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Abstract

This review focuses on current research attempts to
develop nano-enhanced polymeric desalination mem-
branes. The novel contribution made by this work as
compared to many recent reviews on membrane en-
hancement is that a critical review is made of the effect
that the morphological, optical and magnetic proper-
ties of the applied nanomaterials have on the efficiency
of desalination membranes. The focus on nanomate-
rials in this review is on both applying new chemi-
cal compositions at various concentrations, and also
on altering the nanomaterials’ morphology and other
properties to reach the optimal membrane efficiency
for desalination applications. The synthesis route has
a major role of tuning the physical and chemical prop-
erties of the nanomaterials, and hence, the membrane
morphological parameters can be altered , all of which
are summarised in this review. The review surveys
different types of nanomaterials used for membrane
fabrication, such as single elements, metal oxides and
nanotubes. Furthermore, mixed oxide composites and
polymer /nanomaterial combinations are also consid-
ered for membrane enhancement. A wide application
range is investigated for modified membranes in pres-
sure and osmotically driven membrane processes for
desalination, including reverse osmosis, forward osmo-
sis, osmotically assisted reverse osmosis and pressure
assisted forward osmosis.

1 Introduction

Freshwater scarcity is a globally growing threat that is
further aggravated by population growth, economic de-
velopment and increasing consumption. These global
trends are predicted to result in a continuously grow-
ing water demand of 1% per annum, but is expected
to accelerate in the next two decades (UNESCO 2018).
Only 2.5 % of the global water quantity can be qualified
as freshwater, whereas the rest is saline (Alkaisi et al.
2017). Water desalination processes extract freshwater
from these saline sources and therefore offer a viable
alternative to the natural freshwater sources.

While there are several technologies available for de-
salination, the primary separation technology used for
these applications are now membrane processes (Wang
et al. 2014). This review article focuses on pressure and

osmotically driven membrane processes that are capa-
ble of removing feedwater solutes in the ionic range
(e.g. monovalent and divalent ions, maximum dis-
solved solids and smaller disinfection by-product pre-
cursors (Du et al. 2018)). Reverse osmosis (RO), be-
ing the most well-known of these technologies, revo-
lutionised the desalination market and is now widely
commercialised as the chosen low-energy method. Be-
sides RO, processes such as forward osmosis (FO), os-
motically assisted reverse osmosis (OARO) and pres-
sure assisted forward osmosis (PAFO) are discussed.

In these processes, the membrane is often susceptible
to fouling, ageing, oxidation and deformation/tearing,
which result in non-ideal operation and increase op-
erating and capital expenditures. Therefore, mem-
brane development has been an intensive research focus
(Boretti et al. 2018, Du et al. 2018, Le & Nunes 2016,
Giwa et al. 2016, Lee et al. 2011, Ulbricht 2006). In
this review article, the application range is limited to
desalination using state-of-the-art nano-enhanced flat-
sheet polymeric membranes.

Nanomaterials (NMs) have been used in a wide range
of applications due to their large effective surface area
that enhances their physical and chemical properties.
The controllable shape and design of NMs (Wang, Gu,
An & Cai 2018), such as rods (Truppi et al. 2019), par-
ticles (Gallo et al. 2019), thin film, and 3D-shapes, al-
low them to be applied in a wide variety of environmen-
tal, industrial and biomedical applications. In water
applications (Bethi et al. 2016, Santhosh et al. 2016),
NMs have been used intensively in adsorption of heavy
metals and as effective catalyst of organic pollutants,
such as dyes and acids (Khin et al. 2012). They have
also shown a significant anti-bacterial activity (Kumar
et al. 2017). Due to the capabilities of NMs, they have
become a good candidate to develop water desalination
membranes (Daer et al. 2015, Ong et al. 2016).

In recent studies, NMs have been widely incorpo-
rated within the membrane matrix or as surface mod-
ifiers. These nano-enhanced membranes have shown
great potential in improving the whole process perfor-
mance by either raising the achievable water flux, in-
creasing the salt rejection or lowering the membrane
fouling propensity (Fathizadeh et al. 2019). The in-
vestigated NMs range from single elements (e.g. Ag
and Cu), oxides (e.g. SiOz, TiOgz, ZnO and GO) (Ab-
baszadeh et al. 2019)), to mixed oxides and polymer
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composites (Shafig et al. 2018), and to nano fibers (e.g.
carbon and titania nanotubes (Li et al. 2016)).

Earlier review papers that discuss the incorporation
of NMs in desalination membranes mainly focus on a
specific type of NM and the effect their concentration
has on the pressure and/or osmotically driven mem-
brane processes. For example, Teow & Mohammad
(2019) discuss the effectiveness of carbon nanotubes
and zeolite NMs at various loadings in RO, FO and
membrane distillation. The focus of Karkooti et al.
(2018) is rather on the application of graphene nanorib-
bons and nanosheets at various concentrations in wa-
ter treatment membranes to improve the membranes’
antifouling properties and water flux. On the other
hand, the latest developments in two-dimensional (2D)
nanoporous membranes for RO desalination are re-
viewed by Xu et al. (2019). Other review articles dis-
cuss a broader range of NMs in membranes with a spe-
cial focus on membrane materials and their fabrication
(Nasir et al. 2019). However, based on our knowledge,
none of these reviews consider the fabrication route,
morphology and properties of these nano-enhancers as
a potential parameter to optimise the membrane for
different pressure and osmotically driven membrane
process.

In this work we review recent publications that in-
vestigate the nano-enhancement of membranes with a
special focus on the NMs’ synthesis route, morphology
and its physical properties. We have included a the-
oretical background on different membrane processes.
Furthermore, we briefly discuss the effect of the NMs’
synthesis route on their properties and hence on their
application as anti-bacterial, adsorbent and catalytic
agent. Accordingly, our intention is to emphasise the
importance of the NM’s morphology and properties in
modifying the membrane properties in order to achieve
more affordable and energy efficient membrane desali-
nation processes.

2 Current pressure and osmot-
ically driven membrane pro-
cesses for desalination

Figure 1 has been adapted from Kim et al. (2018) and
visualises the conceptual dependency of the water flux
Jw on the transmembrane hydraulic pressure differ-
ence AP for the five main pressure and/or chemically
driven membrane processes. Pressure retarded osmo-
sis (PRO) is not a purification process and thus not
discussed in this review. The other four membrane
processes are discussed and classified according to their
main driving force, which is responsible for water trans-
port across the semi-permeable membrane.

2.1 Reverse osmosis

Of the currently available desalination technologies,
RO is the most widely employed desalination process
in terms of globally installed capacity (Mezher et al.

Am =7p —Tp
AP =Pr — Pp

Jw
FO

PRO

Figure 1: Water flux Jy with respect to AP for RO,
FO, OARO, PAFO and PRO. Adapted from Kim et al.
(2018).

2011). Tt is a purely pressure driven membrane pro-
cess in which the feed stream (Qp) is pressurised to
overcome the osmotic pressure of the RO feed solution
(AP > Am). In principle, only water is permitted to
pass through the RO membrane. Thus, the osmotic
pressure of the RO permeate is negligible (7p = 0)
compared to that of the feed stream, as no draw solu-
tion is employed (Qp = 0).

Compared to thermal desalination methods, RO can
operate closer to the thermodynamic minimum energy
of separation, as it is a pressure driven process and no
irreversible losses associated with a phase transition
of the product water are incurred (Tong & Elimelech
2016). Furthermore, RO is more energy efficient than
the other presented membrane-based desalination tech-
niques, as the water transported across the membrane
is not firstly mixed with a draw solution, as done for ex-
ample in FO, but directly constitutes the final product
(Cai & Hu 2016). Mixing of the permeated water with
a draw solution diminishes the net energy efficiency
due to (1) mixing entropy and (2) the additional en-
ergy consumption of the secondary purification process
required to produce freshwater (Chen & Yip 2018).

Although RO is the most energy efficient and an
exceedingly robust desalination technology, the maxi-
mum operating pressure, required to overcome the feed
osmotic pressure, is limited by the membrane burst
pressure (Bartholomew et al. 2017). This limits the
maximum recovery of RO, especially at higher feed con-
centrations (> 75¢/L) (Tsai et al. 2017).

2.2 Forward osmosis

FO is a purely osmotically (chemically) driven mem-
brane process where spontaneous freshwater perme-
ation from the feed Qp to the draw QQp solution re-
quires that the osmotic potential of the draw solution
is higher than that of the feed solution (Am < 0), as
AP is negligible. Unlike RO, the FO product is not
freshwater, but rather a diluted draw solution. As a
result, a secondary separation process is required to
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(1) regenerate the draw solution for reuse in the FO
process and (2) to produce freshwater.

As mentioned, desalination with forward osmosis as
initial pre-treatment process, such as in FO-RO, is
more energy intensive than seawater desalination with
RO alone (Cai & Hu 2016). Nevertheless, the use of
a suitable FO draw solution can potentially lower the
cost of desalination as cheaper forms of energy (i.e.
low-grade waste heat) can replace expensive electric-
ity as energy source for the draw solute regeneration
process (McGinnis et al. 2013). In addition, other ad-
vantages of FO can include (1) low and reversible mem-
brane fouling (Wang 2016), (2) possibility of achieving
high process recoveries and minimising brine volume
and (3) multi-barrier protection against feedwater con-
taminants for in-series membrane processes (Nguyen
et al. 2019). These advantages make FO applicable
to a wider range of applications. An example of a
high recovery process is the full-scale FO plant oper-
ated at the Changxing power plant in China, which
efficiently concentrates a RO brine stream (60g/L) to
220 g/L prior to entering the brine crystalliser (Pender-
gast et al. 2016). Other examples of the wider appli-
cation range of FO include its direct use as anaerobic
and aerobic membrane bioreactor in municipal wastew-
ater treatment (Eyvaz et al. 2016) or for water recovery
from oily wastewater (Ge et al. 2017).

2.3 Osmotically assisted reverse osmo-
sis

OARO has also been referred to as draw solution as-
sisted reverse osmosis (DSARO), osmotically-enhanced
dewatering (OED), and split-feed reverse osmosis
(SFRO). OARO ensures water transport across the
membrane by incorporating both the FO and RO work-
ing principles. However, compared to FO, the draw
solution is less concentrated than the feed solution
(rp < 7F), and is only utilised to lower Arm (Kim
et al. 2018). Therefore, the use of an additional draw
solution in OARO reduces the required hydraulic pres-
sure to achieve an RO equivalent water flux (AP >
Am). This also permits dewatering of more saline feed
streams without exceeding the maximum allowable hy-
draulic pressure of the membrane module.

Similar to FO and other chemically driven membrane
processes, a secondary purification process is required
to produce freshwater. Therefore, OARO is more en-
ergy intensive than stand-alone RO or multi-stage RO,
but can operate at lower hydraulic pressures (Peters &
Hankins 2019, Chen & Yip 2018). However, less en-
ergy is consumed in comparison to FO. As described
in Elimelech & Phillip (2011), the minimum energy of
separation increases with an increase in the osmotic
pressure of the feed solution. Therefore, the secondary
purification process is more energy intensive for FO,
as the diluted FO draw solution to be regenerated is
more concentrated. In comparison to thermal desalina-
tion methods, which are the predominant high recov-
ery processes, OARO is more energy efficient and is a
promising solution for brine volume minimisation and

for water recovery from high-salinity waters. For ex-
ample, Bouma & Lienhard (2018) compare a six-stage
SFRO process with a mechanical vapour compression
(MVC) process with an equivalent number of stages for
brine concentration up to 200 g/kg. The specific energy
consumption (SEC) for the SFRO and MVC process
are 3.9kWh/m? and 14.1 kWh/m?, respectively.

2.4 Pressure assisted forward osmosis

In PAFO a negative osmotic pressure difference (An <
0) and positive hydraulic pressure difference (AP > 0)
are utilised. Generally, the FO water flux is lower than
that of RO, which is mainly due to the internal con-
centration polarisation (ICP) phenomena occurring in
FO (Oh et al. 2014). The additional hydraulic pressure
in PAFO has the benefit of increasing the water flux
and reducing the reverse solute transport (RST) of the
draw solution into the feed stream.

Although PAFO is more energy intensive than the
stand-alone FO process, the higher water flux reduces
the required membrane area for the same recovery (i.e.
reduction in capital expenditures) and the lower RST
minimises feed stream contamination and loss of draw
solute (i.e. reduction in operational expenditures).

As shown in figure 1, at an equivalent water flux:
APro > APparo > APparo > APro and TD,FO >
TD,PAFO > TD,OARO > TD,RO- Useful work done by
the process is reduced by entropy generation associated
with (1) mechanical losses in the energy recovery de-
vices, (2) pressure losses in the membrane module and
(3) mixing streams of different concentrations (Bouma
& Lienhard 2018). Therefore, a higher draw solute
concentration results in a lower second law efficiency
11 of the overall process. Thus, 077, ro > Nrr,0ArR0 >

NII,PAFO > NII,FO-

3 Optimal membrane properties
for desalination

The ideal membrane is (1) highly water permeable
(high water permeability coefficient A), (2) selective
(low solute permeability B), (3) not significantly af-
fected by ICP (low structural parameter S), (4) fouling
resistant, (5) mechanically and chemically stable, (6)
easily manufacturable, (7) produced from cheap and
abundant materials, and (8) recyclable. Utilising such
an ideal membrane will improve the process efficiency
and reduce capital and operational costs by minimising
for example pre-treatment requirements, membrane re-
placements, pressure loss due to fouling and chemical
consumption.

3.1 Water permeability

Development of ultrapermeable membranes, which in-
clude the incorporation of Aquaporin (Zhao et al.
2012), nanoporous graphene (Cohen-Tanugi & Gross-
man 2012) and densely packed carbon nanotubes
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(Corry 2008), foreshadow membranes with permeabil-
ities exceeding those of current thin film composite
(TFC) membranes. However, enhancing the water per-
meability of membranes beyond those achieved by cur-
rent TFC polyamide membranes will lead to insignifi-
cant improvements in RO and FO process efficiencies
(e.g. lower SEC and/or lower capital and operational
costs). Convincing arguments supporting this state-
ment are offered by Werber et al. (2016) and are here
shortly summarised.

Firstly, membrane permeability would solely affect
the energy consumption in the desalination step. In-
take, pre-treatment, post-treatment and brine dis-
charge remain unaffected and can in total contribute
to more than 1kWh/m? of the total desalination en-
ergy consumption (Elimelech & Phillip 2011).

Secondly, energy savings achieved by employing ul-
tra permeable membranes are limited to reducing the
over-pressurisation required to achieve an acceptable
water flux in pressure driven membrane processes. In
essence, the minimum energy consumption in RO is
limited by thermodynamics even when using ultra per-
meable membranes (Cohen-Tanugi et al. 2014). As
shown in figure 2, the total energy consumption of RO
can be subdivided into three regions. The first region
(shaded dark grey) represents the theoretical minimum
energy of desalination, which is dependent on the pro-
cess recovery Y and on 7wp. For a single-stage RO
process, the operating pressure must supersede the fi-
nal brine osmotic pressure to ensure water permeation
throughout the entire membrane module/pressure ves-
sel. The second region (shaded yellow) indicates irre-
versible energy losses that are dependent on the min-
imum hydraulic pressure required to overcome the os-
motic pressure of the exiting brine. RO cannot be oper-
ated at the minimum hydraulic pressure to achieve the
desired recovery, because there are pressure losses (e.g.
in the feed channels) and a sufficient driving force is
required to achieve economically viable water fluxes in
the entire RO membrane module/pressure vessel. The
energy cost associated with this over-pressurisation is
indicated in orange, which for currently employed TFC
polyamide membranes is little. Therefore, energy sav-
ings arising from utilising ultra permeable membranes
are insignificant.

Thirdly, Cohen-Tanugi et al. (2014) show that ultra
permeable membranes require less pressure vessels to
produce the same total permeate output under non-
fouling conditions. However, concentration polarisa-
tion is directly dependent on the water flux and hin-
ders the increase of the water flux Jy for membranes
with higher A values. Although external concentra-
tion polarisation (ECP) in RO can be minimised using
better feed spacer designs or higher cross-flow veloci-
ties, the increase in turbulence leads to higher channel
pressure losses and increases the SEC. Furthermore,
for real feedwaters containing contaminants, fouling is
more severe at higher water fluxes, which also hinders
the increase of Jy,. Fouling is discussed in greater de-
tail in section 3.3. Due to increased concentration po-
larisation and fouling, only minor savings in terms of

T
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Energy for

Pro hydraulic

T §= === === === over-pressure
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additional
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Figure 2: Representation of the energy consumption
for a single-stage RO process with recovery Ygo, final
brine osmotic pressure g and operating pressure Pro.
Adapted from Werber et al. (2016).

RO membrane area can be achieved at higher water
permeabilities. This also applies to FO, although it is
typically operated at much lower water fluxes of ap-
proximately 3LMH (Werber et al. 2016). The main
FO water flux resistance is due to the support layer
with a high structural parameter S (i.e. due to inter-
nal concentration polarisation (ICP)) and not due to
the active layer permeability. The FO water flux can
be significantly improved if S is minimised, while the
water flux plateaus at water permeabilities exceeding
those of current TFC membranes.

This discussion is focused around FO and RO, but
the findings are also applicable to the intermediary pro-
cesses (i.e. OARO and PAFO). To conclude, there is
little benefit in further enhancing the membrane per-
meability beyond that of current TFC membranes.

3.2 Selectivity

For dense polymeric membranes, the water permeabil-
ity coefficient A and its salt permeability coefficient B
are not independent and demonstrate a permeability-
selectivity trade-off (Werber et al. 2016). According
to Yip & Elimelech (2011), the relationship is given
by B « A3 for TFC membranes. Therefore, tweak-
ing the polyamide structure of the membrane’s active
layer to be more water permeable results in a simul-
taneous and significant increase in solute permeability.
It can be concluded that more permeable membranes
offer negligible improvements to the desalinantion pro-
cess. Thus, Werber et al. (2016) argue that current
membrane research should focus on developing more
selective than more permeable membranes.

The development of more selective membranes will
offer several advantages in terms of improving the wa-
ter purification process. Firstly, better retention of
feed impurities offers a more efficient process and a
higher purity permeate. Improved process efficiency
originates from a higher second law efficiency, as a
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higher selectivity results in more useful work being
done (Bouma & Lienhard 2018). Furthermore, if a
draw solution is employed that differs from the feed so-
lution, a better rejection of solutes by the membrane re-
sults in a lower cross-contamination of the two streams.
This lowers the loss of draw solutes in the purification
process (e.g. FO, PAFO), which can be valuable and
must be continuously replenished, and thus reduces the
operational costs of the process. Secondly, a higher
solute removal in the desalination step eliminates pre-
treatment and post-treatment steps that are otherwise
required to ensure an adequate permeate quality. This
could lead to significant chemical, energy, and cost ef-
ficiency gains (Werber et al. 2016).

The complete retention of small neutral solutes, such
as urea or disinfection by-products, is difficult due to
their charge neutrality and small hydrodynamic radii
(Werber et al. 2016). Furthermore, retention of boron
and silica is often inadequate to meet product water
specifications, as these only form weak acids and do
not disassociate at neutral pH. However, species, such
as SiO2 and boron, become highly ionised at higher pH
(pH > 10.5), which reduces their membrane passage
by a factor of ten or more (Morillo et al. 2014). The
varying degree of selectivity towards different species
depend on their interaction with the membrane.

Figure 3 displays the three exclusion mechanisms by
which charged solutes (e.g. salt, organic acid) are re-
jected by mainly porous membranes. Steric exclusion,
or size exclusion, hinders charged or uncharged species
with large hydrated radii to pass through smaller mem-
brane pores. Furthermore, the larger the hydrated par-
ticle size, the lower its permeability due to more drag
and friction force when it diffuses inside the membrane
matrix (Zaidi et al. 2015).

The Donnan effect describes the attraction or repul-
sion occurring between charged species and the mem-
brane, whose surfaces often contain charged functional
groups. Thus, the stronger interaction between the
charged membrane and divalent ions in comparison
with monovalent ions leads to a better retention or
higher diffusivity, if the membrane and divalent ion
have the same or opposite charge, respectively (Zaidi
et al. 2015). Wadley et al. (1995) however, found that
the retention of negatively charged organic solutes and
divalent ions by the negatively charged nanofiltration
membrane is lower than expected due to the high con-
centrations of NaCl in the feed solution (50g/L to
100g/L). The strong presence of monovalent ions are
found to shield the charge of the membrane and thus
reduces its selectivity.

Lastly, dielectric exclusion occurs due to the resis-
tance arising from the solute having to shed its hydra-
tion shell in order to enter the membrane pore. This
exclusion mechanism is found to be partially responsi-
ble for the high retention of divalent ions (Roy et al.
2017).

Until recently, it was generally assumed that water
and solute transport are solely dependent on the char-
acteristics of the membrane’s active layer (Wang et al.
2014). However, several studies found that the influ-

Jw
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exclusion @ -
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exclusion @ be shed by
s ¢ f‘) ion

Figure 3: Representation of solute exclusion mecha-
nisms in porous membranes. Adapted from Roy et al.
(2017).

ence of the support layer structure cannot be neglected
(Du et al. 2018). For example, Ghosh & Hoek (2009)
varied the pore structure and hydrophilicity of the
polysulfone support layer and recorded variations in
the membranes water permeability and selectivity. The
experimental findings indicate that more hydrophobic
and rough polysulfone support layers result in an over-
all higher water permeability whereas membranes with
large pores in the support layer showed a higher salt
permeability. More porous, hydrophilic support layers
allowed for the formation of polyamide within the pores
during the interfacial polymerisation process. There-
fore, the path length of water and solute through the
polyamide layer are longer and thus a lower water per-
meability is observed. Hydrophobic and non-porous
support layers are however not beneficial for FO (or any
other process employing a draw solute), as the mem-
brane support layer is ideally hydrophilic and porous
to reduce ICP.

3.3 Fouling propensity

Membrane fouling can cause operational instabilities
and increases operational costs (e.g. more frequent
membrane module replacement and cleaning, higher
chemical usage, and higher specific energy consump-
tion) and capital expenditures. It is common practice
to over-design the water purification/desalination plant
and allow for additional membrane modules to counter-
act the expected water flux reductions associated with
membrane fouling and ageing.

In order to enhance membranes using nanomateri-
als to be fouling resistant, it is important to under-
stand the types and underlying mechanisms of fouling.
Therefore, the rest of this subsection focuses on these
aspects.
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3.3.1 Fouling types and mechanisms

The four types of fouling are categorised as (1) scal-
ing (formation of mineral deposits), (2) particulate and
colloidal fouling, (3) organic fouling and (4) biofouling.
Each individual fouling type is represented in figure 4
using scanning electron microscope (SEM) images of
model foulants.

Fouling is a complex process and feedwaters of-
ten contain several different types of contaminants.
Thus, the four presented forms of fouling often oc-
cur simultaneously and can also initiate or aggravate
each other (Badruzzaman et al. 2019). According to
Voutchkov (2018) and Chesters et al. (2013), partic-
ulate/colloidal/organic fouling and biofilm formation
are most pronounced in the first and second membrane
module of the RO pressure vessel, while scale forma-
tion is most likely to occur in the last two membrane
modules.

Biofouling is considered the most difficult to eradi-
cate (Fane 2018, Badruzzaman et al. 2019, Jiang et al.
2017), as it is practically impossible to keep large wa-
ter treatment plants sterile and prevent the growth of
microorganisms in stagnant flow regions. Microbial
contamination of the membrane system occurs by mi-
crobes entering the system via the feed stream or by
spreading from their upstream growth sites, which can
be located in any prior process equipment, such as pip-
ing and storage tanks. Even the pre-treatment process
itself can be the origin of downstream biofouling. For
example, if flocculants are used in the pre-treatment
process, these can provide a suitable habitat for micro-
bial growth (Franken 2009).

The mechanism by which biofouling develops on the
membrane surface is illustrated in figure 5. Biofouling
is initiated by adsorption of dissolved organic matter
on the membrane surface. The organic conditioned sur-
face enhances the rate by which first colonists (microor-
ganisms) approaching the membrane surface loosely
attach themselves (Ben-Dov et al. 2016). In the sec-
ondary step, cell adhesion structures are formed, which
ensure a more permanent microbial attachment to the
membrane surface. After the microorganisms have
attached themselves more permanently, the first and
secondary maturation stages take place. In the first
maturation stage, the originally attached microbes of-
fer new and diverse adhesion sites for additional mi-
crobes arriving from the feed stream. Together the
microbes form the biopolymer matrix, which holds to-
gether the biofilm. In the secondary maturation step
biofilm growth is ensured by microbial reproduction
and by the recruitment of new microbes from the feed-
water. For microbial proliferation, nutrients in the wa-
ter are consumed at higher rates and extracellular poly-
meric substances (EPS) are excreted by the microbes.
EPS can improve the biofilm structure and make its
removal more difficult (Jiang et al. 2017). In the last
step, microbes detach themselves from the biofilm or
die-off due to the high population density and lack of
nutrients. Thus, an equilibrium stage is reached where
only slight changes in biofilm size and shape occur. The

detached microorganisms migrate to new growth sites
and the process depicted in figure 5 repeats itself.

3.3.2 Reversible and irreversible fouling

Reversible and irreversible fouling are differentiated by
the degree of foulant attachment to the membrane sur-
face. More precisely, reversible fouling is defined as
a loosely attached fouling layer that is removable via
physical cleaning methods, which is not the case for
irreversible fouling (Nguyen et al. 2019).

According to the critical flux theory, which is first de-
veloped for pressure-driven membrane processes, foul-
ing is insignificant (i.e. reversible) if the membrane
process is operated below the critical flux, but notice-
able and irreversible fouling are observed once this flux
is exceeded (Bacchin et al. 2006, Du et al. 2018, Nguyen
et al. 2019). Higher water flux operation requires less
initial membrane area (lower capital expenditures) for
a certain total permeate output, but irreversible mem-
brane fouling will increase downtime due to membrane
cleaning and replacement. Thus, operation below the
critical flux is favoured to ensure economical operation
of the membrane process (Bacchin et al. 2006). The
exact value of the critical flux varies for every single op-
eration and depends on membrane properties (surface
charge, membrane orientation, roughness, hydrophilic-
ity), concentration of foulants present, feedwater char-
acteristics (pH, temperature, crossflow velocity), and
operational time (Bacchin et al. 2006).

The formation of a fouling/cake layer induces a
third type of concentration polarisation, namely cake-
enhanced concentration polarisation (CECP), which is
depicted in figure 6 for both RO and FO operation.
This concept is particularly relevant for colloidal foul-
ing and biofouling (Lee et al. 2010). CECP arises as the
cake layer prevents cross/tangential flow in its 'porous’
structure and hinders solute back diffusion (Hoek &
Elimelech 2003). Thus, the solute concentration in the
membrane’s vicinity is enhanced due to the cake layer.
This is similar to ICP where the membrane’s porous
support layer restricts enhanced mass transfer by con-
vection.

CECP causes an elevated osmotic pressure at the
membrane’s feed side and thus lowers the effective driv-
ing force for Jy (Chong et al. 2008). Another side
effect is that the high feed side solute concentration
causes a higher forward solute transport, which low-
ers the membrane’s selectivity. Furthermore, the neg-
ative effects of CECP on the water and solute flux are
more pronounced for higher selectivity membranes and
thus is an important phenomenon to consider for tight
nanofiltration and RO/FO membranes (Hoek & Elim-
elech 2003).

As shown in the figure, CECP is more pronounced
in FO than in RO. In forward osmosis, reverse solute
transport from the draw to the feed solution causes a
higher solute concentration within the cake layer. The
accumulated mass on the membrane’s surface entraps
the dissolved draw solutes and causes a higher water
flux reduction by raising the feed side osmotic pressure
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Figure 4: SEM images of (a) CaSO, scale (Hu et al. 2014), (b) colloidal silica fouling (Ho et al. 2016), (c)
organic sodium alginate fouling (Shafi et al. 2017), and (d) E.Coli biofouling (Xu et al. 2013).
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Figure 5: Conceptual illustration of the biofouling mechanism on the membrane surface. Adapted from (Badruz-

zaman et al. 2019).

(Du et al. 2018). As CECP in FO is dependent on
the reverse solute flux of the draw solution, it is stated
by Lee et al. (2010) that draw solutes with a greater
hydrated radius (dextrose rather than NaCl) cause less
CECP due to their lower reverse solute flux.

Although FO is more affected by CECP, the fouling
layer is rather loosely attached to the membrane due to
the lack of hydraulic pressure. In RO, organic and de-
formable gel-like fouling layers are compacted by the
hydraulic pressure, which increases the hydraulic re-
sistance to permeate flow. On the other hand, cake
layer compaction by the hydraulic pressure in RO is
less pronounced for colloidal fouling, as the layer can-
not be further compressed than the maximum packing
density of hard, rigid particles (Lee et al. 2010).

Of all the presented processes, forward osmosis has
the lowest fouling propensity and shows the highest
fouling reversibility (Cai & Hu 2016). Lee et al. (2017)
found that organic fouling in forward osmosis operation
is almost fully reversible. On the other hand, the orig-
inal water flux could not be fully recovered after phys-
ical cleaning when PAFO is operated at a hydraulic
pressure of 7.5 bar. Lotfi et al. (2017) explains that at
higher applied hydraulic pressures, the deposition and
build-up of a fouling cake layer is enhanced. Addition-
ally, this fouling cake layer is more compacted at higher
hydraulic pressures and is therefore more difficult to re-
move. In Mi & Elimelech (2010), water flux reduction
due to gypsum scaling is investigated for forward osmo-
sis and reverse osmosis operation. The reverse osmosis
process is performed at a hydraulic pressure of 31 bar,
and the forward osmosis process uses a 4 M NaCl draw
solution while both are fed the same scaling solution.
It is found that the water flux reduction rate is equiv-
alent for both processes, but an almost complete flux
recovery is observed for forward osmosis after clean-

ing. Meanwhile, the flux is only restored to 90 % for
the reverse osmosis process. The difficult gypsum scale
removal in reverse osmosis operation can be attributed
to scale compaction at high hydraulic pressures. Fur-
thermore, it is found that gypsum scaling affects the
thin film composite membrane more severely than the
cellulose acetate membrane. It is hypothesized that
surface chemistry and/or topology of the TFC mem-
brane induce more severe heterogeneous crystallization
than the cellulose acetate membrane (Mi & Elimelech
2010). Thus, low pressure operations, such as in FO
and PAFO, are more likely to show signs of reversible
fouling than high pressure operations (OARO and RO).

3.4 Mechanical and chemical stability

Developing membranes with a superior mechanical and
chemical stability will allow for membrane processes
to be applied to a wider range of applications. The
membrane material plays a vital role in the application
choice. The nano-enhancement of organic (polymeric)
membranes, such as polyamide TFC and cellulose tri-
acetate (CTA) membranes, is the main focus of this
review but these membranes are generally limited to
non-oxidative and low temperature applications. How-
ever, organic membranes have already been employed
for certain extreme applications, such as treating ra-
dioactive liquid wastes (Combernoux et al. 2017).
Limitations of polymeric membranes become espe-
cially evident for both chemically and pressure driven
membrane processes, such as PAFO, OARO, and PRO.
Chemically driven membrane processes require a sup-
port layer with a low structural parameter to minimise
the internal concentration polarisation phenomenon,
but this impairs the membrane’s mechanical stability.
This complicates high pressure operation of FO mem-

650

655

660

665

670

675



680

685

690

695

700

705

>

e
Boundary Compacted
layer fouling layer

(a) Reverse osmosis

Loose
fouling layer

Boundary
layer

(b) Forward osmosis

Figure 6: Illustration of cake-enhanced, internal and external concentration polarisation for RO and FO with

AL-FS membrane orientation.

branes. As stated by Madsen et al. (2017), CTA FO
membranes can withstand higher hydraulic pressures,
while TFC FO membranes are less stable.

In spiral wound modules, the choice of the perme-
ate spacer (for OARO and PAFO processes) and the
feed spacer (for PRO processes) is another important
consideration to prevent membrane deformation under
high operating pressures (Oh et al. 2014). For example,
Kim & Elimelech (2012) found that in PRO operation,
the feed channel is compressed during high pressure
operation which led to a higher flow resistance. The
membrane is also subjected to concave and convex de-
formation due to the feed spacer. It is therefore stated
that the design of the spacer is also of paramount im-
portance. Furthermore, F de Roever et al. (2009) found
that spacer intrusion into the RO membrane is a com-
mon phenomenon due to year-long operation, which
gradually leads to creep-like deformation of the RO
membrane. This phenomenon is also more likely at the
high end of the normal temperature and pressure oper-
ation range. This proves that membranes are generally
subjected to localised deformation, which can lead to
membrane failure if not minimised.

As discussed in section 5, the inclusion of certain
NMs can prevent mechanical and chemical degrada-
tion, such as aging, oxidation and plastic deformation,
and prolong and enhance the membrane process.

4 Synthesis, properties and ap-
plications of nanomaterials for
membrane modification

With the emergence of NMs (unit size of less than
100nm), significant amounts of research investigate
their efficiency in different applications, such as tech-
nology (Gajanan & Tijare 2018), environment (Sharma
et al. 2015) and biomedicine (Qu et al. 2018). Due to
their small size and high surface area to volume ratio,
their physical and chemical properties are enhanced in
comparison to their bulk state (Lisjak & Mertelj 2018).
Within such small size units, the effective surface area
becomes very large, owing NMs unique optical (Bhalla
& Tyagi 2018), magnetic (Hu et al. 2018) and mechan-
ical properties (Vivar Mora et al. 2018).

In figure 7, a schematic diagram demonstrates the
importance of NMs in the applications of water treat-
ment and purification. Besides their large surface area,
the enhanced magnetic properties make some NMs
good candidates for adsorption of heavy metals from
wastewater (Ge et al. 2018). This allows for a stronger
attachment to heavy metal ions, as well as for eas-
ier separation from water. NMs are also involved in
the photocatalysis of organic materials due to their
good optical properties (Tatarchuk et al. 2018). They
also own distinguishable antibacterial properties and
are therefore widely applied in wastewater treatment
(Khan et al. 2016). Due to the above-mentioned perks
of NMs, they have also been incorporated into mem-
branes to enhance the membrane properties (Mayyahi
2018), such as roughness (Ma et al. 2016), porosity
(Rabiee et al. 2015) and mechanical strength (Lu et al.
2016).
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NMs heve been synthesised using different routes,
which can be mainly classified as either chemical (Zhu,
Ju, Xu, Yang, Gao & Hou 2018), mechanical (Ostovari
Moghaddam et al. 2018) or green (Abdelghany et al.
2018). Accordingly, different shapes and sizes of NMs
are created. This includes particles (Pattnaik et al.
2018), rods (Khot et al. 2018), tubes (Liao et al. 2018),
films (Mujeeb Rahman et al. 2018) and even unique
structures, such as flower-like structures (Wang, Ding,
Liu, Zhu, Li, Xia, Fu & Li 2018).

The chemical NM fabrication routes are the most
common and involve various chemical steps. The sol-
gel method is one of the well-known chemical based
methods (Hasnidawani et al. 2016). In this method,
two precursors are mixed together in water until a uni-
form solution is created. This is followed by a pro-
longed polymerisation phase and hence, nano-chains
are created. Separation of the NMs from the solution
can be done through heating, which ultimately results
in nanopowders. Other separation methods can shape
the NMs into other structures, such as tubes and films
(Behnajady et al. 2011). It is shown that the sol-gel
experimental conditions, such as the chosen precur-
sors, water percentage, temperature and polymerisa-
tion time affect the structure and the behaviour of the
nanoparticles (NPs) (Mutuma et al. 2015). Size and
surface area of NMs can also be altered by changing

the pH of the solution in the sol-gel process (Salavati-
Niasari et al. 2016).

Other chemical routes can be applied to obtain
unique multi dimensional structures, such as the hy-
drothermal route, which mainly depends on chemical
interactions under high temperature (Zhu, Li & Zeng
2018). It was shown that the high concentration of the
surfactant applied during this chemical process leads
to the formation of flower-like ZnO structures. Such
structures provide a high surface area that can be uti-
lized for different applications. Other factors during
the hydrothermal process, such as the pH of the so-
lution, were also shown to influence the shape of the
NMs. Additionally, the hydrothermal method was ap-
plied to combine ZnO and CuO NPs in core shell design
structures, where CuO NPs are coated with ZnO NPs
(Mansournia & Ghaderi 2017).

Co-precipitation is another chemical synthesis route,
that was used to coat NPs with polymers. The co-
precipitation method works by mixing two reacting
liquids together to create solids within the mixed so-
lution. This precipitate is usually removed from the
bulk liquid by adsorption or filtration (Harvey 2000).
Other chemical routes can also be utilised for NMs
fabrication, which include combustion (Kaur et al.
2016) , microwave (Nahas et al. 2016), microemulsion
(Pineda-Reyes & Olvera 2018) and solvothermal meth-
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ods (Atchudan et al. 2016). These NM synthesis routes
can either be applied separately or even combined with
other chemical methods to give unique structures and
complicated chemical phases of NMs. They are less
commonly used in the preparation of NMs for water
purification due to their high price and complexity.

The most well-known mechanical route to synthe-
sise NMs is ball milling, which depends on the con-
tinuous milling of bulk material until it reaches nano-
size. The milling process is done in a mechanical mill
that contains several metal balls. The rotation time of
the ball mill averages between several hours to a few
days. The number and the size of the balls can be
varied to affect the NP structure (Orge et al. 2017).
Milling time, milling speed and precursor ratios have
been shown to influence the properties of the fabricated
NMs (Petrovié¢ et al. 2018). Ball milling can also be
combined with other chemical routes, such as the hy-
drothermal method (Bazazi et al. 2018) and microwave
method (Chen et al. 2016).

Green synthesis is one of the emerging environmen-
tally friendly approaches to produce NMs by involv-
ing natural agents, such as organic constituents found
in plants and/or agricultural waste (Tatarchuk et al.
2018). During the synthesis process, the amount of
green extract affects the morphology and the structure
of NPs. This is because the green extracts act as al-
ternative reducing agents to produce NPs. Therefore,
green synthesis is claimed to produce the desired NMs
without producing toxic residuals that are harmful to
the environment (Kombaiah et al. 2018). Furthermore,
this synthesis method is known to be cheap, safe and
efficient (Jamdagni et al. 2018).

The increasing demand for NMs requires large scale
synthesis while most of the laboratory synthesis routes
are time and labour intensive (Kombaiah et al. 2018),
which may not be practical for future commercial prac-
tice. Therefore, researchers have been investigating
various options for large scale synthesis. For example,
solid state routes can be used for batch scale fabrication
of NMs (Galizia et al. 2017) and green synthesis of Ag
NPs has potential for large scale fabrication as shown
by Shende et al. (2017). Furthermore, the synthesis
of TiO2 (Asiah et al. 2015, Mahy et al. 2016), ZnO
(Liu, Shan, Zhou, Zhao & Shen 2017), Cu (Xia et al.
2017), graphene oxide (GO) (Liu et al. 2016), core-shell
design of SiO2/Co@Fey05 (Jithendra Kumara et al.
2018), and carbon nanotubes (Zhang et al. 2016) are
all reported to be produced on a large scale.

Electrospinning is one of the most attractive ways to
create unique designs of fibrous nano structures that
can be considered for large scale and cost effective pro-
duction (Anis et al. 2017). It allows for the forma-
tion of interconnected pores that facilitate the flow of
water (Ahmed et al. 2015, Tian et al. 2013). Dur-
ing the electrospinning process, nanofibers are created
from a polymeric liquid jet which are elongated un-
der an electrical field. The forces, including surface
tension, Coulombic repulsion force, electrostatic force,
viscoelastic force, gravity, and air drag force, affect the
charged fluid jet to form and bend the polymeric jet

into loops and spirals. This creates a fibrous structure
layer with a high porosity of up to 90 % that can be
controlled by varying the applied forces. Electrospin-
nings main advantage is the high versatility that allows
for the creation of nanofibers over various diameters,
structures and arrangements (Tian et al. 2017).

As mentioned earlier, the synthesis route has a ma-
jor effect on the shape, size and properties of NMs
(Teimouri et al. 2018). Accordingly, this affects their
behaviour in various water purification and treatment
applications such as antibacterial treatment (Khan
et al. 2016), photocatalysis of dyes and adsorption
of heavy metals (Bououdina, Alwqyan, Khezami, Al-
Najar, Shaikh, Gill, Modwi, Taha & Lemine 2019).
These applications are briefly discussed below:

4.1 Photocatalysis of pollutants:

NMs have shown great catalytic activity, especially un-
der certain irradiation wavelengths, such as solar light
and ultraviolet (UV) (Tatarchuk et al. 2018). Such
behaviour is very useful in the degradation of some
materials that cannot be biodegraded in water. The
enhanced optical properties of NMs led to a faster and
stronger photocatalytic process. TiOo NMs are there-
fore applied in wastewater treatment to degrade dif-
ferent types of dyes (Kaplan et al. 2016). Size and
surface area can be altered by changing the pH of the
solution during the sol-gel fabrication of TiOy NPs.
Studies have shown that TiOo NPs fabricated at dif-
ferent pH have noticeably different photocatalysis ef-
ficiencies in the degradation of Methylene Blue (MB)
dye, which is a well-known water pollutant (Salavati-
Niasari et al. 2016). Further structural manipulation of
TiO2 NPs is achieved by the sol-gel method by assisting
it with ultrasound and other chemical additives to pro-
mote the NPs photocatalytic behaviour (Pinjari et al.
2015).The morphology of more complex chemical com-
positions such as ZnTiO3 NPs can also be controlled by
the synthesis calcination temperature and pH, achiev-
ing different efficiencies in the degradation process of
pollutant dyes (Salavati-Niasari et al. 2016). Core-shell
Cu NPs have also shown good photocatalytic effects
(Ghosh et al. 2015). Ag- Cu/ZnO (Modwi et al. 2019),
carbon NMs (Yi et al. 2018), ZnO nano-flowers (Saikia
et al. 2015) are also used as an efficient photocatalyst
in wastewater treatment.

4.2 Antibacterial behaviour:

Generally, the antibacterial effect is accompanied with
photocatalytic activity as the latter generates toxic Re-
active Oxygen Species (ROS). Studies have shown that
combining Ag NPs with TiOy NPs resulted in a dual
photocatalytic and antimicrobial effect, which can be
effective in wastewater treatment. Such antibacterial
activity is shown to be related to the Ag particle size,
as smaller NPs possessed a stronger antibacterial ef-
fect(Zielinska-Jurek et al. 2015). The size effect has
also been confirmed by Maddinedi et al. (2017) when
the green synthesis solution was applied at different pH
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values to alter the Ag NPs sizes. Figure 8 shows that
by altering the pH value from 11 to 13, the size of the
created Ag NPs reduces from 22nm to 5nm. This af-
fected the antibacterial properties of the Ag NPs. Fig-
ure 8 shows the results of cytotoxicity assays of the
synthesised Ag NPs. The percentage of viable bacte-
ria is shown to be affected by the concentration of the
applied Ag NPs. With larger concentrations (80 ppm),
the percent viability reached its minimum (50 %). Fig-
ure 8 also shows that the size of Ag NPs affected its
antibacterial behaviour, as 5nm sized Ag NPs caused
more bacterial death, leading to a low viability per-
centage (Maddinedi et al. 2017).

Furthermore, antibacterial ZnO NPs were arranged
in a unique flower-like shape design through utilising
the sol-gel method (Khan et al. 2016). With different
stirring conditions, flower-like ZnO NPs were formed
with different sizes. Higher stirring speeds, led to the
formation of smaller NPs, which resulted in a more
powerful antibacterial behaviour. The process and re-
sulting crystal structure are displayed in figure 9.

4.3 Removal of heavy metals:

The large surface area of NMs, as well as their mag-
netic behaviour, make them a good candidate for ad-
sorption processes. TiOg nanotubes prepared via the
sol-gel method have shown to be an efficient adsor-
bent of Pb?*, Cu?T and Cd?* heavy metal ions (Fu
et al. 2019). Many researchers have included NMs in
the adsorption process of heavy metals, among which
are NiFe;Oy4/graphene oxide composites (Lingamdinne
et al. 2017), carbon nanotubes (Xu et al. 2018), Alu-
mina Al,O3 (Wang et al. 2019), ZnO (Bozorgi et al.
2018), Magnetite FesO3 (Darezereshki et al. 2018) and
core-shell Fe-MgO (Ge et al. 2018). Composites of
MgO/Fe; 03 are also shown to have a considerable ad-
sorption capacity of heavy metals. (Bououdina, Al-
Najar, Falamarzi, Judith Vijaya, Shaikh & Bellucci
2019) found that the experimental synthesis parame-
ters, such as the annealing temperature, lead to crystal
growth that increases the grain size of the NMs. This
in turn affected the adsorption efficiency of the sam-
ples, as smaller NPs owned a better adsorption capac-
ity. Such effects are also reported in Da’na (2017) and
Xiao et al. (2015).

Moreover, the adsorption capacity of polyethylene
glycol (PEG) coated FeaO3 NPs are influenced by their
crystallite size. When the PEG weight is changed from
1g to 2g and 3 g, during synthesis, the crystallite size
decreases from 14.96 nm to 13.49 nm and 10.85 nm, re-
spectively. This is found to enhance the NPs saturation
magnetization, which increases their potential to effec-
tively remove metals from wastewater (Anbarasu et al.
2015).

For the aforementioned properties of NMs, they
are also included in desalination and water treatment
membranes. The following section reviews the latest
research on including NMs in TFC and CTA mem-
branes.
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5 Nano-enhanced membranes

for desalination

NMs have shown potential to improve conventional de-
salination membranes due to their unique characteris-
tics. Membrane enhancement can be performed with
different NMs and via various routes. In TFC mem-
branes, NMs can be incorporated in the active layer
(Li, Li & Zhang 2017), in the support layer (Tian
et al. 2017), or as a surface modifier for conventional
membranes (Lu et al. 2017). Usually, surface coat-
ings with NMs resulted in stronger anti-fouling prop-
erties, as well as in enhanced membrane hydrophilicity
(Saleh & Gupta 2012). The incorporation of NMs in
the Polyamide (PA) active layer was also proven to en-
hance the membrane’s anti-fouling properties, its wa-
ter permeability and its selectivity. On the other hand,
the addition of NMs in the support layer matrix or as
a nanofiber texture (Lu et al. 2016) improved the sup-
port layer’s structural parameter (Rastgar et al. 2017).

From table 1, it can be perceived that the applied
NMs can be classified as (1) single element particles,
such as carbon dots (Li, Valladares Linares, Bucs, For-
tunato, Hélix-Nielsen, Vrouwenvelder, Ghaffour, Leik-
nes & Amy 2017), Ag NPs (Ben-Sasson et al. 2014)
and Cu NPs (Ma et al. 2016), (2) oxide NPs and
nanosheets and (3) carbon nanotubes (CNT) (Chan
et al. 2016) and titania nanotubes (TNT) (Padaki et al.
2015). Furthermore, (4) different types of NMs can be
combined to produce more efficient composites (Dong
et al. 2015). Some studies also investigate (5) com-
bining NMs with polymers (Shafiq et al. 2018). This
section discusses the influence of these different NMs
on the properties of the TFC and CTA membranes that
are mainly utilised in desalination.

5.1 Single element nanoparticles

Single element NPs, such as carbon dots (CDs), have
been applied to enhance the active layer of TFC mem-
branes. Figure 10 demonstrates the process of includ-
ing carbon dots during the interfacial polymerisation
of the PA active layer on the (Polysulfone) PSF sub-
strate. The extremely small carbon dots (average size
of 6.8 nm) caused a major difference in the membrane’s
surface by creating a valley structure with projections
that were clearly shown in the cross-sectional SEM im-
ages as well as on the Atomic Force Microscopy (AFM)
images. The concentration of the incorporated dots
was increased from 0.01 wt% to 0.08 wt% leading to a
higher rigid valley structure. Figure 10 shows the dif-
ference in the surface structures of the virgin membrane
(figure 10b) and the modified membrane with 0.08 wt%
carbon dots (figure 10c), where the highest roughness
parameter was obtained. The measured contact an-
gle of the membranes was shown to decrease from 78°
for the virgin membrane to 63° for the 0.08 wt% car-
bon enhanced membrane indicating a more hydrophilic
surface. Such a change in surface structure with the
addition of carbon dots were mainly due to their in-
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teraction with PA during the interfacial polymerisa-
tion. A noticeable improvement in Jy of the enhanced
membranes was found for membranes enhanced with
0.01 wt% to 0.03 wt% carbon, as the flux increased from
72 LMH (virgin membrane) to 88 LMH with 0.03 wt%
carbon. However, adding more carbon NPs resulted
in a decline in the water flux, reaching 65 LMH with
0.08 wt% carbon. This was related to the increase in
the PA active layer thickness with the additional con-
centration of carbon, as well as due to the agglom-
eration of the carbon NPs (Li, Li & Zhang 2017). As
mentioned in section 3.1, the enhancement of the mem-
brane’s water permeability, in this case using carbon
NPs, offers only an insignificant improvement with re-
spect to the overall desalination process, as only the
membrane over-pressurisation can be minimised.

In addition, Ag NPs with 15nm size were incorpo-
rated to enhance the surface of TFC membranes (Ben-
Sasson et al. 2014). The authors managed to fabricate
in situ Ag NPs on the surface of the RO TFC mem-
branes using different concentrations of AgNOj3 and
NaBH, as precursors. With the small size of the ob-
tained Ag NPs (15nm), the surface roughness and hy-
drophilicity of the membrane was varied. As a result,
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the intrinsic properties of the membrane was affected,
as the A and B coefficient decreased by 17 % and 25 %,
respectively. This has been related to the change of
the PA active layer characteristics due to the added
NaBH,, which was revealed to influence the fabrica-
tion parameters of the membrane’s structure and func-
tion. ALthough the membrane permeability is compro-
mised in this work, the enhanced membrane has shown
considerable antibacterial properties to three types of
bacteria (E. coli, P. Aeruginosa and S. aureus). The
number of living bacteria in the enhanced membrane
decreased by 78 %, 91 % and 96 %, respectively, com-
pared to the virgin membrane. However, dynamic foul-
ing tests were not performed in this work. Other stud-
ies include this test, as it assists in assessing the be-
havior of the bacterial foulant during the separation
process (Padaki et al. 2015).

Due to their strong antibacterial effect, Ag NPs are
still considered in recent studies Yang et al. (2019). To
overcome the flux decline, Ag NPs were incorporated
in the support layer of a RO TFC membrane. Different
Ag concentrations were added during the phase inver-
sion process of the PSF support layer. This caused the
formation of Ag nanochannels (2nm to 3nm), which
facilitated water flow within the membrane and de-
creased its hydraulic resistance. At a certain concen-
tration (20mM), the enhanced membrane showed an
increased water flux reaching 50 LMH in comparison
with only 20 LMH for the plain TFC membrane. Ad-
ditionally, the membrane selectivity improved, as the
enhanced Ag membrane showed a better rejection to-
wards solutes, such as boron, ethylene glycol, diethy-
lene glycol, pentaerythritol, norfloxacin and ofloxacin.
A further increase in the Ag NPs concentration within
the substrate caused a noticeable decline in the water
flux and salt rejection. This was mainly due to the
agglomeration of Ag NPs, as most of the NPs tend to
agglomerate at high concentrations.

Recent studies also investigated the incorporation of
Ag NPs in membrane distillation membranes (Politano
et al. 2019). Chemically reduced Ag NPs with an aver-
age particle size of 30 nm were applied during the fabri-
cation of polyvinylidene fluoride (PVDF) microporous
films. Different weight concentrations (15 %, 25 % and
30 %) of Ag have shown to affect the thickness, poros-
ity, pore size, roughness and the contact angle of the
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membrane. In this case, the water flux could be in-
creased by up to 19 % at a Ag weight concentration of
25%.

Copper (Cu) NPs have also been considered in the
enhancement of RO TFC membranes using spray-
and spin-assisted layer-by-layer fabrication (Ma et al.
2016). Figure 1la demonstrates the process of spray-
and spin-assisted layer-by-layer fabrication. Cu NPs
coated with polyethylenimine (PEI) were applied on
the surface of the membrane as alternating layers with
polyacrylic acid. As shown in figure 11a, the formation
of each layer mainly includes polycations. Such designs
with alternating charges (the positively charged PEI-
Cu NPs and negatively charged poly acrylic acid) have
shown to improve the membrane’s anti-fouling proper-
ties with only a slight decline in the water permeabil-
ity. With the addition of more PEI-Cu bilayers (2, 4, 6
and 10 bilayers), the surface properties changed notice-
ably, as shown in the SEM images. Figure 11b shows
the SEM images of the rigid-valley structure of the en-
hanced membrane surface with only two bilayers of PEI
Cu. Figure 11c shows that this rigid-valley structure
was covered completely with ten bilayers. This caused
a decreased hydrophilicity of the enhanced membrane,
as the contact angle increased by 12 %. Thus, a slight
decline in the membrane water and salt permeability
was found. The change in A and B with the addition
of PEI Cu bilayers is shown in figure 11d. Further-
more, the membrane enhanced with coated Cu bilay-
ers was found to strongly affect the antibacterial prop-
erties of the membrane. Static bacterial inactivation
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tests revealed a high antibacterial activity on the Cu
modified membranes with different numbers of bilay-
ers. Figure 1le shows the amount of bacteria found
on the pristine membrane compared to the enhanced
membrane with only PEI and with bilayers of Cu-PEIL
The amount of bacteria was almost reduced by 20 %
with the PEI enhancement. Meanwhile the bacterial
load dropped by more than 90 % in the 2 bilayers Cu-
PEI membrane. Further decreases in the amount of
bacteria was found with more bilayers. Dynamic foul-
ing tests, using RO-cross flow cells, revealed that the
enhanced membrane flux slightly decreased as a re-
sult of the added Cu-PEI bilayers. However, the en-
hanced membrane showed good anti-biofouling proper-
ties when a bacterial suspension solution was applied.
A lower water flux reduction rate was achieved for the
enhanced membrane (38 % reduction after 24 hours)
in comparison to the pristine membrane (66 % reduc-
tion after 24 hours). This was mainly due to the an-
tibacterial properties of the Cu NPs in the enhanced
membranes (Ma et al. 2016).

Other metal based NPs have also been recently ap-
plied in TFC membranes. This includes UiO-66 NPs
(Liu et al. 2019), which were mainly based on Zr(II)
ions and other acid additives. The 50 nm particles were
synthesized through hydrothermal routes and then ap-
plied as a surface enhancer of the PA active layer of an
RO TFC membrane. Different concentration of UiO-
66 were applied (0.025%, 0.05%, 0.075% and 0.1 %
(w/v)) to the coating solution, which resulted in four
different nano-enhanced TFC membranes. The surface
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membrane with 2 PEI-Cu bilayers and (c) 10 PEI-Cu bilayers. (d) Performance parameters of the enhanced
membranes with different bilayers of PEI-Cu NPs. (e) Normalized CFU that corresponds to the amount of
bacteria present on the modified and unmodified membranes. Copyrights obtained from Elsevier (Ma et al.

2016).

charge of the membranes were shown to be more neg-
ative with the addition of UiO-66 NPs from —25mV
for the plain TFC membrane to —37mV for the en-
hanced TFC membrane with 0.1 % NPs. This led to
a reduced contact angle, which indicates a change in
the hydrophilicity of the membrane with the NPs en-
hancement. Accordingly, different RO performances
have been observed for each enhanced membrane. Al-
though the membrane with 0.1 % UiO-66 was the most
hydrophilic, the RO water flux was not considerably
enhanced from that of the plain membrane. The mem-
brane enhanced with only 0.05 % shows the highest wa-

ter flux increase of 36 % during neutral pH 7 testing.
Additionally, the boron rejection improved from 80 %
for the plain membrane to 90 % for the 0.05 % UiO-66
NPs enhanced membrane.

5.2 Oxide mnanoparticles and nano-

sheets

The inclusion of oxide NMs in desalination membranes
was widely investigated due to their unique atomic
structure that allows to enhance the physical and
chemical membrane properties. Recently, TiOs NPs
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were applied to modify the surface of a commercial
CTA and Aquaporin FO membrane (Xue et al. 2018).
The contact angle of the TiOy enhanced CTA mem-
brane was reduced by 34 % in comparison to the un-
modified CTA membrane. However, the modification
with the same TiOo NPs caused a 31 % increase in the
contact angle of the Aquaporin membrane. This was
explained by the possible blockage of Aquaporin chan-
nels by TiOy NPs, which led to the reduction of the
membrane’s hydrophilicity. Nevertheless, in both cases
the addition of the TiOs NPs led to a performance en-
hancement, as the FO water flux increased by 73.4 %
and 13.6 % for the CTA and Aquaporin membranes, re-
spectively. The reverse solute flux Jg slightly decreased
for the modified CTA membrane while it slightly in-
creased for the modified Aquaporin membrane.

In order to enhance UF membranes made out of
polyvinyl chloride (PVC), ZnO NPs were added dur-
ing the fabrication process using different concentra-
tions (0.3 wt%, 1wt%, 2wt%, 3 wt% and 4 wt%) (Ra-
biee et al. 2015). This led to a lower contact angle
that reached 52.2° for the 4 wt% ZnO enhanced mem-
brane in comparison to 67.5° for the virgin membrane.
Additionally, the maximum increase in porosity and
mean pore size was achieved for the 3wt% ZnO mod-
ified membrane and reached 79.85% and 12.1nm, re-
spectively. The change in the porous structure of the
membrane was clearly shown in the SEM images. Fig-
ure 12a and figure 12b show the difference between
the pore structure of the virgin membrane and the en-
hanced membrane with 3 wt% ZnO, respectively. Pores
were shown to be less tortuous and more uniform for
the modified membrane. Accordingly, the water flux
was shown to increase with the addition of the ZnO
NPs, reaching its maximum value at 401.9 LMH with
the 3wt% ZnO enhanced membrane. The change in
the water flux at different ZnO concentrations is shown
in figure 12¢. It was shown that the addition of more
ZnO NPs (4 wt%) slightly decreased the permeate flux
to 378.7 LMH. This was related to agglomeration of the
NPs at high concentrations, which caused pore block-
age, and hence resulted in the reduction of the water
flow. Anti-fouling experiments showed a higher foul-
ing reversibility for the 3wt% ZnO membrane. This
is shown in figure 12d. In the fouling experiment, the
pure water fluxes were obtained for the first 90 minutes.
In the second 90 minute interval, the membranes were
tested in a Bovine Serum Albumin (BSA) fouling solu-
tion, in which the 3wt% ZnO membrane also achieved
the highest water flux. Finally, the membranes were
washed and tested again in pure water. The 3 wt% ZnO
enhanced membrane showed the highest water flux re-
covery of 97 % (Rabiee et al. 2015).

SiOs NPs were also applied to enhance TFC mem-
branes. SiOy NPs were incorporated in the PA active
layer of FO membranes with different concentrations
(0.01 wt%, 0.05 wt% and 0.1 wt%) in order to improve
the membrane water flux in both orientations. It was
found that the water flux increased remarkably with
SiO2 NPs loading, while the solute flux decreased. This
refers to the increase in membrane roughness as a re-
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sult of the involvement of NPs within the PA active
layer. SiOs NPs can also disrupt the chain packing
in the active layer polymer causing an improved water
flux (Niksefat et al. 2014).

SiOs NPs can also be applied within the substrate
of the FO membrane (Tian et al. 2017). Commer-
cial SiO2 NPs were added to the mixed solvent of N-
dimethylformamide (DMF > 99.5%) and N-Methyl-
2-pyrrolidone during the electrospinning process. This
resulted in a thicker substrate layer that increased with
the SiO2 concentration (0%, 0.16 %, 0.8 % and 1.6 %).
As all prepared samples were covered with a PA ac-
tive layer, the surface morphology was very similar,
and the contact angle remained almost unchanged. On
the other hand, the porosity, thickness and pore size
of the substrate was altered. The porosity increased
from 60 % to 83 %, while the pore size increased from
0.55 pm to 1.28 pm for the virgin and the 1.6 % SiO4 en-
hanced membranes, respectively. Therefore, the calcu-
lated structural parameter considerably decreased from
523 um (virgin membrane) to 174 pm. The tensile mod-
ulus decreased to 173 MPa for the 1.6 % SiOs mem-
brane in comparison with 295 MPa for the virgin mem-
brane. Such structural changes in the support layer of
the TFC membranes resulted in the reduction of the
ICP phenomenon and enhanced the membrane’s flow
properties. The water permeability coefficient A in-
creased by 26.5 %, and similarly the salt permeability
coefficient B increased by 24 %.

The use of SiO9 as a surface modifier for commer-
cial FO membranes was also shown to be efficient (Liu,
Lee, Small, Ma & Elimelech 2017). Commercial SiOq
NPs were used to graft FO TFC membranes using the
dip coating method. This was compared with a zwit-
terionic polymer surface modification of the FO TFC
membrane. Figure 13a shows a schematic diagram
of the two applied methods. Membrane permeability
tests showed a slight change in performance between
the enhanced membranes and the virgin membrane.
Figure 13b shows that the water permeability coeffi-
cient A reduced slightly for the two enhanced mem-
branes. The salt permeability coefficient B reduced
slightly for the SiOs NPs enhanced membrane. How-
ever, it increased for the polymer enhanced membrane.
The structural parameter increased slightly for both
enhanced membranes. The hydrophilicity was shown
to increase for both enhanced membranes by around
50 % in comparison to the virgin membrane, while the
roughness parameter was found to slightly decrease for
the two enhanced membranes. Although the two en-
hanced membranes show similar structural character-
istics, they showed different anti-fouling behaviours.
As shown in figure 13c, the amount of E-coli bacteria
found on the SiOy membrane surface was much greater
than for the polymer modified membrane and the vir-
gin membrane. This indicates that the SiOs NPs actu-
ally assisted bacterial adhesion in this experiment by
45%. This was related to the positive surface charge
of the SiOs NPs that attracted the negatively charged
bacteria. This also explains the low adhesion of bacte-
ria on the negatively charged zwitterionic membrane.

1245

1250

1255

1260

1265

1270

1275

1280

1285

1290

1295

1300



1305

1310

1315

1320

1325

SEM HV: 20.00 kV
SEM MAG: 1.50 kx

WD: 14.6840 mm
Det: SE

VEGAW TESCAM
20 pm wi

450

401.9
378.7
400 |

313.0

w
o
o

266.9

w
o
S

2316
| 2132

200

Pure water flux (kg/m?2 h)
N
v
o

Bare EPVC

0.3 wt%

1wt%

(c)

2 wt% 3 wt% 4 wt%

SEM HV: 20.00 kV
SEM MAG: 1.50 kx

WD: 14.7110 mm VEGAW TESCAN
”

20 pm /]

Det: SE

—=3 Wt% ZnO/PVC
-4 Wtt% ZnO/PVC
=0=2 wt% ZnO/PVC

&

—+—0.3 wt% ZnO/PVC
| —e—unmodified Pvc

Waterand BSA Flux (kg/m2h)
Y
8

o 30 60 20 120 150 180 210 240 270 300
Time (min)

(d)

Figure 12: Cross-sectional SEM images of the (a) virgin PVC UF membrane and (b) the enhanced membrane
with 3wt% ZnO NPs. (c¢) Pure water flux obtained for the enhanced membranes with different concentrations
of ZnO NPs. (d) Permeate flux for feed solutions containing pure water and BSA in three 90 min intervals:
First for pure water, then for the BSA solution and lastly for pure water again after washing the membranes
for 30 min. Copyrights obtained from Elsevier (Rabiee et al. 2015).

Chen et al. (2018) applied graphene oxide (GO) to
modify CTA RO composite membranes for wastewa-
ter treatment. Samples with different GO contents
(0.02wt%, 0.05 wt% and 0.1 wt%) showed different sur-
face morphologies and the structural rigidity increased
with the incorporation of more GO. Under different
operational pressures, a noticeable flux enhancement
was achieved, reaching around 5 LMH at 3 MPa for the
membrane with the maximum GO content (0.1 wt%),
compared with only 1.6 LMH for the virgin membrane
at equivalent operating pressures. The salt rejection
was however reduced. This flux enhancement was re-
lated to the improved membrane hydrophilicity, as the
contact angle decreased by 13 % for the modified mem-
brane. However, the thermal stability of the membrane
was found to decline. The GO membranes showed
faster degradation rates than the virgin membrane.
This was related to the good GO thermal conductiv-
ity, which created degradation centers on the surface of
the membrane. Moreover, stress-strain curves showed
an increased tensile strength at the cost of a lower flex-
ibility. This makes the membrane more fragile and in-
creased the risk of brittle failure at lower applied strains
(Chen et al. 2018).
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Layer double hydroxyl (LDH) MgsAl — CO3 NPs
(Lu et al. 2017) were prepared using the co-
precipitation method and were added to the TFC mem-
branes as an external coat via Polydopamine (PDA)
self-polymerisation. This process included the immer-
sion of the membrane in a PDA aqueous solution,
which was followed by coating it with the LDH NPs
at different experimental parameters. Figure 14a illus-
trates the steps of the LDH coating of the TFC mem-
brane. Herein, the LDH suspension time of the mem-
brane was varied, where one sample was suspended
for 1 hour (dip-coating) and the second sample was
kept until desiccation (deposition). This created differ-
ent surface morphologies, as seen in the SEM images,
which indicated different binding mechanisms. In the
deposition method, the LDH NPs were dispersed uni-
formly and formed a compact layer over the PA active
layer. The amount of LDH loaded on the surface was
even doubled (8.96 wt%) compared to 4.93 wt% for the
dip-coated sample. Consequently, the deposit offered
an extremely high chlorine protection to the PA active
layer. In comparison to the virgin and dip-coated mem-
brane, the chlorine resistance of the deposited mem-
brane increased by approximately 96 times, as shown
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Figure 13: (a) A schematic diagram showing the modification of the TFC membrane surface using SiO; NPs
and a zwitterionic polymer. (b) Transport parameters of the virgin and the enhanced membranes. (c¢) Average
fluorescence intensity that corresponds to the concentration of E-coli bacteria on the surface of the virgin and
enhanced membranes. Copyrights obtained from Elsevier (Liu, Lee, Small, Ma & Elimelech 2017).

in figure 14b. Moreover, the contact angle decreased,
reaching 65, 45, 35 and 30 degrees for the virgin mem-
brane, the PDA coated membrane, the dip-coated and
the deposited membranes, respectively. However, the
flux of the enhanced membranes decreased in both FO
and PRO tests; i.e. the water flux decreased by 20 %
for the PDA coated membrane and decreased even fur-
ther for the LDH deposited membrane, as shown in
figure 14c. This flux reduction was due to the com-
pact LDH layer, which created an additional hydraulic
resistance (Lu et al. 2017).

On the other hand, incorporating LDH NPs in the
PSF support layer showed a noticeable improvement
in the FO and PRO water fluxes (Lu et al. 2016).
With different concentrations (1wt%, 2wt%, 3wt%
and 4 wt%), LDH NPs were introduced during the fab-
rication of the PSF support layer, which significantly
altered the porosity and pore orientation of the sub-
strate. With a higher LDH weight, the pores were
better aligned with the water flow direction, which im-
proved the water flux by reducing the ICP effect. In
both membrane orientations the water flux improved,
as shown in figure 15a. The reduction of ICP is bene-
ficial for any osmotically driven membrane process, as
a higher water flux can be achieved for the same draw
solute concentration. The enhanced membranes were
also shown to better maintain their mass at higher tem-
peratures. The membrane’s thermal stability increased
with the addition of LDH NPs. This was linked to the
LDH NPs inhibiting the diffusion of oxygen molecules
to the membrane, which delayed its thermal degrada-
tion. Furthermore, as shown in figure 15b, the addition

of LDH NPs enhanced the membrane strength, as the
membrane tensile strength and its elongation increased
with LDH loading up until 2wt%. A further increase
in LDH loading reduced the membrane flexibility and
made it more fragile (Lu et al. 2016).

Modified oxide NPs have shown to be efficient in
enhancing desalination membranes. Amino acid mod-
ified ZnO NPs were incorporated during the prepa-
ration of the FO TFC membrane substrate (Darabi
et al. 2019). Two amino acid modifiers were applied to
the ZnO nanofillers, which were 1,3-phenylendiamine
(M.ZnO) and Triethylenetetramine (T.Zn0O)), at three
different concentrations (0.1 %w, 0.3 %w and 0.5 %w).
The membrane S-value changed with the different mod-
ifier and its concentration. The lowest S-value was ob-
tained with T.ZnO (0.5%w). This corresponded to
a lower contact angle and a slightly higher porosity
of 88%. In the FO experiment, the T.ZnO (0.5 %w)
modified membrane achieved the highest water flux of
12LMH in comparison to only 5.5 LMH for the plain
TFC membrane. However, the salt rejection dropped
for the T.ZnO membrane (0.5%w) by 8%. This de-
crease in salt rejection was explained by the lower PA
active layer and support layer interlinkage caused by
the nano-modification of the substrate.

The introduction of the discussed oxide NMs into
the membrane has shown to enhance its properties
with most studies reporting an increased water flux.
As mentioned in section 3.1, achieving a higher wa-
ter flux by altering the membrane’s active layer does
not lead to significant improvements of the membrane
process. However, improving (1) the membrane’s anti-
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fouling properties, (2) its selectivity, (3) its mechanical
and chemical strength and (4) lowering the ICP ef-
fect in osmotically driven membrane processes can lead
to significant improvements in the membrane process.
Other studies have shown attempts to further enhance
the properties of oxides by combining them with other
oxides (Fathizadeh et al. 2019) or with polymers (Ang
et al. 2019). Examples of these NM combinations will
be discussed in the following subsections.

5.3 Carbon and Titania Nanotubes

Carbon Nanotubes (CNT) have been incorporated dur-
ing the preparation of the PA active layer of RO TFC
membranes. SEM and AFM results showed the differ-
ence in structure between the plain PA and the CNT
PA membranes. As a result of the CNT involvement,
smaller bundles were created within the PA active layer
whereas the roughness remained constant as seen from
the AFM topography. The enhanced membrane with
2wt% CNT showed an improved water flux for different
solutions of KCL, NaCl, CaCly, MgCLy and MgSQOy.
For example, the water flux increased from 8 LMH to
36 LMH for the KCI solution, whereas the water flux
increased from 15LMH to 35 LMH for the NaCl solu-
tion. The biofouling resistance of the CNT enhanced
membrane (Z-CNT-20 %) was tested using an RO flow
experiment with a bovine serum albumin (BSA) solu-
tion. The water flux reduction rate was lower for the
enhanced membrane due to a lower accumulation of
biomass on the membrane. Even after cleaning, the
enhanced membrane experienced a complete flux re-
covery (100%). This confirmed that irreversible foul-
ing was prevented due to the weaker attachment of the
created foulant. This was explained by the addition
of Z- functional groups that offer both negative and
positive charges, which created a hydration layer that
prevented the foulant from binding onto the membrane
surface (Chan et al. 2016).

Titanium nanotubes (TNT) were incorporated in the
PSF substrate of an RO TFC membrane to enhance
its anti-fouling properties (Padaki et al. 2015). Differ-
ent concentrations of TNT (0.1 wt%, 0.3 wt%, 0.5 wt%)
were magnetically dispersed in the casting solution
of the prepared PSF support layer. This resulted in
changes of the membrane’s hydrophilicity, pore struc-
ture and porosity. The contact angle reduced from
72° to 60.3° while the porosity percentage increased
from 71° to 79°. Though the PSF surface had the
same smoothness, the pores size and structure were
shown to be altered with higher TNT concentrations.
As revealed from the cross-sectional SEM images, that
are shown in figure 16a, the plain PSF support layer
was constructed of an upper layer with vertical pores
and a lower layer of larger horizontal pores. With
the addition of 0.1 wt% TNT, the lower pores became
smaller and more aligned with the vertical pores. This
alignment increased with the addition of 0.3 wt% TNT.
When the TNT concentration reached 0.5wt% TNT,
the alignment between the upper and the lower pores
became more visible. This aligned pore structure fa-
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cilitated water transport through the membrane and
resulted in an enhanced water flux, as well as in an
improved flux recovery during the anti-fouling tests.
Figure 16b shows the flux change with time during
anti-fouling tests in a BSA solution. A huge water flux
increase was achieved with the 0.3wt% and 0.5 wt%
TNT enhanced membranes, in comparison with the
virgin membrane and the 0.1 wt% TNT membrane. A
sharp decrease in flow occurred for the 0.3 wt% and
0.5wt% membranes at around 70 min due to foulant
accumulation. However, the flux reduction was not as
significant as for the virgin membrane. Furthermore,
an almost complete flux recovery was observed after
cleaning although figure 16¢ reveals that more foulant
accumulated on the TNT membranes due to the en-
hanced water flux. This large foulant concentration
explains the sharp decrease in the water flux during
the fouling tests.

Composites of CNT and TNT were also investi-
gated (Wan Azelee et al. 2017). CNT-TNT were pre-
pared using hydrothermal routes and then underwent
acid treatment (HCL solution) to improve the sur-
face charge of the nanotubes. This resulted in a bet-
ter interaction with the PA active layer. TEM im-
ages showed that the acid treatment helped in re-
ducing the agglomeration of the nanotubes and hence
increased the membrane’s hydrophilicity. The en-
hanced CNT-TNT-TFC membrane without acid treat-
ment and the plain TFC membrane showed higher
contact angles (72.12° and 76.2°, respectively) than
the acid treated CNT-TNT-TFC membrane (66.7°).
Moreover, AFM and Field Emission Scanning Elec-
tron Microscope (FESEM) images showed valley sur-
face microstructures of the fabricated membranes with
the highest rigids for the acid treated sample indicat-
ing a higher surface roughness. Such microstructures
led to an improved water flux in the RO performance
experiments (0.74 LMHbar~!) as when compared to
the plain TFC membrane (0.47 LMHbar~!) and the
other enhanced TFC membranes using only CNT-TNT
(0.62LMHbar~1!), only TNT (0.52LMHbar~!) and
only CNT (0.50 LMH bar~1!). This reflects on how the
choice of NM combination as well as its fabrication pa-
rameters and additives affect the performance of the
membrane during the separation process (Wan Azelee
et al. 2017). In this study, only the increase in mem-
brane permeability was investigated and thus no in-
formation was offered as to whether more important
membrane properties, such as the membrane selectiv-
ity, were optimised.

Recent studies suggest that CNT can effectively re-
place the PSF support layer (Li et al. 2019). Vertical
aligned CNT were used as a support layer for RO TFC
membranes and were compared with the classic TFC
membrane with a PSF support layer. It was shown
that a very high permeability of 4.7 LMH/bar could
be achieved in comparison with only 0.4 LMH/bar for
the classic TFC membrane. This was explained by
the structure of the formed PA active layer on top
of the support layer. As shown in figure 17, the PA
active layer that forms above the conventional PSF
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Figure 16: Cross-sectional SEM images of (a) the virgin PSF membrane, 0.1 wt% TNT, 0.3wt% TNT and
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2015).

support layer was thicker with a more ridged valley
structure in comparison with the PA active layer above
the CNT support, which was thinner and smoother.
The CNT support layer also led to a smoother and
more aligned water transfer through the membrane.
CNT support layers may also be beneficial for osmoti-
cally driven membrane processes, as the improved flow
structure may minimise the ICP effect occurring in the
membrane support layer. Unfortunately, this enhanced
membrane was not investigated for osmotically driven
membrane processes.
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Figure 17: Comparison of the water molecule trans-
port between a polyamide/CNT membrane and a clas-
sic polyamide/polysulfone membrane. Copyrights ob-
tained from Elsevier (Li et al. 2019).
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5.4 Mixed oxide composites of nano-
materials

Mixed oxide composites have been widely and success-
fully applied for various water purification processes,
as shown in section 4. Therefore, the incorporation of
mixed oxide composites into desalination membranes
was widely investigated. For example, the inclusion
of Zeolite NPs during the fabrication of TFC mem-
branes was tested by Kim et al. (2013). The Zeolite
NPs were synthesised using hydrothermal routes and
then functionalized by amine groups. A solution of
prepared NPs was poured onto the surface of a sul-
fonated poly (arylene ether sulfone) UF membrane dur-
ing the interfacial polymerisation step. This enhanced
UF membrane was used as a RO support layer. The
enhanced membrane with the aminated Zeolite NPs
was compared with another enhanced membrane with
only Zeolite and a plain PA TFC membrane. AFM re-
sults showed a lower surface roughness parameter for
the aminated Zeolite TFC membrane with an RMS of
27nm, in comparison with 31nm and 55nm for the
Zeolite enhanced and the plain TFC membranes. Con-
tact angle measurements indicated an improved hy-
drophilicity of the aminated Zeolite TFC membrane,
as the contact angle reduced by around 26 % in com-
parison with the plain TFC membrane. This caused a
noticeable increase in the RO water flux from 23.2 LMH
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for the PA TFC membrane to 39.2 LMH for the ami-
nated Zeolite TFC membrane. The latter even showed
an improved chlorine resistance. This confirmed the
role of NPs in protecting the structure of the PA ac-
tive layer from chlorine.

Similar results were obtained from Dong et al. (2015)
when they incorporated Zeolite NPs with different con-
centrations within the PA active layer of the RO TFC
membrane. SEM images showed similar thicknesses for
both membranes. However, the cross-sectional SEM
images revealed the difference in the surface morphol-
ogy and the pore structure of the enhanced and the
plain membrane. The plain PA active layer had a typ-
ical leaf structure as shown in figure 18a, whereas the
modified PA active layer had a more flourish structure
as displayed in figure 18b. TEM images also confirmed
a more leaf-type microstructure for the Zeolite NPs
enhanced TFC membranes. The incorporated Zeolite
NPs can be observed as black dots in the TEM image in
figure 18c. With the increase of Zeolite loading from
0.05wt% to 0.2wt%, the contact angle decreased by
27 %, leading to a noticeable flux increase. Figure 18d
shows the change in water flux in an RO experiment
with respect to the Zeolite loading. As the concentra-
tion of Zeolite increased, the water flux noticeably in-
creased while the salt rejection decreased slightly. This
trend was caused by the nanogaps that were formed in
the PA active layer interface as a result of the Zeolite
incorporation. The small pore size of the Zeolite NPs
might also contribute to the water flux enhancement.

Furthermore, oxide NMs were also successfully com-
bined with other single elements in a recent study. An
FO TFC membrane was coated with TiO, and Ag NPs
(Nguyen et al. 2014). This altered the surface mor-
phology of the membrane since the TiOy/Ag coating
formed a rougher layer with more surface projections.
This was confirmed via SEM and AFM analysis. Fur-
thermore, the applied combination of TiO5 and Ag NPs
achieved a lower bacterial accumulation concentration
(2pg/L) in comparison to the untreated commercial
membrane (23.5ng/L). This membrane modification
also resulted in a 40 % increase in the water flux dur-
ing FO operation.

TiO4 was also combined with GO to modify the RO
TFC membrane surface using the layer-by-layer coat-
ing method. After the preparation of the PA active
layer, the membrane was soaked in aTiO5 solution fol-
lowed by a GO solution (Shao et al. 2017). The number
of TiO2/GO bilayers was increased from 2, 4, 6, 8, 10 to
12 bilayers. The optimum number of bilayers was cho-
sen to be 6, as a further increase in bilayers resulted
in the reduction of the RO water flux. A biofouling
analysis was performed of both the 6 bilayers enhanced
membrane and the virgin membrane. During the anti-
fouling experiments under UV radiation, the water flux
of the enhanced TFC remained more steady with time,
which indicated a lower accumulation of foulant on the
membrane surface. This anti-fouling behaviour was ex-
plained by the photocatalytic ability of TiOg NPs.

According to Mayyahi (2018), the combination of
GO and ZnO showed a considerable improvement of
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the investigated TFC RO membrane. ZnO and GO
NPs were added to the MPD solution during the
interfacial polymerisation process of the PA active
layer. TEM images of the enhanced membrane sur-
face showed an increase in roughness with the addi-
tion of the ZnO-GO nanocomposites. These NMs af-
fected the reaction between the PA active layer and
the substrate, which led to a different surface mi-
crostructure. Six concentrations of the composites
were applied (0.02 wt%, 0.04 wt%, 0.06 wt%, 0.08 wt%,
0.10wt% and 0.12wt%). It was found that the mini-
mum contact angle was obtained at 0.08 wt%, as it de-
creased from 57° for the virgin membrane to 30° for the
0.08 wt% enhanced membrane. Higher concentration
(0.1wt%) caused the contact angle to increase, which
indicated a decline in the membrane’s hydrophilicity.
Water permeability tests showed that the highest water
flux was achieved with the 0.08 wt% doped membrane.
Water flux and salt rejection showed a gradual increase
with the loading of the NPs. The water flux increased
from 27.1 LMH (virgin membrane) to 42.5 LMH for the
0.08 wt% doped membrane. A further increase in the
concentration caused a considerable decline in the wa-
ter flux. This trend was also observed for the change
in salt rejection. The high concentration of NPs led to
their agglomeration; and their effective surface area de-
creased. Hence, both hydrophilicity and water flux de-
creased. The 0.08 wt% ZnO-GO enhanced membrane
was also examined in fouling tests. In comparison to
the virgin membrane, the water flux reduction was less
severe under these fouling conditions. The water flux
of the modified membrane could be retrieved by up
to 98 % of its initial value after rinsing, while the vir-
gin one reached a flux recovery of 80%. Lastly, the
composite of ZnO-GO (20nm) showed a better per-
formance than the individual ZnO (100nm) and GO
(200nm to 500 nm) NPs. This reveals the synergy of
combining different NMs. The use of larger NPs led to
the creation of micro-holes within the PA active layer,
which affected its salt rejection.

Furthermore, ZnO NPs were combined with silica
(ZnO — Si0O3) (Rastgar et al. 2017) in a core-shell
nanostructure by utilising the sol-gel process. These
NPs were dispersed in the PSF solution during the fab-
rication of the support layer of a FO TFC membrane.
The characteristics and performance of the modified
membrane were compared with the unmodified mem-
brane and also with a membrane modified with only
ZnO NPs. The obtained results showed a variation
in the thickness and porosity of the enhanced mem-
branes. As shown in figure 19a, the porosity and thick-
ness of the membrane increased with the addition of
7ZnO NPs. With the incorporation of the ZnO — SiOq
NPs at different loadings, the porosity decreased con-
siderably while the thickness increased. This led to a
different S-value for the modified membranes. For the
Zn0O NPs enhanced membrane, the S-value decreased
dramatically to 300 pm, compared with 723 pm for the
virgin membrane. In the case of the modified mem-
brane with the core-shell ZnO — SiO3, the concentra-
tion of NPs influenced the S-value, giving it a minimum
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Figure 18: Cross-sectional SEM images of the (a) plain TFC membrane and the (b) 0.1 wt% Zeolite enhanced
TFC membrane. (c¢) TEM image of the PA active layer of the enhanced TFC membrane. (d) Effects of Zeolite
loading on the water flux and salt rejection (adding NaY Zeolite nanoparticles into the amine solution; 2000 ppm
NaCl solution, 225 psi). Copyrights obtained from Elsevier (Dong et al. 2015).

value of 271 pm at 2wt% ZnO — SiOs. The contact an-
gle, which was depicted in figure 19b, also reached its
minimum value at 2wt% ZnO — SiO,. Cross-sectional
SEM images that appear in figure 19c show a notice-
able change in the pore structure, as a result of the
NPs modification. The unmodified membrane showed
a non-uniform pore structure while the ZnO modified
substrate formed longer and larger pores. Further-
more, the ZnO — SiO; modified membrane showed a
longer and more aligned pore structure. This facili-
tated water flux, especially in PRO mode, where the
water flux reached 50 LMH compared with 43 LMH
and 26 LMH for the ZnO modified and the unmodi-
fied membranes, respectively (figure 19d). Although
the total surface area of the ZnO — SiOy NPs was 10
times less than that of the ZnO NPs, the water flux
was greater for the ZnO — SiO5. This was related to
the high hydrophilicity, as well as the aligned pore
structure that facilitated water flow. However, fig-
ure 19e shows that the reverse salt flux increased with
the ZnO — SiO2 modified membrane (Rastgar et al.
2017). The comparison between the single oxide and
the mixed oxide composites in the above article reveals
the effect of the mixed oxides on the enhancement of
the membrane properties. However, investigating the
effect of varying the percentage weight of the two ox-

ides within the composite may be useful for further
membrane enhancements.

5.5 NMs-polymer composites

Polyaniline (PANI) nanostructures were synthesised
through interfacial polymerisation, and were added
alongside Cu NPs to the surface of a RO commercial
TFC membrane (Khajouei et al. 2018). The contact
angle was found to decrease with the addition of the
Cu NPs. A further decrease in the contact angle was
observed when the combination of PANI and Cu was
applied. Such a metal-polymer combination was very
effective in reducing the hydrophilicity of the mem-
brane. Zeta potential measurements of the PANI/Cu
enhanced membrane showed the stability of charge
over pH, whereas the charge of the virgin membrane
changed with pH alterations. This stable charge con-
firms the continuous positive charge of the enhanced
membrane as a consequence of the added NPs. This
was one of the factors that might prevent bacterial ad-
hesion on the membrane surface. Therefore, the E-coli
bacterial inhibition zone was shown to increase in the
PANI/Cu enhanced membrane. The enhanced mem-
brane showed a slight increase in water flux and main-
tained an almost similar salt rejection as the virgin
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7Zn0O — Si0Oy modified TFC membranes.

(¢) TEM images for the unmodified membrane (left), ZnO modi-

fied membrane (middle) and ZnO — SiOs modified membrane (right). (d) Achieved water fluxes for the FO and
PRO modes. (e) Reverse salt flux for FO and PRO mode. Copyrights obtained from Elsevier (Rastgar et al.

2017).

membrane. The long-term biofouling test revealed a
more stable water flux with time, which indicates a
lower fouling accumulation rate.

Another example of an efficient NP and polymer
combination was the addition of PEG and TiO,.
recent study combined the PEG polymer, which was

A
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known for its high hydrophilicity, flexibility and ther-
mal stability, with commercial TiOy NPs to enhance
a CTA membrane for RO applications (Shafiq et al.
2018). The PEG-400 polymer was combined with dif-
ferent weight percentages of TiOy (5%, 10%, 15%,
20 % and 25 %) and added to the casting solution of the
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Figure 20: (a) The degradation of the virgin and modified CTA membranes at pH 7.4 with TiOs at different
weight percentages: CPT-1: 5wt%, CPT-2: 10wt%, CPT-3: 15wt%, CPT-4: 20 wt% and CPT-5: 25 wt%).
(b) A comparison of permeation flux with salt rejection. Copyrights obtained from Elsevier (Shafiq et al. 2018)

CTA membrane. The modified membrane showed signs
of a good thermal stability up to temperatures reaching
250 °C. All of the prepared membranes showed a dense
microstructure with a smooth surface. As shown in fig-
ure 20a, chemical stability tests at a constant pH of 7.4
showed that the rate of membrane weight loss over 14
days decreased with a weight increase of TiOy. The
membrane with the maximum amount of TiO, NPs
(25 %) exhibited the lowest rate of degradation. The
enhanced membranes also showed a bacterial inhibi-
tion that reached its maximum value with the highest
NP percentage (25 %). However, this high TiOs load-
ing did not result in the optimum RO performance.
As shown in figure 20b, the water flux increased with
TiO5 loading from 5% to 10 %, reaching its maximum
with 15 % (1.4LMH). At higher TiOy concentrations,
the water flux started to reduce and finally reached
1.1LMH at 25% TiOs. A similar trend was observed
for the salt rejection. The authors hypothesised that
this trend was related to the hydrophilicity of TiOs,
which facilitates water flow within the enhanced mem-
brane. It is important to note that enhancing the wa-
ter permeability of CTA membranes is beneficial to the
overall desalination process, as CTA membranes gener-
ally have a significantly lower water permeability than
their TFC counterparts.

Recently, a composite of polyamide/nitrogen-doped
GO quantum dots were effectively applied to enhance
the active layer of a RO TFC membrane (Fathizadeh
et al. 2019). The composite was synthesised through
the hydrothermal route and this resulted in well-
dispersed nanoparticles with sizes ranging from 3 nm to
8nm. The concentration of the nano-composites was
varied during the interlinking process, as ten different
concentrations were used ranging from 0.0025 wt% to
0.1wt%. The roughness parameter and the effective
surface area of the membrane were found to decrease
with the concentration of the nano-enhancer compos-
ite. On the other hand, thermal stability tests showed
an almost constant temperature effect of the enhanced
and the plain membranes. Desalination RO tests
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showed that the water flux and salt rejection depended
on the nano-composite concentration. As the nano-
composite concentration was increased to 0.02 wt%, the
flux increased by 60% in comparison with the plain
membrane. As the concentration reached 0.4 wt%, the
water flux and salt rejection did not show any consider-
able changes. A further increase in the concentration
caused a decline of approximately 60% in the water
flux and salt rejection, which was argued to occur due
to particle agglomeration (Fathizadeh et al. 2019).

During the last years, the agglomeration effect of
high NMs loadings was reported in most of the pub-
lished articles that focused on the enhancement of
desalination and water purification membranes using
NMs. While this phenomena was widely discussed and
understood, the membrane enhancement effect of the
other properties of the NM have not been widely inves-
tigated. In the following section, the focus lies on the
rare publications that investigate other NM properties
and their effect on the desalination process.
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Table 1: Examples of NMs that are applied for water purification membrane enhancement

NM chemical Synthesis NM Membrane  Targeted Performance Optimum App- Reference
composition route of NM size type membrane layer concentration lication
Carbon Commercial 8nm TFC Active layer Jw increased by 25 % 0.03 wt% RO Li, Li & Zhang (2017)
Ag In-situ 15nm TFC Surface coating Enhanced anti- 0.64 wt% RO Ben-Sasson et al. (2014)
fabrication bacterial properties
A decreased by 17 %
B decreased by 25 %
Ag In-situ 2nm to 3nm TFC Support layer Jw increased by 150 % 20 mM of RO Yang et al. (2019)
chemical reduction Boron rejection increased AgNO3 solution
Ag Chemical reduction 30 nm PVDF Within membrane  Jy increased by 19 % 25% Membrane Politano et al. (2019)
matrix distillation
Cu Wet chemical 39.4nm TFC Layer by layer Jw decreased by 13 % 10 bilayers RO Ma et al. (2016)
reduction Enhanced anti-
bacterial properties
Ui0-66 Hydrothermal 50 nm TFC Active layer Jw increased by 36 % 0.05 % RO Liu et al. (2019)
routes Boron rejection
increased by 10 %
TiO2 Commercial CTA Surface Jw increased by 73 % FO Xue et al. (2018)
modification Jg decreased by 50 %
AlxO3 Sol-gel TFC Active layer Jw increased by 44 % 1% RO Saleh & Gupta (2012)
ZnO Commercial 20nm to 30 nm UF Within matrix Jw increased by 73 % 3wt% UF Rabiee et al. (2015)
Improved anti-fouling properties
SiOq Commercial 15nm to 20 nm TFC Active layer Jw increased by 100 % 0.1wt% FO Niksefat et al. (2014)
Js decreased by 150 %
SiOq Commercial 5nm to 15nm TFC Electrospun A increased by 26 % 1.6% FO Tian et al. (2017)
support layer B increased by 24 %
SiO9 Commercial 200 nm TFC Support layer A increased by 135 % 15% RO Bui & McCutcheon (2016)
B increased by 135 %
SiO2 Commercial 200 nm TFC Support layer Jw increased by 150 % 10% FO Bui & McCutcheon (2016)

Jg was maintained
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Table 1: Examples of NMs that are applied for water purification membrane enhancement

NM chemical Synthesis NM Membrane  Targeted Performance Optimum App- Reference
composition route of NM size type membrane layer concentration lication
SiOg Commercial 25.4nm TFC Dip-coating Amount of biofouling increased by 66 % 20 % FO Liu, Lee, Small, Ma & Elimelech (201
A decreased by 16 %
GO- Modified 6nm to 8 nm TFC Support layer Jw increased by 150 % 0.2 wt% FO Qin et al. (2015)
nanosheets Hummer’s method Js increased slightly
GO Commercial CTA CTA matrix Jw increased by 212 % 0.1wt% RO Chen et al. (2018)
Thermal stability decreased waste water
Mechanical strength decreased
MgsAl — CO3  Co-Precipitation 20nm to 30 nm TFC Dip-coating Jw decreased by 22 % 8.96 wt% FO Lu et al. (2017)
Jg decreased by 9%
Chlorine resistance increased
Mg3zAl — CO3  Chemical routes TFC Support layer Jw increased by 42 % 4wt% FO Lu et al. (2016)
Mechanical strength increased
Boehmite Sol-gel 20 nm CTA CTA matrix A increased by 140 % 0.5wt% FO Zirehpour et al. (2015)
~-AlO(OH) Structural parameter decreased
ZnO Chemical TFC Support layer Jw increased by 118 % 0.3wt% FO Darabi et al. (2019)
routes with amino acid Salt rejection decreased by 8 %
modification
CNT Commercial Diameterl5 A TFC Active layer Jw increased by 130 % 2wt% RO Chan et al. (2016)
Length 1 pm Biofouling decreased
TNT Hydrothermal Diameter TFC Support layer Jw increased by 400 % 0.3 wt% RO Padaki et al. (2015)
method 20A to 40A Anti-fouling properties increased
Length 1 pnm
CNT-TNT Hydrothermal 10nm to 20 nm TFC Support layer A increased by 57 % RO Wan Azelee et al. (2017)
7lnm to 141 nm
Zeolite Hydrothermal TFC Active layer Jw increased by 68 % RO Kim et al. (2013)
method Chlorine resistance increased
Zeolite Hydrothermal 150 nm TFC Active layer Jw increased by 40 % 0.2 wt% RO Dong et al. (2015)

method
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Table 1: Examples of NMs that are applied for water purification membrane enhancement

NM chemical Synthesis NM Membrane  Targeted Performance Optimum App- Reference

composition route of NM size type membrane layer concentration lication

TiO2 — Ag Sol-gel TFC Dip-coating Anti-fouling properties increased FO Nguyen et al. (2014)
Jw increased by 25 %

TiOg — GO Commercial 100 nm TFC Layer by layer Anti-fouling properties increased 6 bilayers RO Shao et al. (2017)

Zn0-GO Chemical 20 nm TFC Active layer Jw increased by 66 % 0.08 wt% RO Mayyahi (2018)

routes

Zn0@Si0- Sol-gel 30 nm TFC Support layer Jw increased by 65 % 2wt% FO-PRO Rastgar et al. (2017)

Cu-PANI In situ TFC Active layer Anti-fouling properties increased RO Khajouei et al. (2018)

TiO2 — PEG Commercial 25nm CTA CTA matrix Jw increased by 125 % 15% RO Shafig et al. (2018)
Chemical stability increased

GO Hydrothermal 10 nm TFC Active layer Jw increased by 60 % 0.02 wt% RO Fathizadeh et al. (2019)

Quantum dots  method
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6 Effect of nanomaterial mor-
phology and properties on the
membrane efficiency

Most of the recently published articles involving the en-
hancement of desalination membranes using NMs have
considered the concentration of NMs as the main ex-
perimental variable for the different intrinsic properties
of the membrane. However, NMs were shown to have
different effects based on their morphological, physi-
cal and chemical properties, as discussed in section 4.
It was also reported that the overall desalination per-
formance was influenced by the membrane’s material
properties, such as the crystallite size of the polymer
used to fabricate the desalination membrane (Lu et al.
2019). During the fabrication of these membranes, the
addition of p-nitrophenol showed the effect of the CTA
membrane crystallization, as XRD peaks revealed the
formation of smaller crystallite sizes in the enhanced
membrane. As a result, the internal concentration po-
larization within the membrane decreased during the
FO process, which lead to an enhanced desalination
performance.

Studies considering other membrane desalination ap-
plications, such as membrane distillation, have shown
that the shape of the NMs enhancers also affect the
membrane fouling propensity (Rajabi et al. 2015). In
membrane distillation, the size of nano TiOs enhancers
were shown to affect the permselectivity and anti-
fouling performance of polyvinylidene fluoride (PVDF)
membranes (Zhang et al. 2017), where two particle
sizes (5nm and 21 nm) were prepared using different
preparation methods and then incorporated during the
membrane preparation process. These two sizes led
to different membrane morphologies and characteris-
tics (contact angle, porosity, roughness and surface
energy). Accordingly, an improved anti-fouling per-
formance was determined using the larger TiOs NPs
(21nm) (Zhang et al. 2017). However, smaller sized
NPs (5nm) maintained a higher water flux, as they
were easily incorporated within the membrane pores,
whereas, the larger NPs blocked some membrane pores.
This shows the significance of choosing the optimum
size of the NM used to enhance polymeric membranes.
Furthermore, the size effect of ZnO NMs in PVDF
membranes were also reported in Jia et al. (2017). A
recent study by Lee et al. (2019) has confirmed that
the ZIF-8 (zeolitic) NPs particle size affected the TFC
membrane properties. Three different particle diame-
ters were applied (60, 150 and 250 nm) by changing the
reaction time of the chemical synthesis. The change
in size was confirmed using dynamic light scattering
(DLS) analyser as shown in figure 21a. These NPs
were incorporated during the phase inversion process
of the PA active layer of the TFC membrane. The dif-
ferent sizes of NPs were found to affect the deposition
of the PA active layer on the support layer which af-
fected the interlinkage between the two layers in the
membrane composite. As seen in figure 21b, the de-
position of the ZIF-8 NPs on the support was differ-
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ent for different particle sizes. The energy barrier was
calculated to give an indication of the strength of the
interlinkage between the two layers. The 150 nm parti-
cle size membrane was found to have the lowest energy
barrier which indicated a lower interlinkage between
the two layers. Therefore, in the RO experiment, this
membrane showed the highest flux enhancement with
a 43 % increase in water permeance in comparison to
the virgin membrane, as shown in figure 21c. This size
effect was also related to the thickness of the PA ac-
tive layer, as too large particles (250 nm) could not get
within the PA matrix and thus caused defects that low-
ered the water flux and salt rejection of the modified
membrane.

Nevertheless, the influence of the NMs size on the
membrane modification does not repeal the impor-
tance of concentration in the modification process. Op-
timization of these two parameters and of the oth-
ers mentioned earlier are required to achieve the op-
timum membrane characteristics for different desali-
nation processes. Recent studies have shown that a
specific size/concentration combination was related to
the highest water flux for PVDF membranes (Karimi
et al. 2019); ZIF-8 NPs within a size range of 80 nm to
100nm and a 0.1 wt % concentration achieved a water
flux of 310 LMH, which was an almost 100 % increase in
comparison with the virgin membrane. Smaller sizes of
ZIF-8 NPs showed to have a considerable flux enhance-
ment too (76 % more than the virgin membrane) with
a higher concentration of 0.2 wt % (Karimi et al. 2019).

All of these recent publications emphasize the impor-
tance of the inner structure of the membrane compo-
nents. Therefore, the morphology and properties of the
desalination membrane nano-enhancers can be consid-
ered as strong influencers of the membrane permeabil-
ity, selectivity, its fouling propensity and its mechan-
ical and chemical stability. It is essential to consider
the NMs properties as a fundamental parameter during
the membrane enhancement investigations.

Overall, the effect of the NMs morphology and its
properties on the membrane desalination process have
not yet been widely investigated. Thus, not only novel
chemical compositions should be investigated but also
the effect of varying the properties of the NMs, includ-
ing their grain size, surface area and their optical and
magnetic properties. Controlling the properties of NMs
membrane enhancers would consequently allow to con-
trol the intrinsic properties of the desalination mem-
branes based on the required process and techniques.

7 Conclusions

Nanomaterials are an intriguing way to enhance TFC
and CTA membranes due to their unique characteris-
tics. Studies show that NMs can be fabricated with dif-
ferent chemical compositions and with different shapes
and sizes. The synthesis routes of these NMs are dis-
cussed in section 4, and include various chemical and
mechanical approaches. It is shown that the properties
of NMs are sensitive to the experimental parameters of
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Figure 21: (a) Size distribution of the ZIF-8 nano-enhancers showing three different sizes with their (b) depo-
sition on the enhanced PVDF membrane surface and (c) the achieved water permeance and salt rejection from
these membranes. Copyrights obtained from Elsevier (Lee et al. 2019)

their synthesis route. Accordingly, their applications
in water treatment are also affected by these parame-
ters. For example, antibacterial activity, adsorption of
heavy metal, and degradation of pollutant dyes from
wastewater are all reported applications of NMs that
are sensitive to the synthesis route. Membrane mod-
ifications using NMs, with different chemical compo-
sitions, are discussed in section 5. These include sin-
gle elements, oxides, nanotubes and mixed composites
of oxides and polymers. Oxide NMs, such as ZnO,
TiOs and SiO; are found widely in research as mem-
brane enhancers. Other chemical compositions, such as
ferrites, are not as widely investigated, although they
have shown potential in other water treatment appli-
cations. The modification processes that can be found
in literature target either the membranes active layer
or its support layer. NMs are most commonly incorpo-
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rated during the fabrication of these membrane layers.
However, membrane surface modification can also be
achieved by coating them with NMs post membrane
fabrication. Most studies show an optimum concentra-
tion of NMs where the best performance is obtained,
as NMs tend to agglomerate in high concentrations,
which has a negative effect on their application. Com-
posites of NMs or the combination of NMs and poly-
mers show promising results, as their individual prop-
erties are joined together. The weight of each NMs
within the composite is found to alter the membrane
properties and its separation efficiency. Other chemi-
cal additives, such as acids and amine groups, show a
considerable improvement in the enhancement process.

In water treatment applications of NMs, such as in
adsorption and the photocatalysis of pollutants, the
characteristics of NMs are widely studied. In these ap-
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plications, the NMs synthesis route is reported to have
a major effect on their properties, and hence also on
their application in water treatment. However, studies
considering NMs for the enhancement of water purifi-
cation membranes are found to rarely investigate the
effect of the NMs morphology and its properties, such
as size and surface area. In section 6, the few stud-
ies are summarised that actually investigate the effect
of the NM morphology on the membrane performance.
In general, a knowledge gap exists as to how the NM
synthesis route and the resulting NM properties and
morphology affect the membrane performance.

The reported studies investigate the membrane per-
formance mainly in terms of fouling propensity, chlo-
rine resistance, water and salt permeability for RO and
FO. As it appears in our search, no attempts have been
made to investigate the performance of enhanced mem-
branes in OARO and PAFO processes.
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