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ABSTRACT

Recently, a thermally-driven membrane process known as membrane distillation (MD) has emerged
as an alternative to the high-pressure membrane process for contaminants removal from water. The
driving force for MD is a vapor pressure gradient produced by a temperature differential across a
hydrophobic porous membrane, which results in the transfer of water vapor from hot to cold side.
However, the feasibility of MD for industry adoption is hampered by several issues such as tem-
perature polarisation effects, low permeate flux, membrane wetting, and fouling. The membrane
properties are known to have a significant role in controlling the final performances of MD. This
review first looks into the feature of ideal MD membrane properties. Then, the use of graphene-
based materials for the development of high performances MD membrane is discussed. Besides
enhancing the water permeability and selectivity of MD, the incorporation of graphene offers addi-
tional properties such as anti-fouling, antibacterial, and photodegradation. The future direction of
using graphene-based photothermal material in MD for heat generation under solar irradiation is
also reviewed. It is found that the localised heating at membrane surfaces by photothermal mate-
rial can minimise temperature polarisation effects and subsequently enhance the driving force
for effective vapour transport. Thus, a more energy-efficient MD system can be developed.

Keywords: Membrane; Graphene; Membrane distillation, Photothermal; Desalination; Water
purification
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1. Introduction

Water stress or scarcity occurred when the demand for
clean water exceeded the water resources and supply. Many
countries have been facing water stress and water shortage
problems over the past decades due to several factors such
as population growth, increase in water pollution, and cli-
mate change [1]. Keeping water consumption at a sustain-
able level is getting more difficult in the near future. Thus,
water treatment technologies improvement is vital to curb
this problem [2]. Desalination is the process of removing
dissolved salts from various sources such as seawater, brack-
ish waters, or highly mineralised groundwaters. It has been
considered as the main source for producing clean water for
domestic and industrial use [3]. Today, a pressure-driven
reverse osmosis (RO) membrane is one of the leading
technologies for desalination due to its high separation
capabilities, compact design, simple operation, and more
energy-efficient than vaporisation and distillation processes.
RO separates contaminants using high pressure to force the
contaminated water through a semipermeable membrane.
The solute is retained on the pressurised side of the mem-
brane, and pure water is allowed to pass to the other side
(Fig. 1a). However, the RO process faces challenges such as
fouling, high energy consumption due to the need for very
high-pressure pumping, and brine disposal problems due
to the limited recovery of water [4]. As a result, more sus-
tainable and innovative practice of membrane technology is
needed [5,6].

In this context, membrane distillation (MD) has
emerged as an alternative membrane-based process due to
its ability to distilled water at low temperatures than con-
ventional distillation, [7] while operating at a lower pres-
sure than RO [7]. MD is a non-isothermal process where
a hot feed side and a cold permeate side are separated by
a hydrophobic microporous membrane [8] (Fig. 1b). The
driving force of MD is the vapour pressure difference

(a) Reverse osmosis
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Fig. 1. Schematic diagram of (a) RO and (b) MD process [10].

Freshwater

caused by temperature difference across the membrane [9].
In general, the feed water is heated to increase its vapor
pressure, which generates the difference between the par-
tial pressure at both sides of the membrane. The water
evaporates at the hot membrane surface, which is then
transported to the membrane pores and condenses at the
cold permeates side to produce freshwater (Fig. 1b) [10].
Many works have found that MD is not only suitable for
high salinity wastewater, but also shows great potential
for various wastewater treatment from pharmaceutical,
food and beverages, and biomedical industries.

MD typically has lower capital costs than the conventional
distillation process. In addition, it requires low-tempera-
ture input, allowing the use of low-grade and inexpensive
heat sources. Another advantage of MD is that the fouling is
less severe than RO. However, the commercialisation of MD
is still hindered by technical challenges such as temperature
polarisation (TP), concentration polarisation, heat losses,
and pore wetting [11]. Temperature polarisation is caused
by the temperature gradient between bulk feed and mem-
brane surface at the liquid/vapor interface. The vaporisation
decreases the liquid bulk temperature while increasing the
vapor temperature. This leads to a reduction of temperature
difference, leading to permeate flux decline. Concentration
polarisation can reduce the transmembrane vapor pres-
sure difference, and it is caused by the accumulation of
solutes adjacent to the feed side of the membrane.

2. Configurations of membrane distillation

There are four main MD configurations where the dif-
ference is the water collection method or condensation.
The simplest MD configuration is direct contact membrane
distillation (DCMD). In this configuration, the hot feed
solution and cool permeate flow in counter-current (Fig. 2).
The vapour is transported through the membrane due to

(b) Membrane distillation

Hydrophobic
Membrane
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Fig. 2. Schematic diagram of membrane distillation configuration: DCMD, AGMD, SGMD, and VMD processes [16].

temperature-induced vapour pressure gradient. The advan-
tage of this configuration is that it has a simple design and
is easy to operate, making it suitable for laboratories-scale
investigation. However, DCMD typically exhibits poor
wettability resistance and requires a heat exchanger to
recover the heat [12]. In the air-gap membrane distillation
(AGMD), an air-filled cavity is interposed between a porous
hydrophobic membrane and the condensation surface. It
allows the internal recovery of heat and provides high ther-
mal insulation between channels to minimise overall heat
transfer, making AGMD is the most energy-efficient con-
figuration [12].

Vacuum membrane distillation (VMD) utilises vacuum
at permeate side of the membrane for continuous vapour
removal from the vacuum chamber. The advantage of this
configuration is that it permits high flux and reduces the
probability of the membrane pore being blocked. However,
it is a complex configuration [13]. Sweep gas membrane dis-
tillation (SGMD) uses cold, inert gas, such as air or nitrogen,
at the permeate side of the membrane to sweep and carry
the evaporated molecules outside the membrane mod-
ule for condensation. SGMD has higher evaporation effi-
ciency than DCMD and greater permeate flux than AGMD,
due to the low conductive heat loss and the reduced mass
transfer resistance, respectively [14]. However, the applica-
tion of SGMD is limited as a result of its high sweeping gas
cost and difficulty in heat recovery [15].

3. Membrane properties for membrane
distillation application

One of the building blocks in developing a highly effi-
cient MD system is the membrane itself. MD uses a hydro-
phobic microporous membrane to prevent the transport
of aqueous feed through the micropores and only allows
water vapour transport due to the difference of partial
pressures established across the membrane. Therefore, it
is vital to understand the properties of the required mem-
brane to maximise the overall efficiency of the MD system.
Among those properties are liquid entry pressure (LEP),

membrane thickness, porosity, pore size, water contact angle
(hydrophobicity), and thermal conductivity.

3.1. Liquid entry pressure

LEP indicates the membrane resistance toward the pore
wetting phenomenon when the feed solution directly con-
tacts the membrane surface. In MD process, LEP is defined
as the minimum transmembrane pressure required for
the feed solution to overcome the hydrophobic forces and
penetrate the membrane pores. It is vital to ensure that the
pressure applied does not exceed the LEP so that the lig-
uid feed cannot penetrate the membrane pores. The high
LEP indicates better membrane wetting prevention. LEP is
highly dependent on the shape and size of the pores, the
liquid surface tension, and the membrane hydrophobicity
(>90°). Cantor-Laplace equation is used to provide the rela-
tionship between the membrane’s largest allowable pore
size and operating conditions, as shown in Eq. (1):

LEP=P. —_P _ ~2Py, cosb )

liquic vapor
rmax

In order to achieve a high LEP value, the surface con-
tact angle (0), surface tension (y,), and geometric coefficient
(B) should be high, while the maximum pore radius (r,__)
value should be as low as possible [17]. Thus, high LEP can
be achieved using membrane material with high hydro-
phobicity and small maximum pore size. However, when
the maximum pore size decreases, the membrane permea-
bility decreases due to low mean pore size of the membrane.

A typical setup for an LEP system analysis is shown
in Fig. 3 [17]. Kebria et al. [18] analysed the LEP of mem-
brane using a dead-end LEP cell, where the pressure was
increased by 0.2 bar for every 5 min period. At the first
appearance of a water drop, the pressure value is known
as LEP. Smaller mean surface pore size typically delivers
higher LEP [18]. Ghim et al. [19] produced a membrane
with 122 kPa of LEP, while Said et al. [20] fabricated a
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Fig. 3. Schematic diagram LEP system setup [17].

membrane with 317.2 kPa LEP value. These high LEP val-
ues can inhibit direct liquid mixing between the feed water
and the permeate during MD operation.

3.2. Membrane thickness

Membrane thickness can significantly influence perme-
ate flux. The membrane thickness and membrane permeate
flux are inversely related to each other. As the thickness of
the membrane decreases, the permeate flux enhances due to
the reduction in mass transfer resistance [21,22]. However,
if the membrane is too thin, the vapour flux could also
decrease because of the conduction losses. Thus, there is a
trade-off between the advantage (higher permeate flux)
and the disadvantage (higher heat loss) when a thinner
membrane is used. Swaminathan et al. [23] stated that an
optimum membrane thickness depends on the feed con-
centration, where high salinity feed concentration typically
requires thicker membranes to withstand the highly con-
centrated feed. Tai et al. [24] reported that the membrane
thickness for MD is optimum at a range between 30-60 pm,
and for AGMD configuration, the membrane thickness has
a negligible effect on the performance due to the dominant
mass transfer resistance in the configuration caused by the

air gap.

3.3. Membrane porosity and tortuosity

Membrane porosity indicates the void volume frac-
tion of the membrane. It is calculated based on the ratio
of the pore volume over the total membrane volume. The
porosity of membranes should be as high as possible to
eliminate the wetting phenomenon and enhance the per-
meation flux. Higher porosity membranes also indicate
larger evaporation surface area. The membrane porosity
is calculated using the gravimetric method (Eq. 2) [25] by
applying wetting liquid such as 2-propanol [26], octanol
[27], or n-butanol [28].

Membrane
Water drop
B Pl L ®
(ww - wd) + ﬂ
P, P,

where ¢ is the membrane void volume fraction, w, and w,
are the weight of the membrane before and after immers-
ing in wetting liquid, respectively, p, is the density of the
wetting liquid, p, is the polymer density, and V, is the dry
membrane volume [28]. For flat sheet membrane, Eq. (2) is
revised into:

AN 100% 3)
Al

where A is the membrane area, and [ is the membrane thick-
ness. A membrane with typical porosity of 60%-85% is
commonly used in the MD system [29].

According to Mortaheb et al. [26], a dope solution with
high amount of polymer typically produces membrane with
low porosity due to the highly viscous dope solution. The
viscous dope solution will form a dense top layer during
the spinning or casting process due to the slow phase
inversion between the solvent in the dope solution and the
non-solvent in the coagulation bath. Shirazi et al. [30] pro-
posed the use of the electrospinning method to produce
a membrane with high porosity (>90%), where nanofiber
that has open-ended pores with interconnected three-di-
mensional (3D) structures can be obtained.

Membrane tortuosity is the deviation of the pore struc-
ture from the cylindrical shape to the membrane surface,
as the membrane pores are full of twists and turns. Low
membrane tortuosity is desirable in order to achieve a
higher permeate flux because diffusing vapour molecules
must pass along the tortuous paths to reach the other side
of the membrane [30]. An ideal membrane tortuosity in
MD application is close to zero and several studies have
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investigated the use of nanoparticles, such as graphene
oxide (GO) [31].

3.4. Mean pore size and pore size distribution

In MD, large mean pore size and narrow pore size dis-
tribution are favourable. A high mean pore size would
result in a higher permeate flux, while a more limited pore
size distribution indicates the uniformity of the membrane
structure and the absence of agglomeration [32]. In contrast,
a small mean membrane pore size would lead to a higher
LEP value. Therefore, the membrane pore size should be con-
trolled appropriately to be in an optimum range to ensure
sufficient permeate flux and LEP. The pore size is mainly
dependent on the membrane fabrication process, particu-
larly polymer solution composition, the solvent/non-solvent
system, membrane fabrication parameters, and ambient
conditions [33]. Eykens et al. [34] stated that an ideal mem-
brane for MD should be fabricated with pore diameters
ranging between 0.05 to 1 mm. Fang et al. [35] used a ther-
mally induced phase separation (TIPS) to form membranes
with better mechanical strength, more uniform structure,
and narrower pore size distribution as compared to nonsol-
vent-induced phase separation (NIPS).

3.5. Membrane hydrophobicity

Membrane for MD should have higher hydrophobicity,
as it can prevent membrane pore wetting phenomenon and
ensure that only vapour passes through the membrane. This
membrane hydrophobicity can be determined using con-
tact angle analysis. Since water is the major component in
the MD feed solution, the water contact angle (WCA) is mea-
sured for determining the surface’s tendency to water drop-
lets. The WCA analysis is carried out by dropping a drop
of water on the membrane surface and the angle between
the water droplet and membrane surface is assessed [36].
Membranes are considered hydrophobic when their WCA
is more than 90° and superhydrophobic when the WCA
is more than 150°. The hydrophobicity can be enhanced
when the membrane has low surface energy and high sur-
face roughness [37]. Many studies have been carried out
to enhance membrane hydrophobicity by modifying the
membrane surface energy and surface roughness [37-39].

3.6. Thermal conductivity

MD membrane should have as low thermal conductiv-
ity as possible to reduce heat conduction and minimise heat
loss during the separation process. Based on Eq. (4), it can
be seen that the thermal conductivity is significantly affected
by the membrane porosity.

A=rg+n, (1-¢) 4)

where A is the thermal conductivity of the membrane in
W m™ K7, ¢ is the porosity of the membrane, while A and
X, are the thermal conductivity values of the voids and the
membrane materials, respectively [40]. From the equation,
it can be seen that a membrane with higher porosity has
lower thermal conductivity.

3.7. Challenges in membrane development for MD

One of the major drawbacks associated with MD is
temperature polarisation. It is a phenomenon where the
hot side membrane surface temperature is lower than that
of the hot side main body due to water evaporation, while
the cold side membrane surface temperature is higher than
that of the cold side main body. This reduces the effective
driving force of temperature difference on both sides of the
membrane and further reduces the heat transfer rate, which
ultimately offset the MD performances. Membrane foul-
ing refers to the phenomenon where contaminants start to
deposit on the membrane surface or in membrane pores.
The deposit on the membrane surface is one of the signif-
icant operating problems which can decrease the perme-
ation flux with operating time. Other barrier for MD is the
membrane wetting, where the membrane progressively loses
hydrophobicity due to the adsorption of surface-active com-
pounds such as surfactants and oils. The hydrophobic tails
of these compounds can attach onto the hydrophobic mem-
brane pore surface, leaving the hydrophilic head exposed
and eventually reducing the surface tension. This renders
the membrane pores hydrophilic, allowing the feed solution
to leak through and contaminate the permeate. For future
commercialisation of MD, stable performance over a long
term operation is the most crucial aspect.

In order to overcome the challenges, several innova-
tive approaches have been investigated, particularly on the
incorporation of nanoparticles (NPs) in the membranes.
These NPs are usually dispersed in the polymer membrane
matrix or can be coated or grafted on the membrane sur-
face with further functionalisation to enhance the adhesion
of NPs. These NPs have remarkable high specific surface
area properties, high strength, tuneable hydrophobicity,
enhanced vapour transport, and high thermal and electrical
conductivities. Many works have observed that the incor-
poration of nanomaterials such as ZnO [41], MXene [42],
and SiO, [43] in membranes can significantly enhance water
permeability, separation efficiency, and mechanical strength
while minimising membrane fouling. Recently, the use of
2D-based nanomaterials for membrane fabrication partic-
ularly graphene-based materials has gained great attention
due to its potential to produce ultrathin membranes (with a
tunable pore size acting as a molecular sieve) with superior
performance in terms of permeability and selectivity [44].

4. Graphene

Graphene has a hexagonal honeycomb lattice structure
in a two-dimensional (2D) sheet with a thickness of an atom
that has sp? bonded length of 0.142 nm [45], a large specific
surface area of 2,630 m? g~ [46], high thermal conductivity
at 5,300 W m K7, and electrical conductivity at 2,000 S cm™
[47]. Graphene is a breakthrough in material studies because
it is very thin yet stronger than steel. In photothermal appli-
cation, graphene can absorb a wide range of the solar spec-
trum, with the excited electrons fall to their ground state
and release lots of heat compared to other types of mate-
rial [48]. In addition to the wide range of solar absorption,
graphene has higher heat stability from the sunlight due to
its 2D shape. The structure of graphene can also be easily
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modified due to the number of functional groups available
to give higher efficiency of heat absorption, making it a
feasible membrane for solar distillation or filtration [49].

4.1. Synthesis of graphene

Graphene can be produced in several ways, where
high-quality graphene is typically obtained via chemical
vapour deposition (CVD). However, the cheapest and easiest
route to mass-produce graphene is by converting graphite
into graphene oxide (GO), and its reduction thereof known
as reduced graphene oxide (rGO) [50]. The graphite needs
to undergo an oxidation process to form graphene oxide,
followed by a reduction process (Fig. 4). The above-men-
tioned reduction can be carried out via chemical, thermal,
and electrochemical routes.

4.2. Incorporation of graphene into membranes

Nanocomposite membranes are made up by dispers-
ing nanosized fillers throughout the polymeric matrix. This
can significantly improve the membrane properties (poros-
ity, tortuosity, contact angle, etc.), adding unique function-
alities such as antibacterial, photocatalytic, adsorptive, and
oxidative properties, which simultaneously enhance the
membrane performance (flux, rejection, mechanical strength,
anti-fouling, permeability, and selectivity) [52-54]. The pri-
mary objective of adding graphene into MD membrane is
to reduce the wetting of the membrane by increasing the
hydrophobicity of the membrane. In addition, graphene is
added to improve mass transfer rates by increasing the flux
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GRAPHENE OXIDE
exfoliation

Reduction
chemical
thermal
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Fig. 4. Schematic diagram of GO and rGO synthesis [51].

without significantly affecting the rejection rate, leading
to a highly efficient system at a lower cost.

Based on the location of NPs embedment, different
types of nanocomposite membranes can be manufac-
tured, including conventional mix-matrix nanocomposite,
thin-film nanocomposite, thin-film composite with nano-
composite substrate, and surface located nanocomposite
[55]. Generally, there are two common techniques used to
incorporate graphene into the membrane: (i) conventional
nanocomposite or mixed matrix membrane (MMM) where
graphene is blended during the dope solution preparation,
or (ii) the graphene is used as a coating layer to modify
the membrane surface (Fig. 5).

4.2.1. Mixed matrix membrane

In MMM, graphene is added directly into the dope
solution containing polymer and solvent before being cast
to form a flat sheet membrane (Fig. 6). Besides casting the
MMM on a glass plate [41], an electrospinning process can
also be used to produce a modified nanofiber MMM [56].
In recent research, Alammar et al. [55] mixed GO, rGO and
polybenzimidazole (PBI) into a dope solution before casting
to produce MMM and then dip-coating into polydopamine
(PDA) solution to enhance the anti-fouling properties. This
modification with GO increased the mechanical strength of
the membrane with superior oil removal efficiency up to
99.9% and permeate flux about 91.3 + 3.4 L m?h bar™.

Baig et al. [61] fabricated a novel composite of PES/
PVDEF (polyvinylidene fluoride) blended with graphene
nanoplatelets (GNPs) via electrospinning process. By add-
ing 2 wt.% GNP into the PES/PVDF blend, the water con-
tact angle (WCA) increased to 132.3° + 0.8°, making it suit-
able for MD. The membrane showed a high flux of about
19.35 kg m™ h, higher than pure PVDF and PVDF/GNPs
composite membranes [57]. Camacho et al. [31] prepared
a graphene oxide-polysulfone (GO-PSF) membrane with
0.25-2.0 wt.% GO content in the membranes for mem-
brane distillation application. The addition of GO into the
membrane increased the membrane hydrophobicity with
WCA of 83° compared to the pristine membrane (WCA
73°), yielding the highest salt rejection of 99.85% and aver-
age flux of 20.8 L m™? h™'. The presence of GO in GO-PSF
membrane showed good porosity, pore size, and hydropho-
bic properties for separation. Kadhim et al. [58] modified
polyethersulfone (PES) by blending the membrane with
GO nanoparticle (NPs) for dye removal application. The
modified membrane displayed a high dye rejection effi-
ciency of 99% for very hazardous dyes (Acid Black and Rose
Bengal).

Conventional nanocomposite

Fig. 5. Incorporation of graphene into membranes.

Surface coated membrane
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4.2.2. Coating

Graphene can also be coated or deposited onto a mem-
brane surface to modify the surface properties, making
it more hydrophobic or less wetting. The coating process
can be carried out using several methods such as thermal
spraying [59,60], polymerisation [61], and filtration [62-64].
Guan et al. [65] fabricated a GO membrane by spraying
the GO suspension onto the heated alumina substrate, as
shown in Fig. 7. The spraying process is commonly car-
ried out multiple times to obtain a uniform coating. As the
thickness of the GO increases, the permeate flux through the
GO layer might decrease due to enhanced mass transfer.

Baig et al. [61] polymerised GO and GO-TiO, (GT) with
the polyamide layer (Fig. 8). The result shows that both
nanofillers were firmly attached to the polyamide layer via
hydrogen and covalent bonds. GT membranes have higher
surface roughness and better hydrophilicity. GT mem-
branes also have more carboxyl groups and a lesser degree
of cross-linking due to the interference with the interfa-
cial polymerisation reaction. Thus, GT membranes deliver

Second coagulation bath

MPD

nanoparticles
coating

TMC coating

@;%. ?; /,-' Me:hurlne - ﬁ@& jfr

Fig. 8. Polymerisation of GO and GO-TiO, with polyamide
layer [61].

higher permeance (2820 GPU) and water vapour/nitrogen
selectivity.

Hassanpour et al. [63] incorporated GO/ZnO compos-
ite membrane via filtration on the polyethersulfone (PES)
membrane substrate. In order to lower the interlayer spac-
ing between ZnO and GO composite membrane and make
the modified membrane more stable, the membrane was
treated with UV light for 5-300 min. This modification with
GO/ZnO composite increased the membrane water per-
meability (five times higher than GO membrane), physical
compaction, and anti-fouling properties. Furthermore, this
membrane could inhibit Escherichia coli B bacterial growth.
Zhang et al. [64] also applied the filtration technique to fab-
ricate GO/halloysite nanotube (HNT) composite membrane
for oil/water separation application. The GO/HNTs com-
posite membrane had a water flux of 1,470 L m™? h™ with
GO/HNTs content ratio of 1/3 and high rejection of 99.5%.
The membrane also diplayed reusability, as the high-water
flux remained after ten times of repeated use.
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5. Application of graphene-modified membrane
in membrane distillation

The incorporation of graphene into various types of
membrane materials, such as polysulfone (PSF), polypro-
pylene (PP), or polytetrafluoroethylene (PTFE) have been
widely investigated. Graphene can enhance membrane
anti-fouling properties and mechanical stability for long-
term application. As such, the graphene-modified mem-
branes were used in MD applications for desalination and
oily wastewater treatment.

5.1. Desalination

Recently, the use of graphene-based MD for desalination
process has attracted significant attention. The feed con-
centration used for desalination is typically varied between
3,500 and 34,000 ppm. Zahirifar et al. [21] prepared a layer
of octadecylamine functionalised graphene oxide (GO-ODA)
coated on the surface of the PVDF membrane. The modi-
fied membranes showed a better performance than the bare
membrane in terms of hydrophobicity with WCA of 146°,
water flux of 16.7 kg m? h™, and salt rejection of 98.3%.
This was because the GO-ODA coating layer formed inter-
connected nanochannels with a high surface area for high
NaCl rejection and fast water flow. Moreover, during the 5-d
continuous desalination process, the modified membrane
exhibited a stable performance, showing its durability for
long-term use. Bhadra et al. [66] discovered that graphene
oxide in the membrane significantly increased the salt rejec-
tion efficiency and water flux due to the presence of polar

Table 1
Graphene-modified membrane distillation for desalination

functional groups in graphene oxide. Although there was a
decrease in contact angle, it was insignificant. Mortaheb et
al. [26] optimised the hybrid PVDF/graphene membrane
prepared via the phase inversion method and discovered
that by increasing ethanol concentration in the coagulation
bath and graphene content up to 0.5 wt.% in the dope solu-
tion, the contact angle and permeation flux of the membrane
increased. However, adding more graphene could make the
surface pore size low, resulting in a dense membrane sur-
face. The optimum membrane yielded a high permeation
flux of 3.54 kg m? h™ and a salt rejection of 99.88%.

The use of a graphene-modified membrane in MD for
desalination application is summarised in Table 1. Based on
the table, graphene has gained much attention in enhancing
the membrane for MD application as it can help improve
the salt rejection efficiency up to more than 99.7% can be
achieved. However, the graphene-based material particu-
larly GO has also been modified with hydrophobic modifi-
ers such as octadecylamine (ODA) and 1H,1H,2H,2H-perfl
uorooctyltriethoxysilane (FTES) to increase the mem-
brane contact angle and permeate flux as GO is typically
rich with hydroxyl group.

Recent studies have incorporated graphene with other
potential materials to maximise the potential possessed
by graphene. Bhadra et al. [66] sonicated GO with PVDF
while polytetrafluoroethylene (PTFE) was used as the
membrane support, aiming to repel saltwater cluster. The
results show that the membrane had a high thermal con-
ductivity of 5,000 W m™ K. The membrane distillation flux
achieved was 97 kg m™ h™ at 80°C. It was unaffected by salt

Modifier Membrane Incorporation Water contact Permeate flux Rejection References
angle (°) (kgm=h?) (%)
-ODA ifi PVDF
ODA GO-O rno.dl ied on PVDF membrane MMM 146.0 167 983 21]
(60.5% porosity)
GO modified on PTFE membrane with
PVDF MMM 90.6° 97.0 100.0 66
PVDF as a binder [66]
PVDF hy 74.09
- /graphene membrane (74.0% MMM 92.0 113 99.9 26]
porosity)
Electrospun polyvinylidene fluo-
ODA, ride-co-hexafluoropropylene (PVDF-HFP)
MMM 146. 21.1 . 7
LiCl and ODA-rGO membrane (0.24 um mean 60 999 [67]
pore size,70.5% porosity)
-polysulf -PSF b
- GO-polysulfone (GO-PSE) membranes 1y 78.0 208Lm2h? 99.8 [31]
(30.3% porosity, 89 nm mean pore size)
FTES functionalised GO nanosheet incor-
FTES porated into PVDF membrane (96.3% MMM 140.5 36.4 99.9 [68]
porosity, 186.1 nm average pore size)
Coating via
PVDF/PDA/GO it b
PDA /PDA/GO composite membrane evaporation- 80.0 17.8 99.9 [69]
(150 pm thickness) ) .
assisted technique
Elect GO/PVDF b
- ectrospun rGO/ membrane MMM 1245 299Lm2h? 997 [56]

(175.7 pm thickness)

MMM - mixed matrix membrane.
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concentration as high as 34,000 ppm, as shown in Fig. 10,
and obtained close to 100% salt rejection. Furthermore, the
membrane was stable over 90 d of continuous operation. In
a study by Grasso et al. [70], the modified functionalised
graphene-based membrane, PVDF-{f/G achieved close to
100% salt rejection while functionalised PVDF-f membrane
obtained less salt rejection.

Table 2 summarises the recent studies on salt rejection
performance and configuration used by graphene-based
membranes. The average salt rejection of all graphene-
based membranes was 99.6%, with he the lowest and the
highest salt rejections were 98% and 100%, respectively.
These results imply that regardless of MD configuration,
the salt rejection performance by modified graphene-based
membrane is outstanding due to its superior filtration abil-
ity, condensation rate of the permeate, porosity, and pore
size compared to the bare membrane. The graphene also
enhances the membrane’s anti-fouling ability, which allows
the delivery of stable permeate flux and a long lifespan for
commercial application.

Table 2

5.2. MD for others wastewater treatment

Besides desalination application, graphene-modified
membrane in MD has been used for other applications such
as treating coking wastewater [82], endotoxin removal [83],
boron removal [56], and hydrogen isotopic water separa-
tion [84,85]. Ren et al. [82] investigated GO/PTFE composite
membrane in treating biotreated coking wastewater (BCW)
using direct contact membrane distillation (DCMD) config-
uration (Fig. 9a). It was discovered that the presence of a
hydrophilic GO top layer repelled the hydrophobic organic
compounds in BCW. Through the electrostatic interaction,
the negatively charged GO layer increased the repulsive
force toward the hydrophobic organics in BCW, reducing
fouling and wetting tendencies. Besides that, GO nanochan-
nels can block the large molecule in BCW and have a great
affinity to liquid water (Fig. 9b). Thus, the GO hydrophilic
top layer plays a big role as a protective barrier against the
hydrophobic pollutants that can foul the membrane sur-
face. The GO/PTFE hydrophilic (WCA of 77.5°)/hydrophobic

Comparison of salt rejection performance with different graphene-based membranes and MD configurations

MD configuration Graphene-based formulation

NaCl feed concentration Salt rejection (%)

DCMD PVDF-PTFE + GO [66] 3.5-34.0gL* 99.90
AGMD (PVDE-co-HFP) (herein as PH) + GO [71] 3.5 wt.% 100.00
DCMD PVDF-f + GO [70] 0.5M ~100.00
VMD PVDF + FTES-GO [68] 3.5 wt.% 99.90
AGMD PVDF + GO [72] 35gL™! >99.99
AGMD PVDF + GQD3P (0.25 wt.%) [17] 3.5 wt.% 99.70
AGMD PVDF + GO-APTS [73] 35 wt.% 99.90
AGMD PVDF + GO-ODA (M2) [21] 3.5 wt.% 98.30
DCMD PSF + GO (1.0 wt.%) [31] 25 wt.% 99.85
DCMD PE + GNP [74] RO brine solution 99.50
AGMD PVDF + G [75] RO brine solution >99.90
SVGMD PEDOT-PSS-G [76] 9.85 and 16.70 wt.% >99.60
DCMD PVDEF + MGNP [77] 0-30,000 ppm >99.10
DCMD PVDEF-HFP + GO + ODS [78] Seawater >99.00
DCMD PVDF +rGO-Bi,WO, [79] 35g L™ 99.99
DCMD PTFE + G [80] 70gL? >99.90
DCMD PTFE + PVDF-G [81] 3,400-34,000 ppm 100.00
a) Q‘ ‘ b) . Coking wastewater
(Conductivity Distillate

o3
2 pump

Computer

Thermostatic water bath

[FE substrate

MD distillate

Fig. 9. Schematic diagram of (a) coking wastewater treatment using DCMD process and (b) mechanism of GO/PTFE composite

membrane in treating BCW [82].
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(WCA of 140.2°) composite membrane showed a high per-
formance where 99% of salts and organics in BCW were
removed, and the relative constant flux was 20 kg m?h™..

In the separation of hydrogen isotopes from water, Wen
et al. [85] fabricated GO/rGO nanosheets grafted with perflu-
oroalkylsilanes (PFAS) using the air-gap membrane distilla-
tion configuration. The oxygen-containing group enhanced
the membrane selectivity performance on the GO/rGO
nanosheet with the mean separation factor of 1.067, WCA of
144°, and permeation flux of 0.47 kg m2h. Besides that, Wen
et al. [84] introduced layers of fluorinated silica nanoparti-
cles on graphene oxide membrane (GOM) in production of
a superhydrophobic membrane (WCA of 151°) to prevent
water from passing through the membrane while permitting
only pure vapour to pass through the membrane. Besides
that, the GOM layer provided a nanochannel with high
molecular sieving properties that enhanced the separation
of molecules or ions. The membrane modification resulted
in a high mean separation factor of 1.151 and permeation
flux of 0.036 kg m2 h™. Eryildiz et al. [56] synthesised PVDF
nanofiber membrane with rGO using the electrospinning
technique to remove boron from geothermal water. The
membrane modification produced a high WCA of 124.5°
that enhanced mass transfer (permeate water flux). The
modified membranes also had better chemical and thermal
stability than pure PVDF membrane. This rGO/PVDF
membrane produced a high permeate flux of 29.9 L m?h’,
99.72% salt rejection, and 98.26% boron rejection.

In generating bacteria and endotoxin-free water, Gupta
et al. [83] synthesised graphene oxide immobilised mem-
brane (GOIM) on PTFE laminate supported on polypro-
pylene composite membrane. It was the first research done
in bacterial removal using a membrane distillation system.
The GOIM had a WCA of 117°, lower than the bare PTFE
membrane due to GO polar functional groups, but this
reduction was insignificant. The higher water vapour flux
for GOIM performance was because the nanocarbon on
the membrane surface acted as sorbent sites, thus enhanc-
ing water vapour diffusion and preventing the liquid from
passing through the membrane pore. In the antibacterial
activity, GO nanosheet trapped the bacteria, and this con-
tact altered the bacteria dramatically due to the oxidative
stress shown in Fig. 10. The performance of the GOIM
membrane was 27.6 kg m™? h™ for flux and 99.9% for boron
removal efficiency.

From the studies, the graphene in the membrane dis-
tillation for wastewater treatment application can repel the
hydrophobic organic compounds with its hydroxyl group,
reducing fouling and wetting tendencies. It also has high
filtration ability and high molecular sieving properties
that enhance the separation of molecules or ions, with the
addition of bacterial removal properties.

6. Surface properties and performances of
graphene-modified membranes for MD

Based on a study by Woo et al. [71], to obtain a robust,
superhydrophobic membrane for membrane distillation,
1-10 wt.% of GO which was synthesised via electrospin-
ning and 18 wt.% of polyvinylidene fluoride-co-hexaflu-
oropropylene (PVDF-co-HFP, herein as PH) were chosen.

M"”\U
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Fig. 10. Mechanism of bacterial deactivation by GOIM during
membrane distillation process [83].

The contact angle of both membranes was measured using
a sessile drop method, and five measurements were taken
for each membrane. The average contact angle for the best
GO sample and PH were 162.7° and 142.3°, respectively.
Fig. 11a shows that the contact angle values for all the GO
samples were higher than that of PH membrane. The poor
contact angle on PH membrane caused it to have a wetting
problem in less than 3 h while GO, having a hydrophobic-
ity property, resulted in good stability for 20 h. Zahirifar
et al. [21] obtained 146° for modified graphene-membrane
and 77° for unmodified PVDF membrane. Woo et al. [75]
tested graphene/PVDF flat-sheet membrane for treating
brine using AGMD. The result shows that neat PVDF mem-
brane had lower water flux than GO, recording 11.6 and
20.5 L m? h', respectively. The same results were obtained
by Seo et al. [80], where permeate flux by PTFE-GO and
pristine PTFE were 50 and 14.2 LMH, respectively.

In hydrophobic modification of graphene oxide mem-
brane, Mao et al. [86] first prepared a pure graphene mem-
brane with a WCA of 48.9° as the pure GO NP is hydrophilic.
Then, the second modification was done by immersing the
membrane in hexadecyltrimethoxysilane (HDTMS) solu-
tion. This step was able to increase the WCA to 73.2°, but
it was still a hydrophilic membrane. Thus, the third modi-
fication was by intercalating the GO NPs with SiO, NPs,
filtered on PAN substrate, followed by treatment with
HDTMS solution. This procedure enhanced the membrane
hydrophobicity up to 120.8° as shown in Fig. 11b. The opti-
mised graphene oxide membrane exhibited a water flux of
13.59 kg m h™ and salt rejection of 99.99% in VMD process.

Wen et al. [84] first sprayed GO-membranes with fluo-
rinated silica NPs to produce a modified membrane with
164° WCA. Then, the fluoro-containing resin was sprayed
on the membrane to enhance the adhesion between
graphene oxide membrane and fluorinated silica NPs, even
though the resulting WCA slightly dropped to 150°. The
membrane surface modification was shown in Fig. 11c.

Table 3 summarises the recent studies on contact angle
and permeate flux using graphene-based membranes. The
average contact angle obtained was 118° while the aver-
age permeates flux was 38.65 LMH. It can be concluded
that in MD, a hydrophobic modifier such as octadecyltri-
chlorosilane (ODS) and octadecylamine (ODA) might be
needed to increase the membrane’s water contact angle.
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Fig. 11. (a) Contact angles with different types of membrane samples [71],

(b) graphene oxide membrane hydrophobic modifi-

cation [86] and (c) graphene oxide membrane superhydrophobic modification [84].

Table 3

Comparison of contact angle and permeate flux of various graphene-based membranes

Finding

Membrane Contact angle (°) Permeate flux (kg m2h™)
PVDF-PTFE + GO [66] 90.6 +2.1 97.0
(PVDF-co-HFP (PH) + GO [71]  162.0 229Lm?2h’
PVDF + GO [87] 1293 +1 ~24.5

PVDF + FTES-GO [68] 132.5 36.4

PVDEF + GO-ODA (M2) [21] 146.0+1.1 16.7

PSF + GO (2 wt.%) [31] 83.0+0.94 228 L m2h

PE + GNP (0.16 wt.%) [74] 122.6 16.7Lm?h’
PVDF + G (0.5%) [75] 872+25 20.5Lm?h™
PVDF + GO-PVP [88] 145.2 0.65

PVDF + MGNP [77] 141.3+1.2 19.8

PTFE + PVDEF-G [81] 75.0+2 64.5

PVDF-HFP + GO +O0ODS [78] 162.0+1.7 341+096L m?h?

Hydrophobic GO nanopore structure created

an almost frictionless surface for water flow,
contributed to high permeate flux.

Modified membrane increased permeate flux
compared to bare membrane.

Modification on membrane show that GO NPs
attached on the internal surface of the membrane
pores rather than on membrane external surface.
Grafted GO nanosheets created rougher surface
and increased contact angle.

GO-ODA formed interconnected nanochannels
and enhanced permeate flux.

Addition of GO provided good porosity, pore size
and hydrophobic for separation process.

Contact angle of the modified membrane increased
with additional GNP, but it can’t be high as it will
result in a slight agglomeration that can turn the
membrane hydrophilic.

Contact angle of the modified membrane increased
but increasing the graphene NPs concentration
caused the membrane to have smaller pore size,
lower porosity and thicker thickness due to the
aggregation of the graphene NPs.

GO-PVP/PVDF membrane resulted in higher per-
meate flux and fouling-resistant compared to the
pristine PVDF membrane.

graphene nanoplatelet filler increased the mem-
brane LEP value and also the WCA by over 10°.
Hydrophilicity on the permeate side resulting in
rapid condensation and removal of the permeate
and thus, increase the permeate flux.

GO provided hierarchical roughness while OH
functional groups ensured the uniform functional-
isation by ODS for superhydrophobic membrane
surface modification.
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7. Graphene-based photothermal membrane for MD

Despite MD having low operating temperature, conven-
tional MD has several drawbacks. According to Martinez-
Diez and Vazquez-Gonzalez [89], the mechanism behind
conventional MD requires heating bulk water at the same
temperature. This will result in interfacial temperature
polarisation since the water evaporated at the membrane
of MD removes the latent heat. Subsequently, it will cause
a low net driving force for MD membrane to transport
the water since the interfacial temperature polarisation
decreases the membrane temperature [9]. A concept design
of solar thermal interfacial heating and MD has been pro-
posed to alleviate these drawbacks. Based on Fig. 12a, only
interfacial source water on the photothermal layer will be
heated and gains thermal energy from the sunlight. The
vapour of the source water then will flow through the pho-
tothermal layer and membrane, while the condensate will
become the distillate water [90]. Photothermal membrane
for solar-driven interfacial heating consists of two main
components: (i) microporous hydrophobic membrane and
(ii) photothermal nanomaterial layer used to utilise solar
energy. Photothermal materials can soak up light and
transform it into thermal energy [91]. The solar irradiation
on Earth has its solar spectrum range, encompassing the
ultraviolet, visible, and near-infrared regions at 3%, 45%,
and 52%, respectively [82] (Fig. 12b) [92].

Many studies have shown graphene as a remarkable
photothermal nanomaterial that can be used for solar-driven
membrane distillation. This is because graphene has excel-
lent light-absorbing properties and a low-cost, scalable fab-
rication process. The graphene-based membrane provided
ultrafast water-permeable channels and a high salt resis-
tance network [93,94]. Huang et al. [94] proposed a photo-
thermal MD evaporation system shown in Fig. 13. It was
observed that the absorption efficiency of rGO/rGO-PTFE
membrane was more than 80% which was considered high
under normal solar illumination, and achieved as much
as 78.6% water transmembrane flux enhancement com-
pared to bare PTFE membrane.

Hou et al. [95] demonstrated the application of GO
incorporated with mixed cellulose ester (MCE) films for

solar desalination using vacuum filtration. After being
exposed to a light density of one sun, the seawater weight
loss recorded was 0.68 kg m™. Besides having an excel-
lent thermal efficiency, the membrane also exhibited good
stability as the weight loss values of seawater after eight
cycles were linearly fitted to a straight line. The GO/MCE
also had good recyclability, and the purified water fully
met the drinking water standard by the World Health
Organisation (WHO).

Table 4 compares the evaporation rate and solar conver-
sion by various graphene photothermal membranes. The
average solar conversion efficiency was 85.28%, with the
lowest and the highest solar conversions were at 48.20% and
94.20%, respectively. Graphene-based material has a high
solar absorption ability where it can absorb more than 99%
of the whole sunlight. As the graphene-based membrane has
high porosity, it enables fast water transport while lowering
heat loss to bulk water. These properties make graphene
as an excellent material for photothermal membrane
distillation application.
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Fig. 13. Photothermal membrane distillation setup [94].
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Fig. 12. Schematic diagram of (a) solar interfacial membrane distillation [71] and (b) solar spectral irradiance [92].
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Table 4

Comparison of evaporation rate and solar conversion efficiency of various graphene-based membranes

Membrane Graphene Evaporation Solar irradiance Solar conversion Finding
content (wt.%) rate (kg m?h™) (Wm?) efficiency (%)
GO/CNTs layer enhanced light
GO/CNT-silica Janus 130 10 74.00 a?o‘sorptlon while the e.lectrospun
[96] silica membrane provided ther-
mal insulation and water channel.
Cotton cores absorbed and stored
1 t of water, whil
rGO-agarose/cotton >97% light 3 /atge amotint o watet, wht'e
04g 4.00 1.0 ; photothermal rGO-agarose-cotton
aerogel shell [97] absorption
aerogel sheet served as water
retainer and light absorber.
GO/SA PAM-PVA Hydroge.l showed e)fcellent solar
hydrogel [98] 1,274.2 g m™ 1.0 - evaporation properties due to GO
ydrog NPs solar absorber.
Graphite powder GP/SCM showed good light
(GP) and a ser.niper- 8 mg 136 15 56.80 absorber properties. Can be. .
meable collodion reused over 20 cycles, showing its
membrane (SCM) [99] long-term application.
Successful combination of rGO/
A.l foil/rGO/l\/Ir1304 018 g 165 10 90.00 Ml’l30 A resultt?d in an excellent
film [100] solar absorption of more than
99% of the whole sunlight.
lithic bil
Monolithic bilayer HPGC showed excellent solar
sheets (MBS) of . .
hierarchically porous - 134 10 83.20 absorption where it absorbed
cucalyp ' ' ' ~97% broadband of solar
graphitic carbon ilumination
(HPGC) [101] '
Besides photothermal properties,
the membrane displayed excellent
GO/PVA EFMs [102] 1-6 wt.% PVA  1.42 1.0 94.20 . .
stability suitable for long-term
photothermal evaporation.
rGO provided a porous structure
rGO on top of poly- 131 10 83.00 on the top layer with strong light
styrene (PS) [103] ’ ' ' absorption ability to enhance the
permeate flux.
CB/GO layer with porous
CB/GO (body), GO structures showed high light
pillars (tentacles), 500 mg 197 10 8750 absorption ar.ld vertically printed
expanded polystyrene porous GO pillars enabled fast
(EPS) matrix [104] water transport and lowering
heat loss to bulk water.
Increase of reduction degree
rGO [105] 400 mg 1.14 1.0 90.20 of rGO resulted in higher
evaporation efficiency.
CNT/GO showed high
solar absorption (>97%) and
CG/GN [106] 320 mg 1.25 1.0 85.60 open porous structure for

vapour escape to enhance the
evaporation flux.
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8. Conclusion

Permeate flux decline, membrane fouling, and wetting
are severe challenges faced in MD operations. Thus, various
studies have been carried out in recent years to modify the
MD membranes by incorporating nanomaterials, particu-
larly graphene, to overcome these challenges and enhance
the performances of MD. This review provides a compre-
hensive evaluation of the incorporation of graphene in the
MD. The desired characteristics of the membrane for MD
operations, such as a higher LEP, permeability, porosity,
hydrophobicity, chemical stability, thermal conductivity, and
mechanical strength have been thoroughly discussed. This
review also summarises different aspects of graphene-based
membranes for MD and how it affects the performance of
MD. Generally, the graphene-modified membranes are more
hydrophobic with a higher contact angle. In addition, due
to the nanostructure of graphene pores, the salt rejection
is typically higher while maintaining the flux. Graphene-
based membranes also have high solar absorbance proper-
ties where they can substantially improve the photothermal
MD application.

Despite the tremendous progress observed for graphene-
based MD, several challenges still need to be resolved,
particularly on the development of membrane with finely
tuned microstructures and controlled pore size or inter-
layer spacing. In addition to that, the graphene-based mem-
brane for MD is only developed at a lab scale. Thus, the
graphene-based membrane must be fabricated in balance
with efficiency, cost, scalability, stability, and adaptability to
make it commercially viable. Most of the work conducted
on graphene-based MD is mainly for salt rejection. As such,
there is still minimal information on the graphene-based MD
for other applications such as oil rejection and wastewater
treatment. Monitoring the long-term stability of graphene-
based membranes under practical applications is also
essential for future adaptation.
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