-level FD to examine the influence of the main operat-
ing parameters on permeation flux of water. In another work,
heuristic approaches have been used to optimize AGMD sys-
tem based on the analysis of heat and mass transfers within
the system [218]. An algorithm was developed and employed
to find the optimal set of variables for the maximum perme-
ate flux of distilled water. The variables considered include
feed water temperature, coolant water temperature, air gap
width, feed flow rate, and coolant flow rate.
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One research work focused only on a separate module
section of the AGMD module. Warsinger et al. [84,211] car-
ried out a modeling study of the feed channel, the air gap,
and the coolant channel separately. The model involved
mass and energy conservation equations applied to each of
the module sections. Each section was coupled with suit-
able transport equations. They considered mass transport
through the membrane to be governed by binary diffusion
as described by Lienhard [219]. The coupled equations were
solved using Engineering Equation Solver. They have gener-
ated a grid independent solution.

The above studies modeled the module sections as a 0D,
1D, or 2D case and used simplified heat and mass transfer cor-
relations. Detailed modeling in 2D or 3D using computational
fluid dynamics (CFD) techniques has also carried out [220,221].
The goal was to understand the effect of, for example, using
spacers in the module channels to reduce the effect of tempera-
ture polarization and to enhance the mass transfer rate [222].
To enhance production of AGMD systems, a channeled cool-
ant plate was used and about 50% increase in mass transfer
was reported [81]. In that study, 1D heat transfer model was
developed and validated using the experimental data. Karbasi
et al. [223] simulated the hydrodynamics in the feed channel of
the MD modules. They investigated the effect of using turbu-
lent promoters such as baffles, number of baffles, and change
in the geometry of the module on the trans-membrane mass
flux. They used the commercial package Ansys Fluent. In a
modified AGMD module in which a temperature difference
across the air gap is introduced, Chouikh et al. [132] numeri-
cally studied the air gap space using a 2D model. They solved
the model using finite volume method.

Other group of researchers focused on the transport
properties of the membrane. Guijt et al. [101] described
water vapor transport across the membrane by the dusty-
gas model that uses constant membrane mass transport
parameters to describe simultaneous Knudsen diffusion,
molecular diffusion, and viscous flow. The membrane mass

Condensation Plate

transport properties were determined experimentally in sep-
arate experiments to obtain a predictive model. The Knudsen
diffusion and viscous flow membrane parameters were
determined with single-gas permeation experiments. The
molecular diffusion membrane parameter was determined
with binary gas diffusion experiments. Martinez et al. [224]
determined the vapor transfer coefficient of hydrophobic
membranes which is required for predicting and simulating
MD. Mandiang et al. [225] and Rochd et al. [226] presented
three theoretical models of flow and heat and mass transfers
in MD unit of AGMD. The results on the effect of membrane
pore size have been analyzed for the different mechanisms of
mass transfer involved by estimating the flow of generated
steam.

8.3. Analytical model for heat and mass transfer inside the AGMD
module

The system which is considered in this part is shown in
Fig. 19. The modeling part is taken from Khalifa et al. [210]
which is considered to be a good representation of the avail-
able AGMD models. Mass and energy balances across the
AGMD units are carried out in order to determine the water
permeate mass flux. A similar model was recently studied
using similar techniques [227]. The process of heat and mass
transfer through AGMD include the following steps [123]:

e Convective heat transfer from hot feed solution to the
membrane surface.

e Evaporation at the membrane pores entrance (feed mem-

brane interface).

Diffusion of water vapor across the membrane pores.

Water vapor diffusion across the stagnant air gap.

Vapor condensation onto the cooling plate.

Heat transfer across the cooling plate.

Convective heat transfer between cold solution and the

cooling surface.
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Fig. 19. Model of heat and mass transfer in the AGMD [93].
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Both heat and mass transfer are discussed in detail in the
following sections.

8.3.1. Heat transfer

Heat transfer takes place from the hot feed to evapo-
rate water and to heat the membrane surface. This can be
described at steady state as [131]:

Q:]wcpf(Tf_Tmf)+hf(Tf_Tmf) @

where C, i, T, and T_,are heat capacity, the convective heat
transfer coefficient, the feed temperature, and the tempera-
ture at feed-side membrane, respectively. | is the water
vapor mass transfer rate.

The heat transferred across the membrane consists of the
conduction heat transfer of the membrane material and the
gas filled pores which act as a stagnant film, and the heat
from evaporation [123]. This heat flux is described by

Q:J(Tmf —Tmp)+]wHV1 @)

where k is the thermal conductivity of membrane, o, is the
membrane thickness, and H  is the evaporation enthalpy in kJ/
kg which may be calculated using the following equation [74]:

H,=1.753T +2024.3 3)

The heat transfer from the permeate side to the condensation
side can be described by:

Q=Q,+/H, *)

where Q_ is the sensible heat transfer defined as
Q.= h*(Tmp - T_)- Here I* is given in the literature [131,228]
as W =h,(pe/l-¢ ™), where (pe=1,C,, /1) and 1, =k/b

Here k is the thermal conductivity of the gas phase, hv
is the convective heat transfer coefficient in the gaseous
phase, pe is Peclet number, C__is the heat capacity of the gas
phase. On the other hand, heat transfer from the condensa-
tion layer to bulk cold liquid is calculated using the following
equations:

k.
Q-1 (1, -1,)-5(r, -1, .

Q:hC(TPC_TC):hP(Tcd _Tc)

where k_is the thermal conductivity of the condensation
plate, h, is the condensate heat transfer coefficient, I is the
plate thickness, and /_is the coolant film heat transfer coef-
ficient. The overall heat transfer coefficient from vapor/con-
densate liquid interface to the cooling water /, is given by:
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The condensate heat transfer coefficient i, can be obtained
from the following equation [74,122,228]:

1
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where p, kp, and y, are the fluid density, thermal conductiv-
ity, and dynamic viscosity at the condensate film tempera-
ture, respectively. L is the height of air gap (height of the
cooling plate) and g is the acceleration due to gravity.

The above equations can be combined together and rear-
ranged to get:

(8)
RN A

-1
where H = i+i+l
h y h* hp
The convective heat transfer coefficient is obtained from
empirical correlations of the dimensionless Nusselt number
(Nu) depending on the Reynolds number in the flow region
[74,122,228]. Egs. (9) and (10) are used to determine Nu for
laminar and turbulent flow, respectively:

d 0.33
Nu= 1.86(RePrLj ©)

0.33
Nu = 0.023 x Re®® Pr'/? (”J (10)

s

Here p_ is the fluid viscosity at the heat-transfer bound-
ary surface temperature, Nu is given by Nu=~hd/k, Pr is
the Prandtl number expressed as Pr=pC, /k, and Re is the
Reynolds number given by Re =pud/p. Other correlations
of Nu are found in the literature and listed in Table 4.

8.3.2. Mass transport
Vapor permeation through in AGMD process depends

on the vapor pressure difference between both sides of the
membrane. The mass transfer rate can be described by [55]:

J,=BAP, 1)

where B is the overall mass transfer coefficient and AP is
the vapor pressure difference between the two sides of the
membrane, which is estimated by AP, =P _.—P ..

Where P _, is the vapor pressure at the feed side of the
membrane while P, is the vapor pressure at the conden-
sation surface. The vapor pressure can be obtained from

Antoine equation as:
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(12)

The mass transfer in AGMD is conducted in two steps: (1)
mass transfer across the membrane and (2) mass transfer
across the air gap. The mass transfer resistance within the
membrane is governed by three mechanisms: molecular dif-
fusion, Knudsen diffusion and Poiseuille flow. In the AGMD
process, the Poiseuille flow can be neglected with a low oper-
ational temperature less than 100°C [88]. The Knudsen diffu-
sion and molecular diffusion exist simultaneously, and thus
the overall resistance can be written as [123]:
R=R +R_ (13)
where R, is mass transfer due to Knudsen diffusion and R is
mass transfer due to molecular diffusion. Therefore, the water
vapor flux can be calculated from the following equation:

Table 4
Nu correlations in the literature used to estimate heat transfer
coefficient

Equation Types of flow Reference
. 014  Turbulent flow  [229]
Nu =0.027 Re® Pr” (“J
K
n = 0.4 for heating and n =0.3
for cooling
Nu = 0.023Re% Pr" Turbulent flow  [230]

n = 0.4 for heating and n=0.3
for cooling
]0,14 Turbulent flow  [11]

Nu = 0.023Re"® Pr®® [“

H,
6d 1 Turbulant flow  [231]
Nu= 0.023[1 + LJReO'8 Pr3
- 1 Laminar flow [232]
: 7
Nu = 1.86(RePrd] (“J
L L,
2 Laminar flow [11]
Nu=1.62| RePr—
(e
Nu = 0.298Re¢46Pr0-316 Laminar flow [233]
Nu = 0.74Re%*(GrPr)*'Pr®2 Laminar flow [234]
7% Turbulent flow  [235]
Nu =0.036 Re®* Pr®*| =
L
[236]

d

0055 Turbulent flow
Nu = 0.036Re"** Pr**® [Lj

]w = ]wm + ]wk = Cm(me - Pmp) (14)
where | and | , are the mass flux due to molecular and
Knudsen diffusion, respectively. C, is the mass transfer
coefficient of the membrane or membrane permeability and
is dependent on the physical properties of the membrane,
such as porosity, tortuosity, and diffusivity of water vapor.
Alsaadi et al. [94] proposed an empirical equation to calcu-
late the value of C . The water vapor flux in the air gap is only
controlled by molecular diffusion mechanism [50], which is
determined by:
J.=C (P, —P) (15)
where C, is the mass transfer coefficient in the air gap and is
given by Geng et al. [88].

On the other hand, the overall mass transfer coefficient
for porous membrane and the air gap was calculated based on
free diffusion [74,131] and given by the following equation:

B - ePD,
" RT,bP, (16)
_@
where ™ ln(Pf"“fj and b=0b+5r. Here b is the air gap
Pacd

thickness, ® is the membrane thickness, and t is the mem-
brane tortuosity. D, =1.895x10°T*"* /P and t=¢/ e, ,
where ¢_is the effective membrane porosity and it is the ratio
of the membrane porosity ¢ to the pore length. T, is the mean
temperature in Kelvin (K) and given by T, =T +T, /2.
Therefore, the permeate flux of the water vapor across the
membrane and the air gap is given by:

— SPDia

-2 (p P
RTbPuln( =)

w

17)

8.3.3. Flux prediction

The permeate flux is calculated using an iterative
method. Guessed values are assumed for membrane sur-
face temperatures (T, , T_,), then using Egs. (12) and (17),
the permeate flux is calculated. Heat transfer coefficient is
estimated based on Nusselt number equations. Eq. (8) is
then used to estimate the values of T _;and T ,. The obtained
temperature results are compared with the initial assumed
values of temperatures. This procedure is repeated until the
difference between assumed temperatures and calculated
temperatures is small enough (0.1%). Similar algorithm was
used by Attia et al. [104].

8.4. Thermal efficiency

The thermal efficiency of MD system can be expressed
as [74]:
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QvQ x(100%)

v c

n(100%) = 5 (18)

where Q is the latent heat of the vaporized liquid which is
expressed as Q =] H , and Q_is the heat transfer by con-
duction via the membrane and the air gap. The total heat
supply to MD process is distributed as heat of vaporization
for feed and a waste heat in the form of conduction heat
transfer through the membrane. Hence, the conduction
heat lost from the feed to the permeate in AGMD may be
expressed as:

_ (Tmf B Tcd)
Q.= (19)

5 b
_—
K, K

m g

where 0 is the membrane thickness, K is the effective ther-
mal conductivity of the membrane material and the gas
filling it. K can be estimated from the following expres-
sion [74]:
K,=eK +(1-¢K (20)
where K and K are the thermal conductivity of the gas filling
the membrane pores and membrane material, respectively.
Temperature polarization (0) is the ratio of differences in

temperature between the liquid—vapor interface and the bulk
temperature. It can be expressed as [74]:

T -T
9 _ _mf od
T 1)

The value of O is expected to be one in ideal case.
However, 0 is always lower than one because the bulk tem-
peratures are always greater than the difference in tempera-
ture between the interfaces of liquid—vapor. The value of 0 is
used to determine whether the MD module is suitable or not.
The MD module is of an unsuitable design if O is less than
0.2. The MD module is considered to be suitably designed if
0 is greater than 0.6 [74]. On the other hand, O can be deter-
mined as:

0=—"

1+E
h

(22)

where H is the overall heat transfer coefficient, and h is
the heat transfer coefficient of both the feed and permeate
boundary layers [74]. Another method called the veloc-
ity extrapolation method was used to calculate O [69]. This
method is based on the fact that the thickness of the bound-
ary layer decreases with the feed and permeate flow rates.
By performing MD tests at different circulation velocities and
extrapolating the data to an infinite velocity, the temperature
polarization effect can be estimated if distilled water is used
as feed. Therefore, 6 can be calculated as [69]:

(23)

where | is the flux that corresponds to an infinite velocity
in absence of the polarization effect.

8.5. Gain output ratio

GOR represents the ratio between the energy used for
evaporation to the energy consumed by the system. It is con-
sidered as another possible measure of the performance of
MD system. GOR is defined as:

“ (24)

where A is the effective membrane area and Q,  is the total
heat supply to the system and it can be expressed as:

Qir\ = mcp(T,in - Tf,uut) (25)

Here m is the mass flow rate of the feed solution, C is
the specific heat capacity of the feed solution, while T, ‘and
T, are the bulk feed inlet and outlet temperature, respec-
tively. On the other hand, Q, consists of the heat given to the
AGMD (Q) and heat loss (Q)) to the surrounding according
to this equation:

Q,=Q+Q, (26)

9. Economic aspects of AGMD

MD was considered to be a low-cost desalination technol-
ogy due to its energy versatility potential by using both heat
(fuel, solar, and waste) and electricity. MD does not operate
under high pressure as RO, therefore allowing for thinner
piping made from cheaper materials (i.e., plastics vs. stain-
less steel or expensive alloys) and reduced leaks and pump
failure [237]. Banat and Jwaied [238] showed that the cost of
desalination plants is usually a function of plant capacity,
feed water salinity, pretreatment, process technology, energy
cost, plant life, and investments amortization. The major cost
elements for desalination plants are capital cost and annual
operating costs. Capital cost covers purchasing cost of equip-
ment, auxiliary equipment, land, installation charges, and
pretreatment of water. Annual operating costs are the TACs
of operating a desalting plant. These include amortization or
fixed charges, operating and maintenance (O&M) costs, and
membrane replacement costs. Based on this definition, the
potable water production cost was calculated to be $15/m?
and $18/m? for the compact and large systems, respectively.
The authors showed that membrane lifetime and plant life-
time were the key parameters in determining the water pro-
duction cost. The cost decreases with increasing membrane
and/or plant lifetime. Arroyo and Shirazi [239] calculated the
total RO unit cost of desalinated water as follows:
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Annual debt service
365 X design capacity

Operation and maintenance
Production volume

Total unit cost of water =

(27)

In this equation, the debt service cost includes the total
capital cost, the interest on the capital, and the loan payback
period. The operation and maintenance cost cover the cost
of chemicals, power, equipment and membrane replacement,
and labor. Table 5 shows estimated cost for some desalination
plants in USA in 2011 [239].

Saffarini et al. [240] estimated a cost model called
solar-powered MD system for DCMD, AGMD, and VMD
configurations. It is based on economic formulas utilizing
capital cost data and variable and fixed operation costs of the
unit as shown in Fig. 20. For the AGMD, the authors showed
that the operation parameters were membrane length, feed
mass flow rate, air gap width, feed channel depth, and solar
collector efficiency. Moreover, they found that only the air
gap width and solar collector efficiency have a linear effect
on the cost model. Later Camacho et al. [31] summarized
their results which is presented in Table 6. As each param-
eter was varied as shown in this table, all other parameters
were held fixed to their value shown in Table 7. Based on
the cost model, a comparison between MD configuration was
carried out and shown in Fig. 21. It is clear that AGMD is
the most expensive system. As mentioned earlier, Ali et al.
[133] performed numerical modeling and factorial analysis
using Saffarini et al. [240] model to determine the water pro-
duction cost for small-scale, single-stage AGMD and DCMD
processes driven by waste heat. They also studied the effect
of membrane properties on the cost. In this model, the capital
costs consist of membrane modules, pumps, piping, tanks,
heat exchangers, and control systems. Membrane modules
were taken at a cost of $350/m? of membrane area. Pumps
were assumed to cost $700 each and all piping, control sys-
tem, heat exchanger, and installation costs totaled $5,500 for
a small-scale MD system. Since these systems have small
footprint, the cost of land was neglected.

Moreover, small-scale MD systems were assumed to be
operated by their owner, so operator and administrator sala-
ries are neglected. Maintenance costs were taken at 0.5% of
the total capital cost per year. An average membrane replace-
ment rate of 12% per year was assumed. Electricity needed to
run the electric components was assumed to come from the
grid at $0.1/kW h. The results showed that, if the cost of waste
heat input is neglected, the water production cost could be less
than 1 USD/m®. However, the authors mentioned that these

values are only single-point estimates and that relative costs
will change when the system geometry or operating conditions
are optimized. Moreover, these costs are expected to decrease
when the cost of solar collectors needed for heating the water in
MD decreases especially when the renewable energies are used.

In this regards, Bouguecha et al. [241] investigated AGMD
using sensible heat of geothermal water (AGMD-GW) at a
small scale and compared it with other desalination processes
such as RO-PV, and multiple-effect solar still (MESS). Table 8
shows the cost results for the three processes. The authors
recommended the MESS based on his study for the sunny
climates, while RO-PV has shown that the storage dissipation
system removes the perturbation due to the fluctuation of
solar radiation and is caused by short cloud passages. AGMD
was preferable in this case as it had an ability to desalt very
saline water with very low specific energy consumption.

Therefore, AGMD coupled with renewable energy such
as geothermal resource presented a suitable design for
small-scale desalination. Camacho et al. [31] compared cost
of AGMD and others desalination process which is summa-
rized in Table 9 as function of plant production.

Chang et al. [194] conducted a mathematical cost model
of SMDDS by a systematic method which involves a pseu-
do-steady-state approach for equipment sizing and dynamic
optimization taking into account the dynamic nature of the
system. Two SMDDS employing an AGMD module with
membrane areas of 11.5 m? operated at 500 kg/d and 23 m?
operated at 1,000 kg/d were analyzed. The lowest water pro-
duction costs were $5.92/m? and $5.16/m> for water produc-
tion rates of 500 and 1,000 kg/d, respectively. The authors also
claimed that the enhancement of the membrane mass transfer
coefficient up to two times can result in the reduction of the
unit production cost of the system. Moreover, they also rec-
ommended their model to be implemented for different MD
configurations, such as LGMD, DCMD, and VMD, as well
as different membrane modules, such as spiral-wound and
hollow fiber. Another study by Saffarini et al. [240] showed
that increasing the feed inlet temperature for the AGMD had
a significant effect in lowering the cost while high feed flow
rate resulted in increasing water production cost. In solar
panel (SP)-MD systems, the MD will enhance the final cost of
the water. In the same direction, a numerical modeling and
factorial analysis including the effect of membrane proper-
ties was proposed to predict the cost of AGMD process [133].
The model was written for a small-scale, single-stage AGMD
process driven by waste heat. The results showed that the

Table 5

Estimated water production cost of brackish groundwater desalination units in USA [239]
Brackish groundwater Desalination Water treatment Unit capital Power cost O&M  Debt Total
desalination plant (water capacity x 10° plant’s capital cost ($) (¢/kW h) cost/10° cost/10°  production
salinity in TDS) gallons/d cost ($) gallons gallons  cost/10° gallons
Fort Hancock WCID 04 3,375,000 8.44 8.2 1.36 191 3.27
(1,600-2,400 mg/L)
City of Roscoe 0.5 974,000 2.25 7 0.42 0.44 0.86
(3,800 mg/L)
North Alamo WSC 25 6,700,000 2.68 7 0.8 0.61 141

Donna (3,800 mg/L)
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Water Production Cost via SP-MD
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Fig. 20. Cost model breakdown [240].
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water production cost could reach around $1/m? if the cost of =~ Guillen-Burrieza et al. [245] reported the thermal efficiency

waste heat input to the system is neglected.

10. AGMD in seawater desalination process at large scale

and the quality of the distillates produced by the two
pre-commercials MD desalination pilot plants as a function of
the operating parameters. The performance of two different
solar-powered AGMD modules was analyzed and evaluated

AGMD has been investigated as a single or integrated  under real conditions for 2,400 h over a 2-year period. The
with other process in desalination of seawater [95,242-244].  two modules each with a total membrane surface area of 9 m?
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developed by the Singaporean enterprise Keppel Seghers were
coupled with the static solar collector’s field. The first module
was a single compact unit while the second module consisted
of three stages connected in series. Performance characteris-
tics such as distillate amount and quality, thermal efficiency,

Table 6
Effect of operation parameters on solar-powered AGMD water
cost [240]

Operating parameter Operating Water cost
range ($/m?3)

Effective membrane length (m) 10-140 13-20

Feed mass flow rate (kg/s) 0.2-1.2 (lami- 20-23
nar—turbulent)

Air gap width (m) 0.001-0.005 15-46

Feed channel depth (m) 0.001-0.005 20-24

Solar collector efficiency (%) 35-60 19-30

Table 7
Typical parameters used in solar-powered MD system [240]

Membrane module

Feed mass flow rate, m,, 1kg/s
Membrane material Teflon (PTFE)
Length, L 10 m

Width, w 0.7 m

Flow channel depth, d_, 4 mm
Porosity, & 0.8
Thickness, o, 200 pm
Membrane distillation coefficient, B 16 x 107 kg/m*Pa s
Thermal conductivity, k 1.2 W/m K
Solar heater array efficiency 50%

Daily average irradiation 850 W/m?

and recovery ratio were evaluated. The aqueous NaCl with
two different concentrations (1 and 35 g/L) was used as a
feed. The minimum solar thermal energy consumption was
found to be 1,805 and 294 kW h/m? for a single compact and
multi-stage units, respectively. A maximum flux of 6 kg/m*h
was obtained. Another similar module with similar feed con-
centration was developed and manufactured by the Swedish
company Scarab AB (Sweden) [35,75] as shown in Fig. 22.
This research was conducted at the Solar Platform of Almeria
(PSA) research centre in Spain. They investigated AGMD
module coupled with static solar collector for a total mem-
brane surface area per module of 2.8 m? The experiments
which were conducted for long time gave a maximum flux
value of 7 kg/m?h. The authors concluded that this hybrid
process required more improvements in thermal energy, per-
meate flux, and rejection to be more competitive with other
conventional desalination processes. The same AGMD mod-
ule with membrane area of 2.94 m? with a solar pond was
investigated by University of Texas at El Paso [237,246]. Low
grade thermal energy (between 13°C and 75°C) was extracted
from the pond and supplied via a heat exchanger to the mem-
brane module. The hot brine was pumped from the bottom

20
18
16

Water Cost [$/m?]
5

DCMD

AGMD VMD

Fig. 21. Cost for a solar panel MD configurations at a recovery
ratio of 4.4% with solar heaters [240].

Table 8

Basic design and cost data used for the studied cases [241]
Item Life time MESS RO-PV AGMD-GW

Basis cost Annual cost Basis cost Annual cost Basis cost Annual cost

Modules of RO/MD 5 - 700 164.22 2,100 492.66
Stainless steel 10 504 59.12
Wood 5 350 82.11
FBC 15 - - 700 57.74
PV panels 20 - 1,500 97.98 -
Pumps 7 300 50.28 500 83.79 300 50.28
Control devices 7 500 83.79 500 83.79 500 83.79
Piping + tanks 10 100 11.73 50 5.89 50 5.89
Mirror + glass 5 280 - -
Carbon/cartridge filters 10 75 8.8 25 2.93
Sum 2,034 286.6 3,325 44447 37,250 693.29
Capital investment cost ($/L) 0.04 0.07 0.11
O&M cost ($/L) 0.01 0.01 0.02
Total ($/L) 0.05 0.08 0.13
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of the solar pond and circulated through a heat exchanger to
supply heat to the saline solution. Cold water from the solar
pond surface was passed through another heat exchanger
to provide cooling. High and low temperatures for system
operation were obtained by changing the flow rates for solar
pond hot and cold water. The permeate flux was reached a
maximum of 6 kg/m?h. Later, five Scarab AB modules were
implemented in Sweden to produce water of 1-2 m?/d [247].
These modules involved a plate and frame design with each
featuring a 1 mm air gap, 2.3 m?> membrane area, nine feeds
and nine cooling channels (total stack thickness 17.5 cm). In
another work, Aquastill spiral wound system based AGMD
configuration was tested coupled to a solar thermal filed
composed of stationary flat plate at PSA centre [248,249]. The
performance plant was evaluated by measuring the flux and
the heat efficiency. It was concluded that the differences in
the channel length in plant have a stronger effect in their per-
formance for seawater desalination than the configuration of
the gap.

On the other hand, the Memstill® module was devel-
oped by TNO, a scientific institution in the Netherlands, for
desalination of seawater by AGMD carried out in a counter
current flow configuration as shown in Fig. 23 [18,250,251]. In
this system, cold seawater flows through a tubular condenser
with non-permeable well-wettable walls via a heat exchanger
into the membrane evaporator which consists of a micropo-
rous hydrophobic membrane through which water vapor can

Table 9
Comparison cost for MD hybrid processes [31]

53

diffuse. The condenser and evaporator tubes are separated
by an air gap. This system gave a pure water price lower than
that water produced by RO. This process has been installed
and tried in different places as a pilot plant [252,253]. These
plants were designed to produce a flow rate of 100 m?/d,

waste heat

85°C

freshwater

Process Capacity (m?/d) Cost ($/m°) 209C 26°C
Solar MED 72-85 2-10
Solar MSF 1 2.84 seawater retentate
Solar PV-RO 1 12.05
Solar AGMD 06 8.9 Fig. 23. Principle of Memstill® process [18].
Pyranometer E
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Fig. 22. Schematic diagram of the solar MD desalination experimental prototype erected within the MEDESOL project at PSA,

Spain [75].
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required a thermal energy of 56-100 kW h/m? and the feed
water heated to 80°C-90°C to produce water with GOR up to
11.2. Moreover, Fraunhofer Institute for Solar Energy System
(ISE) in Germany designed spiral-wound AGMD systems as
pilot plants [33,47,254]. The thermal energy consumptions
were found to be of 140-200 kW h/m®in their design with
production flow of 100 L/d to 10 m*/d. Eight pilot plants were
installed in five different countries, that is, Gran Canaria,
Egypt, Jordan, Germany, and Italy.

The memsys system used a vacuum multi-effect mem-
brane distillation [142,185] is a relatively new MD technol-
ogy that features a novel internal heat recycling concept
that allows for reduced thermal consumption. It utilizes a
multi-stage setup integrated into a compact plate and frame
module. The system has been installed around the world,
including Singapore, Australia, and India. Memsys requires
175-350 kW h/m* (GOR up to 3.6) of thermal energy, 0.75-
1.75 kW h/m® of electrical energy, feed temperatures from
60°C to 100°C, and cooling lower than 40°C. The resulting
fluxes are in the range of 6.8-9.5 kg/m? h. Another similar
module named a continuous-effect membrane distillation
was developed by Yao et al. [98] for desalination applica-
tions process. The process included an AGMD module con-
sisting of strictly parallel evaporator and condenser fibers
with internal heat-exchanging functions and an external heat
exchanger. Two sets of different hollow fiber sand porous
fibers are mixed well and closely packed parallel together
inside a cylindrical shell. The space between adjacent fibers
is filled with air. The authors claimed that this module has
the advantages of both MD and MSF with an external heat
exchanger. The vacuum is not required in this case because
the porous hydrophobic membrane is used as the evapora-
tor. Later, the authors implemented successfully this module
for deep concentration of brine at high temperature [255].
Another work used multi-stage flat sheet AGMD modules
coupled with an evaporative crystallizer was developed for
design and optimization of the zero-liquid discharge water
desalination [95].

In another work, a hybrid fluidized bed crystallizer
(FBC) with AGMD was conducted for desalination of geo-
thermal water [256] at a pilot plant level. A maximum flux
value of 7.5 kg/m?h was obtained which is lower than the flux
obtained from RO process (75 kg/m? h). To improve the effi-
ciency of the process, the authors suggested other combin-
ing these processes with their model such as coupling solar
plant collectors with geothermal energy and integrating RO
with MD, where RO uses softening and warm brine of MD.
The solar loop supplies the thermal energy to the system and
operates with RO treated water, and the desalination loop
which is in turn divided into two circuits. The solar loop is
composed of 252 stationary solar collectors, with a total area
of 500 m? arranged in four rows (with 35° tilt) and has a 24 m?
thermal storage system based on water [257]. The desalina-
tion loop consists of two 2 m® PP tanks (PP-H), which are
used as hot and cold water reservoirs. Feed solution, pre-
pared with DI water and marine salt is heated up through
the heat exchanger and pumped into AGMD modules. Both
cold and hot water are returned to their corresponding tanks
thus closing both circuits while distillate is discarded. Khan
and Martin [258], and Mohan et al. [259] integrated a poly-
generation pilot plant which consisted of biogas digester, SP,

storage battery, inverter, charge controller, biogas genera-
tor, and AGMD for clean energy provision and pure water
production as depicted in Fig. 24. The plant, located in Pani
Para village in Faridpur, provided electricity via a PV array
and animal and agriculture waste-fed digester, which in turn
is coupled to a gas engine. Excess digester gas is employed
for cooking and lighting, while waste heat from the pro-
cess drives the AGMD unit for water treatment. The system
required 12 kW solar PV panels together with a 10 kW biogas
engine and 10 converter/batteries each with nominal voltage
of 2 V and capacity of 800 Ah for 52 rural off-grid families.

In the same direction, a tri-generation plant based on
the integration of power, cooling using absorption chiller
and AGMD desalination thermal cycles was installed in Al
Hamra area, Ras Al Khaimah, UAE [260]. This system was
optimized for the utilization of waste heat by driving four
thermal cycles based on quality and temperature of thermal
energy. The results showed that efficiency of this system
reached up to 85% in summer due to lower fuel consump-
tion and full-scale operation of absorption chiller. Moreover,
it was found that this system gave district cooling for 124
duplex houses with a production capacity of 4,600 kW along
with water production in the range of 33-37 m?/h. Later, this
system was successfully implemented experimentally in
weather condition of UAE [261].

In another work, a solar thermal cogeneration system was
investigated by integrating AGMD module with solar ther-
mal collectors with DHW supply [262]. The system involved
evacuated tube collectors, thermal storage, MD unit, and heat
exchangers. System performance was determined for three
integration strategies: (1) thermal store integration (TSI),
which resembles a conventional indirect SDHW system; (2)
direct solar integration connecting collectors directly to the
MD unit without thermal storage; and (3) direct solar with
thermal store integration (DSTSI), a combination of these two
approaches. The DSTSI strategy offered the best performance
given its operational flexibility. Here the maximum distillate
productivity was 43 L/d for a total gross solar collector area
of 96 m%. An economic analysis shows that the DSTSI strategy
has a payback period of 3.9 years with net cumulative sav-
ings of $325,000 during the 20-year system lifetime.

In a very recent integrated work of solar and AGMD,
Kumar and Martin [263] studied a pilot plant consisting of
SDHW, single cassette SMD systems and their integrated
operation in two different configurations; solar thermal store
integrated MD (STSMD) and direct solar combined MD
(SCMD) for co-production of pure water and heat as depicted
in Figs. 25 and 26. This new pilot plant was designed to
obtain a relatively hot and pure water. The experimental rig
consisted of eight flat plate solar thermal collectors and three
evacuated tubular collectors. Different arrays were designed
and connected in series/parallel combinations in order to
operate with varying collector areas. Solar thermal energy is
charged either to a stratified storage tank of 520 L capacity
or to a 300 L normal mixing storage tank. The AGMD con-
figuration consisted of an air gap of 2.4 cm using aluminum
condensing plates with 0.2 m? PTFE membrane.

The STSMD mode involved integration of AGMD to ther-
mal storage tank that desalinate the salty water filled in the
tank. In comparison with the other solar plants, this mode
reduced overall system cost by eliminating heat exchanger
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and separate buffer storage for MD feed. In SCMD mode,
AGMD has been separated from thermal energy storage and
installed in solar thermal collector for direct energy gain for
solar collectors and a heat exchanger was installed in solar
circuit to heat up MD feed stream circulated via a small buf-
fer storage tank of 100 L capacity. This new design overcomes
the pressure fluctuations on feed inlet appeared in STSMD
mode. The results showed that energy usage in SCMD mode
was higher by 6%—-7% than that STSMD mode. Further, the
distillate flux decreased by only 6% in SCMD in comparison
with DHW mode. The experimental data of SCMD system
were successfully validated using TRNSYS simulation model.
Recently, Woldemariam et al. [264] introduced the
exergy efficiency analyses for the AGMD configuration on a
pilot scale. The AGMD showed different exergy efficiencies
mainly due to the differences in module size and the type of
condensation plates used. They were also affected to different
degrees by the feed—coolant temperature differences in both
types of modules. The exergy efficiency results showed that
the materials selection of the condensation plate plays a role
in optimizing the performance of MD systems. As an exam-
ple, materials such as stainless steel and high-density poly-
ethylene, which have better thermal conductivities than PP,
could be considered for optimum heat transfer across mod-
ules and hence less exergy destruction from MD modules.

11. Conclusions and future trends of research

MD has been introduced since the early 1960s. The inter-
est in MD has substantially grown over the last two decades
due to advances in membrane technology and the ability to
use renewable energy. Therefore, it has a potential to com-
pete with well-established technologies such as RO, MED,
and MSF in water purification and desalination processes
as it has low sensitivity to feed concentration and operates

at low temperatures. In this work, a comprehensive review
of AGMD process was conducted to highlight its applica-
tions and its main drawbacks and future trends of research.
Therefore, the paper has reviewed all aspects related to
AGMD including properties, updated configurations, opti-
mum operating conditions, fouling, modified membranes,
modeling, integration with solar energy, economic aspects,
its hybrid with other process for desalination processes at
large scale.

The main advantage of the air gap in AGMD is to solve
the problem of high heat loss by conduction through the
membrane (as compared with DCMD), which leads to rel-
atively low efficiency of the MD process. AGMD has high
thermal efficiency due to air insulation between the heated
feed stream and the coolant stream. Moreover, AGMD con-
figuration provides the freedom of using any coolant fluid
since the coolant does not mix with the condensate as is the
case in DCMD. On the other hand, AGMD can deal eas-
ily with membrane leakage and damage, in which the MD
process can be stopped for a while and the distillate does
not have the chance to get contaminated as that in DCMD.
However, AGMD configuration suffers from producing low
flux compared with other MD configurations. Therefore,
many studies were conducted to overcome this problem by
modifying AGMD configuration, modifying and casting new
membranes, and decreasing the required energy by using
a renewable energy and energy recovery systems. Further
research is needed to improve the permeate flux in AGMD
by using highly permeable membranes and suitable modules
with improved hydrodynamics. It was shown in the litera-
ture that flux using different modified material in casting
membranes was reached up to 23.4 kg/m? h as shown in Table
2 which still its value is relatively lower than that DCMD.
Some researcher used modified MD configurations in order
to improve the flux such as using material in the gap instead
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of air which improved the flux around 200% [43], and inte-
grated the AGMD with four multi-effect evaporator which
again gave a high flux (166.4 kg/m? h) [89]. However, this
point represents a challenging situation to the researchers to
study different scenarios and techniques to enhance the per-
meate flux at low energy cost.

There was no much research in literature covering the
modification of members with nanotubes for AGMD appli-
cations, which it makes the floor open for the future research.
On the other hand, modified ceramic membranes have been
implemented in MD membrane instead of polymeric mem-
branes. They have some potential properties such as higher
thermal resistance, mechanical strength, chemical stability,
and oxidant tolerance. The obtained fluxes and salt rejection
were relatively higher in comparison with using polymeric
membranes. However, additional researches are required to
modify the ceramic membranes which change its hydrophilic
nature into hydrophobic membranes.

Mathematical modeling of AGMD process is very
important as it allows to design and scale-up the process at
optimum conditions leading to a breakthrough of the tech-
nology. Several models have been proposed in the literature
for the heat and mass transport in the water channels of the
AGMD module as well as inside the porous membranes.
The models were developed using either 0D, 1D, 2D, or 3D
cases for different AGMD modules such as flat sheet type
and spiral-wound modules. Different techniques have been
investigated to stimulate the AGMD models such as Aspen
Plus platform, CFD, and the commercial package of Ansys
Fluent. Some researchers used different methods for model-
ing such as ANN, FD, and regression technique. Some points
are important to be investigated in modeling AGMD system
such as changing of membrane pore length and surface diffu-
sion transport mechanism inside the membrane.

Recently, more attention is given to the integration of
AGMD with solar energy and poly-generation systems to
provide electricity, potable water, and DHW from salty
water in remote areas at small and large scales. Different
parameters have been investigated in this field such as ther-
mal efficiency, specific energy consumption, recovery ratio,
feed concentrations, cost of energy, economic analysis, and
geometry of SP. Considering the advantages of this integra-
tions, it is expected that this integration will dominate the
conventional desalination process in future. Further research
is required in modification of this solar AGMD hybrid pro-
cess to reduce the water production cost and the energy con-
sumption by studying suitable modules, renewable energy
systems, waste energy, hybrid systems and membrane types.

Symbols

AGMD — Air gap membrane distillation

ACM — Aspen custom modeler

b — Air gap thickness, mm

B — Membrane distillation coefficient,
kg/m? Pa s

B, — Overall mass transfer coefficient

C, — Mass transfer coefficient in the air
gap (m/s)

C, — Mass transfer coefficient of the mem-
brane, m/s

pf
P&

CPV/T

CSG

DCMD
DP-AGMD-M

dch

FBC
G/PVDF
GOR

8

hy

iPP
]‘LU

MSF
MED

Nu
PGMD

ppm

PTFE

PP

PVDF
PVDE-HFP

PVA
PES
p
PH

AP,
P

r

Qs

Heat capacity, kJ/kg K

Heat capacity of the gas phase,

kJ/kg K

Concentrated photovoltaic/thermal
Coal seam gas

Direct contact membrane distillation
Double-pipe air gap membrane
distillation module

Flow channel depth, mm

Fluidized bed crystallizer

Graphene polyvinylidene fluoride
Gained output ratio

Acceleration due to gravity, m/s?
Convective heat transfer coefficient,
kW/m?

Evaporation enthalpy, kJ/kg
Convective heat transfer coefficient
in the gaseous phase, kW/m?
Coolant film heat transfer coefficient
Overall heat transfer coefficient from
vapor/condensate liquid interface to
the cooling water, kW/m?
Condensate heat transfer coefficient,
kW/m?

Isotactic polypropylene

Water vapor mass transfer rate,
kg/m? s

Thermal conductivity of the gas
phase, W/m K

Thermal conductivity of the conden-
sation plate, W/m K

Thermal conductivity of membrane,
W/m K

Plate thickness, mm

Length, m

Liquid water entry pressure, Pa
Membrane distillation

Multi-stage flash distillation
Multiple-effect distillation

Feed mass flow rate, kg/s
Nanofiltration

Nusselt numbers

Permeate gap membrane distillation
Parts per million

Vapor pressure at the feed side of the
membrane, Pa

Vapor pressure at the condensation
surface, Pa

Polytetrafluoroethylene
Polypropylene

Polyvinylidene fluoride
Polyvinylidene
fluoride-co-hexafluoropropylene
Polyvinyl alcohol

Polyethersulfone

Working gas pressure
Polyvinylidene
fluoride-co-hexafluoropropylene
Vapor pressure difference, Pa
Prandtl number

Sensible heat transfer, |
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Q, — Latent heat of the vaporized liquid, ]

Q. — Heat transfer by conduction via the
membrane and the air gap, ]

Q, — Heat lost to the surrounding, J

R — Overall resistance

— Mass transfer due to Knudsen
diffusion, m?/s

R, — Mass transfer due to molecular
diffusion, m?/s

RO — Reverse osmosis

SGMD — Sweeping gas membrane distillation

SEM — Scanning electron microscopy

SMM — Surface-modifying macromolecules

S, — Distance between the target and the
substrate

SMDDS — Solar membrane distillation
desalination system

SDHW — Solar domestic hot water

TDS — Total dissolved solids, ppm

— Temperature polarization coefficient
— Feed temperature, K

T}fAC — Total annual cost, $

T, — Bulk feed temperature, K

Ti — Titania

V-AGMD — Vacuum air gap membrane
distillation

VMD — Vacuum membrane distillation

Zr — Zirconia

Greek letters

S - Porosity

0 - Temperature polarization

T - Membrane tortuosity

€, - Effective membrane porosity

o - Membrane thickness, mm

- Dynamic viscosity
- US dollar

@
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