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Abstract

Membrane distillation (MD) is a thermally driven process that uses low-grade energy to operate and has been extensively
explored as an alternative cost-effective and efficient water treatment process compared to conventional membrane pro-
cesses. MD membranes are synthesized from hydrophobic polymers, e.g. polyvinylidene fluoride (PVDF), polytetrafluoroethy-
lene (PTFE) or polypropylene (PP), using various methods including phase inversion and electrospinning techniques. Recent
literature on MD membranes clearly shows their important role in surface water/wastewater treatment and seawater desalina-
tion. Modification of MD membranes with nanoscale materials significantly improves their performance, preventing wetting
and fouling. This review presents a critical assessment of the progress on the use of nanomaterials for the modification of MD
membranes. The techniques commonly used to synthesize MD membranes, the modifications that have been adopted for the
incorporation of nanomaterials onto membranes, and the unique properties these nanomaterials impart on the membranes are
discussed. The use of modified membranes in different MD configurations and their application in groundwater, surface water,
wastewater, brackish water and seawater treatment is reviewed. Finally, cost implications, commercial viability, environmen-
tal sustainability, and future prospects of MD are also discussed to elucidate promising approaches for a future and successful
implementation of MD at an industrial scale.
© 2019 Society of Chemical Industry
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INTRODUCTION
Water is an essential resource for living organisms and a key driver
of various anthropogenic activities including irrigation, domes-
tic and industrial applications.1 Although water is an important
component of the water–food–energy nexus, serious concerns
regarding water security and scarcity still persist; specifically,
ease of access, availability, and water quality.2 Water security is
highly affected by economic, social, and anthropogenic activi-
ties such as agriculture, industrial discharges, urban runoffs, and
mine drainage of discharged brines.3,4 These activities introduce
a wide array of organic [e.g. phenols, polyaromatic hydrocarbons
(PAHs), and pesticides] and inorganic (e.g. sodium, magnesium,
calcium, chlorides, fluorides, cyanides, sulphates and carbonates)
pollutants into the water bodies.5 Most of these organic con-
taminants are carcinogenic and often cause illnesses and deaths
when ingested.6 However, inorganic compounds (e.g. NaCl, NaF,
KNO3, MgSO4, and FePO4) increase the water salinity and conse-
quently affect the quality of water for further drinking, irrigation,
and industrial applications.7

Membrane technology has been extensively used as a sepa-
ration technique to reduce the salinity of water from different
sources. Additionally, membrane technology offers a relatively
high rejection efficiency for particulate and dissolved organic mat-
ter from water.8 Membrane processes widely used in water desali-
nation include reverse osmosis (RO) and nanofiltration (NF).9 These
pressure-driven processes operate at high energy requirements

and operational/capital costs.10 Although NF is less energetically
demanding relative to RO, this membrane process has low rejec-
tion efficiencies towards sodium and chloride (i.e. notwithstand-
ing the fact that these monovalent ions are the main constituents
of saline water).11 Remarkably, the membrane distillation (MD)
process has been found to counteract the operational challenges
of RO and NF membrane technologies. Also, due to its signifi-
cantly low energy requirement, MD could be a potential economi-
cally feasible technique comparable to pressure-driven membrane
processes.12
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The use of MD in water desalination and wastewater treatment
has recently attracted the attention of numerous researchers. MD
is a thermally-driven process in which water vapour molecules
pass through a porous hydrophobic membrane. This process is
enhanced by a vapour pressure induced by the temperature dif-
ference across the membrane;11 thus, offering the possibility of
solution saturation without causing a significant flux decline.13 The
heat energy required in the MD separation process can be gener-
ated by solar energy, geothermal energy, or waste-grade energy.14

In theory, the membranes used in MD processes should strictly
allow the passage of vapours and retain non-volatile substances.
Therefore, the filtrate would be close to 100% pure from solids or
non-volatile contaminants.15

However, the performance of MD is severely affected by two key
factors: (i) wettability as a result of condensation of water vapour
inside the pores of the membranes; and (ii) fouling due to the accu-
mulation of biofilm, organic, inorganic, and colloidal substances
on the surface or in the internal pore structure of the membranes.11

These two limiting factors restrict the choice of suitable polymers
for the synthesis of MD membranes. Briefly, hydrophobic polymers
promote hydrophobic–hydrophobic interactions between pollu-
tants and the membrane surface; thus, blocking the pores of the
membranes and causing fouling.16 Furthermore, hydrophilic poly-
mers enhance the wettability of the membranes; consequently,
affecting the diffusion of water vapour through the membrane
and compromising its rejection efficiency.8 As a result, numerous
membrane modification studies have been conducted to concur-
rently overcome the fouling and wettability challenges associated
with MD membranes.17,18 Although, MD is a promising technology
widely tested at a laboratory-scale, its industrial implementation
has yet been limited.

Therefore, the goal of this article is to provide a critical and com-
prehensive review of the state-of-knowledge regarding MD pro-
cess with insights toward better understanding its shortcomings
and limitations. Additionally, recent advancements in membrane
modification by the embedment of nanoparticles (NPs) to enhance
fouling resistance and tackle wettability are emphasized; whereby
areas for further work are recommended. Finally, cost implications
and environmental sustainability of MD are also discussed to eluci-
date promising approaches for a future and successful implemen-
tation of MD at an industrial scale for the desalination of brackish
water/seawater at high recovery rates.

MEMBRANE SYNTHESIS METHODS
MD membranes are commonly prepared using solution-casting
and nanofibre-electrospinning methods. In the casting pro-
cess, a solution of a specific material is placed on a substrate
to adopt the shape of the casting material and subsequently
allowed to solidify under suitable conditions.19 Figure 1 shows
an illustration of a membrane casting procedure using a cast-
ing knife. In this process, the polyvinylidene fluoride (PVDF)
solution is casted on a non-woven fabric to adopt its flat
shape. The membrane is then coagulated in a water bath and
peeled off from the non-woven fabric. The PVDF nanofibre
membrane was spin-coated using titanium dioxide nanopar-
ticles (TiO2NPs) to enhance the super-hydrophobicity of the
membrane.20

The most studied methods for the synthesis of MD membranes
are phase inversion and electrospinning methods, involving inter-
facial polymerization, graft polymerization, and dip coating as
membrane modification processes.

Figure 1. Casting of polymer films to prepare nano-titanium dioxide (TiO2) surface coated membranes for membrane distillation.20
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Figure 2. Phase inversion formation of membranes.21

Phase inversion
Phase inversion is a de-mixing process whereby a homogeneous
polymer solution is transformed to a solid material under con-
trolled conditions (see Fig. 2). This transformation process can be
performed using the following techniques:10

(i) immersion precipitation, where the polymer solution is
immersed in a coagulation bath to allow the exchange of
solvents to occur;

(ii) thermally induced phase separation, in which the de-mixing
process occurs by subjecting the membrane to high temper-
atures;

(iii) evaporation-induced phase separation, which occurs through
the evaporation of the volatile solvent used to prepare the
polymer solution of interest.

The phase inversion method can be applied in the synthesis of
flat sheet and hollow fibre membranes. For the preparation of flat
sheet membranes, the polymer solution is casted on a flat sup-
port material (e.g. glass) and subsequently immersed in a coag-
ulating bath. The structural properties of the resulting flat sheet
membrane would depend on the rates of exchange of the solvent
and non-solvent.22 An example of immersion precipitation phase
inversion of super-phosphorus (SP) and lithium iron phosphate
(LiFePO4) NPs-modified thermoplastic polyurethane (TPU) is illus-
trated on Fig. 2. In this process, a solution of TPU and SP/LiFePO4

is casted on a flat polyfluorotetraethylene (PFTE) substrate using a
casting knife. The casted solution on the substrate is placed in dis-
tilled water (coagulation bath at 25 ∘C) to remove the solvent from
the liquid-solution (de-mixing process) for 4 h. The solidified mem-
brane is peeled-off from the substrate and dried at 100 ∘C for 2 h.21

The phase inversion preparation of hollow fibre membranes
involves the extrusion of the polymer solution, coagulation and
sintering of the coagulated hollow fibre.23 An illustration of
the phase inversion preparation of hollow fibre membranes is
provided in Fig. 3. The nanocomposite membrane is prepared
through a solvent transfer-induced phase separation, followed
by photopolymerization.24 Bicontinuous interfacially-jammed
emulsions are used for the formation of NP-functionalized hol-
low fibre membranes. The ternary fluid is composed of silicon
dioxide nanoparticles (SiO2NPs)-doped monomers and the
bore/sweeping fluid is water. The co-extrusion of these fluids
results in the formation of hollow fibres.24 To ensure the formation
of uniform hollow fibres, the nozzle of the sweeping fluid is cen-
tred, and its viscosity is adjusted by the addition of high molecular
weight polyethylene glycol (1%). Photopolymerization is induced
by UV-light irradiation, resulting in hollow porous NP-modified
membranes. The aligned hollow fibre membranes are collected in
a water-filled rotating glass cylinder.24

Electrospinning techniques
The electrospinning technique is a high voltage driven process,
in which the polymer solution becomes electrically charged
and induces electrostatic repulsive forces when subjected to an
electric field (see Fig. 4). The polymer surface tension is broken
by these forces; thus, leading to the stretching and thinning
of the polymer jet.26 The electrospinning and electrospraying
techniques take place simultaneously under specific controlled
conditions.27 Electrospraying occurs when entanglements and
molecular cohesion of the polymer solution are not strong enough
to sustain stream break-down (i.e. a process where a polymer solu-
tion is ejected from the capillary nozzle and drops as a result
of jet breakage) during the ejection of the polymer solution.
However, under favourable molecular cohesion conditions, the
droplets form charged jets, which stretch due to electrostatic
forces to synthesize uniform nanofibres.28 Simultaneous electro-
spraying and electrospinning can lead to the formation of beaded

Figure 3. Preparation of a hollow fibre membrane embedded with silicon dioxide nanoparticles (SiO2NPs).24
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Figure 4. Schematic representation of an electrospinning process of nanofibre mats.25

nanofibres as a result of stream break-down.29 Electrospinning
has been successfully used for the preparation of nanofibre mem-
branes suitable for MD. The synthesis of super-hydrophobic PVDF
nanofibre membranes has been achieved by the incorporation of
multi-walled carbon nanotubes (MWCNTs), SiO2NPs, and TiO2NPs
onto polymeric membranes (e.g. PVDF membranes) resulting in
contact angles higher than 150∘.30–32 Not only do these modified
nanofibre membranes display high contact angles, they are also
characterized by a mechanical strength high enough to sustain
low pressures in MD.30–32 These nanofibre membranes have been
successfully used in the production of potable water at fluxes
between 28 and 42 L m−2 h−1 and removal efficiencies of ∼99.9%.

MD MEMBRANE MODIFICATION METHODS
Several methods are currently used for the modification of MD
membranes, including graft polymerization, interfacial polymer-
ization, and dip coating. Modification processes offer the possibil-
ity of synthesizing membranes with desired characteristics such
as embedding of NPs to enhance membrane hydrophobicity.

Graft polymerization
In this method, monomers are chemically attached to the core
polymer to enhance the properties and functionalities of the
latter. The grafted polymer is thermodynamically stable since
the monomer is covalently bonded to the core polymer. Graft
polymerization is classified into three types: (i) grafting onto; (ii)
grafting from; and (iii) grafting through. In grafting onto, the free
radical active sites generated from the two polymers combine
covalently to form a grafted polymer. In grafting from, the core
polymer is initiated to form radicals, which subsequently react
with the monomer to produce the desired graft polymer. In graft-
ing through, the free radical active sites of the low molecular
weight monomer reacts with the vinyl groups of the core polymer
to form a graft polymer with well-defined side chains.33

Figure 5 presents a typical graft polymerization process. Briefly,
the polycarbonate membrane is treated with an argon plasma
atmosphere and exposed to oxygen to promote the formation of
hydroperoxide active radicals.34 These radicals enhance the forma-
tion of grafted membranes by initiating the graft polymerization of
the acrylic acid.34 This technique was adopted by Korolkov et al.35

to synthesize triethoxyvinylsilane-grafted polyethylene terephtha-
late (PET) for enhancing membrane hydrophobicity. Acrylic acid

Figure 5. Schematic representation of graft polymerization in membrane
modification.34

(6%) is added to initiate the grafting process and the resultant
membrane showed high flux with efficient salt removal from water
on a direct contact MD mode.35

Plasma polymerization
Plasma polymerization or discharge polymerization is a modifica-
tion method that activates gaseous or liquid monomers to initiate
the polymerization.36 The gas discharges that provide an activa-
tion energy are generated from the plasma source. This technique
produces highly-branched and crosslinked polymers that react
with solid surfaces. The formation of the branched polymers offers
a great advantage by reducing several steps which are required in
other modifying techniques such as grafting. Another key advan-
tage of plasma polymerization is its environmental friendliness.37

This technique has been used by Song et al. to increase the
hydrophobicity of MD hollow fibre membranes.38 The coating
thickness induced by plasma polymerization is in the range of 1 to
2 μm. This strongly bound modifying layer has shown a low impact
on membrane porosity compared to other techniques.38,39
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Figure 6. Schematic representation of interfacial polymerization during
membrane modification.40

Interfacial polymerization
Interfacial polymerization is a type of a step-growth reaction
process in which polymerization takes place at the boundary
of the different polymers containing one monomer (Fig. 6).
Interfacial polymerization reactions are mainly described by
the reaction mechanisms proposed by Schotten-Baumann.41 In
this process, diacid chloride in the organic phase reacts with a
monomer containing hydrogen atoms, which function as reac-
tion centres or sites.41 This polymerization is not commonly
reported on MD membranes. However, a range of interfacial
polymerization-modified polyamine membranes using a wide
array of amines and acid chloride monomers were reviewed
by Gohil and Ray.42 Examples of such membranes include the
thin film nano-enhanced membranes for application in water
purification. Interfacial polymerization is affected by humidity,
temperature, and purity of the reactants.43

Dip coating
In dip coating, a thin film is deposited on the surface
of the membrane using the polymer-solution of interest.
Dip-coating processes are classified as: (i) immersion; (ii)
start-up; (iii) deposition; (vi) evaporation; and (v) drainage
(Fig. 7). The coating material thickness, membrane pore size,
and membrane structural integrity are determined by the
concentration of the dipping polymer, dipping time, and con-
centration of the crosslinking agent.45 Chen et al.44 explored
graft polymerization of poly(N-(3-sulfopropyl)-N-(methacryl
oxyethyl)-N,N-dimethylammonium betaine) (poly(SBMA)) on
polystyrene (PS) membrane using casting and dip coating. The

poly(SBMA) solution was introduced to the PS membrane through
dipping and casting. The polymerization reaction was then
exposed to UV-irradiation to ensure the formation of covalent
bond between the PS membrane and the poly(SBMA).44

THE USE OF NANOPARTICLES IN MEMBRANE
MODIFICATION
Extensive research involving the modification of MD membranes
with NPs has been conducted to overcome the challenges associ-
ated with membrane flux, fouling, wetting, and porosity.46–50 NPs
are particulate materials with at least one dimension smaller than
100 nm but larger than atoms and molecules.51 NPs include partic-
ulate metals such as silver (Ag), silica (SiO2), and titania (TiO2). Silver
nanoparticles (AgNPs) are able to penetrate through the cell walls
of microorganisms, interact with their thiol groups and nucleic
acids and bind to their enzymes, which leads to the destruction
of their cell envelopes and eventual growth inhibition.52–54 Due
to their toxicity towards several microorganisms (e.g. bacteria,
viruses, and fungi), AgNPs have been used in many applications
including water treatment, biomedicine, clothing, and textiles.55

In water filtration systems, AgNPs act as a preventive measure
to reduce the formation of biofilms on the surface or inside the
pores of the membrane, thus making the membrane less suscepti-
ble to fouling.56,57 However, when the AgNPs are deposited onto
the membranes at high concentrations, they block the pores of
the membranes, hence reducing the water fluxes.58 MD membrane
fouling studies in the literature are dominated by organic fouling
and inorganic fouling (also referred to as scaling).18,59 Although
few studies on biofouling of MD membranes have been reported
in the literature, biofilm formation has been recorded to signif-
icantly decrease the efficiency of MD systems.60 Zodrow et al.60

have demonstrated that the growth of bacteria in MD is hin-
dered by high operation temperatures (≥ 60 ∘C) and high water
salinity.60 Nevertheless, wastewater systems (i.e. mostly discharg-
ing to water bodies) are characterized by high concentrations of
thermophilic bacteria used for the removal of biological oxygen
demand (BOD).61 These thermophilic bacteria, mainly found in
marine environments, hot springs, hydrothermal vents, and open
surface waters, thrive in saline waters, high temperatures (≥ 80 ∘C)
and would potentially induce membrane fouling in MD.62 There is
no single study reporting the use of NPs for membrane modifica-
tion in MD to hinder the growth of thermophilic bacteria.

Figure 7. Dip coating in membrane modification.44

J Chem Technol Biotechnol 2019; 94: 2757–2771 © 2019 Society of Chemical Industry wileyonlinelibrary.com/jctb



2762

www.soci.org LN Nthunya et al.

At different sizes and degree of crystallinity, TiO2NPs exhibit dif-
ferent affinities towards water molecules.63 Small-sized TiO2NPs
have also shown high hydrophilic properties as anatase.63 There-
fore, these properties can be used to render hydrophilicity to the
hydrophobic surface of MD membranes for decreasing the surface
adsorption of hydrophobic organic foulants. Briefly, unfavourable
polar interactions would occur between hydrophilic TiO2NPs and
hydrophobic moieties on foulants. Also, a tightly-bound layer
of water molecules on TiO2NPs would prevent interactions with
foulants.64

To mitigate wetting challenges associated with MD mem-
branes, SiO2NPs have been extensively used to enhance the
hydrophobicity of PVDF membranes by rendering their surfaces
super-hydrophobic with contact angles higher than 160∘.47,65

Khumalo et al. tested organic modification of SiO2NPs using
hexamethyldisilazane (HDMS) and subsequent embedment in
PVDF flat sheet membranes.66,67 The resulting membranes were
characterized by hydrophobic properties (contact angle ≈ 115∘)
which enhanced MD performance for the recovery of hydrolysed
urine. Silane reagents such as octadecyltrimethoxysilane (OTMS),
N-octadecyltrichlorosilane (ODTS), chlorodimethyl-octadecyl
silane (Cl-DMOS) could be used to further enhance membrane
super-hydrophobicity. The OTMS molecule is characterized by
a long aliphatic carbon chain (CH3(CH2)17-) where the anchor
group is (-Si-OCH3)3. Furthermore, the anchor groups on ODTS
and Cl-DMOS are (-Si-ClCH2)3 and (-Si-Cl3)3, respectively.68–74

The anchor groups on OTMS are more hydrophobic due to the
presence of bulky non-polar CH3 groups. The presence of strong
electron withdrawing atoms such as chlorine and oxygen in
Cl-DMOS and ODTS cause an uneven distribution of electrons,
which could subsequently induce a minimal polarity on one
end of the molecule, and slightly reduce its hydrophobicity. This
differences in the hydrophobic nature of the SiO2NPs give rise to
different performances in MD membranes.75,76

Membranes prepared in alcohol as a non-solvent during the
inversion phase also display intrinsic properties, which result in the
formation of super-hydrophobic membranes.47 These membranes
are characterized by improved water fluxes as well as high separa-
tion efficiencies.46,47 Wang et al.77 synthesized hydrophobic mem-
branes using SiO2NPs, chitosan hydrogel, and fluoro-polymer, i.e.
the latter was added to confer amphiphilic properties to these MD
membranes for the selective separation of oil from water.77 This
membrane exhibited high oil–water separation efficiencies com-
pared to commercial hydrophobic PVDF membranes.77

Not only do super-hydrophobic characteristics improve the
anti-wetting capabilities of membranes, they also enhance
self-cleaning properties by a process called lotus effect.78 How-
ever, for membranes to attain this lotus effect (i.e. lotus leaf ), they
should be characterized by high contact angles close to 180∘ and
significantly low sliding angle, i.e. the smallest angle that would
allow an easy roll-off of water droplets and sufficient removal of
dirt from materials.79,80 This lotus effect assists in the generation
of a slip flow as well as in the reduction of drag forces, and thus
would be useful in membrane purification of seawater.81 Rezaei
et al. grafted super-hydrophobic SiO2NPs on the surface of PVDF
membranes to mimic the effect of a lotus leaf on liquid repellent.82

SiO2NPS were characterized by water-hating methyl functional
groups which subsequently improved the contact angles of
the membranes from 139∘ to 154∘. The water-membrane con-
tact angle and roughness observed in this study was similar
to those shown by many other previous studies reporting a

decrease in membrane wetting and an improvement on mem-
brane fouling resistance.30,46,47,65,82 In addition to several studies
reporting the use of SiO2NPs and TiO2NPs for enhancing mem-
brane hydrophobicity,30,65,82–84 graphene and carbon nanotubes
(CNTs) have also been observed to render MD membranes
super-hydrophobic.31,85 Graphene and CNTs are characterized by
benzene rings and sp2 carbon atoms arranged hexagonally. This
arrangement gives rise to an aromatic ring that is composed of rel-
atively non-polar C–C and C–H bonds which are not solvated by
water molecules.86 Therefore, graphene and CNTs are hydrophobic
in nature unless they are functionalized with hydrophilic moieties
such as carboxylic functional groups and thus enhance mem-
brane resistance to wetting.87 Not only do graphene and CNTs
considerably enhance the anti-wetting membrane properties,
they also improve their mechanical strengths, which is essential in
MD operations.31,85 The incorporation of oxidized graphene and
CNTs revert the membrane hydrophobicity to hydrophilicity; thus,
assisting in the prevention of membrane fouling.88,89 A summary
of NP-enhanced membranes for MD processes is presented in
Table 1.

The low rate of water production is another setback associated
with MD, which could be mitigated by the use of nanofibre mem-
branes. Remarkably, high fluxes have been recorded due to the
high porosities of nanofibre membranes;102 which are also charac-
terized by high surface roughness that allows air entrapment in the
membrane surface roughness.85 This entrapped air promotes the
repellence of water droplets, thus further improving membrane
hydrophobicity.103

CONFIGURATIONS COMMONLY USED IN MD
MD under different configurations has been tested for the desali-
nation and production of high-quality water from saline water,
where high rejection rates at high permeate fluxes have been
achieved.30,46,47,76,94,96 Several configurations have also been inves-
tigated for the recovery of underground waters contaminated by
heavy metals104 and for the purification of pharmaceutical wastes
and textiles wastewater (i.e. commonly achieving high separation
percentages).105,106 As shown in Fig. 8, MD processes are classi-
fied into four configurations: direct contact membrane distilla-
tion (DCMD), air gap membrane distillation (AGMD), sweeping gas
membrane distillation (SGMD), and vacuum membrane distillation
(VMD).76

Direct contact membrane distillation (DCMD)
In DCMD, the hot solution (feed) is in direct contact with the sur-
face of the hot membrane side. Water vapour is then transferred
from the hot feed side to the cold permeate side where it con-
denses. The water vapour is transferred by the vapour gradient
across the membrane as a result of the vapour pressure difference
(Fig. 8). Unless otherwise stated, the default MD configuration is
referred to as DCMD.108 This configuration has been extensively
reviewed where several NPs types (e.g. SiO2NPs) have been incor-
porated onto MD membranes for its application in the purifica-
tion of different types of waters (e.g. oilfield and saline) as well as
juice concentration and the removal of metals and ammonia.109

Although this configuration is known to be susceptible to heat loss
as shown in Table 2, Lee et al. were able to achieve the thermal
efficiency of 0.73 to 0.87 by a countercurrent cascade which is a
significant improvement in MD.116
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Table 1. Summary of nanoparticle-embedded membranes prepared using different methods and their potential impact on membrane
distillation (MD)

Method Polymer Nanoparticle Impact Reference

Electrospinning PVDF CNTs Improved flux (24–29 L m-2 h−1) and salt rejection
(99.9%)

31

Electrospinning PVA SiO2 NPs Improved amphiphilic properties leading to high
fluxes (45 L m-2 h−1) in the presence of surfactants
in solution

90

Electrospinning PVDF TiO2 NPs Stabilized high water flux (40 L m-2 h−1) 32

Electrospinning PVDF SiO2 NPs High water flux in oil–water separations (24 L m-2 h−1) 91

Coating PVDF TiO2 NPs High fouling resistance 83

Electrospinning PVDF Al2O3 NPs High metal rejection (95%) 92

Electrospinning PVDF SiO2 NPs High stable flux (31 L m-2 h−1) 30

Casting and coating PVDF SiO2 NPs High oil-fouling resistance 77

Electrospinning PVDF SiO2 NPs High stable flux (48 L m-2 h−1) 93

Electrospinning PVDF TiO2 NPs High flux (38 L m-2 h−1)) 84

Electrospinning PVDF CNTs Flux enhancement (45 L m-2 h−1) 94

Casting PVDF SiO2 NPs High salt rejection (99.9%) 95

Hollowfiber PVDF/PAN Clay High flux (55 L m-2 h−1) and fouling resistance 96

Electrospinning PVDF Clay Wetting resistance 97

Electrospinning and coating PVDF SiO2 NPs Fouling and wetting resistance 98

Electrospinning PVDF-HFP fluorosilane-coated TiO2 NPs Stable wetting resistance 99

Electrospinning PVDF-HFP Graphene Stable flux (23 L m-2 h−1) 100

Phase inversion PVDF SiO2 NPs High salt rejection (99.8%) 101

Figure 8. Graphical representation of the four different configurations commonly used in membrane distillation (MD).107

Air gap membrane distillation (AGMD)

In this configuration, the feed solution is in direct contact with the
hot side of the membrane surface. The total length of vapour dif-
fusion is the sum of membrane thickness and air gap distance.
The stagnant air is introduced between the hot surface of the
membrane and the condensation side (Fig. 8). The water vapour
passes through the air gap to the condensation compartment of
the membrane.117 This configuration has been applied in several
studies including the removal of toxic metals from water using
alumina-modified electrospun PVDF nanofibre membrane charac-
terized by a contact angle close to 150∘.104,118

Sweeping gas membrane distillation (SGMD)

In SGMD process, an unreactive gas is used to sweep the vapour
from the permeate compartment of the membrane to the con-
densation compartment outside the membrane area (Fig. 8). Also,
there is a mobile gas barrier that prevents the heat loss and assists
in mass transfer.119 Onsekizoglu111 has summarized the princi-
ples, advances, and limitations of membrane configurations within
SGMD, including process fundamentals, membrane characteris-
tics, membrane materials, membrane modules, process parame-
ters, flux enhancement, transport mechanisms, and polarization
phenomena.111
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Table 2. Advantages and disadvantages of membrane distillation (MD) configurations

Membrane configuration Advantages Disadvantages References

DCMD • Simple
• Efficient

• Susceptible to heat loss 11,110

AGMD • Minimal heat loss • Mass transfer barrier
• Reduced permeate output

111,112

SGMD • Reduction of the barrier to the mass
transport

• Necessity of a higher condenser capacity 113,114

VMD • Vacuum air unblocks membrane pores
• High fluxes

• Highly complex 11,115

Vacuum membrane distillation (VMD)
In VMD configuration, vacuum is created on the permeate side
of the membrane. The water vapour is driven outside the mem-
brane and condensed (Fig. 8). In this configuration, the loss of
heat is significantly minimized.120 Tijing et al.31 have explored the
use of a mechanically stable and super-hydrophobic CNT-modified
PVDF nanofibre membrane in VMD for studying membrane wet-
ting resistance and flux enhancement. VMD has also been used in
solar energy driven systems for the recovery of water from polluted
solutions.115,121

Although MD is a promising technology for water recovery,
its configurations are characterized by different advantages and
disadvantages, which are highlighted in Table 2.

APPLICATIONS OF MD PROCESSES
Several studies have reported the possible use of MD in a vari-
ety of separation processes. MD has been applied in the recov-
ery and concentration of nutrients, removal of organics, bac-
teria, and toxic metal contaminants from water,122–124 purifica-
tion of oil spills,125 and desalination of seawater, brackish water,
and industrial brines.121,126 All these applications involved the use
of commercial and laboratory-scale synthesized nano-enhanced
membranes.30,95,96,127 For instance, a TiO2-modified PVDF mem-
brane was tested towards organic fouling resistance in a DCMD
system and the results were compared to those of pristine PVDF
membranes.83 Although both pristine and modified membranes
showed similar fouling behaviours, the flux recovery was signifi-
cantly higher in the modified membranes.83 Applications for the
recovery of water from different types of solutions in MD are sum-
marized in Table 3.

Remarkably, MD has a distinct transport mechanism that allows
the recovery of precious minerals. This process is induced by the
pre-concentration of the product to be recovered on either side of
the membrane as a function of the mineral vaporization energy.
The non-volatile compounds are concentrated at the feed side
of the membrane while volatile compounds are concentrated
at the permeate side.134,135 This is achieved at a temperature
below the critical temperatures of the material being separated
to avoid the formation of supercritical fluids in cases where the
liquid and vapour state of the compounds are indistinguishable
from each other.136 The production of ammonia is mostly per-
formed in a solvary process. However, in a recent study,137 1 M
of free ammonia was recovered from a feed concentration of
0.2 M in a vacuum membrane distillation process. The recovered

and concentrated ammonia can be precipitated for a further
production of struvite. This is a cost-effective method for the
production of fertilizer,138 and thus contributes to the concept
of water-food nexus. Several studies have also shown the sepa-
ration and concentration of minerals such as hydrochloric acid
(HCl) in an HCl/H2SO4 (sulphuric acid) mixed system, ionic liquids
L-lysine-HCl syrup, extracts, and juices as well as the removal of
other contaminants in the presence of organic foulants using com-
mercial and nano-enhanced membranes in MD.139–141 Whereas
toxic metals (e.g. boron) and organic dyes are removed from
water at a 50% efficiency in microfiltration (MF) and forward
osmosis (FO), 99% removal efficiencies have been achieved in
nano-enhanced MD.142–146

Nevertheless, MD is highly affected by flux decline in recovery
processes that include volatile hydrophobic organics as they cause
membrane fouling due to hydrophobic–hydrophobic interactions
between the organics and the surface of the membrane.147,148

In order to understand the membrane and foulant interac-
tions, the following model theories are applied: Zisman theory,
Owens/Wendt theory, Fowkens theory and van Oss theory.149–152

The Zisman theory generally works best for non-polar surfaces.
In order to account for polar type interactions, Owens and
Wendt developed the harmonic mean method. Although the
Owens/Wendt theory works best for polar surfaces, it requires
numerous probe liquids to be tested for contact angles against
the membrane–solute interactions being evaluated, leading to a
lot of work. Therefore, van Oss modified the Owens/Wendt theory
to cater for non-specific (van de Waals) interactions. Thus, the van
Oss theory is currently the most studied theory for determination
of the membrane–solute interactions for evaluation of membrane
fouling.66,153,154

In the van Oss theory, three probe liquids are used to determine
the surface free energy of the membrane and the interfacial free
energy between the membrane and the foulant (solute). The
most commonly used probe liquids are de-ionized water, glycerol
and diiodomethane. Diiodomethane is used as the dispersive
(non-polar) liquid while de-ionized water and glycerol as polar
liquids. The surface tension components of the probe liquids are
given in Table 4.

Additionally, the total polar (𝜎p
l ) and the total surface energy

(𝜎TOT
l ) components are also provided. The total surface tension is

therefore expressed as:

𝜎
TOT
l = 𝜎

D
l + 𝜎

P
l (1)
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Table 3. Membrane distillation (MD) processes used for purification of different types of water

Feed solution
MD
configuration Membrane type

Thickness
(μm)

Contact Angle
(deg)

Flux
(LMH)

Removal
efficiency (%) References

Oily water DCMD PVDF flat sheet 190 82.0 7.50 99.9 127

Sea water, brackish water DCMD PP flat sheet 25.0 120 3.00 – 110

Waste water DCMD PVDF-Cloisite 15A
hollow fibre

252 – 1.50 98.7 128

NaCl solution DCMD PE flat sheets 65.0 108 123 – 129

Mine water VMD PTFE flat sheet – – 5.00 99.9 123

Humic acid solution VMD PP hollow fibre 100 – 2.90 98.0 130

Toxic metal wastewater VMD PTFE hollow fibre 440 101 5.00 – 131

Trace organic contaminants DCMD PTFE flat sheet 175 – 4.00 99 0.0 132

Lead-contaminated water AGMD PVDF nanofibre 100 150 20.0 99.3 92

Ammonia recovery DCMD PP hollow fibre – 142 3.00 – 133

Table 4. The surface tension properties of the probe liquids at 20 ∘C155

Probe liquids 𝜎
D
l

(mJ m−2) 𝜎
+
l

(mJ m−2) 𝜎
−
l

(mJ m−2) 𝜎
P
l

(mJ m−2) 𝜎
TOT
l

(mJ m−2)

Water 21.8 25.5 25.5 51.0 72.8
Glycerol 34.0 3.9 57.4 30.0 64.0
Diiodomethane 50.8 0.0 0.0 0.0 50.8

where

𝜎
P
l = 2

√
𝜎
+
l 𝜎

−
l (2)

The surface tension parameters of the solid surface (𝜎D
s , 𝜎−

s , 𝜎+
s )

could be determined through the measured contact angles of the
probe liquids characterized by the tension parameters given in
Table 4 using the Young–Dupre equation.

𝜎
TOT
L (1 + cos 𝜃) = 2

(√
𝜎D

s 𝜎
D
l +

√
𝜎+

s 𝜎
−
l

√
𝜎−

s 𝜎
+
l

)
(3)

wherein: 𝜎D
l is the dispersive component of the surface tension

of the liquid, 𝜎+
l is the acid component of the surface tension of

the liquid, 𝜎−
l is the base component of the surface tension of the

liquid, 𝜎D
s is the dispersive component of the surface energy of the

solid, 𝜎+
s is the acid component of the surface energy of the solid,

and 𝜎
−
s is the base component of the surface energy of the solid.

In order to determine each surface tension parameter of the solid
surface, Eqn (3) could be broken down into the following:

𝜎
TOT
L (1 + cos 𝜃) = 2

(√
𝜎D

s 𝜎
D
l

)
(4)

where the contact angle of the dispersive liquid is used to calculate
the dispersive component of the surface.

𝜎
TOT
L (1 + cos 𝜃) = 2

(√
𝜎D

s 𝜎
D
l +

√
𝜎+

s 𝜎
−
l

)
(5)

where the contact angle of the liquid that has the base component
is used to calculate the acid component of the surface.

𝜎
TOT
L (1 + cos 𝜃) = 2

(√
𝜎D

s 𝜎
D
l +

√
𝜎+

s 𝜎
−
l

√
𝜎−

s 𝜎
+
l

)
(6)

where the contact angle of the liquid that has the acid component
is used to calculate the base component of the surface.

The interfacial free energy for interaction between the mem-
brane (m) and the solute or foulant (s) in water (w) is therefore
estimated using the following equations.

ΔGD
swm = 2

(√
𝜎D

w −
√

𝜎D
s

)(√
𝜎D

m −
√

𝜎D
w

)
(7)

ΔGP
swm = 2

√
𝜎+

w

(√
𝜎−

s +
√
𝜎−

m −
√
𝜎−

w

)

+ 2
√
𝜎−

w

(√
𝜎+

s +
√

𝜎+
m −

√
𝜎+

w

)
− 2

√
𝜎+

s 𝜎
−
m − 2

√
𝜎−

s 𝜎
+
m

(8)

ΔGTOT
swm = ΔGD

swm + ΔGP
swm (9)

where ΔGTOT
swm is the total free energy of cohesion.

While MD remains as one of the most promising processes
in membrane technology, MD research has drifted towards
the development of cost-effective methods for the treatment
of saline water. Recent studies have focused towards flux
enhancement, fouling mitigations, optimization of membrane
properties, improvement of membrane wetting resistance using
nano-enhanced membranes, optimization of operational param-
eters, and configurations.49,156 Remarkably, the separation of salts
from brine, seawater, and brackish water by MD is efficient at a
level that allows the permeate to be used for almost any domestic
application (i.e. purification efficiency> 99%).46,47 However, DCMD
or VMD remain susceptible to fouling at high water recoveries
due to the presence of salt precipitates (e.g. scaling). He et al.
demonstrated the capacity of hollow fibre membranes to sustain
flux decline in the presence of supersaturated precipitating salts
close to the membrane surface.157 Furthermore, Song et al. indi-
cated that the hollow fibre membrane surface design, module
design, and cross-flow conditions are key parameters for attaining
stable water fluxes and high rejection efficiencies even when the
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desalination process is subjected to precipitating salts close to the
membranes.39

SUSTAINABILITY AND COST VIABILITY
The concept of desalination has long been investigated to miti-
gate the water scarcity challenges brought about by inadequate
freshwater sources that fail to meet the current water demand. This
involves the application of efficient processes such as RO and NF.
These processes operate under high pressures, and thus consume
a lot of energy resulting in high operational costs. In order to coun-
teract the high operational costs in pressure-driven membrane
technology, MD (i.e. which is a highly efficient desalination pro-
cess) has long been investigated at laboratory scale. Regardless
of the advantages in MD, piloting of this process has been rela-
tively slow.

The rate at which researchers have devoted their efforts to MD
has exponentially increased over the years. Such efforts involved
the application of commercially available nano-enhanced mem-
branes in water desalination at laboratory-scale. An analysis of the
research and development trends in the area of MD, previously
documented by Thomas et al.,158 clearly shows the occurrence
of three phases: initiation, emergence, and growth. As shown in
Fig. 9, an escalation in the number of publications for these three
phases depicts a generally positive outlook in the development
of MD. While MD research was virtually non-existent in the 1980s,
most of the research efforts were directed towards further devel-
opment of MD process during the early to mid-2000s. The cur-
rent research boom being experienced in MD processes is gear-
ing towards commercialization,158 with a specific focus in mate-
rial improvements involving the use of nanomaterials.30,46,47,83,94

Ali et al.159 conducted a study that linked publications, patents,
and project pilot plants trends to work related to MD develop-
ment (Fig. 10). To this end, several companies that are focusing on
the application of MD technology in water desalination have been
identified. These companies include Aquastill and Aquaver in the
Netherlands, Memsys in Germany, and Gold Technologies in the
United States. Other companies involved in pilot projects in Singa-
pore are also emerging.11

Despite MD research work advancing to pilot-scale level,
a cost–benefit analysis of the technology is rarely reported.
Khayet160 has suggested a lack of cost–benefit analysis and
energy consumption studies as the main hindering parameter for
the development of large-scale MD. Currently, no studies related
to the cost-analysis of NP-incorporated MD membranes have
been reported, even though several studies have reported the
use of NPs in the enhancement of membrane performances.30,95

Albeit, some studies have provided general information related
to the MD operational cost without necessarily considering the
cost implications associated with the incorporation of NPs onto
MD membranes. Table 5 provides a summary of cost estimations
for MD water purification systems. The figures outlined in Table 5
were calculated using information obtained from the literature.
The rate of water production for some MD systems could not be
determined due to a lack of information related to the estimated
cost of water production.

The cost of water recovery in MD depends on a number of fac-
tors, including the cost of operational materials, the tax associated
with the production of carbon dioxide from the energy required
in MD processes, and many others.169–171 In the case of the low
cost of heat that is free from taxes (e.g. the use of solar energy), MD
becomes cheaper than highly energy demanding processes such

Figure 9. The growth of publications in membrane distillation.158

as RO and NF.173 It was estimated that the cost of water produc-
tion of 17 m3 d−1 in MD using geothermal energy is approximately
$13 m−3.164 In the case where the heat supply in MD was sourced
from electricity or fuel-fired plant, Meindersma et al.165 have calcu-
lated that the total cost of water was $0.16–0.17 m−3, relative to
$0.25–0.35 m−3 required for a RO process.165 The cost estimated
at the Memtill’s water recovery systems demonstrated that MD
can reduce the cost of water desalination to $0.26–0.54 m−3. This
considerable reduction was ascribed to the use of sustainable and
cost-effective plant materials to build the operational modules
as well as the use of low-cost heat supplies.165 When determin-
ing the cost implications associated with water production in MD,
the general parameters that were taken into consideration include
the plant availability and capacity, interest rate (%), amortization,
modules and membrane assembly ($ m−2), installation ($), sup-
porting equipment, ($) electrical cost ($ kW−1 h−1), steam cost ($
kg−1), labour cost ($ m−3), brine disposal ($ m−3), maintenance cost
(%), pre-treatment cost ($ m−3), thermal energy requirement (kW h
m−3), emission factor for natural gas (kg CO2

-e kW−1 h−1), emission
factor for electricity, (kg CO2

-e kW−1 h−1), electrical energy require-
ment (kW h m−3), and carbon tax ($ t−1 carbon).167,169–172

CONCLUSION AND FUTURE PROSPECTS
Research directed towards MD is currently increasing at a remark-
able rate. Various innovative fabrication and modification pro-
cedures for MD membranes have been reported in the litera-
ture and were summarized in this review. It has been found that
NPs-modified membranes provide essential properties that mit-
igate the challenges associated with MD processes. It has been
reported in several studies that these modified membranes attain
high water-repellent characteristics, i.e. super-hydrophobic prop-
erties, which subsequently assist in the prevention of wetting
inside the membrane pores. These super-hydrophobic proper-
ties allow the passage of water vapour through the membrane
and prevent the passage of water in liquid state, thus enabling
the recovery of high-quality water for domestic use. Although bio-
fouling of thermophilic bacteria origin has been observed in MD
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Figure 10. Current developments towards application of membrane distillation in water desalination.159

Table 5. Estimated water production rate (WPR) and water production cost (WPC) of membrane distillation applications

MD membranes applications WPR (L d−1) WPC ($ m−3) Year Reference

DCMD plant powered by solar energy 500 15.0 1987 161

RO-integrated MD – 1.32 1999 162

VMD – 1.20 2003 163

Small scale AGMD powered by geothermal energy 171 130 2005 164

RO-integrated MD with UF/MF pretreatment – 0.54 2006 165

AGMD pilot plant 0.09 1.00 2007 166

NF/RO-integrated VMD 76.2 0.92 2007 167

Low-grade heat MD 100 15.0 2008 168

Solar powered small scale AGMD 5.88 1.17 2008 169

Laboratory scale DCMD 7.50 1.72 2013 170

Small scale solar AGMD 21.7 5.16 2014 171

Laboratory scale AGMD 996 4.73 2017 172

processes, no study involving the use of well-known antibacte-
rial NPs such as AgNPs have been reported. The rationale behind
the use of AgNPs is to incorporate them in the preparation
of biofouling-resistant membranes to hinder the growth of bacte-
rial thermophiles.

Several applications of MD processes have been tested at
laboratory-scale using different configurations. A review of results
from studies involving the use of NP-modified MD membranes
for the treatment of seawater, wastewater, brackish water, and
surface water provide cost implications associated with this
separation process. However, sustainable development towards
commercialization has been moving at a slower rate with indica-
tions of some water treatment plants based in a few developed
countries. It is imperative to systematically develop even more
cost-effective purification systems that are integrated with emerg-
ing membranes to produce high quality water at large industrial
throughput. Nanofibre membranes are less reported in MD
applications compared to flat sheet membranes. However, the
rate of water recovery of the former supersedes that of flat

sheets. Nanofibre membranes suffer critical challenges of low
industrial throughput, and their synthetic procedures involve
the use of complicated techniques requiring specialized skills.
The equipment used in nanofibre production are high-voltage
driven (≥ 10 kV). They also require conducting material collectors
and mostly fail to produce uniformly aligned nanofibre mem-
branes. Therefore, high throughput low cost nanofibre production
requires future consideration.

Therefore, it can be concluded that the NP-modified membranes
are a one-step solution to address many problems associated with
MD. NP-incorporated membranes also create a path for achieving
super-hydrophobic membranes with contact angles above 150∘,
which are capable of self-cleaning through the lotus effect process.
Carefully designed methods for the incorporation of NPs into these
membranes offers the possibility of developing cost-effective and
high-performance water recovery technologies. In this regard,
breakthroughs in the sustainable and commercial viability and
implementation of MD processes in the industrial-scale recovery
of water are anticipated.
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