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Abstract: Seawater membrane distillation (SWMD) is a
promising separation technology due to its ability to oper-
ate as a stand-alone desalination unit operation. This paper
reviews approaches to improve laboratory-to-pilot-scale
MD performance, which comprise operational strategies,
module design, and specifically tailored membranes. A
detailed comparison of SWMD and sea water reverse
osmosis is presented to further analyze the critical short-
comings of SWMD. The unique features of SWMD, namely
the ability to operate with extremely high salt rejection and
at extreme feed concentration, highlight the SWMD poten-
tial to be operated under zero liquid discharge (ZLD) con-
ditions, which results in the production of high-purity water
and simultaneous salt recovery, as well as the elimination
of the brine disposal cost. However, technical challenges,
such as thermal energy requirements, inefficient heat
transfer and integration, low water recovery factors, and
lack of studies on real-case valuable-salt recovery, are
impeding the commercialization of ZLD SWMD. This review
highlights the possibility of applying selected strategies to
push forward ZLD SWMD commercialization. Suggestions
are projected to include intermittent removal of valuable
salts, in-depth study on the robustness of novel mem-
branes, module and configuration, utilization of a low-cost
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heat exchanger, and capital cost reduction in a renewable-
energy-integrated SWMD plant.
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1 Introduction

Water scarcity presents serious global challenges from an
increase in population, industrialization, and climate
change, with more than 33% of the world population
currently living in water-stressed places (Gonzalez et al.
2017). In addition, the production of clean water has
caused the overexploitation of groundwater and nearby
river systems. Hence, to enable a sustainable life cycle, the
needs to employ saltwater to produce a supply of fresh
water has motivated many industries in many countries to
deploy desalination processes to produce directly fresh or
potable water from seawater.

Well-established desalination technologies, such as
multi effect distillation (MED), multistage flash distillation
(MSF), and reverse osmosis (RO), have led the desalination
market. MED and MSF are classified as thermal desalina-
tion methods, utilizing steam to heat seawater to its boiling
temperature and evaporate the water. While high-quality
water can be produced, the discharge temperature of MSF
and MED is higher than the environment, disrupting ma-
rine life and the ecosystem. Besides, scaling and high en-
ergy are required, motivating the development of other
desalination technologies. Nowadays, 80% of desalination
plants worldwide use RO technology. Continuous research
to increase efficiency with regard to cost and energy has
resulted in RO becoming the most energy-efficient tech-
nology at present.

While RO water recovery has increased, high osmotic
pressure remains the main obstacle in its application.
Moreover, in addition to fresh water, seawater reverse
osmosis (SWRO) produces a huge amount of brine, disposal
of which presents another serious challenge. Recently,
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membrane distillation (MD) has gained significant atten-
tion as a potential alternative to the desalination process, as
the presence of high osmotic pressure is eliminated in MD
(Hettiarachchi 2015). In addition, the potential of MD for
mineral recovery in the concentrate has been considered as
another beneficial effect of MD to create a zero liquid
discharge (ZLD) system. Membrane distillation is a ther-
mally driven separation process employing a hydrophobic
microfiltration membrane as a barrier between the feed and
permeate stream (Hettiarachchi 2015; Salmon and Luis
2018). The driving force of the separation process is the
vapor pressure difference between the feed and permeate
streams (Lawson and Lloyd 1997). Due to membrane
hydrophobicity, the water in the feed solution travels in the
form of vapor through the pores of the membrane (Jabed
et al. 2016). The feed solution does not necessarily need to
be heated to the boiling point to generate water vapor, as
the process can be carried out at feed temperatures as low
as 30 °C, which is significantly lower than other thermal
desalination technologies (Alkhudhiri et al. 2012; Lawson
and Lloyd 1997; Pantoja et al. 2016). In addition, unlike
other membrane desalination processes, 100% theoretical
solute rejection can be achieved in the MD operation (Cath
et al. 2004; Lagana et al. 2000; Patil and Shirsat 2017). As
MD operation is based on a vapor pressure gradient, the
operation is not limited by osmotic pressure, allowing
operation at high feed concentration, where RO fails to
maintain its performance. While MD is a relatively new
technology for the application of seawater desalination,
seawater membrane distillation (SWMD) has gained much
attention, as indicated by the increasing number of publi-
cations (Figure 1).
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Studies on the applicability of SWMD for ZLD desali-
nation are limited and most studies utilize brine water of
other water sources with a high salt concentration as the
feed. The results indicated the possibility of increasing the
freshwater recovery factor to up to 95% and recovering
78% of NaCl from nanofiltration (NF) retentate. In the
bench-scale membrane distillation—crystallization (MDC)
experiment carried out with RO brine as the feed, NaCl
crystal production of 17 kg/m’> was achieved with 90%
water recovery (Ji et al. 2010). Using synthetic SWRO brine
as the feed solution, Julian et al. studied the performance
of submerged vacuum membrane distillation crystalliza-
tion for salt recovery. The salt recovery ratio increased with
the increase of initial feed concentration. At the initial feed
TDS of 22 and 33 g/L, 40 and 45% of salt recovery were
achieved, respectively (Julian et al. 2016). In another
study, the application of fractional-submerged MDC
(F-SMDC), which combines MD and crystallization in a
single feed reactor with a submerged membrane, was
investigated. The temperature gradient in the reactor was
generated by setting a high temperature at the top of the
reactor and a low temperature at the bottom of the reactor to
induce crystal precipitation. Using a 120 g/L Na,SO, feed
solution, higher water and crystal recovery and lower
membrane scaling were achieved compared to the conven-
tional submerged-MD configuration. With the removal of
2495 mL of fresh water from the feed solution, 551 g of
Na,S0, crystal can be produced (Choi et al. 2018). In an MD
pilot-scale setup, Ali et al. (2015) conducted experiments for
salt and freshwater recovery from produced water. It was
found that approximately 16.4 kg of NaCl can be obtained
when treating 1 m® of produced water with 37% recovery.

Figure 1: Comparison of the number of
publications related to SWRO and SWMD,
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In another study, MD was integrated with other
membrane technology such as RO and NF to produce
water and minerals from seawater. This system was
capable of producing 174,000,000 m’ of potable water,
extracting one ton of nickel from seawater (Quist-Jensen
et al. 2016). Integration of MD with freeze desalination has
also gained interest. In a recent study, freeze desalination
and vacuum membrane distillation (FD-VMD) were com-
bined for seawater desalination. The first stage of water
recovery was conducted by FD, in which the clean ice was
harvested, with liquified natural gas (LNG) regasification
process as the energy provider. The concentrated brine
from FD was then treated in vacuum membrane distilla-
tion (VMD) to increase the water recovery (Chung et al.
2014). Further integration of FD-MD with crystallizer was
investigated to attain ZLD operation. The brine from MD
was processed in a crystallizer to produce water and salt
crystals at a rate of 69.48 and 2.52 kg/day, respectively.
Energy for heating the feed solution can be obtained from
the solar panel, while the energy for cooling to be used in
FD and crystallizer was supplied from the regasification of
LNG (Lu et al. 2019D).

While many studies showed promising salt and water
recovery, limitations exist and prohibit the industrial
application of SWMD. In this paper, fundamental limita-
tions obstructing the performance of the SWMD operation
are briefly discussed. Accordingly, recent advancements in
MD performance improvement, specifically in operational
strategy, module configuration, and novel membrane
material, are comprehensively reviewed. The opportunity
to use SWMD as a stand-alone desalination unit, particu-
larly when compared to SWRO, is then elaborated on. In
particular, detailed discussions on fouling propensity,
pretreatment complexity, energy requirements, and total
water cost of MD operation are presented. Furthermore, the
unique capabilities of SWMD in producing high-purity
water and harvesting valuable salts in ZLD conditions, as
well as the direct impact on the water production costs, are
highlighted. Lastly, this paper provides an outlook for
future ZLD SWMD implementation and suggests strategies
for further improving SWMD operations.

2 Current challenges in SWMD

Operational challenges such as concentration polariza-
tion, temperature polarization, fouling, and wetting affect
the SWMD productivity and compromise the permeate
quality. In addition to the operational challenges, the
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energy requirement in SWMD has become a concern that
deters the industrialization of SWMD.

2.1 Temperature polarization and
concentration polarization

Temperature polarization and concentration polarization
occur simultaneously in line with the heat transfer and mass
transfer mechanisms in MD (Figure 2). Temperature polari-
zation is the temperature difference between the bulk
feed solution and the feed-membrane interface as well as
between the bulk permeate solution and the permeate-
membrane interface. Temperature polarization may occur
due to water vapor transport through membrane pores and
the lack of fluid shear rate on the boundary layer area. In MD
operation, temperature polarization is not favorable, as it
reduces the overall driving force for water vapor transport
across the membrane. Temperature polarization can result
in an 80% driving force reduction in the MD process (Chen
et al. 2017). Consequently, selecting MD configuration
capable of reducing the temperature polarization and heat
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Figure 2: Schematic representation of mass and heat transferin MD
operation.
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loss is crucial to increase the MD process’s efficiency.
Among the four basic MD configurations, VMD configura-
tion can eliminate temperature polarization on the permeate
side and reduce heat loss through conduction due to its very
low pressure on the permeate side (Khayet et al. 2005).
Based on the study carried out by Guan et al. on
equivalent energy cost, the VMD configuration could
generate a 2.5-fold flux compared to the direct contact
membrane distillation (DCMD) configuration (Tijing et al.
2016). In another study, a comparison of DCMD, air gap
membrane distillation (AGMD), and VMD configurations
using ceramic membranes suggested that the VMD
configuration provided the highest permeate flux. This is
attributed to the direct extraction of water vapor on the
permeate side, which reduces heat loss by conduction and
eliminates heat transfer in the permeate side boundary
layer (Chen et al. 2018). Consequently, VMD is considered
to be more efficient than DCMD or AGMD. Another test
comparing DCMD and VMD configurations using poly-
propylene membranes and pure water as the feed showed
that the VMD configuration has a significantly lower
energy-consumption-to-permeate-flow-rate ratio, which
underscores the superiority of VMD in term of energy ef-
ficiency (Ragunath et al. 2018). In general, the severity of
temperature polarization is quantified as the temperature
polarization coefficient (TPC), which depicts the ratio of
the actual driving force to the theoretical value. A TPC of 1
indicates excellent and efficient heat transfer in the MD
operation. However, practically, the TPC for MD ranges
between 0.2 and 0.99, depending on the membrane
module configuration (Burgoyne and Vahdati 2005; Cath
et al. 2004; Gryta 2008b; Mericq et al. 2011; Schofield et al.
1987), and the TPC reductions become more significant
with the increase in feed temperature (Burgoyne and
Vahdati 2005; El-Bourawi et al. 2006; Mericq et al. 2011).
As the water vapor passes through the membrane, salts
are accumulated in the feed-membrane boundary layer at a
higher concentration than that of the bulk feed solution.
This condition is referred to as concentration polarization
(Jiang et al. 2017; Julian 2018; Lu et al. 2019b). While many
studies suggest a minor effect of concentration polarization
in the MD processes, particularly when compared to the
temperature polarization, concentration polarization in
the SWMD application remains unfavorable. Similar to
temperature polarization, concentration polarization re-
sults in the reduction of vapor pressure for mass transport
due to reduced water activity in the feed. The consequence
of temperature polarization and concentration polarization
is reduced water flux in the SWMD operation. Also, con-
centration polarization leads to supersaturation and
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initiates fouling of membrane surface (Drioli et al. 2004) at
high solute concentrations.

2.2 Fouling

Membrane fouling, which is an accumulation of unwanted
materials on the surface or inside the pores of a membrane,
results in a decline in the overall performance of MD. If not
addressed appropriately, this can lead to membrane
damage, early membrane replacement, or even shutdown
of the operation (Tijing et al. 2015). Similar to other mem-
brane separation processes, the formation of fouling on the
MD membrane needs to be controlled. Due to differences in
membrane structure, design, and operating conditions, the
mechanism of fouling in MD may be different from that of
pressure-driven membrane processes. In seawater desali-
nation, the foulants can be divided into three broad groups
according to the fouling material (Meng et al. 2009):
(a) inorganic fouling (scaling), (b) organic fouling, and
(c) biological fouling (biofouling) (Figure 3). A nonporous
fouling layer is likely to contribute to both thermal and
hydraulic resistance, while a porous fouling layer may only
increase thermal resistance (Alklaibi and Lior 2005).
Scaling occurs when there is deposition of salt crystals
on the membrane surface. It is the most studied fouling in
the SWMD application due to its severity, as seawater
contains a high concentration of ions. Extensive research
on SWMD scale formation indicated that sparingly soluble
and negative temperature-solubility coefficient salts such
as CaSO, and CaCOs are the deposited scale’s major con-
stituents, despite their low concentration in seawater
(Curcio et al. 2010; He et al. 2009). The deposition of the
salt crystals on the membrane surface occurs in two
different mechanisms (Figure 4). In the first mechanism,
both cations and anions are adsorbed on the membrane
surface, which acts as the nucleation site for heteroge-
neous nucleation. As the cations and anions react, the
nuclei are formed, followed by crystal growth. In the
second mechanism, cations and anions react by means of
homogeneous nucleation in the feed solution. The formed
crystals precipitate out on the membrane surface, which is
subsequently followed by crystal growth. Once the salt
crystals are deposited on the membrane surface, they act
as new nucleation sites, promoting the heterogeneous
nucleation of other salts (such as MgS04, NaCl, etc.) and
exacerbate scaling. In addition, part of the growth crystals
can detach from the membrane surface and transform into
new nucleation sites for scaling in other areas of the
membrane, resulting in rapid scale formation. In the
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SWMD application, the flow velocity significantly affects
the growth rate of the fouling layer as well as the
morphology and size of the deposits. A higher flow
velocity leads to the formation of smaller crystals and a
porous deposit layer, while lower flow velocity produces
thicker deposits in the form of “mountain-like” structures
(Antony et al. 2011; Gryta 2009; Tijing et al. 2015).
Biofouling, or biofilm formation, occurs due to the
growth of microorganisms on the membrane surface. Even
though the biofouling process is slow and highly depen-
dent on the environmental condition (e.g., nutrient content,
temperature, ionic concentration, and light), the control of
biofouling is challenging. Biofouling is possible with the
presence of a single microorganism, as it can grow vege-
tatively to form a colony, which suggests the need for robust
and effective pretreatment. In addition, during biofouling
formation, the microorganisms secret extracellular poly-
meric substance (EPS) that acts as a barrier from chemical
biocides and promotes nutrient storage (Maddah and
Chogle 2017). Organic fouling mostly occurs due to the
deposition of natural organic matter (NOM), which is
mainly composed of humic acid (HA) (Deng et al. 2019). The
deposited NOM can be adsorbed into the membrane pores,
causing partial or full blockage and creating a gel-like
structure on the membrane surface or binding with other
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Figure 3: Fouling in SWMD such inorganic fouling: (A) calcium carbonate (Julian et al. 2016), reproduced with permission from Elsevier;
(B) alkaline (Gryta 2008a), reproduced with permission from Elsevier; (C) gypsum (Nghiem and Cath 2011), reproduced with permission from

Elsevier; (D) organic fouling: protein (Gryta 2008b), reproduced with permission from Elsevier; and (E) biofouling on polypropylene hollow
fiber membrane (Tijing et al. 2015), reproduced with permission from Elsevier.

particles to form a low-permeability particle-NOM layer on
the membrane surface. In several studies, it was found that
HA formed a fouling layer on the membrane surface;
however, in other tests, HA penetration into the permeate
side occurred, even without observed pore wetting due to
the adsorption-desorption mechanism of HA through the
membrane (Adusei-Gyamfi et al. 2019).

In practice, the occurrence of just one fouling mecha-
nism is extremely rare as the seawater contains different
components such as ions, microorganisms, and particulate
and colloidal matter. The combined fouling mechanisms
often exhibit a synergistic effect and any strategies to pro-
hibit one particular fouling may exacerbate others. For
example, pH adjustment of the feed to 4 is one of the stra-
tegies to inhibit CaCO5 scale formation; however, low pH
conditions promote the adsorption of HA macromolecules
on the hydrophobic membranes. This then requires highly
intensive treatment once the fouling layer forms on the
membrane surface.

2.3 Wetting

In addition to fouling, membrane wetting is another chal-
lenge. Especially for long-term operations, progressive
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membrane wetting has been observed (Gryta 2005). Theo-
retically, MD has 100% salt rejection and only water vapor
passes through the pores of the membranes; however,
several factors such as poor long-term hydrophobicity of the
material, membrane damage and degradation, extremely
thin membranes, and the presence of foulants in the feed
water can lead to pore wetting. The primary metric for
measuring membrane wettability is liquid entry pressure
(LEP). Membrane wetting can be placed into four categories:
nonwetted, surface-wetted, partially-wetted, and fully-
wetted. Surface wetting shifts the liquid/vapor interface
inward on the membrane cross-section. Permeate flux may
then decline gradually as a result of the associated increase
in temperature polarization, which lowers the temperature
of the evaporating interface in the pore (Gryta 2008b). In
addition, scaling as a result of solvent evaporation can take
place inside the pores in the vicinity of the meniscus (Gryta
2005). Partial wetting under certain conditions reduces the
permeate flux due to a reduction in the active surface area
for mass transport (Rezaei et al. 2018), or it can cause an
increase in the permeate flux due to the wetting of some
pores (i.e., vapor transport is overtaken by liquid transport),
followed by a rapid decrease due to a steady blockage of
pores by the foulants, depending on the experimental setup
(Jansen et al. 2013). In the case of full wetting, the MD pro-
cess no longer acts as a barrier, resulting in a viscous flow of
liquid water through the membrane pores, incapacitating
the MD process (Rezaei et al. 2018).

Figure 4: Scaling mechanism in SWMD by
(A) heterogeneous and (B) homogeneous
nucleation.

2.4 Energy consumption

The energy requirements limit the current application of
SWMD, and many studies emphasize the need for waste
heat as an energy source for MD application. In SWMD
operation, both electrical energy and thermal energy are
required. The electrical energy is used for fluid circulation
and its requirement in SWMD can be evaluated by quan-
tifying the specific electrical-energy consumption (SEEC),
similar to the SWRO plant. The thermal energy is princi-
pally applied in SWMD for feed heating which creates
the driving force for water vapor transport. The thermal
energy requirement in SWMD can be quantified by the
specific thermal-energy consumption (STEC), which
indicates the amount of thermal energy required per unit
volume of distillate water (kWh/m?) (Zaragoza et al. 2014).
Factor such as parasitic heat loss via conduction through
the membrane materials increases the thermal energy
requirement in SWMD. However, in a system with heat
integration, recovery of latent heat of condensation from
the permeate stream to preheat the feed stream reduces
the thermal energy requirement in SWMD (Zhang et al.
2015). The thermal efficiency of the SWMD operation can
be described by calculating the gained output ratio (GOR),
which is the ratio of the heat associated with phase con-
version to the heat being supplied to the system (Shahu
and Thombre 2019).
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3 Recent SWMD advancement

In order to push the SWMD application forward, the afore-
mentioned operational challenges should be addressed.
Major strategies during the SWMD operation and novel
membrane fabrication have been extensively studied, and
each of the studies corresponds to an effort to reduce one or
more challenges, as presented in Figure 5.

3.1 Operational strategy

The alteration of operational conditions is mainly focused
on the generation of a higher shear rate on the membrane
surface, which can reduce both temperature polarization
and concentration polarization, as well as fouling deposi-
tion (Figure 6). Several methods that have been conducted
involved turbulence promoters and aeration (bubbling in
feed input). From the operational side, the shear rate on the
surface of the membrane can be increased by adjusting the
fluid flow adjacent to the membrane in a turbulent regime.
Martinez and Rodriguez—Maroto (2006) investigated the
performance of DCMD modules with channel spacers and
the concentration polarization was reduced by the addition
of more spacers. Furthermore, it was noticed that the
utilization of a coarse screen spacer reduced the tempera-
ture polarization and increased the permeate flux due to
generated turbulence when fluid flowed through the spacer
strands (Martinez and Rodriguez—Maroto 2007; Martinez—
Diez and Vazquez—Gonzalez 1998).Computational studies
on the effect of spacers on membrane performance were
also performed and showed a similar result with the
experimental studies. It was found that the temperature
polarization decreased and the heat transfer rate increased

Operational challenges
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when the spacer was inserted (Cipollina et al. 2009).
Phattaranawik et al. observed a high flux enhancement of
31-41% when the spacers were set at hydrodynamic angles
in the range of 70-90° and voidages of 60-70% (Phattar-
anawik et al. 2001). Despite the advantages, spacer
increases the pressure drop across the channel and there-
fore led to inferior performance (Albeirutty et al. 2018). To
evaluate the MD performance with different types of com-
mercial spacers and different hydraulic diameters, Hage-
dorn et al. (2017) proposed a combined pressure drop and
heat transfer correlation. The experiments indicated that
thicker spacer resulted in better performance with lowest
pressure drop of 0.037 bar/m and highest heat transfer
coefficient of 5087 W/m? K. In the submerged configura-
tion, transverse vibration of the membrane module was
conducted to improve the shear rate on the membrane
surface, as the control of the fluid hydrodynamic was
rather limited (Kola et al. 2012). Molecular diffusion resis-
tance in the membrane pores due to the presence of air was
also identified as the limiting factor of vapor transport. Air
removal using deaerated feed water was studied and
higher flux was obtained at reduced O, saturation on the
feed water. The thermal energy consumption of the module
was reduced due to the elimination of conduction heat
transfer (Winter et al. 2012).

Other studies were conducted using feed aeration in
VMD configurations by mixing the hot feed solution and
air in the inlet of the membrane module to form a gas/
liquid two-phase flow in the membrane lumen. Using the
polyvinylidene fluoride (PVDF) membrane, it was found
that the permeate flux of feed-aerated test (60 L/h airflow
rate) was twice as high as in the conventional VMD
operation. This produced a significant reduction of tem-
perature polarization and concentration polarization in

Operational strategy
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Figure 5: SWMD operation: major challenges and recent advancements.
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Figure 6: Operational strategies to improve MD performance. (A) Spacers (Martinez-Diez and Vazquez-Gonzalez 1998), reproduced with
permission from Elsevier. (B) Air-bubbling (Chen et al. 2014), reproduced with permission from Elsevier. (C) Air-backwash (Julian et al. 2018),

reproduced with permission from Elsevier.

the bubble-induced secondary flow and increased the
superficial crossflow velocity. In addition, the flux decline
of the test with feed aeration was much slower, as salt
crystallization on the membrane surface was delayed due
to the shear force generated by air-bubbling (Chunrui
et al. 2011). However, it is important to note that the
effectiveness of air-bubbling in enhancing MD perfor-
mance is greatly influenced by the bubble size. Direct
observation in DCMD applications for brine concentration
confirmed that a higher shear rate and more even flow
distribution could be created with fine bubbles in a

narrow size distribution (Chen et al. 2014). In addition, the
generation of bubbles in the feed solution delayed scale
formation in the desalination operation because the
liquid-gas interphase acted as a competitive nucleation
site for heterogeneous nucleation, shifting the crystal
formation on the membrane surface to the bulk feed
solution (Julian et al. 2016). While these methods were
able to increase the permeate flux and delay fouling for-
mation, they were only effective in addressing external
fouling. One of the strategies to overcome internal fouling
is by performing a periodic air-backwash, in which
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pressurized air passes through the membrane in the oppo-
site direction of the MD operation (Choo and Stensel 1998;
Julian et al. 2018; Rattananurak et al. 2014; Stavrakakis
et al. 2018).

MD performance can be enhanced by delaying nucle-
ation of salt on the membrane surface which promotes
scaling. Nghien and Cath conducted regular membrane
flushing by Milli-Q water every 20 h of DCMD operation.
Despite the high scaling tendency of CaSO, in the feed
solution, extended operation time with stable permeate
flux could be achieved due to the removal of the formed
nuclei prior to rapid crystal growth (Nghiem and Cath
2011). Other studies reported temperature and flow reversal
techniques to disrupt the nucleation of salt crystals on the
membrane surface. The flow reversal method was carried
out by reversing the feed side and permeate side after a
predetermined period of operation time. As the permeate
stream flowed in the feed compartment and the feed stream
flowed in the permeate compartment, it was crucial to
conduct a deep cleaning on both compartments between
the flow reversals to maintain good permeate quality.
While in temperature reversal mode, the temperature of the
circulated feed was reduced so it was lower than that on the
permeate side. Despite its simplicity, no further investiga-
tion of the crystallization mechanism was discussed in this
study (Hickenbottom and Cath 2014). Wetting mitigation
using a blower to drain the distillate in an AGMD module
was studied in a long-term experiment. While the intro-
duction of low pressurized air into the air gap channel
resulted in slightly reduced flux and GOR, the permeate
conductivity was significantly lower than the test without
the air sparging, particularly at feed conductivity of more
than 200 mS/cm (Schwantes et al. 2018).

Advanced control of MD operation has drawn much
interest and been proved as a reliable tool to optimize MD
performance. In a solar MD facility in Spain, a feedback
control system was set and managed to reduce the settling
time (i.e., time needed to establish the operating tempera-
ture of the MD). Also, the control system and the corre-
sponding studied model were able to determine the
optimum operating temperature at the inlet of the MD
module (Gil et al. 2018b). The intermittent availability of
solar energy results in the need for dynamic optimum
operation conditions, which are challenging to be set
manually. A hierarchical control system consisted of
nonlinear model predictive control (NMPC) scheme and a
direct control system was developed to automatically con-
trol the process variable. The system could optimize the
distillate production, energy efficiency and cost-saving
simultaneously (Gil et al. 2018a). In another study of solar
MD utilizing indirect solar heat to attain stable solar
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radiation through the day and night, 10 design parameters
were investigated to determine the minimum total annual
cost (TAC) of the desalination plant. The minimum TAC was
$280,000 at the solar intensity of 500 W/m? The application
of the control system resulted in stable permeate produc-
tion, regardless of the daily weather (Chen et al. 2012).

3.2 Configuration advancement

There are four basic configurations of the MD process:
DCMD, AGMD, sweep gas membrane distillation (SGMD),
and VMD. The hot feed solution is continuously circulated
and in direct contact with the membrane surface in all
configurations. The distinction of each configuration is
determined by the water vapor pressure condition between
the feed and permeate stream (Phattaranawik et al. 2003).
In DCMD, the cold permeate stream is circulated and in
direct contact with the hot feed at the opposite membrane
side. The temperature difference between the hot feed
solution and the cold permeate stream creates vapor
pressure difference and induces water vapor transport
from the feed side to the permeate side (Ashoor et al. 2016).
In AGMD, a stagnant air gap exists between the membrane
and a cool condensing plate. The water vapor from the feed
solution needs to pass across the air gap before being
condensed at the surface of the condensing plate (Karbasi
et al. 2017). In VMD, vacuum pressure was applied to the
permeate side to create the vapor pressure difference. The
water vapor travels across the membrane and condensed
outside the membrane module (Mericq et al. 2010).

DCMD configuration is the most popular with more than
60% of MD studies carried out using a DCMD system (Khayet
2011), as it requires a simple configuration that possesses a
high GOR (Summers et al. 2012). However, due to the
continuous contact between the feed side and permeate
side, high thermal polarization and relatively large
conductive heat losses are inevitable (Fan and Peng 2012;
Lawson and Lloyd 1996). In AGMD, heat losses are reduced
and the energy efficiency is increased compared to the
DCMD configuration (Summers et al. 2012). Even though
mass resistance is high and relatively low permeate flux is
expected, AGMD is more popular in commercial applica-
tions because of its high energy efficiency and capability for
latent heat recovery (Patil and Shirsat 2017). In SGMD, lower
thermal polarization and elimination of wetting on the
permeate side were observed. However, SGMD is the least
explored configuration due to the requirement of an
external condenser (Zou et al. 2018). The VMD configuration
provides higher permeate flux, lower thermal polarization,
and negligible conductive heat loss as the vacuum is
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applied. However, it is highly prone to wetting and fouling
(Drioli et al. 2015; Izquierdo-Gil and Jonsson 2003). An
integrated DCMD—-AGMD has been investigated, in which
the feed exiting from the DCMD module was sent as a
coolant stream in the AGMD module and was heated by the
permeating vapor before being recycled back to the DCMD
unit. The integrated system can be operated at higher
temperatures (e.g., 50—60 °C for the DCMD and 70-80 °C for
the AGMD). When compared to the single DCMD units,
the integrated DCMD-AGMD systems has lower STEC
(1.21-1.25 W/g/h), higher GOR (0.49-0.51), and higher
permeate production (84.6—-118.8 g/h) (Criscuoli 2016).

To further increase the permeation flux and energy
efficiency, and to reduce the process footprint, the modi-
fication of the SWMD configuration is crucial (Table 1). This
is directly related to the reduction of mass and heat transfer
resistance as well as heat loss. Recently, a modification of
the AGMD configuration was made by replacing air with
another filling material (material gap membrane distilla-
tion [MGMD]) to reduce the mass transfer resistance and
give a high salt rejection of 99.99% (Francis et al. 2013).
Employing the appropriate filling material with low con-
ductivity such as water and sand, a nearly five-fold
increase in the transmembrane flux was achieved in the
test using a PTFE flat sheet membrane for red seawater
desalination (Francis et al. 2013).

To overcome low permeate flux and higher heat loss in
AGMD and DCMD, some studies proposed liquid-gap
membrane distillation (LGMD). In this configuration, the
filling material was replaced by a liquid. A higher permeate
flux was achieved than that of AGMD under the same
operating conditions (Im et al. 2018). Contrary to the con-
ventional wisdom regarding MD development, Ma et al.
inserted a high conductivity material to the gap of the
AGMD, creating conductive gap membrane distillation
(CGMD). While a higher sensible heat loss is observed in
CGMD, in the system utilizing cold seawater as the coolant,
the heat can be readily transferred to the cold stream and
preheat it, resulting in higher overall energy efficiency
(Swaminathan et al. 2016). Some studies proposed a
permeate-gap membrane distillation (PGMD) configura-
tion, in which the water and volatiles components evapo-
rate at the membrane interfacial surface of the evaporator
channel. Compared to the AGMD, PGMD configuration
provides an increase in the internal heat recovery, thus
resulted in the increase of flux and GOR (Cheng et al. 2018).

Modification of the MD module using a multistage
membrane distillation (MSMD) operation is also of interest
(Figure 7). In the MSMD configuration, the latent heat
released during the condensation of the permeate is used to
preheat the cold feed water to achieve a high-performance
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ratio (PR), which is defined as the quotient of the amount of
latent heat needed for evaporation of the water divided by
the amount of heat provided to the system from an external
energy source (Guillen—Burrieza et al. 2011; Khalifa et al.
2017; Lee et al. 2016; Liu et al. 2012). One modification with
similar functional principles to the MEMD is multi effect
vacuum membrane distillation (MEVMD) (Kiefer et al.
2018). At large-scale facilities, the latent heat energy is often
recovered in an external heat recovery device, resulting in
investment cost and electrical consumption enhancement.
To improve the energy efficiency, DCMD can be integrated
with a heat exchanger (HX) which recovers the latent heat in
the permeate stream and use the heat to preheat the feed
stream (Figure 7). This configuration reduces the energy
requirement in the heater and cooler, hence results in
improved GOR of the system (Chung et al. 2014; Guan et al.
2015). The concept of heat integration is vital to reduce
energy consumption and operational cost; however,
attention to the utilization of a low-cost heat exchanger is
crucial. Another configuration is vacuum-enhanced DCMD
(VE-DCMD) which results in a higher driving force by
incorporating a vacuum on the permeate side (Alklaibi and
Lior 2006; Naidu et al. 2017; Plattner et al. 2017).

Several commercial MD technology providers are still
growing their business, promoting their technology, and
leading the market. Aquastill, a company based in the
Netherlands, become an MD technology promoter and
holder of Memstill membrane distillation technology
license (Thomas et al. 2017). Aquastill has also developed
multi envelope spiral wound modules based on AGMD
configuration that has been tested in a solar-powered MD
at Plataforma Solar de Almeria (Ruiz—Aguirre et al. 2017).
Scarab focuses on technology that can be applied for
desalination of seawater and RO brine in Sweden. It
developed the heat recovery-AGMD module with a plate
and frame heat exchanger designs with condensation
plates (Wang and Chung 2015). Pilot plants were built in
Sweden with Scarab modules in cascade configuration for
water purification in a thermal cogeneration plant with a
total production of 1-2 m’/day of distillate (Zaragoza 2018).
As the hollow fiber VMD developer, KMX Membrane
Technologies (Canada) acted as technology developer for
Bluestill membrane distillation technology (Macedonio
and Drioli 2019; Zaragoza 2018). Memsift (Singapore) is
continuing to explore other markets for its proprietary
thermal separation process and membranes. Following an
agreement formed earlier in 2020 with a Chinese company,
ajointly developed brine treatment ZLD technology was set
(Atkinson 2020). However, these commercial modules
have not been tested for ZLD SWMD application, at which
the modules capability to handle highly concentrated
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Table 1: Studies of novel MD configurations.

Configuration  Material Modification Operation condition dan remarks References
ME-VMD PTFE Combining two ME-VMD systems Maximum GOR = 12.1 at feed temperature Zhang et al.
feed =90 °C (2017)
PP Four stages VMD Flux =7 LMH Zhao et al.
(2013)
PTFE Adding supporting loops, such as Permeate flux = 50 L/h at feed Mohamed et al.
heating, cooling, feed water, distil-  temperature = 80 °C (2017)
late, brine, and vacuum STEC = 300-700 kWh/m?
GOR=1-2.2
V-DCMD PTFE Addition of vacuum pressure on the  Feed temperature = 55 °C Plattner et al.
permeate side Rejection = 96-99% (2017)
Permeate flux increase by 42-67%
Addition of vacuum pressure on the  Feed temperature = 55 °C and permeate pres- Naidu et al.
permeate side with water flushing sure = 300 mbar flux=16.0+0.3L m 2 h! (2017)
MGMD PTFE Material gap filling (polyurethane, PP Flux = 20.45 kg/m? h (428% increase) Francis et al.
mesh, sand, and DI water) between  Material filling = water (2013)
the membrane and the condensation Feed temperature = 80 °C
plate in an AGMD Coolant inlet temperatures = 20 °C
CGMD PTFE Conductive spacer in the gap between CGMD can have two times higher GOR than Swaminathan
the membrane and condensing even PGMD. et al. (2016)
surface 40% higher GOR achieved when using counter-
current flow
Multistage PVDF Multistage VMD with feed pump inlet, First stage’s saturation temperature, Tyge Chung et al.
(MS)-VMD preheater, external brine heater, 1)=77°C (2016)
subsequent module which has vac- Last stage’s saturation temperature, Tg,qe
uum side, vacuum pump (N)=35°C
MSVMD systems can be as efficient as a con-
ventional MSF system.
PTFE with PP Utilizing waste heat contained in the  Feed temperature = 70 °C. Kayvani et al.
support thermal brine to raise the temperature Permeate temperature = 30 °C. (2016)
of the feed Flux was reduced by 8%
Multistage PTFE MS-AGMD and WGMD system Flux with 15% on average for MS-WGMD and  Khalifa and
(MS)-AGMD and Every single stage has a coolant 10% on average for MS-AGMD Alawad (2018)
multistage chamber, condensation plate
(MS)-WGMD
MS-AGMD PTFE Three identical AGMD modules Feed salinity of 0.15 g/L (Khalifa et al.
The feed temperature = 70 °C 2017)
The GOR reached 0.6 for parallel MS-AGMD
system and 0.45 for the series MS-AGMD
system
V-AGMD PTFE Develop vacuum pump (vacuum pres-  Feed inlet temperature 40-80 °C; cross flow Abu-zeid et al.
sure 0.005-0.01 MPa) to eliminate the velocities 0f 0.039,0.078,0.116,and 0.155m/ (2016)
disadvantage of the air gap on mem- s; salt concentrations (253, 2441, 6465,
brane module (removal of noncon- 16,335, and 44,825 ppm)
densable gases between the Permeate flux 10.55 kg/(m” h) And thermal ef-
membrane and condensation tube ficiency 62.82% at feed temperature 80 °C, flow
surfaces) rate 4 |/min and salt concentration 253 ppm
V-AGMD Low-density A pilot scale using two commercial Flux permeate 8.7 | m~2h™* for 1.5 m channel  Andrés-Mafias
polyethylene spiral-wound modules at Plataforma  length module (membrane surface area et al. (2020)
(LDPE) solar de Almeria’s solar desalination 7.2 m?), and energy efficiency 49 kW h GOR

test

13.5 for 2.7 m module (membrane surface area
25.9 m?)

These are the best experimental performances
obtained so far with pilot scale modules in
membrane distillation
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solution is crucial. In addition, to achieve ZLD operation,
integration of the commercial membrane module with
crystallizer is necessary.

Recently, vacuum-enhanced air-gap configuration (V-
AGMD) was explored in a pilot-scale SWMD plant. In this
configuration, a low-level vacuum was applied to remove
air from the gap, reducing the mass transfer resistance. In
oppose to the VMD, the vapor is condensed inside the gap
in V-AGMD configuration (Abu-zeid et al. 2016; Andrés—
manas et al. 2020). An improvement in permeate flux of up
to 8.7 L m>h™ was observed, which is significantly higher
than the common AGMD configuration. The reduction of
specific energy consumption and a GOR of 13.5 were also
observed, confirming this study as the best SWMD opera-
tion on the pilot scale (Andres—manas et al. 2020).

3.3 Alternative energy source

Process improvement to reduce the energy requirements
was conducted using solar thermal energy, particularly for
applications in remote, arid areas, which normally require
small-scale desalination systems. The combination of solar
and fossil fuel desalination, as well as desalination using
low-grade waste heat, could be more cost-effective under
these particular conditions (Li et al. 2013). A comparison of
solar-powered and fossil-powered SWMD plants was made
using plate and frame MD technology. At a 100 m?/day
production rate, the fossil-powered SWMD plant showed a
lower water production cost compared to that of the solar-
powered plant (i.e. €7.19/m>~€10/m>). This could be due to
the significantly higher capital, maintenance, and opera-
tion costs of the solar field. Interestingly, at relatively low
water-production capacity, the solar-MD plant is already
competitive with photovoltaic (PV)-RO (Ullah and Rasul
2019). By using solar collectors, which to heat the feed
seawater before it enters the membrane module, high
fluxes of 140 Lh™ m~ were reached at a feed temperature of
70 °C. Based on this proposed design, an MD setup in
Tunisia was built (Mericq et al. 2011). A VMD and a solar
flat-plate collector (FPC) contributed to achieve a GOR of
above 0.7, which was comparable to a simple-effect single-
stage membrane distillation system (Ma et al. 2018).
Using an Aquaver WTS-40A prototype vacuum-multi
effect membrane-distillation (V-MEMD), SEC values of
below 200 kWh/m> could be achieved (Zaragoza et al.
2014). An onsite ZLD for brine water treatment, involving a
brine-concentrator, membrane separator, and salt crys-
tallizer was operated with 90% water recovery. The total
energy requirement of this process was 91 kW h/m’ with the
annualized capital expenditure (CAPEX) and operational
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expenditure (OPEX) of $0.305/m> and $42.5/m’, respec-
tively (Alnouri et al. 2018). Another study using solar
energy as the thermal energy source was conducted to
evaluate the V-MEMD Memsys-module pilot performance.
Mediterranean seawater was used as the feed solution and
the feed was minimally pretreated by beach well filtration.
To increase energy efficiency, a condenser acted as a heat
recovery device, exchanging the latent heat of the distillate
vapor with the feed seawater, which was used as a coolant.
At optimum operation conditions (feed flow rate of 150 L/h
and hot feed temperature of 75 °C), the maximum distilla-
tion flux was 8.5 L m 2 h™". The potential increase in pro-
ductivity of SWMD using this particular configuration was
limited by the cooling capacity of the system. In addition,
scaling occurred after several months of operation, and the
addition of an antiscalant to the feed was necessary
(Andrés-mafias et al. 2018).

Banat et al. (2007b) conducted the SMADES project,
which had two major components, a 72 m” collector field of
flat-plate single-glassed collectors with absorbers made
from standard copper pipes (Fenis, Turkey) and a 3 m’
storage tank. This configuration required an SEC in the
range of 200-300 kWh/m? and production cost $15/m’ for a
100 L/day water production (Banat and Jwaied 2008).
Guillén-Burrieza et al. (2011) have reported the operational
experience from three different types of air gap MD modules
prepared and tested under the framework of the European
project MEDESOL, aimed at investigation of solar-driven
desalination. The maximum thermal energy observed was
79%, corresponding to an SEC of 810 kW h/m>. A modeling
study on solar MD was also presented by Chen and Ho (2010)
using DCMD equipped with a solar absorber designed for
saline water desalination and also by a pilot plant (evalu-
ated by Memstill) with a freshwater production capacity of
about 100 m>/day (Dotremont et al. 2010). For the design of a
solar-powered desalination system using MD in a remote
area, energy efficiency is very important, since the invest-
ment costs mainly depend on the area of solar collectors to
be installed, and the system design has to focus on very
good heat recovery. A system using internal heat recovery
resulted in an SEC of 100-200 kW h/m’ distillate and a GOR
of 3-6 when operating at 60-85 °C (Koschikowski et al.
2009). Another MD system with internal heat recovery was
studied by Koschikowski with an SEC of 140-200 kW h/m’
(Koschikowski et al. 2003). In a recent study, a pilot-scale
V-AGMD using Aquastill commercial spiral-wound mem-
branes was tested in Plataforma Solar de Almeria’s solar
desalination facilities. Due to the fact that vacuum genera-
tion consumes a significant amount of energy, the tradi-
tional vacuum pump was eliminated, and the air in the
module was extracted by means of the Venturi effect, due
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to the presence of a narrowing tube in the cooling flow
circulation. A high-concentration feed in the range of
35.1-292.2 g L ™! was prepared; however, NaCl was the only
feed constituent. The operation was conducted at two
extremes: (i) extreme permeate productivity of 8.7 L m~ h™
and (ii) extreme energy efficiency with an STEC of 49 KW h/ .
This operation showed a 68% reduction in STEC and was
claimed as the best performance of pilot-scale MD to date
(Andrés-manias et al. 2020).

Most of solar MD has been operated by using spiral
would modules with specific permeate channel due to the
low electrical consumption and better internal heat
recovery (Zaragoza 2018). However, solar energy is not
available continuously and this affected the productivity
and operational period of the solar MD system. Hence, it is
important to optimize the size of the module and the con-
trol system to achieve better utilization of solar irradiation
(Gopi et al. 2019). Geothermal energy is an abundant heat
source and has the potential to support SWMD by utilizing
alternative heat sources other than solar energy. SWMD is a
more suitable technology to exploit geothermal energy for
desalination than RO due to the low-grade heat charac-
teristic of geothermal energy and the necessity to convert
heat input into electric input that renders a lot of energy
losses (Ali et al. 2018). Although AGMD or DCMD were
suggested instead of VMD to avoid pore wetting (Jaafar and
Sarbatly 2015), Sarbatly et al. presented the energy evalu-
ation and analyzed the application of VMD for the treat-
ment of geothermal water by the geothermal heat source.
Compared to the plant without geothermal energy utiliza-
tion, the water production costs of the plant operated with
geothermal energy was less than $0.50/m> (Sarbatly and
Chiam 2013). Geothermal energy is expected to reduce the
cost of water production; however, the application of this
energy is still new for membrane distillation.

3.4 Membrane material

The modification of membrane material is an effort to
engineer the membrane properties and characteristics to
produce a specifically-designed membrane suitable for a
particular application. The choice of membrane material
for SWMD is crucial, as it dramatically influences separa-
tion performance. As for now, no commercially available
membrane is specifically designed for MD operation. Pilot-
scale SWMD operated worldwide use polymer-based
membranes, such as polypropylene (PP), polyethylene
(PE), PVDF, or polytetrafluroethylene (PTFE) (Kujawa
2019), with MF-like pore size. Though some research has
investigated the application of inorganic membrane for
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SWMD applications, membrane cost has become a major
drawback for its industrialization. This is particularly true,
as the SWMD application is not operated at extremely high
temperatures (Hubadillah et al. 2019). In terms of mem-
brane structure, pore size, porosity, thickness, and tortu-
osity of the membrane are important parameters that
determine the permeate flux of MD (Chen et al. 2017; Dizge
et al. 2019). In general, the membrane with high porosity
and low tortuosity is preferred, as it promotes high flux
(Khayet et al. 2005). The increase in flux can also be
obtained with bigger pores, yet this might promote more
severe scaling and wetting at high salt concentrations in
the feed (Tijing et al. 2016). While heat transfer through
conduction is considered a parasitic heat loss that reduces
the energy efficiency and permeate flux of MD operation,
relatively thick membranes are often used in SWMD (Chen
et al. 2018). However, a thick membrane leads to high mass
transfer resistance, inhibiting vapor transport in mem-
brane pores. Hence, the optimization of pore size and
membrane-thickness are necessary. In the recent devel-
opment of membrane fabrication, the application of green
solvent to replace the commonly used organic solvent is
also of interest. The green solvent is more environmentally
friendly and does not pose a threat to human health.
Fabrication of PVDF hollow fiber membrane for DCMD has
been conducted by phase inversion using triethyl phos-
phate (TEP) as the solvent to replace the commonly used
N-Methyl-2- pyrrolidone (NMP). The fabricated membrane
exhibited a flux of 20 kg/m? h and NaCl rejection of 99.99%
with robust mechanical properties and high liquid entry
pressure (Chang et al. 2017).

Another important parameter in selecting the mem-
brane material for the SWMD application is the material
hydrophobicity. Research in membrane materials focuses
on superhydrophobic materials, which can overcome
fouling and wetting problems. Superhydrophobic material
with a contact angle of more than 150° reduces fouling
deposition by increasing the surface roughness and having
low surface energy (Dizge et al. 2019; Ragunath et al. 2018;
Zhang et al. 2014). Methods to achieve superhydrophobic
are many: dip coating, vacuum coating, surface function-
alization, plasma treatment and many more, and have
been extensively reviewed (Bernardes et al. 2014; Chen
etal. 2017; Hubadillah et al. 2019; Khan et al. 2019; Ma et al.
2001). Table 2 presents recent selected studies in material
modification for the SWMD application. Most studies
focus on the fabrication of nanocomposite membranes
using nanoparticles (such as silica, titanium dioxide [TiO,],
graphene oxide [GO], and carbon nanotubes [CNT])
blended in a dope solution or coated onto the support-
polymer membrane. Functionalization of the nanoparticles
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References

Remarks

Modification/treatment

Material

Membrane type
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Xu et al. (2016)

For desalination of 3.5 wt. % seawater at 90 °C, high

Vacuum filtration of GO slurry on top of PDA modified

Al203 disk

GO, polydopamine (PDA)-modified-

Al203

Inorganic

water flux of 48.4 Lm 2 h~* and high ion rejections of over

99.7% can be obtained

Membranes were successfully modified, and no wetting Kujawa (2019)

(contact angle of up to 154°) was observed. Salt rejection
of membrane was 99% and flux was in the range of

0.31-8.95 L m2h™!

Ceramic membranes were modified in the grafting

Ceramic: Al,O3, TiO,, ZrO,

Inorganic

solution (0.05 M). Membrane modification was accom-
plished by soaking the sample in grafting solution

(during 1.5 or 3 h) at room temperature.

Shan et al.

Membrane coated by AgNOs and conducted in an Excellent antifouling capability was achieved when

PVDF, PDA

Polymer

dealing with saline water composed of 35 g/L NaCl and (2018)

anhydrous ethanol solution containing 10 mM 1H, 1H,

1.26 g/L CaCl,
Graphene film from a renewable source, such as soybean Wetting or fouling of the membrane surface was
oil homogeneously coated the PTFE membrane

2H, 2H-perfluorodecanethiol

Seo et al. (2018)

PTFE

Polymer

insignificant in the graphene-based membrane and salt

rejection was 99.9%

The membrane showed no severe fouling and/or wetting Ahmad et al.

for more than 15 and 25 h

Dip-coating with silica nanoparticles, followed by

vacuum filtration coating with 1H,1H,2H,

2H-perfluorodecyl triethoxysilane and

polydimethylsiloxane

PES

Polymer

(2019)

Higher permeate flux Chenetal.(2017)

CF, plasma treatment

PVDF

Polymer
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or further surface modification of the nanocomposite
membrane was required to tailor the superhydrophobicity.
Nanoparticles dispersed in the polymer created an addi-
tional self assembly layer on top of the polymer structure,
forming a rougher surface and enhanced hydrophobicity.
A high contact angle of 150°-157° was achieved (Xu et al.
2017), and the modified membrane exhibited excellent
performance with a high flux of more than 50 L m h
(Ragunath et al. 2018) and superior salt rejection. The
fabrication of a nanocomposite electrospun membrane
was also highlighted. Theoretically, electrospun mem-
branes boast an interconnected pore structure with a
shorter path for the diffusion of molecules, which allows
higher flux to be obtained without compromising the
membrane’s mechanical integrity. In the electrospinning
method, the inorganic phase could be dispersed into the
polymer to form an organic—inorganic blend, or it could be
sprayed onto the electrospun polymer surface (Yan et al.
2018). However, electrospinning is not economically
feasible for membrane fabrication on a large scale.

In addition to superhydrophobic membranes, omni-
phobic membranes, which possess unique wettability
characteristics, show great promise in membrane modifi-
cation studies (Lu et al. 2019a). In particular, omniphobic
membranes have been developed for MD applications
involving liquids such as oils and organics as the feed.
Omniphobic membranes decrease surface tension more
than superhydrophobic membranes and can repel high and
low-surface-tension liquids (Figure 8). The main features of
omniphobic material are low-surface energy material and
specific re entrant structure to maintain the Cassie-Baxter
nonwetted state (Lu et al. 2018). The critical role of slippery
omniphobic membrane in mitigating membrane scaling has
been discussed recently. Slippery membrane hinders het-
erogeneous nucleation on the membrane surface and bulk
crystal deposition due to its nonadhesive property. In a
study comparing PVDF and omniphobic slippery modified
PVDF (OMNI-SLIP), it was known that the Gibbs free energy
for heterogeneous nucleation in OMNI-SLIP membrane was
higher than the PVDF membrane due to the lower porosity
and higher contact angle. This indicated higher energy
barriers for heterogeneous nucleation. While homogeneous
crystal formation may occur in the bulk feed solution, the
slippery characteristic of the omniphobic membrane
inhibited the deposition of the crystals on the membrane
surface (Chen et al. 2020a).

The Janus membrane was developed to provide a high
mass transfer without sacrificing the membrane’s selec-
tivity by integrating materials of opposing wettability.
Through asymmetric fabrication or asymmetric decora-
tion, hydrophobic and hydrophilic materials are bound
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OTMS-PP (S min)

I

OTMS-PP (30 min)

2

(A) (B)
PVDF-HFP g
Membrane 9 : ' . .
Omniphobic P
Membrane Q ‘-_," - ‘ 3
Water SDS Mineral Decane Ethanol
3mM Qil

(©)

together to form two layers, each facing the opposite side.
The two layers may share similar thicknesses, yet in many
modifications, one side is significantly thinner than the
other. In a recent study, an ultrathin dense composite
Janus membrane was fabricated following the layer-by-
layer assembly method. The dense hydrophilic layer was
consisted of polyethylamine (PEI) and polyanion poly
(sodium 4-styrenesulfonate) (PSS) deposited inter-
changeably onto the PVDF substrate. In the test using a
mixture of NaCl and SDS as the feed solution, the wetting
resistance of the fabricated Janus membrane was
improved due to the size exclusion mechanism. Therefore,
the PEI/PSS layer rejected the SDS molecules while
allowed the NaCl and water to pass through. The surface
tension of the NaCl solution inside the multilayer struc-
ture is significantly higher than the initial feed solution,
which resulted in alleviated wetting (Chen et al. 2020b).
The omniphobic and Janus membranes for MD applica-
tion exhibit higher flux and lower fouling tendencies
due to the unique wettability properties (Yao et al. 2020).
However, the fabrication of chemically and mechani-
cally robust omniphobic and Janus membranes is still
challenging, particularly for large scale hollow-fiber
membranes.

While promising results were obtained with the
modified membrane for the SWMD application, there were
two concerning gaps that were noticed during the exami-
nation of modified membrane performance for the SWMD

Janus bottom (omniphobic)

e O @

Janus fop (hydrophilic)

A\
wol® 0805 (erd®
A
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Figure 8: Contact angle of modified

w membrane (A) hydrophobic to
Conventional (hydrophobic) superhydrophobic
& PR (octadecyltrimethoxysilane coated onto

polypropylene surface) (Ray et al. 2018),
published by the Royal Society of
Chemistry; (B) hydrophobic to Janus
(omniphobic—hydrophillic) membrane
(Huang et al. 2017b), reprinted (adapted)
with permission from (Huang et al. 2017b),
copyright (2013) American Chemical
Society; (C) hydrophobic to omniphobic
membrane (electrospun poly(vinylidene
fluoride-co-hexafluoropropylene)
(PVDF-HFP) and benzyltriethylammonium.
Negatively charged silica nanoparticles
(SiNPs) were grafted via dip-coating) (Scaf-
fold et al. 2016), reprinted (adapted) with
permission from (Scaffold et al. 2016),
copyright (2016) American Chemical Soci-
ety.

e\“a“O\

application; (1) The use of synthetic seawater as the feed
solution in most experiments and (2) the relatively short
operation time of the experiments. In most studies, syn-
thetic seawater containing 3-3.5 wt. % of NaCl was used as
the feed solution, with the addition of low concentration of
organics, such as HA in a few tests (Khan et al. 2019). While
NaCl is the highest concentration salt in seawater, severe
scaling due to the single deposition of NaCl is extremely
rare. This is due to the high solubility of NaCl in water
(360 g/L at 25 °C) (Khadijah et al. 2018). Also, NaCl has a
positive temperature-solubility coefficient; hence, its sol-
ubility increases with the enhancement of temperature,
which is the case in an MD operation (Hubadillah et al.
2018; Luo et al. 2018). Scaling in MD mostly consists of
sparingly soluble salts, such as CaSO, and CaCOs, which
pose a negative temperature-solubility coefficient. The
presence of these sparingly soluble salts in the feed solu-
tion that is used to test the modified membrane may pre-
sent interesting results and novel findings on how the
modified membrane reacts to a rather complex feed solu-
tion. A separate issue is that the modified membranes were
tested over a short operation time. While the superiority of
the modified membrane over the nascent membrane was
obvious during the short operation time, there is a dearth of
studies focusing on the true robustness of the modified
membrane. For SWMD operation to be economically
feasible, long-term membrane stability, both mechanically
and chemically, is a critical parameter.
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4 Comparative study of SWMD and
SWRO

The MD application for desalination has been applied for a
high salt-concentration feed, such as inland brine water
and produced water. Research on the application of MD for
direct seawater desalination is limited, despite its poten-
tial. Many studies highlight MD’s inability to economically
compete with RO, particularly in terms of energy con-
sumption, and suggest MD utilization as a complement to
SWRO. At the seawater salt concentration, the energy to
overcome the osmotic pressure of the feed is lower than
that to increase the feed temperature as in the MD appli-
cation. However, further research on SWMD has succeeded
in reducing the operational cost. Also, other MD opera-
tional aspects (e.g. fouling characteristics and feed pre-
treatment) are potentially superior to SWRO.

4.1 Membrane fouling characteristics

The formation of a fouling layer, which is the deposition of
unwanted solute on the membrane surface, should be
delayed, as it increases the operating and maintenance
cost of the seawater desalination process. In addition,
fouling also reduces the quality and quantity of the pro-
duced permeate. While all types of fouling occur during
SWRO and SWMD, the structure and severity of each
fouling are significantly different. In SWRO, biofouling is
considered as a serious threat and has become the main
reason for flux decline in the SWRO plant in the Middle
East. While the EPS only resulted in 2% flux decline, the
presence of dead cells increased the flux decline per-
centage to up to 5-6% (Maddah and Chogle 2017). One of
the potential causes of severe biofouling in SWRO is the
operating temperature. SWRO plants, particularly in the
Middle East, are operated at a temperature of approxi-
mately 35 °C. At such a temperature, the degradation of HA
into smaller molecules that serve as nutrients for micro-
organisms is much easier than at lower temperatures. It
was observed that the $1 million membrane inventory
lasted only for half of its theoretical life-span due to
biofouling, and this added $125,000 of cost per year
(Flemming 1997).

Biofouling formation in SWMD is limited by the high
operating temperature and the hydrophobicity of the
membrane. The high operating temperature only allows
the survival of thermophilic microorganisms (thermal
effect). In a recent study, biofouling behavior in SWMD
was investigated in concentrating and nonconcentrating
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modes. Experiments in the nonconcentrating mode focused
on the influence of the thermal effect on the biofouling
formation, and the results revealed three sequential phases
of biofouling formation. Phase I marked the formation of
a conditioning film consisting of suspended particles, col-
loids, dissolved organic foulants, and EPSs. In Phase II, a
shift in the microbial community was observed, and the
diversity of the microorganisms declined. However,
the biofilm initiated and formed rapidly, indicated by a
significant flux reduction. With biofilm formation and
metabolism, some bacteria grew rapidly and secreted a
particular type of EPS, making a thicker and more compact
biofilm. Related to the severe temperature polarization due
to biofilm formation, the EPS protected the microorganisms
in the biofilm from the hot solution and lead to the growth of
other microorganisms (Phase III). In concentrating mode,
the effect of feed salinity enhancement on biofouling for-
mation was studied, and the biofouling can also be divided
into three phases. The first phase was similar to the non-
concentrating mode with the initialization of film forma-
tion. However, as feed salinity increased, initial scaling and
biofouling were observed simultaneously in Phase II. In
Phase III, severe scaling and biofilm were further developed
and created a thicker and denser fouling layer compared to
the nonconcentrating mode (Jiang et al. 2020).

Zodrow et al. (2014) compared bench-scale DCMD and
RO with an identical seawater feed and investigated
biofouling formation and structure. It is worth noting that
during four days of operation time, a significant decline in
microorganism concentration, dead cells, and EPSs in the
MD system was observed. While both membranes in MD
and RO operation suffered from biofouling, the total bio-
volume of biofilm in MD was lower than that in RO. In
addition, the structure of biofilm differed greatly, with
homogeneous biofilm and heterogeneous colonized bio-
film being observed in RO and MD, respectively.

In contrast to biofouling formation, a high feed-
temperature in SWMD has a detrimental effect on scale
formation. As previously discussed in Section 2.2, scale in
SWMD consists of negative temperature-solubility coeffi-
cient salts, whose solubility decline with an increase in
temperature. As MD operates at elevated temperatures, the
solubility of those sparingly soluble salts decreases, which
exacerbates their precipitation. This is aggravated by the
occurrence of concentration polarization, which indicates
an elevated ion concentration on the feed-membrane
interface. Temperature polarization might have the oppo-
site effect on scale formation. At a lower feed-membrane
temperature, the solubility of those salts should increase,
yet its impact is insignificant and severe scaling is observed
in most SWMD studies. Scaling in SWMD has been
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successfully limited by simple pretreatment, such as the
addition of an antiscalant and the utilization of ultrafil-
tration (UF)/NF) (Drioli et al. 1999; Warsinger et al. 2015).

4.2 Seawater feed pre-treatment

Feed pretreatment is a critical step of all membrane-based
seawater desalination processes. In general, the feed pre-
treatment aims to alter the seawater composition, directly
effecting the potential fouling reduction. In SWRO opera-
tion, fouling resulted in more frequent membrane replace-
ment, which accounted for 13% of total water production
cost. The fouling management strategy should be chosen
according to the characteristics of the seawater and the
desired product. Impurities in the seawater consist of par-
ticulates, colloidals, inorganic compounds, water-borne
microorganisms, and a small concentration of heavy metals.
These impurities may result in particulate fouling, inorganic
fouling, and biofouling. In SWRO operation, conventional
pretreatment includes, but is not limited to coagulation/
flocculation, granular media filtration, disinfection, and
addition of a scale inhibitor or lime treatment. Other stra-
tegies, such as UV radiation and the application of
dissolved-air flotation may also be conducted, depending
on the initial quality of the seawater. Disinfection is per-
formed to ensure 100% microorganism removal, which is
essential, as the presence of a single microorganism can
initiate biofouling due to the ability of the microorganisms
to proliferate. Disinfection can be conducted by chlorina-
tion, ozonation, and ultrasound, where chlorination is the
most prominent method. The addition of chlorine into the
seawater raises another concern as the commercial RO
membrane is made of polyimide which is highly susceptible
to chlorine. Thus, complete chlorine removal is necessary
before SWRO to avoid the detrimental impact on RO
performance.

The possibility of failure during filter backwash and
the poor removal of particles < 10 um is a major disad-
vantage of conventional seawater pretreatment for SWRO.
This has led to the development of membrane-based SWRO
pretreatment, utilizing mainly microfiltration (MF), UF,
and NF. Using UF for the pretreatment of seawater with a
total dissolved solids (TDS) of 40500 mg/L, the optimum
water recovery rate in the range of 50-60% was obtained
(Glueckstern et al. 2002). UF pretreatment also resulted in a
negligible fouling rate during 30 days of RO operation of
Mediterranean seawater (Lorain et al. 2007). Chemical
usage in membrane-based pretreatment is significantly
lower than that in conventional pretreatment. In conven-
tional pretreatment, a significant number of chemicals are
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used in coagulation, flocculation, and as a biocide. This
increases the operational costs for chemical supply and
sludge treatment prior to discharge into the environment.
In membrane-based pretreatment, chemicals are mainly
used for membrane cleaning. However, a higher energy
demand is obtained in membrane-based pretreatment,
making it less environment friendly.

Even though studies have shown that MD is less sus-
ceptible to fouling and does not require extensive pre-
treatment (Alkhudhiri et al. 2012; Camacho et al. 2013),
SWMD operation is susceptible to inorganic fouling. Thus,
most of the feed pretreatment targets the removal of diva-
lent ions, such as Ca’* and Mg**. Gryta investigated thermal
water softening to remove salts with negative solubility-
temperature coefficient. By increasing the feed tempera-
ture for a certain period before the MD operation, the salts
precipitated in the bulk solution and their concentration
was reduced. Delayed flux decline was observed, signi-
fying the potential of this method (Karakulski et al. 2002,
2006). However, a significant amount of energy was
needed to maintain the high-temperature feed solution
during the pretreatment. Analogous to RO, membrane
technology has been considered one of the best resorts for
feed pretreatment. In the path of ZLD SWMD, RO can also
be categorized as a pretreatment of MD, separate from MF,
UF, and NF. In a study of integrated membrane technology,
MF/UF, RO and MD were operated subsequently to desa-
linate the feed solution with a concentration of 45 g/L. The
recovery factor of RO was 40% and the RO retentate with a
concentration of 75 g/L was further processed in the MD at
35 °C. The recovery factor of MD was 77% and the retentate
concentration was 320 g/L. In this system, the overall water
recovery of 87.6% could be achieved, significantly higher
than SWRO alone (Drioli et al. 1999). In a recent study, the
water recovery of the desalination process was enhanced
by operating hybrid systems on the pilot scale, which were
a combination of UF, NF, RO, chemical deposition, MD,
and an antiscalant. The highest water recovery of 84.59%
was obtained in the RO — MD system, with the addition of
an antiscalant to the RO brine prior to the MD operation
(Bindels et al. 2020). These findings highlight the ability of
SWMD to be operated at an extremely high feed concen-
tration, when SWRO is limited by the osmotic pressure
(Mericq et al. 2010).

4.3 Energy requirement

The energy source of SWRO is electricity with SEEC ranged
from 3.5 to 17 kW h/m’. In SWMD application, as mentioned
in Section 2.4, both electrical and thermal energy are
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applied simultaneously. Direct comparison of the energy
requirement of the SWRO and SWMD, assuming equivalent
grade of electricity energy and low-grade heat energy, is
not entirely correct. Comparison of desalination processes
using various energy inputs would need further analysis
based on the approach to exergetic analysis and the second

Table 3: Energy requirement of selected studies in SWMD and SWRO.
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law of thermodynamics. The different energy input could
be transformed into a common unit known as the standard
primary energy (SPE) (Shahzad 2019). The SEEC, STEC, and
SPE of selected SWMD and SWRO process are presented in
Table 3. While the SEEC of SWMD plants is lower than
for SWRO, the STEC is significantly high, particularly in

Configuration Energy source GOR SEEC STEC Standard primary References
(kW h/m?) (kW h/m>®) energy (kW h/m>)
DCMD (pilot-scale tests) Waste heat energy (low 10-17 - 38.61-64.16 1.09-1.82 Jansen et al. (2013)
pressure steam and diesel
heater)
AGMD (spiral-wound) Thermal and electrical energy 6.5-7 0.13 90 2.81 Duong et al. (2016)
source
V-MEMD Solar energy as thermal 3.2 5-20 200 15.72-45.90 Andrés-Manas
source et al. (2018)
AGMD (multichannel Solar field and heat 5.45 - 106.6 3.02 Ruiz-Aguirre et al.
spiral-wound modules) exchanger (2018)
Plate and frame MD Solar energy using collector 1.69 - 374.8 10.61 Guillén—Burrieza
field et al. (2015)
VMD Solar thermal system - - 580 16.42 Joo and Kwak (2016)
AGMD Solar energy, flat plate solar - - 20 0.57 Asim et al. (2016)
circuit
V-AGMD (spiral wound Aquastill) Solar energy 13.5 - 49 1.39 Andrés-Manas et al.
(2020)
DCMD Electricity 3.4 - - - Chungetal. (2014)
with
HX
SWRO - - 4.5-8.5 - 9.05-17.10 Eltawil et al. (2009)
SWRO - - 0.76 - 1.53 Gordon and Hui
(2016)
SWRO (Fukuoka desalination N/A - 5.0 - 10.06 Shimokawa (2009)
plant, Japan, 50,000 m?/day at
maximum capacity)
SWRO (Llobregat SWRO plant,  N/A - 4.17 - 8.39 Abdelrasoul et al.
Spain, 24.6 m>/day) (2017)
SWRO (Soreq, Israel) Double work exchangeren- - 2.7 - 5.43 Taylor and Efraty
ergy recovery (2012)
Perth SWRO plant (capacity N/A - 3.40 - 6.84 Abdelrasoul et al.
28 m?/day) (2017)
Tuas SWRO plant, Singapore N/A - 4.35 - 8.75 Abdelrasoul et al.
(19.7-24.6 m?/day) (2017)
SWRO (Hadera, Israel, Electricity - 2.7 - 5.43 Taylor et al. (2013),
100 M m3/year) Kim and Hong
(2018)
Askhelon SWRO plant Electricity (double work - 3.0 - 6.04 Sauvet-Goichon
(330,000 m?/day) exchanger energy recovery) (2007)
SWRO Fujairah plant Power plant (electricity) - 3.7-3.9 - 7.44-7.85 Angel et al. (2006)
(170,500 m?/day)
SWRO test site, affordable N/A - 1.58 - 3.18 Fritzmann et al.
desalination collaboration (2007)
(ADCQ), USA 200-300 m?/day
Aqualyng SWRO plants Installation of exchanger 1.9-2.5 3.82-5.03 Fritzmann et al.

(1000-5400 m>/day) isobaric chambers as energy

recovery devices (ERD)

(2007)
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the absence of STEC in most SWRO plants. However,
comparing the energy requirement of SWRO and SWMD in
terms of SPE, it is clear that few MD operations required
lower energy than SWRO.

4.4 Economic evaluation

The industrialization of SWMD greatly depends on eco-
nomic evaluation and the water production cost, which is
the sum of the capital cost (hardware, utility, and site
preparation) and operational cost (electrical, heat source,
maintenance, labor, and membrane replacement). In
particular, SWMD should compete with SWRO as the
desalination market leader to date with a water production
cost of $0.5-1.2/m> (Ismail et al. 2018). The hybrid RO + MD
operation was investigated on a pilot scale and a techno-
economic analysis was conducted. The RO brine was
further treated in MD to increase the water recovery, as MD
is capable of being operated at a high salt concentration,
where RO is no longer economically feasible due to the

Table 4: Water production cost of various SWMD operations.
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extreme osmotic pressure. An antiscalant was needed to
pre-treat the RO brine, thereby reducing the scaling prob-
lem in MD. In this study, the techno-economic analysis was
conducted at a design capacity of 45,000 m?/day with 90%
uptime. The price of the MD module was interpolated from
the pilot-scale Aquastill module and a total water cost of
USD 0.63/m’ was achieved. Another hybrid configuration
involving RO + NF + MD was also studied. The RO brine
was treated by NF and, subsequently, the NF brine was
further concentrated in MD with the addition of an anti-
scalant. In this configuration, a total water recovery of
73.38% and a total water cost of USD 0.7/m’> were obtained.
However, it is important to note that this study assumed
the availability of waste heat onsite for supplying the
energy to the MD system (Table 4) (Bindels et al. 2020). This
assumption is a critical determinant of the total water cost
as the thermal energy requirement (STEC) in MD accounts
for the vast majority of the total energy requirement
(Table 3).

By using a cost-optimization model to assess the
techno-economic feasibility of MD, it can be concluded

Membrane Configuration Water Capacity Heating source Total water cost References
module recovery (%) (m>/day)
Aquastill RO-AGMD (with RO = 50% 45,000 Waste heat 0.63 USD/m? Bindels et al. (2020)
(pilot-scale) antiscalant) MD = 69.18%
Total = 84.59%
RO-NF-AGMD (with RO =50% 0.7 USD/m?
antiscalant) NF = 30%
MD =77.92%
Total = 73.38%
Memstill AGMD MD = 50% 10,5000 Fuel-fired 0.54 USD/m> Meindersma et al.
Cogeneration  0.35 USD/m? (2006)
Waste heat 0.31 USD/m?
Keppel Seghers LGMD (three - 100 Gas boiler 7.2 €/m’ Guillén—Burrieza et al.
module) (2015)
N/A AGMD (parallel - Laboratory Electricity 0.13 USD/L (>100 Bouguecha et al. (2005)
configuration) scale €/m3)
SMADES project Spiral-wound AGMD - 0.12 Solar thermal- +15 €/m? Banat et al. (2007a)
(experiment- (with internal heat (120 L/day PV energy
scale) recovery function) with)
SMADES project Solar powered MD  Total = 98% 27 L/m? mem- Solar 18 €/m> Banat et al. (2007b)
(SP-MD) brane surface
area
Part of MEDE- AGMD - 240 Thermal (solar 1.85 €/m’ Kullab (2011)
SOL project field)
ISE Fraunhofer DCMD, AGMD, and - - Solar heater DCMD = 12.7 USD/m>  Saffarini et al. (2012)
Institute VMD AGMD =18.26 USD/m’,

VMD = 16.02 USD/m>
DCMD = 3.3 USD/m*>
AGMD = 5.4 USD/m>,
VMD = 2.2 USD/m?

Free heat Saffarini et al. (2012)
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that a looping single-stage gap MD operation cannot be
economically competitive with RO unless they operate
with brine concentrations greater than 75 g/L. For feed
concentration in the range of 25-200 g/L and water
recovery of 30-75%, the water cost ranges from USD
10-16/m>. Though the water cost could be reduced by
improving the intrinsic membrane properties, a substan-
tial decrease in water cost would only be achieved by
optimizing the heat recovery or utilizing cheaper heating
and chilling sources and using cheaper heat exchangers
(Bartholomew et al. 2020). These findings highlight the
sensitivity of water production costs by MD on the thermal
energy price. Due to higher water recovery at comparable
energy requirements, a highly competitive water cost with
respect to RO was indicated in an RO + MD configuration.

5 Zero liquid discharge (ZLD)
seawater membrane distillation
(SWMD)

While SWMD is hardly competitive with SWRO for straight-
forward desalination, SWMD’s unique features open up
possibilities for niche applications. The potential of SWMD
to operate with extremely high salt-rejection highlights its
potential for high-purity water production. A substantial
amount of high-purity water is used in steam-electric power
stations as the boiler feed (Bennett 2009; Kuipers et al.
2014). At present, high-purity water production from
seawater is carried out through an established yet complex
process incorporating several operation stages to reduce
seawater TDS. The first stage is SWRO which operates with a
water recovery of 45-50% (Ji et al. 2010; Choi et al. 2019a, b).
Although a 99.5% salt rejection can be achieved by SWRO,
the permeate of SWRO still has significant TDS ranged from
200 to 500 ppm (Bindels et al. 2020). Further purification is
conducted in the brackish-water reverse-osmosis (BWRO)
with permeate TDS ranging from 5-120 ppm, depending on
seawater feed salinity (Bindels et al. 2020). Lastly, BWRO
permeate is passed on to the ion exchange resin to further
remove ions (Jacob 2007; Rahmawati et al. 2012; Wang et al.
2000). Intensification of the aforementioned process could
be achieved by applying MD as a stand-alone unit operation
(Figure 9a). In SWMD operation, the SWRO, BWRO and ion-
exchange resin are eliminated and replaced by the MD unit.
A high-pressure pump (HPP) and booster pump (BP) are
also not required in this intensified process, which leads to a
reduction in CAPEX. This further implies a reduction in
OPEX, as the electrical work to generate the high pressure in
SWRO contributes significantly to the energy requirement.
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Another distinctive trait of SWMD is the ability to
operate under ZLD conditions, in which high-purity water
and valuable salts can be produced simultaneously. This
paradigm puts an end to the economic and environmental
impact that conventional brine management suffers from.
This approach is in accordance with the more stringent
environmental regulations and could transform the ZLD
SWMD into energy and cost-intensive process. A solar-
powered MD plant in the SMADES project has succeeded in
recovering 98% of water during its operation. Further
improvements could potentially result in absolute water-
salt recovery. SWMD operating under ZLD conditions also
focuses on highly valuable mineral recovery, such as
magnesium, rubidium, phosphorus, nickel, cesium, and
germanium (Dirach et al. 2005). In the bench-scale mem-
brane distillation—crystallization (MDC) experiment car-
ried out on RO brines, a NaCl crystal production of 17 kg/m’
was produced with 90% water recovery (Ji et al. 2010).
Quist-Jensen et al. (2016) operated an integrated-
membrane system for simultaneous water and mineral
recovery, which consisted of NF, RO, MD, and MCr
(Figure 9b). The seawater was pretreated prior to NF to
remove the hardness. NF permeate was further processed
in RO, while the NF retentate was concentrated in a mem-
brane crystallization (MCr) unit to produce water and salts.
The RO retentate was treated in MD to increase the water
recovery, then further concentrated in MCr. Salts of diva-
lent ions, such as barium (in the form of BaSO,), strontium
(in the form of SrSO,), and magnesium (in the form of
MgS0,-7H,0, epsomite) were recovered from the NF
retentate via MCr. Meanwhile, lithium (in the form of LiCl)
could only be recovered from the RO brine via MD and MCr.
Recovery of KCI and NaCl was made from both NF and RO
retentate. A pilot-scale simulation of this system indicated
the recovery of 0.07 kg of BaSO, and 40 kg of SrSO, from
1 m’ of NF retentate when MCr was operated at 80% water
recovery. At water recovery of 86%, NaCl precipitated out
from the NF retentate, followed by epsomite at a water
recovery of 93%. LiCl could only be crystallized from the RO
brine at a water recovery of 97%. In fact, the economic
value of these salts might be higher than the water pro-
duced, hence could significantly offset the water cost. It is
important to note that crystallization of valuable salts in
SWMD occurs at a high water recovery of more than 80%;
hence, efforts to achieve high water flux and delay flux
decline are essential.

In general, there are three configurations for ZLD SWMD
based on the location of the feed tank, crystallizer, and the
membrane module. In the first configuration, the feed tank
and crystallizer are two separate units. The feed solution is
heated in the feed tank prior to being pumped to the
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Figure 9: Schematic representation of (A) stand-alone SWMD compared to the hybrid ICP-SWRO for ZLD operation, and (B) an integrated RO-
MD-MCr system with salt recovery (Quist-Jensen et al. 2016), published by MDPI.

membrane module where feed concentration takes place.
The concentrated feed is then cooled in the crystallizer to
promote salt precipitation. Afterward, the remaining solu-
tion is pumped back to the feed tank to be reheated and
recirculated to the DCMD membrane module (Figure 10a). In
this configuration, additional work is required to transfer the
feed solution from the crystallizer back to the feed tank. The
desire to eliminate this work leads to the second configura-
tion in Figure 10b, where the feed tank is integrated with the

crystallizer and operated in batch mode. In this configura-
tion, the hot feed is circulated to the DCMD membrane
module and pumped back to the feed tank at temperature of
60 °C. Once the feed solution reaches supersaturation, the
circulation to the membrane module is stopped and the feed
tank is acted as an evaporative crystallizer with a tempera-
ture of 70 °C to obtain crystals at the bottom of the feed tank/
crystallizer. In the third configuration the feed tank is com-
bined with the crystallizer; however, the membrane module
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Figure 11: Summary of challenges, potential
strategies, and future outlook for the scale-

is immersed in the feed tank/crystallizer. The need for feed
reheating and feed circulation are eliminated in the third
configuration, and a more even temperature distribution
along the membrane module can be achieved. The configu-
ration of the system in Figure 10c is VMD, however, similar
advantages apply for other MD submerged configuration
(Meng et al. 2015) However, in contrast to the second
configuration, fouling of negative temperature-solubility
coefficient salts such as CaCO; impose disadvantages with
this particular configuration (Julian et al. 2018).

Although more research is necessary, SWMD is still the
most prominent technology for ZLD desalination to date.
Another technology with a ZLD prospective is ion concen-
tration polarization (ICP), which is a unipolar electro-
membrane process that employs one type of ion exchange
membrane. ICP has the capability to produce high-purity
water and salt and is particularly attractive when combined
with SWRO (Figure 9a). Cost evaluation of the ICP indicates
that this process is viable when processing feed with a
minimum concentration of 70 g/kg, which is approxi-
mately the concentration of the SWRO concentrate. With a
maximum recovery of 50%, the dilute of the first ICP is set at
a concentration of 35 g/kg and is fed to the SWRO for high-
purity water production. The concentrate of the first ICP is
further processed in a later stage of ICP to achieve a mini-
mum concentration of 200 g/kg. The study recommends
three-stages of IPC, which results in the lowest water cost.
The salt concentration of the third ICP concentrate is

up of ZLD SWMD.

suitable for crystallization. Though ZLD can be performed
by ICP-SWRO technology, the cost is high, even when
compared to the cost of SWMD. For the first ICP feed con-
centration of 70 g/kg, the water cost was $4/m’ ICP dilute.
To produce high-purity water, the water cost of SWRO
($0.5-$1.2/m> should be considered. For salt recovery
under optimum conditions (three-stages of ICP), the total
water cost of the three-stages of ICP was $21.7/m> and the
crystallization cost was $40/ton of salt (Choi et al. 2019a, b).

6 Conclusions and future outlook

The perspective of the water-energy-environment nexus
highlights the interstate connection of the security of
water, energy, and environment. The concept of SWMD
suggests MD capability to produce high-purity water with
no restriction arises from osmotic pressure; hence, SWMD
is able to gain higher recovery factor than that in SWRO.
Accordingly, SWMD can be operated with a high concen-
tration feed up to its supersaturation condition. Brine
disposal is omitted in the ZLD operation by incorporating a
crystallizer, so that the brine is separated into salt and
high-purity water, producing two products with significant
economic value. The summary of challenges, potential
strategies, and the future outlook for the scale-up of ZLD
SWMD is presented in Figure 11. The main setback of
SWMD in general is energy consumption. The heating of
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the feed solution can be costly and the use of low-grade
heat, such as waste heat, geothermal or solar energy, was
emphasized in much of the research. Solar energy has been
categorized as the most prominent low-cost energy for MD;
however, solar collectors might substantially increase the
capital cost of the plant, and further study on this subject is
required.

Approaches for energy reduction, such as heat
recovery and heat exchange, are among the most dis-
cussed topics in SWMD, especially as cooling has also
been proven to be an energy-intensive step in SWMD.
Also, reheating the feed to compensate for heat loss dur-
ing circulation consumes a substantial amount of energy
as well. A submerged SWMD configuration is one of the
potential alternatives as feed circulation is eliminated.
However, being a stand-alone SWMD, increased fouling
propensity was a setback as fouling is aggravated at
higher feed concentrations. The study of the submerged
configuration is limited and mainly focused on scaling
with a relatively low water recovery factor. More research
on fouling removal strategies and more effort to pave the
way towards a more robust submerged MD is necessary.
To reduce the energy requirements, it is also essential to
optimize the heat transfer, i.e. by reducing the tempera-
ture polarization and heat conduction through the mem-
brane, which maximizes the thermal energy utilization. In
regard to this, advancement in membrane modules and
their configuration have yielded promising results, with
reduced SEC and increased GOR due to the reduction of
internal heat loss.

For the industrial application of SWMD, the cost of
water production is the most vital parameter. To date,
SWMD is restricted to pilot-scale applications, resulting in
incredibly high water cost, and it should not be directly
compared to a high-capacity SWRO plant. In general, the
water cost decreases as the plant capacity increases, as
indicated in a few modeling studies. However, the extent to
which the water cost would be reduced by the increasing
plant capacity is still questionable. Hence, in addition to
the efforts on energy consumption reduction that accounts
for 50-60 % of total water cost (Zarzo and Prats 2018), the
water cost of SWRO could also be reduced by increasing the
water recovery factor.

MD-specific membranes with tuned intrinsic proper-
ties possess outstanding flux as well as remarkable fouling
and wetting resistance, hence provide a higher water
recovery factor. However, extended study on the novel
membrane stability and performance with actual seawater
and extended operation time is required. The fabrication
cost of the novel membranes on a large scale is also an area
of interest, as it greatly affects the final water cost. Feed
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pretreatment, particularly to remove the hardness of the
feed solution by using UF/NF also results in an excellent
water recovery factor. At an increased water recovery fac-
tor, the supersaturation of salts in the feed stream can be
obtained, enabling valuable-salt recovery at a specific
water recovery factor. Even though each salt precipitates at
a different water recovery factor, careful measures (such as
periodic salt removal) should be taken to maintain the
purity of the products, as cross-contamination of each
specific salt may occur during crystallization. The high
value of particular harvested salts, such as LiCl, BaSO,,
and SRSO,, can offset the water cost of SWMD, and this
opens up the possibility of economically-feasible ZLD
SWMD. Despite all this, continued research — from labo-
ratory to industrial-scale studies—is critical to push for-
ward the application of ZLD SWMD.
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