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Review of nanomaterials-assisted 1on exchange membranes for

electromembrane desalination

Adetuniji Alabi', Ahmed AlHajaj’, Levente Cseri?, Gyorgy Szekely?, Peter Budd® and Linda Zou’

In order to address the increasing demand for fresh water due to accelerated social and economic growth in the world, water
treatment technologies, such as desalination, have been rapidly developed in attempts to safeguard water security.
Electromembrane desalination processes, such as electrodialysis and membrane capacitive deionization, belong to a category of
desalination technologies, which involve the removal of ions from ionic solutions with the use of electrically charged membranes
termed ion exchange membranes. The challenges associated with ion exchange membranes have drawn the attention of many
researchers, who have investigated various approaches to enhance their properties. The incorporation of nanomaterials is one of
the popular approaches employed. Much research on nanomaterials incorporated ion exchange membranes was conducted for the
purpose of fuel cell applications rather than electromembrane desalination. This review reports on the advances in nanomaterials
incorporated ion exchange membranes applicable to desalination. The nanomaterials employed in ion exchange membranes
fabrication include carbon nanotubes, graphene-based nanomaterials, silica, titanium (IV) oxide, aluminum oxide, zeolite, iron (II, Ill)
oxide, zinc oxide, and silver. The aims of this article are to provide a snap shot of the current status of nanomaterials incorporation
in ion exchange membranes, to assess the status of nanomaterials-facilitated ion exchange membranes research for
electromembrane desalination, and to stimulate progress in this area.
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INTRODUCTION

lon exchange membranes (IEMs) have attracted much interest
from the academic and industrial fields, due to their potential
applications in electromembrane processes' which include: (1)
water purification, e.g., desalination by electrodialysis (ED),
desalination by membrane capacitive deionization (MCDI), and
diffusion dialysis; (2) energy production, e.g., as fuel cells, and
reverse electrodialysis; (3) energy storage e.g., flow batteries; and
(4) the chlor-alkali process. Significant milestones in the advance-
ment of IEMs are highlighted in the time line shown in Fig. 1a. In
the last several decades, research activities led to many minor
incremental improvements.

IEMs contain charged groups, affixed to the polymer backbone
of the membrane material, which partially or totally prevent ions
with the same charge from passing through the membrane.
Membranes with fixed positively charged groups, termed anion
exchange membranes (AEMs), preclude the passage of cations but
permit the passage of anions.>> Membranes with fixed negatively
charged groups, termed cation exchange membranes (CEMs),
prevent the passage of anions but allow cations to pass
through.>® Based on this mode of operation, electromembrane
desalination was developed, as evidenced by electrodialysis (ED)
desalination—which is the first large-scale industrial process to
utilize IEMs.? To date, ED has been the most widely researched
and commercially adopted electromembrane desalination pro-
cess. Therefore, the main focus in this review will be on ED.

A schematic overview of an ED desalination process is shown in
Fig. 1b. A number of CEMs and AEMs are organized in an

alternating fashion between an anode and a cathode, with an
electrical potential applied between the electrodes. Each set of
AEMs and CEMs makes up a cell pair. The IEMs used for ED
desalination are required to have high performance in a number
of properties, including ion exchange capacity (IEC), transport
number, permselectivity, mechanical strength, thermal stability,
and ionic conductivity. The range of values for some key IEMs
properties for ED is shown in Table 1.

Details on IEMs properties and their characterization are treated
elsewhere.*” The properties of I[EMs primarily depend on:*” (1) the
membrane material, which chiefly determines the mechanical,
chemical, and thermal stability of IEMs; and (2) the type,
concentration, and distribution of the ion exchange groups which
determine the electrochemical properties of the IEMs and also
happen to considerably influence the other IEMs properties. The
elegtrochemical properties are the most significant properties in
ED.

The quest for developing IEMs with excellent properties is on-
going and many approaches have been attempted to synthesize
robust IEMs suitable for different applications. Some of the
methods adopted to create IEMs with enhanced properties
include variation of functional groups?® combination of poly-
mers,”® adjustment of cross-link density,” inclusion of additives, '
and surface modification."’

Incorporation of nanomaterials (NMs) into IEMs has also been
investigated as a means of improving their properties.'>'* The
majority of the cases where NMs were incorporated in IEMs are in
the fuel cells research area, with fewer reports related to ED
desalination. Nonetheless, the NMs-incorporated IEMs developed
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Fig. 1 lon exchange membranes and electrodialysis. a Milestones in the development of IEMs processes.” b Schematic illustration of an ED
process. Once an ionic solution (e.g., sodium chloride solution) is fed through the cell pairs, the anions (i.e., CI") migrate in the direction of the
positively charged anode and the cations (i.e, Na*) migrate in the direction of the negatively charged cathode. The anions are able to pass
through the AEMs but are restricted from passing through the CEMs. Likewise, the cations are allowed passage through the CEMs but do not
have access through the AEMs. The eventual outcome of this process is that one segment of a cell pair experiences an increase in ionic
concentration, while the adjacent segment experiences a decrease in ionic concentration. As a result, the formation of dilute and
concentrated solutions is alternated between the segments, respectively. Figure in a adapted from ref. 2, © 2012 Wiley

Table 1. Properties of commercial [EMs used for ED*'62

IEMs property Range

IEC 1-3 meqg/g
Electrical resistance 1-15Qcm?
Transport number 0.75-0.95
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for fuel cells may also be suitable for desalination by ED. The major
concern regarding their applications for ED is the potential toxicity
of the NM, since the main objective of ED desalination is to
produce fresh water from brackish water. Hence, any toxicity
caused by the NMs should be taken into account. For example,
utilizing iron-nickel oxide (Fe,NiO,) nanoparticles in IEMs'*'> for
ED may be unsuitable since the toxicity of nickel could be a major
concern in the fresh water supply.'®'”

Details about the NMs used in IEMs, methods of incorporating
the NMs into IEMs, functionalization of NMs, the benefits and
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drawbacks of incorporating the NMs into IEMs, the influence of
NM shape and size, and their applicability to ED desalination are
presented in the following sections of this review. Since there are
other review articles and text books that cover the various topics
on types of IEMs,'®?° preparation of IEMs,*>'%2°722 functionaliz-
ing polymeric materials for IEMs,'®%°* characterization of
IEMs,*>19202% and ED?*>?"%7 the detailed information on these
topics will not be covered here.

METHODS OF INCORPORATING NANOMATERIALS INTO ION
EXCHANGE MEMBRANES

Solution blending

The method of solution blending is based on the solubility of the
polymer and a suitable solvent. A schematic description of the
general procedure of the solution blending method is illustrated
in Fig. 2.

Solution blending is by far the most frequently used technique
in fabricating polymeric nanocomposites,’®?° and is thus com-
monly used in synthesizing NMs-assisted IEMs. It has the
advantage of being straightforward, easily reproducible and thus
appropriate for large-scale production.®° It is considered the most
favorable option because of the availability of solvents that readily
dissolve any polymer type. Some solvents, along with the NMs and
polymers, used for incorporating NMs into IEMs are listed in Table
2. Among the solvents, the versatility of N,N-dimethylacetamide
(DMAC) and N,N-dimethylformamide (DMF) is evident by the wide
array of polymers they are used in conjunction with.

In situ polymerization

Although, similar to the solution blending method, in situ
polymerization involves the use of monomers rather than pre-
formed polymers. Basically, NMs or their precursors are dispersed
in a liquid monomer or monomer solution, followed by
polymerization.>' The polymerization is usually induced by the
diffusion of an appropriate initiator or by applying heat or UV
irradiation. The polymerization step is the distinction between
in situ polymerization and solution blending. This extra step
makes this method more costly and time consuming when
compared with solution blending. As a result, it is seldom used for
the incorporation of NMs into |EMs.

Melt mixing

Melt mixing involves the dispersion of NMs in a molten polymer
matrix. Techniques such as extrusion and injection molding are
used to mix a thermoplastic polymer with NMs at elevated
temperatures.>> As a result, the polymer chains become inter-
calated to form polymeric nanocomposites. The method of melt
mixing does not require any solvent. However, a disadvantage of
this technique is its unsuitability for thermosetting polymers.
Furthermore, the melt mixing method can be affected by some
undesired outcomes, which include: decomposition of the

Fig. 2 General schematic representation of solution blending
method of NM incorporation in IEMs. The polymer is dissolved in
a solvent, followed by addition of the NMs. Hereafter, the solution is
thoroughly mixed (usually via sonication or stirring) to ensure a
uniform dispersion of the NM in the polymer. Afterwards, the
solvent is removed (by phase inversion) and the NMs are rearranged
and embedded in the polymer to form mixed matrix membranes
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polymer; inadequate NMs dispersion; and degradation of the
surface modifier.”*

In situ sol-gel

The in situ sol-gel technique involves mixing a polymer with a NM
precursor—such as tetraethoxysilane (TEOS) for silica—followed
by hydrolysis and polycondensation of the precursor.®® The in situ
sol-gel technique is used for incorporating only NMs which have
precursors e.g., silica and TiO,, as such its applicability is limited to
a few NMs. Moreover, the hydrolysis and polycondensation step
make it more costly and time consuming in comparison to the
solution blending technique. A more desirable alternative would
be using solution blending technique with already fabricated NMs.

THE ROLE OF NMS IN IEMS: PROPOSED MECHANISMS

Despite the widespread utilization of NMs in IEMs, there is limited
understanding of the mechanism(s) by which the improvements
are made. Different mechanisms have been provided to explain
the way in which NMs improve the electrochemical properties of
IEMs.

Many research works have attributed the improved IEMs
properties to the presence of functionalized NMs which provide
additional ionic groups for ion exchange.>*’ This hypotheses of
the provision of additional functional groups for ion exchange
could be valid for a specific case ie, where the degree of
functionalization of the NMs is high and the quantity of
functionalized NMs in the nanocomposite IEMs is considerably
high enough to produce a significant increase in the IEC by virtue
of the additional concentration of the ionic groups. This
explanation is however not satisfactory for cases where the NMs
are not functionalized. There are many instances where addition
of non-functionalized NMs resulted in improvements in the IEC of
IEMs.>"3738 Therefore, we are led to conclude that there must be
some other mechanism(s) responsible for the improved properties
of nanocomposite [EMs.

There is another mechanism, which we term ionic cluster
dispersion, which asserts that the incorporation of NMs facilitates
the creation of interconnected ion conducting pathways within
the membrane matrix of nanocomposite IEMs.>*7*? It has been
observed that the addition of NMs results in better distribution of
jonic clusters in nanocomposite IEMs**#* (see Fig. 3). This
improved dispersion of ionic clusters results in formation of more
ion conducting channels which provide more pathways for ion
transport. A schematic illustration of the ionic cluster dispersion
mechanism (ICDM) is given in Fig. 4. The ionic cluster dispersion
mechanism (ICDM) seems to be the primary way in which NMs
improve the properties of IEMs. In addition, it provides a
reasonable explanation for increments in |EC for cases where
non-functionalized NMs are employed in the nanocomposite IEMs.
Apart from this primary effect in which NMs improve the
properties of IEMs, additionally, it provides an incremental
improvement in IEC for cases where functionalized NMs are used
in the nanocomposite |IEMs. In the latter case, the reported
increase in IEC could be due to the increased exposure/availability
of the ionic functional groups for ion exchange due to the
increased dispersion of the ionic clusters in the polymer matrix.

For functionalized NMs, it can be assumed that an interplay
between both of the mechanisms results in the observed
improvements in nanocomposite |EMs, whereas for non-
functionalized NMs only the latter mechanism dominates.

NANOMATERIALS USED IN ION EXCHANGE MEMBRANES

Notable results with different NMs have been reported in
numerous works, the findings of which are expounded in each
NMs subsection below. The detailed summaries of NMs

npj Clean Water (2018) 10
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Table 2. Examples of solvents, as well as nanomaterials and polymers used in solution blending
Solvent Nanomaterial Polymerf(s) Refs.
Acetic acid Phosphonated GO (PGO) Chitosan (CS) 34
N,N-Dimethylacetamide Sulfonated GO (SGO) Nafion 163
(DMAq) SGO Sulfonated poly(ether ether ketone) (SPEEK) 102
SGO Sulfonated polyethersulfone (SPES) 101
GO SPES o7
Multiwalled carbon nanotubes (MWCNTSs) Nafion 164
Sio, Poly(vinylidene fluoride) (PVDF) 38120
Sulfonated SiO, (SS) Sulfonated poly(arylene ether ether ketone ketone) 123
(SPAEEKK)
SS Polybenzimidazole (PBI) 16
SS Sulfonated poly(phthalazinone ether ketone) (SPPEK) '%*
Si0, SPPEK 166
Si0, Sulfonated poly(arylene ether sulfone) (SPAES) 167
Sio, SPES 168
TiO, Quaternized polysulfone (QPSU) 140
TiO, Chloromethylated polysulfone (CMPSU) 169
N,N-Dimethylformamide  Quaternized GO (QGO) QPSU 39
(DMF) Sulfonated organosilane functionalized GO (SSi-GO) ~ SPEEK 103
SS Sulfonated poly (2, 6-dimethyl-1, 4-phenylene oxide) '7°
(SPPO)
Sulfonated mesoporous SiO, (SMS) SPES 35125138
Sio, SPPO 21
Dimethyl sulfoxide GO SPI a3
(DMSO) APTEOS (3-aminopropyltriethoxysilane) functionalized ~Quaternized polyethyleneimine /Poly (vinyl alcohol) 3¢
GO (A-GO) (QPEI/PVA)
MWCNTs Sulfonated poly[bis a4
(benzimidazobenzisoquinolinones)] (SPBIBI)
SMS SPI e
Ethanol Sulfonated TiO, nanotube (S-TiO,—NTs) Nafion 141
Isopropyl alcohol (IPA) SiO, Nafion 122
m-Cresol Dihydrogen phosphate functionalized GO (H,P-GO) SPI 71
Tetrahydrofuran (THF) Polyaniline (PANI)-MWCNTs Polyvinyl chloride (PVC) 72
MWCNTs PVC 72
MWCNTs Polycarbonate/styrene-butadiene rubber (PC/SBR) 66
Aluminium oxide (Al,Os) PVC 142
Iron (I, 1ll) oxide (FesO,) PVC 145
Zeolite PVC 130
Zinc oxide (ZnO) PVC 157
Water GO Poly (ethylene oxide) (PEO) 173
GO PVA o8
MWCNTs PVA &
Sulfonated MWCNTs (S-MWCNTs) Sulfonated PVA (SPVA) 65
Phenyl-SMS (Ph-SMS) PVA 160

incorporated IEMs with properties relevant to ED are provided in
Tables 3-6.

Due to the diverse test conditions used in the research works,
the direct comparison of the properties of the nanocomposite
IEMs across the different research works reported will be difficult
and misleading. The values of these properties vary significantly
with the test conditions, and as such any comparisons made
between the different research works will not be reliable. For
example, the transport number, and ionic conductivity of IEMs
depend on the type of electrolytes and their concentrations in the
test solution.® Similarly, the ionic conductivity results also vary
depending on the measurement method used.* The only property

npj Clean Water (2018) 10

of the IEMs that can be compared irrespective of test conditions is
the ion exchange capacity (IEC). This is because the IEC is an
intrinsic property of the membrane which is determined by acid
base titration. Hence, we make a recommendation for studies to
be carried out under similar conditions so that reliable compar-
isons of the properties can be made between nanocomposite
IEMs across different research works.

Carbon nanotubes (CNTs)

CNTs are practically one-dimensional hollow cylindrical tubes,
made up of atom thick layers of carbon atoms, having a diameter
measuring on the nanometer scale.*>™*” CNTs are usually classified
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Fig. 3 TEM micrographs of sulfonated polyimide (SPI) based CEMs showing the ionic clusters—identified by the dark-silver-stained round-
shaped regions. a Pristine SPI with bigger ionic clusters. b SPI incorporated with GO. The introduction of GO into the SPI membrane matrix
results in further dispersion of the ionic clusters thus reducing the distance between ionic clusters, increasing the surface area of the available
ionic groups for ion exchange, and creating additional channels for ionic transport.*® Figures reproduced with permission from ref. **, © 2014
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Fixed charges Counterions

Fig. 4 Schematic illustration of the ionic cluster dispersion
mechanism in AEMs. a Pristine AEMs. b AEMs incorporated with
NMs. The clusters (shown in a, b) are connected by ion conducting
channels which creates a network for the migration of the
oppositely charged ionic groups (counterions). In b the incorpora-
tion of NMs facilitates the dispersion of the ionic clusters and
consequently creates more interconnected ion conducting channels
compared to a. Furthermore, the distance between the ionic clusters
is reduced. These changes ensure higher exposure of the fixed
charges for ion exchange, and also promote the transport of
counterions through the additional and shorter conducting
channels of the AEMs

as either single-walled carbon nanotubes (SWCNTs)*¢4849 or
multi-walled carbon nanotubes (MWCNTs).***° SWCNTs are
seamless cylinders, comprising a single graphene sheet, with
diameters ranging from 04 to 3nm. MWCNTs consist of
concentric rolls of graphene sheets. Since the discovery of CNTs,*°
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they have drawn a considerable amount of attention due to their
fascinating electrical®’ ™ and mechanical®*° properties. CNTs
have proven to be very versatile nanomaterials and thus have
numerous applications such as high-strength composites, energy
storage and energy conversion devices, sensors, field emission
displays and radiation sources, hydrogen storage media, and
nanometer-sized semiconductor devices, probes and intercon-
nects,®>"%? to mention a few.

Of particular interest is the application of CNTs in IEMs
nanocomposites. In addition to the aforementioned character-
istics, the high aspect ratio and high-surface area of CNTs make
them suitable candidates as reinforcements in polymer nanocom-
posites.®** These same properties also enable CNTs to form ion
conducting paths within a membrane matrix5®> A very good
example is shown for polycarbonate/styrene-butadiene rubber
(PC/SBR) CEMs embedded with MWCNTs, which displayed
enhanced CEMs properties in comparison to their prisitne
counterpart.?® Improvements were noted in membrane potential,
surface charge density, permselectivity, and transport number.
Furthermore, superior ionic permeability, ion flux, ionic conduc-
tivity, current efficiency, energy consumption and thermal stability
were also observed.

The fabrication of polymer nanocomposite membranes with
homogeneously dispersed CNTs is contingent on strong interfacial
bonding between the CNTs and the polymer matrix.? Despite the
excellent properties of CNTs, it is challenging to attain a
homogeneous dispersion of CNTs in many solvents. CNTs are
inclined to aggregate into clusters of various dimensions, which
can tremendously lower their dispersibility and ionic conductiv-
ity.5”°8 A more uniform dispersion can be achieved by improving
the intermolecular interactions between the MWCNTs and
polymer substrate. Selecting a polymer substrate with the
appropriate group can augment the interaction. Along this line,
a remarkable dispersion of MWCNTs was demonstrated in a
sulfonated poly[bis(benzimidazobenzisoquinolinones)]  (SPBIBI)
cast solution which was credited to the pi-pi interactions between
the MWCNTs sidewalls and the pyridinone rings of sulfonated poly
[bis(benzimidazobenzisoquinolinones)]  (SPBIBI).** Further evi-
dence of improved dispersion was shown by morphological
studies which revealed the formation of smaller, denser and more
uniform ionic clusters as the MWCNTs content increased in the
SPBIBI/MWCNTs CEMs (Fig. 5). The MWCNTs modified SPBIBI CEMs
showed greater ionic conductivity, and mechanical strength
compared to the unmodified SPBIBI membranes.

Functionalization of CNTs is sometimes performed in order to
ensure uniform dispersion in the membrane matrix and improved

npj Clean Water (2018) 10
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Fig. 5 TEM image showing ionic clusters in sulfonated poly [bis(benzimidazobenzisoquinolinones)] (SPBIBI) based CEMs. a Pure SPBIBI IEMs
with bigger ionic clusters. b, ¢ SPBIBI/MWCNTs (0.05 wt. % NM content) and SPBIBI/MWCNTs (1 wt. % NMs content). The incorporation of
MWCNTs create smaller and more disPersed jonic clusters, therefore improving the electrochemical properties of the IEMs.** Figures

reproduced with permission from ref. *4, © 2009 Elsevier

a
O3
HOO -
ANV — ' o=,
PVA
H,S0,:HNO,
3:2
Raw CNT socl,

Aminomethanesulfonic Acid

Fig.6 Some methods of functionalization of CNTs. a Grafting of poly (vinyl alcohol) (PVA) onto MWCNT via ozonization of PVA. Ozonation is a
useful method of chemically attaching polymers to NMs. A solution of PVA is purged with ozone gas to generate radicals on the chains of the
PVA. These radicals on the PVA chains then enable the chemical binding of the PVA onto the MWCNTs.”> b Schematic representation of
synthesis of sulfonated MWCNTs (S-MWCNTs) through a series of reactions with a mixture of HZSC;g and HNOs (3:1 by volume %); Thionyl

Chloride (SOCI,); and aminomethanesulfonic acid.®® Figures reproduced with permission from a ref.

adhesion of CNTs to the polymer.®*’° Moreover, depending on
the functional group, functionalization could ensure additional ion
exchange sites are present in the nanocomposite membrane to
boost ion exchange.”' Some routes for functionalizing CNTs are
shown in Fig. 6. SEM micrographs (Fig. 7) demonstrated better
dispersion of sulfonated MWCNTs (S-MWCNTs) (as against pure
MWCNTSs) in sulfonated poly(vinyl alcohol) (SPVA) based CEMs.®
The homogeneous dispersion was attributed to improved
interactions between the S-MWCNTs and the membrane matrix.
In adddition, enhancements in the IEC, mechanical strength, ionic
conductivity, and thermal stability of the modified AEMs were
recorded in comparison to the pristine AEMs. Carboxylic
funtionalized MWCNTs (COOH-MWCNTs) have been utilized in
IEMs nanocomposites with reported success. Polyvinyl chloride
(PVQ)-based CEMs incorporated with COOH-MWCNTs exhibited
higher ionic conductivity, thermal stability, membrane potential,
jon flux and ionic permeability.”?> One approach went a step
further in modifying MWCNTs. With the aid of a magnetron
sputtering technique, copper (Cu) nanolayers were coated on
COOH-MWCNTSs.”® This copper-coated COOH-MWCNTSs (Cu-COOH-
MWCNTs) was eventually incorporated into PVC based CEMs by
solution blending. In comparison to the prisitne membrane, these

npj Clean Water (2018) 10

,© 2011 Elsevier; b ref. 5%, 2011 Elsevier

modified CEMs demonstrated improved membrane potential,
permselectivity, transport number, and mechanical strength, ionic
permeability, ion flux, and ionic conductivity. Ozonation of
polymers has been shown to produce organic peroxide groups
which generate radicals when subjected to heat.”* These radicals
enable the reaction of ozonized polymer chains with the sidewalls
of CNTs,”® hence providing a way of modifying CNTs with non-
reactive polymer chains. Such a technique was adopted in grafting
poly(vinyl alcohol) (PVA) onto MWCNTSs, followed by incorporating
the resultant modified MWCNTs into poly(vinyl alcohol) (PVA)
based AEMs.”> Higher ionic conductivity measurements were
noted for the PVA/PVA-MWCNT AEMs in comparison to the plain
PVA AEMs.

Graphene-based nanomaterials

Graphene and graphene-based NMs, such as graphene oxide (GO)
and reduced graphene oxide (rGO), have received considerable
interest for numerous applications due to the unique properties of
graphene.”%’” Graphene is a flat monolayer of carbon atoms
tightly arranged into a 2D honeycomb lattice,”® and is the basic
structural unit of carbon allotropes, such as CNTs, graphite, and
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Fig. 7 SEM micrographs of sulfonated poly(vinyl alcohol) (SPVA) based ion exchange membranes. a Agglomeration of pure MWCNTs in the

membrane. b Homogeneous dispersion of sulfonated MWCNTs (S-MWCNTs) in the membrane.

65 2011 Elsevier

fullerenes. The exceptionally intriguing properties of graphene
(which include high mechanical strength,’®”° high-electrical
conductivity,2°8 high-thermal conductivity,®*#* and large specific
surface area®®") make graphene and graphene-based NMs (see
properties in Table 7) very attractive candidates for applications
such as biomedicals,®® supercapacitors,®® environmental,®® and
energy production and storage.”’ Research efforts have been
devoted to modifying IEMs with graphene-based NMs in order to
improve the performance of the composite IEMs. The enhance-
ments associated with the introduction of graphene-based NMs
into IEMs matrices are described in the subsection that follows,
with special focus on parameters of relevance to ED desalination.
Also, multiple routes to prepare graphene-based NMs-reinforced
nanocomposite |[EMs and the outcome of the modified IEMs
towards superior performance are elucidated. A detailed summary
of IEMs incorporated with graphene-based NMs is also provided in
Table 3.

Plain graphene oxide in ion exchange membranes. GO is an
oxidized form of graphene with the presence of oxygen functional
groups (such as hydroxyl, epoxy, carbonyl, and carboxyl) in the
carbon lattice. GO can be fabricated at low cost by chemical
oxidation of graphite to graphite oxide followed by exfoliation via
ultrasonication.’? The low-production cost of GO makes it a
favorable approach to synthesize graphene-based materials.
Despite being a less costly option for producing exfoliated
graphene sheets, the oxidation of graphite to GO tremendously
lowers the physicochemical properties due to the high-defect
density introduced in the carbon structure®*** The benefit,
however, is that the oxygen functional groups endow GO with
hydrophilic capabilities, consequently enabling GO to form stable
suspensions in aqueous media. GO is highly favored as a building
block for graphene-based materials.”%9>%¢

A significant consideration when fabricating IEMs incorporated
with nanofillers is the dispersion of the nanofillers in the polymer
matrix. Due to the more dispersible nature of GO in most solvents,
it is the most widely used form of graphene-based NMs in IEMs.
Improvements in the electrochemical properties and ED perfor-
mance have been demonstrated in different studies. Among such
studies, GO was shown to endow sulfonated polyethersulfone
(SPES) based AEMs with higher ionic conductivity, transport
number, and ionic flux in comparison to pure sulfonated
polyethersulfone (SPES) AEMs.”” Most importantly, improvements
were observed in the energy consumption and current efficiency
during ED trials. In another study, poly(vinyl alcohol) (PVA) based
AEMs modified by GO showed enhancements in ionic conductivity
and mechanical strength compared to unmodified poly(vinyl
alcohol) (PVA).%®

Embedding of GO into IEMs is performed by the solution
blending technique. However, there are other techniques
reported in literature wherein GO is merely applied to the surface
layer of the IEM.”>'% In these cases, the ensuing IEMs showed

Published in partnership with King Fahd University of Petroleum & Minerals

Figures reproduced with permission from ref.

better IEC values than the unaltered IEMs. Despite the favorable
results, a few concerns arise and need to be addressed—such as
the homogeneity of the GO layer across the IEMs surface, the
stability of the GO layer under turbulent conditions, and whether
the GO layer is sufficient on its own to boost the performance of
the entire |IEMs. More tests are required to ascertain the
genuineness and extent of these concerns.

Functionalized graphene oxide in ion exchange membranes. The
oxygen groups in the carbon lattice allow GO to be modified by
chemical reactions to introduce additional functional groups,
which assist in boosting the IEMs properties even further. As
mentioned earlier, functionalization serves to improve the
dispersion of NMs in solvents and casting solutions, and could
also provide additional functional groups for ion exchange (if the
functionalization is ionic). Some routes adopted to functionalize
GO for use in IEMs are shown in Fig. 8. Not surprisingly, the [EMs
incorporated with functionalized GO have shown noteworthy
improvements. Recently, quaternized polyethyleneimine/poly
(vinyl alcohol) (QPEI/PVA) AEMs were modified with APTEOS (3-
aminopropyltriethoxysilane) functionalized GO (A-G0).>® Com-
parative tests conducted to assess the performance of the A-GO
modified QPEI/PVA against the pure QPEI/PVA AEMs showed
greater IEC, transport number, ionic conductivity, water uptake,
mechanical strength, and thermal stability for the modified AEM.
Additionally, the energy consumption and current efficiency
during ED were observed to be much improved for the modified
AEMs in compariosn to the pristine QPEI/PVA. In another work, A-
GO was further functionalized via an epoxide ring opening
reaction using glycidyltrimethylammonium chloride (GDTMAC) to
yield quaternized GO (QGO). Tests revealed that the AEMs
incorporated with the quaternized GO (QGO) outperformed their
pristine counterparts with regards to IEC, water uptake, ionic
conductivity and mechanical strength. Another good example
presented the benefits of sulfonated GO (SGO) in IEMs.'®" The SGO
modified sulfonated polyethersulfone (SPES) CEMs demonstrated
superior ionic conductivity, ionic flux, swelling, IEC, mechanical
strength, and energy consumption and current efficiency during
ED, when compared to the pristine sulfonated polyethersulfone
(SPES). Validation of the functionalization of GO has been
displayed in some research works wherein different kinds of
functionalized GO were shown to have more pronounced effects
on IEMs than plain GO3%'9%'% These IEMs incorporated with
functionalized GO demonstrated superior IEM properties in
comparison to the plain GO incorporated counterparts and the
virgin IEMs.

Reduced graphene oxide in ion exchange membranes. rGO
presents another strategy for enhancing IEMs with carbonaceous
nanofillers. The reduction of GO can be accomplished through
chemical reducing agents, photoreduction, thermal annealing, or
microwave-assisted reduction.'®*'® The chemical structure of

npj Clean Water (2018) 10
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rGO is characterized by carbon vacancies, residual oxygen
functional groups, and clustered pentagons and heptagons
carbon structures.'®®'%” Moreover, rGO is hydrophobic due to
the reduction of polar functional groups on its surface.'®
Regardless, rGO (in comparison to GO) possesses properties that
approach that of pristine graphene. Notable improvements in IEC
and ionic conductivity were observed for poly(vinylidene fluoride)/
polyaniline (PVDF/PANI)-based AEMs upon incorporation with
rGO."° One research work established sulfonated rGO (S-rGO) to
be more potent than plain rGO in boosting the properties of
IEMs.'® Particularly, the S-rGO-incorporated IEMs displayed super-
ior ionic conductivity and mechanical strength.

Decreased

Silica (SiO,) nanoparticles

Silica NPs are one of the widely investigated oxide nanoparticle
types. Methods of synthesizing silica NPs include sol-gel,""®'"" and
flame synthesis.'""''? The sol-gel technique is commonly used due
to a high level of control over the particle size, size distribution and
morphology.''""'"® By virtue of their simple fabrication, chemical
inertness, and relatively affordable precursors, silica NPs have
received substantial considerations for various applications, such as
in biomedical applications,’* " catalytic applications,'’”'"® and
fillers in polymer nanocomposites.'*'" This is motivated by the
increased desire for materials with improved thermal, mechanical,
physical, and chemical properties.

Silica NPs have also been widely used in fabricating nanocom-
posite IEMs with a number of successful outcomes. One of such
cases reported an increasing trend of IEC, transport number,
permselectivity, fixed charge concentration, and ionic conductivity
values with increments in SiO, content of poly(vinylidene fluoride)
(PVDF) based nanocomposite AEMs.'*° In another work, electro-
chemical test results showed the IEC, porosity, permselectivity,
fixed charge concentration, ionic conductivity, and thermal
stability to improve with increasing SiO, NPs fraction.®® ED tests
carried out on poly(vinylidene fluoride) (PVDF)-based AEMs and
CEMs embedded with SiO, ascertained the modified membranes
to be superior to the unmodified versions as displayed by the
improved [EC, salt ions (Na™, Ca®*, CI, and SO,°") removal
efficiency, and limiting current density.?” Silica NPs are usually
employed as reinforcements to improve thermal and mechanical
stability. In some cases, improvements in thermal stability and
mechanical strength come; however, at the expense of the IEC
hence causing a reduction in the fixed charge concentration of the
nanocomposite 1EMs.'?' An approach for overcoming the
suppression of the IEC could be the inclusion of ionic surfactants
into the fabricated IEMs nanocomposite.'?? The anionic surfactant
not only contributes additional functional groups to the IEMs, but
also facilitates the dispersion of the SiO, in the nanocomposite.

When functionalized, silica NPs are capable of further enhan-
cing the performance of IEMs. Sulfonation has been the most
implemented type of functionalization (see Fig. 9a, b for examples
of some schemes for sulfonating silica used in IEMs). Sulfonated
poly(arylene ether ether ketone ketone) (SPAEEKK)-based CEMs
incorporated with sulfonated SiO, (SS) displayed higher fixed ion
concentration, ionic conductivity, and thermal stability in compar-
ison to both the plain SiO, embedded SPAEEKK membranes and
their unmodified counterparts.'?> Comparitive studies between SS
and SiO, demonstrated that both SS and plain SiO, improved the
thermal stability of sulfonated poly(phthalazinone ether ketone)
(SPPEK) based CEMs, whereas only SS improved the ionic
conductivity of the SPPEK CEMs.'** Tests to evaluate the ED
performance of sulfonated polyethersulfone/sulfonated mesopor-
ous silicon (IV) oxide (SPES/SMS) nanocomposite CEMs revealed
improved energy consumption and current efficiency in compar-
ison to pure sulfonated polyethersulfone (SPES)."*> Attachment of
polymer chains to nanoparticles is an option which improves the
interfacial compatibility between nanofiller and polymer substrate.

No significant

change
Transport

number

lonic conductivity (47.6 mS/cm), tensile strength (62.2 N/

mm3)

Effects of NMs on IEMs properties, with respect to pristine

IEMs
lonic conductivity (42 mS/cm), tensile strength (59.3 N/

mm?)

Young's modulus (21.37 Mpa), IEC (2.56 meqg/g), ionic

conductivity (6.77 S/cm)
IEC, ionic conductivity

Improved

Ref.
177e
108g
109
109e

IEMs type and
AEMs (200 pm)
AEMs (200 pm)

thickness
CEMs
AEMs

Solution blending
Solution blending
Solution blending

Method of NMs
incorporation

PVDF/PANI Solution blending

Polymer
SCS/PVA
PVA/CSf
PVA/CS'

“Test conditions and applications vary widely for each research work referenced here, hence comparisons of the nanocomposite IEMs properties across the different research works should not be made

PMost works utilized multiple NM contents in their [EM nanocomposies. The nanocomposite NM content specified in each row reflects that for which the best overall results were obtained

“Membrane potential, transport number, permselectivity, ionic permeability, and ionic flux were assessed in NaCl solution

%The nanocomposite IEM in this work was considered for electrodialysis (ED) application

€The nanocomposite IEM in this work was tested for fuel cells
fMembrane was doped with potassium hydroxide (KOH) to introduce ionic functional source

9The nanocomposite IEM in this work was tested for MCDI

Table 4 continued
Nanocomposite IEMs®
NMs (content®)
S-A-GO (5 wt. %)
Reduced GO

rGO (4.5 wt. %)

rGO (0.1 wt. %)
S-rGO (0.1 wt.%)
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Fig. 8 Some routes for functionalizing GO which have been utilized in IEMs. a Functionalization of GO by 3-aminopropyltriethoxysilane

(APTEOS).>® b Synthesis of sulfonated organosilane functionalized GO (SSi-GO) from GO and (3-mercaptopropyl) trimethoxysilane (MPTMS).

103

¢ Preparation of phosphonated GO (PGO) nanosheets via a series of reactions of GO with 3-(methacryloxy) propyltrimethoxysilane (MPS),
dimethy! vinylphosphonate (DMVP), divinylbenzene (DVB), 2,2"-azobisisobutyronitrile (AIBN), and hydrochloric acid (HCI).3* Schemes adapted
with permission from: a ref. 3%, © 2015 Royal Society of Chemistry; b ref. ', © 2013 Elsevier; c ref. >%, © 2015 Elsevier

Accordingly, the incorporation of polybenzimidazole functiona-
lized silica (PBI-SiO,) nanoparticles (see Fig. 9c for fabrication
scheme) into polybenzimidazole (PBI) based CEMs resulted in
superior thermal stability, mechanical strength, and ionic con-
ductivity when compared to the virgin polybenzimidazole (PBI)
membrane.'?® Table 5 provides a detailed summary of some SiO,-
modified IEMs.

Other nanomaterials in ion exchange membrane nanocomposites
This section deals with some NMs that have been used less
frequently in conjunction with IEMs. The NMs discussed in this
section include silver (Ag), Titanium (IV) oxide (TiO,), Aluminum
oxide (Al,O3), Iron (ll, 1ll) oxide (Fe30,), zeolite, and Zinc oxide

Published in partnership with King Fahd University of Petroleum & Minerals

(ZnO). A detailed summary of the IEMs incorporated with these
NMs is also given in Table 6.

Silver nanoparticles in ion exchange membranes. Silver nanopar-
ticles are among the materials first utilized in the fabrication of
polymer nanocomposites.'?” The bactericidal ability of silver
NPs'?8729 has been greatly exploited in polymer nanocomposites
for water treatment applications.”>°"'3** In addition, the electrical
conductivity of Ag has made these NPs draw a great deal of
attention in the scientific domain. When used in IEMs, Ag NPs are
usually coated on the surface of the membranes using any
suitable coating technique, for example, magnetron sputtering.
Although not as frequently used in IEMs compared to the hitherto
discussed nanomaterials, the use of Ag NPs on IEMs has still

npj Clean Water (2018) 10
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Fig. 9 Some routes for functionalizing silica nanoparticles. a Sulfonation of silica using glycidyl phenyl ether (GPE) and fuming sulfuric acid.'>®
b Phenylethylsulfonyl functionalization of mesoporous silica. Mesoporous silica was prepared by reacting Pluronic P123 triblock copolymer
surfactant in aqueous HCl with TEOS, followed by calcination of the obtained powder to remove the triblock copolymer organic component.
The obtained mesoporous silica was then functionalized using toluene and (Chlorosulfonylphenyl) ethyltrimethoxysilane in a

dichloromethane solution.'®®

¢ Formation of polybenzimidazole functionalized silica (PBI-SiO,) nanoparticles synthesized by chemically

bonding polybenzimidazole (PBI) to SiO, via an ozone-facilitated procedure using N-(p-carboxyphenyl)maleimide (pCPM) functionalized SiO,
(PCPM-SiO,) as precursors.'?® Schemes adapted with permission from: a ref. '>°, © 2005 ACS; b ref. '°°, © 2011 Elsevier; c ref. 1?6, © 2012 Elsevier

reaped some beneficial outcomes.'>'3® For instance, substantial
antibacterial properties were observed when Ag was applied as
coating on acrylonitrile butadiene styrene (ABS)-based AEMs.'*
Improvements in permselectivity, ionic permeability, ionic flux,
ionic conductivity, thermal stability, and membrane potential were
also noted for the Ag-coated AEMs in comparison to their
unmodified counterparts.

Titanium dioxide (TiO,) in ion exchange membranes. Titanium
dioxide is a widely studied semiconductor due to its photo-
catalytic activity. Its low cost, good stability and high-efficiency
play a significant role in the amount of attention it has received in
the photocatalysis field.">” A number of research studies have also
considered TiO, as fillers in IEMs and report promising results.
Demonstrations of improvements in IEC and ionic conductivity of

npj Clean Water (2018) 10

Nafion/TiO, nanocomposite CEMs compared to plain Nafion have
been published.'*® Enhancements in the mechanical strength of
Nafion, when embedded with TiO, nanowires, was reported.'*’
Studies conducted on the inclusion of TiO, nanoparticles into
quaternized polysulfone (QPSU) AEMs noted increments in the
ionic conductivity."*® The inclusion of sulfonated TiO, nanotubes
(S-TiO, NTs) in Nafion for fuel cell applications was investigated by
Jun et al''. The authors observed higher ionic conductivity
values for the Nafion/S-TiO, NTs CEMs when compared to the

plain Nafion membrane.

Aluminum oxide (Al,Os) in ion exchange membranes. Research on
the subject of the incorporation of Al,O3 NPs in IEMs is even more
scanty compared to the NMs in the previous sections. Notwith-
standing, this class of inorganic NPs has some potential for use as

Published in partnership with King Fahd University of Petroleum & Minerals
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fillers in IEMs by virtue of its availability, stability, hydrophilicity
and mechanical strength.'® In this regard, ED studies on Al,O;

‘§ NPs incorporated polyvinyl chloride (PVC) based CEMs exhibited
= _ increments in membrane potential, transport number, and
%’_’ %’_’ . permselectivity ionic flux, ionic permeability, and ionic conductiv-
g g = ity."* The IEC, was however observed to decrease at all NPs
g o < loadings perhaps due to isolation of the functional groups in the
=¥ d 3 polymer matrix by the NPs. Funtionalization of the Al,O; NPs
Y *g_ Y g could be a way of offsetting this outcome.

Iron (ll, Il) oxide (FesO,) nanopatrticles in ion exchange membranes.
The impressive magnetic and selective adsorption properties of
Fe304 NPs make them attractive candidates for water treatment
applications. The use of Fe30, NPs to enhance the physicochem-
ical properties and separation efficacy of polymeric membranes
has been investigated for a number of applications.'**'** Fe;0,
NPs could also find applicability in enhancing the properties of
IEMs. Considering this, polyvinyl chloride (PVC) based nanocom-
posite CEMs were prepared, by using with Fe304 NPs as fillers with
the aim of using for electrodialysis applications.'*> The modified
membranes possessed higher IEC, membrane potential, perms-
electivity, transport number, ionic flux, and ionic permeability in
contrast to the pristine membrane.

No significant change Decreased

Zeolite-assisted ion exchange membranes. Zeolite NPs possess
high [EC and chemical stability, which make them suitable
candidates for water treatment applications.*®™'%° Zeolite NPs
were utilized in polyvinyl chloride (PVC) based nanocomposite

Effects of NMs on IEMs properties, with respect to pristine
lonic conductivity, tensile strength, Young’s modulus,
Thermal stability, Young’s modulus, ionic conductivity

Fixed ion concentration, ionic conductivity, thermal

*Test conditions and applications vary widely for each research work referenced here, hence comparisons of the nanocomposite IEMs properties across the different research works is not recommended
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E g T S 3 -% CEMs fabricated for the purpose of ED research.’*® The experi-
o 25 9 ° £ 3 mental results demonstrated improvements in membrane water
c c < p
3 58 ¢ S 2 G content, membrane potential, transport number, permselectivity,
;\ $ S 2 2 3 ionic permeability, ionic flux, and ionic conductivity for the
T 53220 & £ modified CEMs (at all NP loadings) in contrast to the virgin PVC
> - - 9 9
83858 ¢ 5 2 CEMs. The improvements could be attributed to enhanced ionic
- 3z g % g 5 b transport properties that created more conducting regions in the
% 28 r_g r_g > g 2 membrane and promoted the ion transport between the solution
w £ Fevef £ g| 8z v and the membrane.
s o 'r% c g 9 k] ]
o E 8 SsEFEE=|LE 2
é 5 é Zinc oxide (ZnO) nanoparticles in ion exchange membranes. ZnO
: jod je )l o o D o)l . . . .
;«C‘J Q 9 o T % 3 E ® u NPs are important nanomaterials that are well applied in
s = 5 photocatalysis,’' sensors,'>>'>* antibacterial materials,'**'>> and
T S § 2 3T dye sensitized solar cells.">® Additionally, the low cost and high-
o in 2 a 2 surface area of ZnO NPs make them attractive alternatives to other
w . .
e 4 & - NMs."?” Assessments of polyvinyl chloride (PVC) based CEMs
wE L 22_22¢ g g '§ @ embedded with ZnO NPs showed higher permselectivity, trans-
=) Q = 0 . . . . .
=z g oo E Z o 8.8 E = port number, membrane potential, ionic flux, and ionic perme-
B Ese 8 =w ability in contrast to the virgin CEMs."”’
32 22§
= c o.=
o Do OO SEYO5UL
c c c c £ c c =
2 c|T TT TTT = gv‘? g 28E OPTIMIZING THE PERFORMANCE OF NANOCOMPOSITE ION
Zd|& £ 9 G909 HEBE2 5 5 EXCHANGE MEMBRANES
58 | 2 o o o 0 o sTgag=Es . .
5| c c c c c c =T 5T T Numerous factors influence the properties and performance of
B88|e ©6 6 o666 sE2L 32 ¢ - . . :
£5|%8 €% B EE co 6T EDS nanocomposite |[EMs. The quantity of NMs incorporated into the
=3 = U g S & e . . . .
¥/ 9 9o © o0 20880 0w IEMs has received the most attention in nanocomposite IEMs
SSE |l ABn KB hn cEoc ,T00 : R .
o g8=€g=3 research. Regarding this, we note that in some works the IEMs
o] < SEXT=EEL S performance displays positive correlations with the NMs content,
£ o x SETSZESS X - A X
s w oo _ _ #_ s E E 5 2 E i whereas others report inconsistent correlations of IEMs properties
& & 8% &8z|s2 s £55% with the NMs content. Nevertheless, the majority note improve-
853 g.s £ ments in [EMs properties and performance at some particular NMs
_g $=c g§22 content. It has also been shown that NMs (in certain quantities,
s |2 = 5 £z o u types, or forms) may produce less desired outcomes, for example:
o (u > YEGEETG (1) very low-NMs content may be insufficient to improve IEMs
£ L & —_ 2 8 g E % g— g— performances, whereas excessive NMs content makes the
e 0 c S > = o 2 £ a . . . . . .
] e X2 248 nanocomposite s brittle, resulting in a reduction of their
518 G 259 o858 posite IEMs brittl Iting duct f th
£ o SEB g CcC mechanical stren see Fig. 10); e reduction of the o
w|E 5 ;5 5w SScs&ee h | strength (see Fig. 10); (2) the reduct f the IEC of
olyg & 25 wvuik P . s £ £ s < IEMs due to enshrouding and isolation of the functional groups by
o) & [%) ~ ~ L 5 o ] . . .
5|5 % “@ w2 vD s = ?;’E =3 ;;5 excessive amounts of NMs, hence rendering the functional groups

inaccessible for ion exchange. Ultimately, optimization of the NMs
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Fig. 10 Effect of NMs content on aggregation and consequently mechanical strength of IEMs. a, b Cross-section and Si elemental analysis of
sulfonated polyimide/sulfonated mesoporous silica (SPI/SMS) with 3 wt. % SMS. ¢, d Cross-section and Si elemental analysis of SPI/SMS with 10
wt. % SMS. This figure depicts the uniform dispersion (a) and aggregation (c) of SMS in SPI based IEMs.'®' The elemental analysis gives a
qualitative indication of the Si content in each of the IEMs. The increased aggregation led to a drastic decline in the mechanical strength (the
tensile strength reduced from 48 to 24 MPa, the elastic modulus fell from 912 to 586 MPa, and the elongation at break dropped from 11.0 to

2.9%). Figure reproduced with permission from ref. '®', © 2011 Elsevier

Table 7. Some properties of graphene-based NMs*°
Properties Graphene Graphene oxide (GO) Reduced graphene oxide
(rGO)

Synthesis Chemical vapor deposition, thermal decomposition of silicon Oxidation and exfoliation of Reduction of graphene
carbide (SiC), graphite exfoliation graphite oxide

C:O ratio No oxygen 2-4 8-246

Young’s modulus (TPa) 1 0.2 0.25

Electron mobility (cm? 10,000-50,000 Insulator 0.05-200

v'lsT

Production cost High Low Low

Reproduced from ref. %

with permission from The Royal Society of Chemistry

composition and properties is necessary to obtain nanocomposite
IEMs with the most desirable overall IEMs performance.

Figure 11, which was created to analyze the IEC of the different
nanocomposite IEMs, enables a comparison between the effects
of the different NMs on the IEMs, and also the provision of
directions for further research. The analysis was performed for
IEMs nanocomposites for which IEC data were available. These
included IEMs incorporated with CNTs, graphene-based NMs and
silica NPs. The insights from the analysis include: (1) lower content
of MWCNTs and functionalization of MWCNTs produced incre-
ments in the [EC of IEMs; (2) functionalized GO had greater impact
on improving the IEC of [EMs compared to plain GO. The effective
weight content for the GO-based NMs appears to be from 0.5 to 5
wt. %; (3) both plain and functionalized silica have positive effects
on IEC from content range of 0.2-1 wt. %. The silica content seems
to be of more importance than its functionalization with regards
to improving the IEC of [EMs.

npj Clean Water (2018) 10

It has also been discovered that other considerations, such as
particle size, aspect ratio, etc., play a significant role in the overall
IEMs performance. For instance: (1) better distribution of ionic
clusters and optimum IEMs performance was observed with
incorporation of graphene oxide (GO) particles with smaller
particle size (see Fig. 12);*® (2) Sulfonated mesoporous silicon
(IV) oxide (SMS) with bigger aspect ratios inclined to form larger
clusters and bigger pores as a result of their poor dispersion in
sulfonated polyethersulfone (SPES)-based CEMs.'*®

In order to identify the most suitable NMs for IEMs, more
comparative information of the NMs and their effects in IEMs are
needed, which can be provided by conducting well designed
comparative studies under standardized conditions. We believe
that the parametric experiments with some selected NMs and
IEMs combinations can certainly provide a glimpse of insights of
such attempts. However, given the large number of possible
combinations of the variables, computational modeling and

Published in partnership with King Fahd University of Petroleum & Minerals
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Fig. 11 Evaluation of the effects of NMs on the IEC of IEMs. a Change
in IEC of IEMs with incorporation of CNTs. In most of the cases, lower
content of CNTs resulted in increments in IEC. Also, more instances of
improved IEC are observed for the cases where the MWCNTs are
functionalized. b Effects of graphene-based NMs on the IEC of I[EMs. All
the lower IEC values are obtained for plain GO. Majority of the
improved cases involve the incorporation of functionalized GO. From
the analysis of the chart, the effective content of GO-based NMs is
from 0.5 to 5 wt. %. ¢ Change in IEC of IEMs upon incorporation of
silica-based NPs. Some good results are obtained when silica is
functionalized, but it appears the content of the silica impacts the
results significantly. For silica contents from 0.2 to 1 wt. %, increments
in |EC is noticed for plain and functionalized silica NPs. Whereas, a
decrease in [EC is observed for silica NPs content above 1 wt.%. From
this chart, the effective silica NPs content is from 0.2 to 1 wt. %

simulation would also need to be used in tandem with laboratory
experimental research to arrive at important findings within a
reasonable time frame. It is also expected that factors, such as
availability, cost, and ease of preparation, could have a deciding
influence on the choices of employing NMs to develop
nanocomposite IEMs for electromembrane desalination.

CONCLUSION, EMERGING TRENDS, AND FUTURE DIRECTIONS

This article, in which some of the developments in nanocomposite
IEMs are reviewed, strongly indicates that NMs-incorporated IEMs
can be considered as beneficial candidates for enhancing
electromembrane desalination. Key recent achievements in
nanocomposite [EMs research have focused on utilizing carbon
nanotubes, graphene-based NMs, silica, titanium dioxide, silver,
etc. in improving the properties of IEMs as regards IEC,
permselectivity, ionic conductivity, mechanical strength, and
thermal stability—although at the laboratory scale. In addition,
the few desalination tests performed have demonstrated

Published in partnership with King Fahd University of Petroleum & Minerals

Review of nanomaterials-assisted ion exchange membranes
A Alabi et al.

npj

improved performances in comparison to the unmodified IEMs.
While nanotechnology suggests a promising route for enhancing
IEMs’ capabilities for application in desalination, the use of
nanocomposite IEMs for electromembrane desalination is still in
its early stage and the many remaining issues have to be further
investigated in order to make a meaningful transition from
potential applications to successful commercial implementations.

We identified that, out of the 65 nanocomposite IEMs described
in Tables 3-6, 53 of them were CEMs and 12 of them were AEMs
(see Fig. 13). In terms of application, 42 were assessed for fuel
cells, 23 were analyzed for electromembrane desalination (22
ascribed to ED and 1 to membrane capacitive deionization), and 2
were tested for diffusion dialysis. Since I[EMs are an integral part of
the electromembrane desalination unit, the assessment of
nanocomposite IEMs under operational electromembrane desali-
nation conditions is essential. In addition, investigations of
nanocomposite AEMs should also be encouraged in order to
ensure the simultaneous availability of both superior AEMs and
CEMs for advancements in electromembrane desalination
technologies.

Given the varieties of polymers, NMs, and preparation routes for
IEMs nanocomposites, the prospects for research in the nano-
composite IEMs field is quite open. There are therefore many
opportunities for investigation of NMs-assisted IEMs. With respect
to the NMs/polymer blending ratio, the optimum NMs content to
be employed in nanocomposite IEMs greatly differs depending on
the polymer type, the functional groups available in the polymer
or NMs, etc. Numerous routes to achieve functionalization of the
NMs are also reported in literature. It is therefore imperative to
have a good understanding of the characteristics of the candidate
NMs. Experimental decisions should be made based on utilizing
the advantageous properties that can be offered by the NMs, as
well as looking for the synergistic effects arising from the
interactions between the incorporated NMs with the polymeric
matrix. The ultimate outcome of incorporating NMs in [EMs is to
achieve not only isolated benefits, but also to derive synergistic
positive effects on the overall performance and other aspects such
as cost. In addition, numeric modeling and simulation would also
be used in tandem with laboratory experimental research to arrive
at significant findings. We however note that the ease of mass
production of the NMs will influence the consideration of any of
the NMs. Among the NMs discussed in this review MWCNTs,
graphene-based NMs, and silica NPs have been identified as the
more promising NMs because they have received the most
interest and also produced more of the beneficial results. Based on
the analysis of the available IEC data, the following observations
were made: (1) lower content of MWCNTSs and functionalization of
MWQCNTs yielded more improvements; (2) functionalized GO was
beneficial in comparison to plain GO; (3) silica NPs were most
effective from content range of 0.2-1 wt. %.

Two mechanisms by which NMs improve the electrochemical
properties of IEMs have been proposed: (1) the incremental
increase in ionic group concentration; and (2) the ionic cluster
dispersion mechanism (ICDM) which promotes the creation of ion
conducting routes. Between these two mechanisms, the latter
appears to offer the more convincing explanation for the
improvements. Nevertheless, the precise mechanism by which
any of the NMs augments the IEMs performance remains largely
unknown. As such, procedures for forecasting the effects that a
NM would have on an IEM a priori are yet to be well established.
Furthermore, any direct comparison between the nanocomposite
IEMs synthesized in the different research works needs to be done
with care because the test conditions varied greatly for each of the
studies. Hence, there is the need for more standardized
experimental conditions such as test solutions, testing equipment
and methods, so that the performance of the different NMs in
nanocomposite |EMs can be accurately assessed and the
hypotheses of the mechanisms can be verified.

npj Clean Water (2018) 10
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Fig. 12 TEM micrographs of sulfonated polyimide (SPI) based CEMs showing effect of size of GO on distribution of ionic cluster. a pure SPI. b—
d SPI with GO. Size of GO incorporated into the SPI increased from b-d.** The dark-silver stained spherical regions revealed better distribution
of the ionic clusters for IEMs embedded with the GO having the smallest particle size i.e. b. This was due to the higher degree of oxidation and
high-carboxyl content of this GO, which caused stronger electrostatic attractions between the GO and SPI polymer matrix. The stronger
interactions encouraged shrinkage of the sulfonic groups of the SPI and consequently prevented aggregation into bigger ionic clusters
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Fig. 13 Categories of IEMs nanocomposites reported in this work

As the IEMs nanocomposite studies are still in the research
stage, no pilot scale assessments have been conducted yet. For a
fast assimilation of this technology, the research in this technology
will have to go beyond the lab scale. So far, there has been little
focus on membrane fouling studies in [EMs nanocomposites. This
is also an aspect that cannot be neglected if the research of IEMs
nanocomposites is to result in breakthroughs in water desalination
and purification technologies. Furthermore, there is the need to
assess the separation efficacy of the nanocomposite IEMs with
regards to different kind of ions (e.g., monovalent ions, divalent
ions, etc.). The life span of the membranes also needs to be
ascertained. Efforts must also be made to investigate more eco-
friendly routes for synthesizing IEMs nanocomposites. As of now,
most of the solvents used in the laboratory are harmful or toxic.
This toxicity can be addressed by making use of green solvents.
Research into more environmentally friendly solvents for synthe-
sizing IEMs nanocomposites should be encouraged. In addition,
the environmental impact of utiliziing NMs requires thorough

npj Clean Water (2018) 10

studies before NMs can be widely adopted for any mainstream
application.

By highlighting some of the challenges and opportunities in
nanocomposite IEMs for electromembrane desalination, the
intention of this article is to foster interest in this research topic
and get closer to effectively addressing global water security
challenges.
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