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Abstract

Since the initial operation of the first reverse osmosis (RO) desalination plants, only
polymeric membranes have been employed for industrial use. As described in the pre-
vious chapter, the various advancements in the conventional polymeric RO membranes
have been rather limited since the late 1990s, especially in the membrane permeability
issue. Although new membrane modules have been released, however most of them are
improved through a method that relies on increasing the membrane area per module.
Recently, advances in nanotechnology have led to the development of nanostructured
materials which may form the basis for new RO membranes. Li and Wang have included
inorganic membranes and thin film nanocomposite membranes in a recent review, whereas
Mauter and Elimelech have discussed the potential of carbon nanotube membranes for use
as high flux membrane filters. In this chapter, the development of membranes that have
been discussed in the previous two reviews will be briefly highlighted with a particu-
lar focus on the possibility of them being engineered into commercial RO membranes. At
the same time this chapter includes a discussion about structured polymeric membranes
synthesized via a new course featuring carbon-derived nanoporous membranes and bio-
mimetic membranes. The coverage of all proposed novel desalination RO membranes in
this section is aimed to provide a general overview of these materials and to draw a fair
comparison of them possibly being developed into commercial RO membranes.

Keywords: polymeric membrane, reverse osmosis, mixed matrix membranes,
inorganic membrane, nanoporous membranes

1. Introduction

Since the initial operation of the first reverse osmosis (RO) desalination plants, only poly-
meric membranes have been employed for industrial use [1, 2]. As described in the previous
chapter, the various advancements in the conventional polymeric RO membranes have been
rather limited since the late 1990s, especially in the membrane permeability issue. Although
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Figure 1. (a) RSA membrane synthesis process and (b) one of the RSA molecules tested [3].
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a number of new membrane modules have been designed and tested, the majority of these
are enhanced using a methodology that is reliant on the augmentation of the membrane’s
area per module. Developments in recent nanotechnology research have contributed to the
creation of nanostructured materials that may prove to be a more effective basis for new types
of RO membranes. For instance, Li and Wang research collaborative have focused on thin-film
nanocomposite membranes and inorganic membranes in a recent overview, while Mauter
and FElimelech examined at the possibilities of implementing carbon nanotube (CNT) mem-
branes as high-flux membrane filters [1, 2]. This chapter outlines the evolution of membranes
that have been discussed in the previous two reviews and briefly interrogates the possibility
of these designs being engineered into successful commercial RO membranes. Furthermore,
this chapter begins a critical discussion on the structured polymeric membranes synthesized
using innovative course based on biomimetic membranes and carbon-derived nanoporous
membranes. In this section, the covered methods of proposed desalination of RO membranes
aim to offer a broader summary of membrane materials and outline the comparative potential
of them being developed into viable commercial RO membranes.

2. Polymeric membrane created using rigid star amphiphiles

Recent research report has noted the development of a nanofiltration (NF) membrane based
on rigid star amphiphiles (RSAs) [3, 4]. As shown in Figure 1(a), nanofiltration membranes
were created using percolation of methanol solutions of the RSAs and through an asymmetric
polyethersulfone support that had been conditioned earlier with crosslinked poly-vinyl alco-
hol and methanol. Figure 1(b) illustrates one of the RSA molecules synthesized with the help
of diverse cyclization methods as membrane-building block materials.

During atomic force microscopy (AFM) and scanning electron microscopy (SEM) analysis, the
membrane showed an exceedingly smooth surface with an average roughness values within
the range of 1-2 nm. Notably, this roughness potential is quite distinct from the roughness val-
ues found in commercially available NF membranes (20-70 nm). The RSA membrane barrier
layer is extremely thin and features a thickness of around 20 nm. This composite multi-layer
dendrimer arrangement helps regulate the narrower pore size distribution. When compared
to the commercially available NF membranes, these membranes have exhibited similar con-
taminants rejection performances, but with doubled flux values. This newer approach to poly-
meric membrane synthesis can provide a superior alternative for tuning membrane structure,
when considering polymeric NF and RO membranes” morphological similarities. Further
research is still crucial when it comes to definitively verifying the method’s suitability for the
RO process. Specifically, the membrane’s salt rejection potential has remained unspecified.

3. Ceramic/inorganic membranes

The ceramic types of membranes are primarily created using silica, alumina, zirconia, tita-
nia, or a combination of these materials. Because of their substantially higher manufacturing
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costs, the application of ceramic membranes is presently limited to cases where polymeric
membranes cannot be properly used, such as in processes involving radioactives/heavily con-
taminated feeds, highly reactive environments, and elevated operating temperatures [5]. In
most cases, ceramic membranes are based on a meso- or micro-porous active layer and a
macro-porous support layer. The current top techniques for ceramic membrane production
include paste extrusion for its supports, as well as powder suspensions slip-casting or the
sol-gel processing of colloidal suspensions for active layer deposition. Ceramic membrane’s
foundational elements have been created using tubular modules that have been converted
into monolithic honeycomb structures capable of providing much higher packing potential
and efficiency. At this point, commercialized ceramic membranes are implemented exten-
sively in micro- and ultra-filtration applications. On the other hand, ceramic membranes that
can be used for successful nanofiltration still require further development and testing [6].

The industrial-scale application of ceramic-type membranes in domestic water production set-
tings is uncommon; however, the membrane’s overall process sturdiness has gained attention
of researchers for purposes of pervaporation [9] and membrane distillation [7, 8]. A group of
researchers from the New Mexico Institute of Mining and Technology have recently reported
on the potential applications of ceramic membranes for RO desalination processes [10]. Due
to the advantages of desalting oil field water, and inspired by molecular dynamic simulation
results that showcased 100% of ion rejection potential in all-Si ZK-4 zeolite-type membranes
[11], this research collaborative has conducted an experiment-based examination of the RO
separation mechanism as well as assessed the viability of using ceramic membranes. The sub-
nm inter-crystalline pores of the zeolite structure allowing for the rejection of the salt and
passage of water molecules are outlined in Figure 2 [12]. Theoretical sets of calculations sug-
gest that ions can be completely rejected by zeolite membranes if they have pore sizes smaller
than the hydrated ion’s size. A-type zeolite membranes have 0.4-nm size pores and MFI-type
membranes of 0.56-nm pore diameters. The first experimental attempt at developing an RO
of an NaCl solution with the aid of the MFI silicalite-1 zeolite membrane represented a 77%
salt rejection potential and a water flux as low as 0.003 m® m™ day™" at 21 bar. It was similarly
noted that the rejection potential of bivalent cations was greater than for monovalent ions in a
test environment that implemented a feed including mixed ion species. As a consequence, the
rejection of sodium ions in a mixed ion solution was smaller than the one occurring in a pure
solution of NaCl. These data indicate that the filtration mechanism relies on, both, the size
exclusion potential and the Donnan exclusion created by the charged double layer produced
by adsorbed ions on the intercrystalline walls or the pore [13].

New research has been undertaken to improve the results by modifying the zeolite struc-
ture, despite the fact that the first RO tests with a zeolite membrane failed and, both, water
flux and salt rejection values were far too low for practical industrial applications. The Si/Al
ratio, which tends to dictate the membrane’s surface charge and wettability parameters, has
been enhanced to offer better salt rejection and flux. The Al content within the membrane can
noticeably modify the surface hydrophilicity and, as a consequence, its affinity with water
[14]. The flaws of the crystal structure can be minimized using a secondary growth of a zeo-
lite layer on top of the zeolite placed onto a porous a-alumina substrate [15]. A combinatory
approach such as this produced a significant improvement during testing of a 2-um thick
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Figure 2. Micro-porous ceramic membrane structure: micro-porous channel in the crystalline structure (a) Type A zeolite
and (b) MFI zeolite (reprinted with permission from Baerlocher et al. [12]).

zeolite membrane with 50:50 Si/Al ratio that rejected 92.9% of sodium ions and offered a water
flux value of 1.129 kgm™ h™' at 28 bar [16]. The same research tests were able to further reduce
the thickness of the membrane to 0.7 pm, thus ensuring outstanding salt rejection (97.3%) and
organic values (>99%), and obtaining a permeate flux improved by almost four times [17, 18].

Although innovation in the zeolite membranes research has shown substantial progress in
the last 10 years, their economical viability and overall performance do not yet compare to
that of the polymeric membranes. On the downside, the zeolite membrane thickness value
is at least three times greater than the current quality polymeric RO membrane, and this cre-
ates higher overall resistance to permeate flux. As a consequence, ceramic-type membranes
require a membrane area that is at least 50 times larger, than would be necessary in the
polymeric counterpart, in order to reach similar production capacity. This membrane area
parameter may even be greater if the lower-packing effectiveness and increased density
are taken into consideration. Although zeolite membranes are intended to allow for higher
organic rejection potential, organic fouling has produced almost 25% loss in flux capacity
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after only 2 h of operation, even though full recovery of flux was eventually achieved with
the help of chemical washing [18]. The higher-salinity feeds are projected to cause shrinkage
of the double layer because of the counter ions screening effect on the surface charge values.
Thus, an unwanted growth in effective intercrystalline pore sizes can incite ion transport
and then lower the rejection efficiency. These experimental tests were conducted with a low
NaCl concentration (0.1%) and standard seawater desalination tests at 3.5% NaCl and must
be further examined so as to assess their potential application for desalination of oil field
seawater.

Another possible candidate for the formation of sub-nm porous materials is carbon. A care-
fully controlled carbide-derived carbon (CDC) materials” pore size distribution has been for-
merly reported in research studies [19]. There are several advantages to carbon since CDC
allows for enhanced shape, control of pore size, and uniformity. For instance, these advan-
tages can be seen in the manipulation of chlorination temperatures as indicated in Figure 3.
Likewise noted was the synthesis of CDC membranes through the creation of a thin CDC
film on top of the porous ceramic support [20]. This initial research study offers a method of
developing asymmetric CDC membranes with an average pore size of about 0.7 nm, as well
as of showcasing the potential for effective monovalent salt exclusion. Further research testing
is crucial in order to assess the practicality and feasibility of CDC membranes for applications
in long-term RO desalination settings.
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Figure 3. Differential pore size distribution for CDC-synthesized membrane at varying chlorination temperatures
measured by methyl chloride adsorption (reprinted with permission from Gogotsi et al. [19]).
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4. Mixed matrix membranes

The theoretical framework behind mixed matrix membranes (MMM), is the mixing of inor-
ganic and organic materials and is not quite recent. In 1980, Universal Oil Product (UOP)
created a silicalite-cellulose acetate MMM for the purposes of gas separation which showed
advanced selectivity potential when compared to the more conventional polymeric mem-
branes [21]. Even though MMMs were made for water/ethanol separation using pervapo-
ration in the 1990s, the inclusion of inorganic materials as part of the organic RO thin-film
composite (TFC) membranes and TFC membranes began in the early part of 2000s [22]. The
primary aim of MMM is to efficiently merge the potential benefits offered by either material.
In particular, there is a need to combine advantages such as good permselectivity, long opera-
tional experience, and higher packing density of the polymeric membranes, together with the
improved biological, thermal, and chemical stability offered by the inorganic membranes [23].

4.1. Nanoparticle/polymeric membranes

In a wide range of industries, the synthetic membranes are becoming a key technology in
separation processes and their applications. In most cases, the synthetic membranes are made
out of organic materials like polymers, and inorganic materials like ceramics. Currently ongo-
ing membrane research primarily looks at polymeric membranes because of their greater
flexibility, smaller spaces required for installation, improved control over the pore-forming
mechanisms, and comparatively smaller costs. In combination, these properties make the
polymeric membranes a more suitable material in a variety of applications. However, fre-
quent issues that researchers focus on when it comes to polymeric membranes are exposure to
biofouling, lower fluxes, inferior mechanical strength, and higher hydrophobicity. The add-
ing of nanoparticles into polymeric membranes became a key trend in the recent membrane
research studies. Arguably, the insertion of nanosized materials may be able to incite syner-
gistic effects when combined with diverse material types [24].

Iron is the most abundant transition metals as well as the fourth most available element in
the earth’s crust, qualities that make it the pillar of modern infrastructure. In fact, as a type of
nanoparticle, iron has been overlooked in comparison to oxides and other metals like nickel,
gold, platinum, and cobalt. Although this is an unfortunate limitation, there is an explicit
reason for it. While iron’s reactivity can be a key quality for macroscopic applications, espe-
cially rusting, it becomes a concern at the nanoscale levels. The fact that finely divided iron
is pyrophoric is one of the main reasons responsible for iron nanoparticles not being more
researched or applied. Such a severe reactivity potential has habitually made iron nanopar-
ticles challenging to study and difficult to apply practically. On the other hand, iron has many
properties to offer at the nanoscale, such as its catalytic and strong magnetic properties. In the
recent research studies, iron’s potential is being explored more rigorously, especially in rela-
tion to the membrane separation processes, which are discussed here.

As already noted, excessive reactivity of the iron metal makes it unfitting for application as
pure metal nanoparticles [24]. As a result, instead of the pure iron nanoparticles, iron com-
pounds are integrated into the polymeric membranes. The inclusion of iron compounds
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nanoparticles helps improve membrane performance with regard to some of their specific
uses. Nafion is one of the polymeric membranes integrated with iron compounds. Specifically,
Nafion is a sulfonated tetrafluoroethylene-based fluoropolymer-copolymer, and a first type
in the synthetic polymers class featuring ionic properties, namely ionomers. Due to its supe-
rior thermal and mechanical stability, Nafion received much attention as a proton conductor
used in proton exchange membrane (PEM) fuel cells. Films based on Nafion are effective as
proton-conducting membranes in the case of direct methanol fuel cells (DMFCs). On the other
hand, unmodified Nafion membranes usually have higher methanol permeability and this
effectually makes them unsuitable for uses for the production of commercial-type fuel cells
[25]. Therefore, the inclusion of nanoparticles featuring highly acidic and inorganic materials
into Nafion membranes was shown to be the most effectual method for lowering methanol
permeability potential [26-32]. Incorporating nanomaterials with greater surface acidity helps
produce higher proton conductivity composite membranes, and the particle blocking of pores
decreases methanol transport potential.

Inside the pores of Nafion membranes, the sol-gel synthesis of inorganic phases (5iO,, TiO,,
Zr0,) has been found as a successful modification direction that allows obtaining higher
selectivity values [32-35]. Zeolites are also used as modifiers in Nafion membranes, primar-
ily because of their high surface acidity, greater water intake values, and intrinsically narrow
pore size distributions [36]. Recent research project reported results of methanol transport
properties in a number of Nafion-composite membranes integrating micro- and nanosized
zeolite particles (Fe-silicate-1), in situ crystallized Fe-silicalite-1, and amorphous silica, com-
parable to the unmodified commercial nafion-115-type membranes [25]. During the develop-
ment of the composites, a supercritical carbon dioxide treatment was applied to some of the
membranes before the integration of the inorganic phase. In this case, two approaches to
zeolites deposition were used, specifically, direct in situ synthesis inside the pores of Nafion
membrane and deposition from colloid or suspension solution. Relatively low methanol
permeability potential was achieved in composite-type membranes created with the aid of
the colloidal intercalation route (from colloidal Fe-sillicate-1 and silica solution), as well as
using the in situ synthesis of Fe-silicate-1 inside the Nafion membrane’s pores. In order to
change its structure, supercritical CO, activation of a Nafion membrane before the zeolites
deposition was implemented. The developed Nafion-zeolite composite membranes indi-
cated a substantial reduction in methanol permeability, if colloidal rather than suspended
Fe-silicalite-1 particles were used for deposition. Furthermore, there was a 19-fold greater
selectivity value if compared to pure commercial Nafion-115 membrane or composite mem-
branes made without previous supercritical treatment. The approach of in situ synthesis
of zeolite inside the membrane’s pores was determined to be quite successful for the pro-
duction of composites and ensured a sixfold greater selectivity potential for the composite
membrane, if compared to pure Nafion [25]. Iron compounds are likewise integrated into
other polymeric membranes so as to create proton exchange membranes, in addition to iron’s
use with Nafion membranes and the reduction of methanol permeability. Further research
has been recently done on the production of ion-conducting membranes by self-assembly of
surface-charged nanoparticles [37]. Researchers suggest that the membranes created using
closely packed nanoparticles offered noticeably greater proton conductivity if compared to
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solution-cast films of similar ion-exchange capacity (IEC) and composition. Nonetheless,
there was a degree of limitation on maximum IEC, since high-IEC membranes showcased
extreme swelling in water and thus substantially deterred the testing for proton conductivity.
Membranes featuring proton-conducting particles constructed in a suitable matrix may be
designed in a manner that avoids these issues. In particular, the particles could be carefully
aligned to gain the percolation necessary for proton conduction, while the swelling in metha-
nol or water can be supervised through the selection of a water-resistant matrix. Another
research project outlines the synthesis of composite particles with sulfonated crosslinked
polystyrene (SXLPS) intended for use in the proton exchange membranes and ribbed fuel
cells [38]. In this instance, the approach implemented for polymerization was comparable to
the mini-emulsion polymerization described by Ramirez et al. [39]. Admittedly, a number
of procedure modifications were necessary for the production of functional and crosslinked
polymer-iron oxide composites. Researchers likewise reported a membrane production pro-
cess that requires the alignment of synthesized particles in a high-performance sulfonated
poly(etherketoneketone) (SPEKK) matrix [40] and offers a number of properties of PEMs for
fuel cell uses. The membrane’s ultimate properties depended on a range of aspects, including
the matrix, size of particles, and the particle’s IEC. The primary aim of this research project
was to show an applicable membrane-fabrication method that can be used to improve the
PEMs’ overall conductivity. As noted [38], the composite ion-conducting nanoparticles were
synthesized with the help of emulsion polymerization. The particles” polymeric component
contained sulfonated crosslinked polystyrene as well as the inorganic component of y-Fe O,.
As a result of the experimental runs, a particle synthesis method was compiled so as to elu-
cidate the abnormal morphologies of composite particles. The distribution breadth increased
with sulfonated content, while the average synthesized particles” diameter value correlation
to changing feed compositions were within the range of 230-340 nm (Figure 4).

Titanium oxide (TiO,) is a relatively common photocatalytic material that has been frequently
employed for decomposition and disinfection of various organic compounds [41]. This poten-
tially dual property makes TiO, a compelling anti-fouling coating option. The anatase TiO,
nanoparticles (<10 nm) are prepared using the process of controlled hydrolysis of titanium tetra-
isopropoxide. These particles are then dip-coated as an interfacially polymerized fully cross-
linked polyamide TFC membrane with a surface layer further functionalized with carboxylate
groups [42]. Notably, these carboxylate groups are essential for the TiO, self-assembly within
the barrier layer and require the use of an adsorption mechanism. Experimental testing based on
an Escherichia coli containing feed water has shown improved anti-biofouling properties. In fact,
these improvements aided with UV excitation and did not compromise the salt rejection and flux
performance of the original membrane and its properties. There was no substantial loss of TiO,
nanoparticles from the membrane notes after a continuous 7-day RO research trial run [42, 43].

Moreover, zeolite nanoparticles have been used similarly during the preparation of MMMs
(Figure 5). The first step in this process is for the zeolite nanoparticles to be synthesized with the
help of a templated hydrothermal reaction. What follows are a series of difficult processes that
involve carbonization, sodium exchange, template removal, and calcination [44]. The formed
NaA-type zeolite particles appear to be within the size range of 50-150 nm and feature an Si/Al
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NaSXLPS5-0.23

Figure 4. TEM images of the starting material y-Fe203 and synthesized crosslinked polystyrene y-Fe203 particles.
Adapted from Ref. [24].

ratio of 1.5. Reports suggest that these particles are highly hydrophilic (contact angle of <5°) and
have negatively charged 0.4-nm pores that repulse anions. Before the interfacial polycondensa-
tion reaction can occur, the zeolite nanoparticles are dissolved into a crosslinking agent solution,
such as trimesoyl chloride dissolved in hexane. This method differs from the approach based on
dipping the previously made membrane into a nanoparticle-containing solution, as occurs with
the TiO, nanocomposite-type membranes. In this case, a homogeneous zeolite particle dispersion
is created using ultrasonication, prior to the enactment of the standard interfacial polymerization
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Figure 5. Schematic cross-section of zeolite nanocomposite membrane (reprinted with permission from Jeong et al. [44]).

process. During this experiment, the RO membranes with a variety of zeolite-loading values
were prepared and the subsequent changes in the membrane’s properties were examined. For
instance, the membranes became smoother in quality, more negatively charged with increasing
nanoparticle loading, and more hydrophilic. Relative to the hand-cast TFC membranes without
zeolite nanoparticles, the MMM membranes showed 90% of flux and a minor increase in the
salt rejection potential. Researchers indicate that this could be due to the changes in membrane
morphology and improved Donnan exclusion with regard to zeolite particles [44, 45]. The altered
surface properties and membrane’s new separation performance facilitated by the variations in
zeolite nanoparticle loading are shown in Figure 6.

4.2. Carbon nanotube/polymeric membranes

A number of researchers begun to pay closer attention to carbon nanotubes because of the resem-
blance between their fluid transport characteristics and the water transport channels in biological
type of membranes [46]. Successful experimental instance of fluid flow in a CNT membrane was
first observed in 2004 [47]. For this experiment, well-aligned multi-wall CNT membranes were
created with the aid of catalytic chemical vapor deposition (CCVD) situated on the surface of
quartz substrates. These membranes were then spun coated with polystyrene in order to effec-
tively cover inter-tube gaps, while plasma etching was employed to open the CNTs’ tips. An
experimental assessment of water transport in a solid polystyrene film membrane that includes
7-nm diameter multi-wall CNTs indicates that the detected flow velocity was four to five orders
of magnitude greater than the rate expected from the Hagen—Poiseuille equation governing mac-
roscale hydrodynamics [48]. A research report notes another fluid flow experiment based on a
CNT membrane synthesized with the help of nanofabrication methodologies (Figure 7(a)). This
type of membrane had a double-wall CNTs with <2-nm diameter and exhibited flow velocity
rates of three to four orders of magnitude greater than the values calculated theoretically [49].
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Figure 6. Effect of zeolite-loading dosage on (a) surface properties and (b) separation performance (reprinted with
permission from Jeong et al. [44]).

A new investigation focused on the water transport potential passing through template-grown car
bon nanopipes (CNPs) of around 44 nm in diameter. In this case, the CNPs were designed based
on non-catalytic CVD that yield an amorphous, or turbostratic, graphitic structure (Figure 7(b)).
The existence of the template helps eliminate structural imperfections, from tortuosity, and
including, to branching and pore misalignment. However, the flow enhancement factor of over
the theoretically predicted value is around 20, which is substantially less than was observed
in earlier cases [50]. Researchers argue that this is caused by the varying structure and surface
chemistry, if compared to the CNTs described in the previous articles and prepared by CVD.

A number of ongoing scientific discussions have emerged from the experimental results
showcasing fast water transport [46, 51, 52]. The critical source of this exceptionally fast water
transport in CNTs is not entirely defined and multiple, often contradictory, justifications have
been observed in studies exploring this property [53-55]. One of the explanations suggests
that the formation of a robust hydrogen-bonding network between atomically smooth hydro-
phobic inner nanotube wall and water molecules can facilitate spontaneous inhibition. This
in turn leads to the creation of a vapor layer between the surface and the bulk flow, the latter
responsible for water transport in a projected flow [56, 57]. Alternatively, an argument can be
made that the frictionless water flow is caused by the creation of a layer of liquid water mol-
ecules on the CNT walls. This layer can in theory offer a type of “shielding” to the bulk water
molecules in a way that forces them to flow at a faster rate [58].

The ion transport through CNT channels has been examined from, both, computational and
experimental angles. Transport of ions with different valences has been assessed in double-
walled-type CNTs of 1-2-nm diameter and functionalized with negatively charged groups.
Despite the ion rejection potential not being suitably high for the purposes of desalination, this
research study suggests that CNTs” ion exclusion mechanism is controlled by electrostatic inter-
actions (Donnan exclusion), instead of the steric effects. This analysis is grounded in the conclu-
sion that the electrostatic screening length and solution pH considerably alter the ion rejection
potential [49, 59]. Majumder’s group also showed two specific methods of changing the selectiv-
ity of various ion species, specifically, the pore size modification using CNT tip functionalization
and the voltage-based gate control approach [60, 61]. While the monovalent salt rejection poten-
tial is not verified in both instances, these research studies illustrate the potential of effectively
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Figure 7. (a) Schematic of CNT membrane reported in [49]; and (b) SEM micrograph showing cross-section of CNP
membrane [50].

1. {

altering pore characteristics and as a consequence improving selectivity. A molecular dynamic
simulation run based on RO using CNTs has been conducted in connection to the physical size
exclusion mechanisms. This experiment-based testing indicated that 0.8-nm CNTs can entirely
reject the salt, while at the same time offer at least a fourfold flux enhancement over the current
high-quality TFC RO membranes, and contingent on the expected CNT packing density values
[62, 63]. This simulation did not consider the influence of charge functionalities that frequently
occur at both ends of CNTs. Their occurrence may be capable of expanding the CNT size regime,
since the creation of charge double layer could help raise the total salt rejection values [51].

Mauter and Elimelech combined the preceding desalination developments in CNT mem-
branes in order to prepare the key data for the next generation in CNT membrane produc-
tion [2]. Their study suggests that although CNT membranes are a highly encouraging area
of research when it comes to flux improvement, a substantially more in-depth research
work is necessary for the successful creation of synthesis methodologies. In particular, they
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argue that there is a need for synthesis methodologies that would be able to align arrays of
single-walled CNTs with sub-nanometer diameters, as well as improve tip functionaliza-
tion and offer a more effective salt rejection potential. The creation of the CNT/polymeric
membranes from the experimental studies outlined above [47-49], and in various other gas
separation studies, requires a multiplicity of complex steps, including polymer filling of the
inter-tube spaces, substrate removal, catalytic growth of CNTs onto expensive substrates,
and CNT tip opening using etching. Moreover, the CNT diameter size distribution is not
small enough to align with the simulation studies being conducted. To transcend these
concerns, a patent has revealed a dynamic where there is a mixing of CNTs into solutions,
primarily crosslinking agent solutions like trimesoyl of isophthalic chlorides, for the con-
struction of successful composite polymeric membranes (Figure 8). This alternative option
may ensure that the CNTs can be efficiently fixed into the barrier layer created using con-
ventional interfacial polymerization on a micro-porous polyethersulfone support [64]. In
this instance, the CNTs must be functionalized in order to ensure improved organic solvent
solubility, and in this particular patent the CNTs are functionalized with octadecylamine.
The membrane design in this manner can be effortlessly customized for RO systems and
current filtration needs, with the CNTs measuring 0.8 nm in diameter. The water then per-
meates through the membrane by, both, the embedded CNT pathways and the conventional
polymeric barrier layer. A test revealed as part of the patent shows a comparison between
membranes developed with and without embedded CNTs, so as to illustrate the improved
flow capacity achieved using the CNT pathways. With CNTs present in the experiment, a
marginally higher salt rejection potential was obtained (97.69% as compared with 96.19%),
as well as an almost a doubled water flux value (44 L m™? day™ bar" as compared with
26 L m™ day' bar™). Although the resulting data are highly encouraging, the synthesized
membrane disc was only 47 mm in diameter and as such still leaves a research gap. Extended
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Figure 8. Schematic cross-section of CNTs-embedded TFC membrane [64].
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studies using membranes with much larger surface areas are needed before large-scale
manufacturing methodologies can be successfully established, tested, and implemented.

5. Development of robust organosilica membranes for reverse osmosis

The hybrid organically bridged silica membranes have attracted considerable attention due to
their successful performances in a variety of applications. The development of robust reverse
osmosis membranes that can withstand aggressive operating conditions is still a major chal-
lenge. A new type of microporous organosilica membrane has been developed and applied in
reverse osmosis. Sol-gel-derived organosilica RO membranes reject isopropanol with a rejec-
tion potential higher than 95%, demonstrating superior molecular-sieving ability for neutral
solutes of low-molecular weight. Due to the introduction of an inherently stable hybrid net-
work structure, this membrane withstands higher temperatures in comparison to the com-
mercial polyamide RO membranes and is resistant to water to at least 90°C with no obvious
changes in its filtration performance. Furthermore, both an accelerated chlorine-resistance
test and Fourier transform infrared analysis confirm excellent chlorine stability for this mate-
rial, a quality that demonstrates promise for a new generation of chlorine-resistant RO mem-
brane materials [65]. Organosilica membranes were prepared using the sol-gel technique via
a polymeric route with (EtO),Si- CH,CH_-Si(OEt), (BTESE) as a single precursor. The synthe-
sis of nanometer-sized BTESE polymer sol was performed as previously reported [66]. The
organosilica membrane composition is presented in Figures 9 and 10.
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Figure 9. Cross-sectional SEM image of the BTESE-derived organosilica membrane [66]; Copyright 2011, Journal of
Membrane Science.
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Figure 10. Hybrid organically bridged silica membranes [66]; Copyright 2011, Journal of Membrane Science.

The organosilica membranes derived from BTESE exhibit superior molecular-sieving abili-
ties for neutral solutes of low-molecular weight. Exceptional hydrothermal stability has been
obtained due to the introduction of an inherently stable, organically bridged silica network
structure, significantly broadening the application fields of the organosilica membranes.
Furthermore, these organosilica RO membranes already show excellent chlorine stability
under a wide range of chlorine concentrations. For example, after a total chlorine exposure of
up to 35,000 ppm for 3 h, there was no noticeable change in separation performance.

6. Biomimetic RO membranes

Superior water transport characteristics found in biological membranes have directed
researchers toward the study of membranes that incorporate aquaporins or proteins acting as
water-selective channels in biological cell membranes [67]. Membranes that include bacterial
aquaporin Z proteins have been shown to offer enhanced water transport capabilities if com-
pared to conventional RO membranes [68]. For example, aquaporins have been integrated into
the walls of self-assembled polymer vesicles consisting of triblock copolymer, poly(2-methyl-
2-oxazoline)-block-poly(dimethylsiloxane)-block-poly(2-methyl-2-oxazoline). Stopped-flow
light-scattering experiments were carried out as an initial permeability test for the aquaporin-
triblock polymer vesicles. The experimental data from this test indicate that there was at least
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one order of magnitude detected in permeability improvement, if compared to the standard
commercially available TFC RO-type membranes [68]. While a salt separation test was not
included in the experiment, an exceedingly high salt rejection potential is anticipated from the
aquaporins due to their functional biological performance, which only permits the passage of
water molecules. As a result, these conditions embody a superior prospect for the creation of
ultra pure water [68-70]. Studies such as these have a narrow focus that limits them to exam-
ining water permeability properties through a barrier layer composed of triblock polymers
and aquaporins. Numerous key issues, including the understanding of the membrane’s foul-
ing resistance, identifying appropriate support materials, and locating the suitable range of
operating conditions, have to be dealt with before this membrane can be effectively developed
for industrial and practical applications. The relevance of the NF membranes as a biomimetic
membrane support has been likewise observed [71]. By applying the vesicle fusion approach,
a continuous phospholipid bilayer was formed on an NTR-7450 and was able to fully cover
the membrane. Additional research studies must be undertaken with the aim to include aqua-
porins into the phospholipid bilayer for practical applications in water purification processes.
In Denmark in 2005, a company Aquaporin was formed specifically to advance these mem-
branes for long-term industrial applications. The company has recently received a patent for
the methodology of building membranes that successfully include aquaporins (Figure 11)
[72]. As part of this patented approach, instead of using triblock polymers, the aquaporins are
reorganized into lipid bilayers developed with the help of the Langmuir-Blodgett method,
using spin coating, or vesicle fusion method. Aquaporin’s patent likewise notes two distinct
membrane orientations: (1) first orientation where a lipid bilayer including the aquaporins is
inserted between two hydrophilic porous support layers, like polysulfone, cellulose, or mica;
and (2) second orientation where a lipid bilayer including aquaporins is constructed over a
hydrophobic porous support membrane, like the porous PTFE film. Although severe concen-
tration polarization and fouling are reported, the patent does not offer significant numerical
data with regard to the membrane’s salt rejection and flux potential values.

ydrophilic Porous
Support (e.g. Cellulose.

Polysulfone)

Hydrophobic Suppont
{e.g. Teflom)

Figure 11: Schematic cross section of aquaporin-embedded membrane [72].
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