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The coming of age of water channels for
separation membranes: from biological
to biomimetic to synthetic

*ab

Yu Jie Lim, 2 +°°¢ Kunli Goh (2 * and Rong Wang
Water channels are one of the key pillars driving the development of next-generation desalination and
water treatment membranes. Over the past two decades, the rise of nanotechnology has brought
together an abundance of multifunctional nanochannels that are poised to reinvent separation
membranes with performances exceeding those of state-of-the-art polymeric membranes within the
water—energy nexus. Today, these water nanochannels can be broadly categorized into biological, bio-
mimetic and synthetic, owing to their different natures, physicochemical properties and methods for
membrane nanoarchitectonics. Furthermore, against the backdrop of different separation mechanisms,
different types of nanochannel exhibit unique merits and limitations, which determine their usability and
suitability for different membrane designs. Herein, this review outlines the progress of a comprehensive
amount of nanochannels, which include aquaporins, pillar[5larenes, |-quartets, different types of
nanotubes and their porins, graphene-based materials, metal- and covalent—organic frameworks, por-
ous organic cages, MoS,, and MXenes, offering a comparative glimpse into where their potential lies.
First, we map out the background by looking into the evolution of nanochannels over the years, before
discussing their latest developments by focusing on the key physicochemical and intrinsic transport
properties of these channels from the chemistry standpoint. Next, we put into perspective the fabrica-
tion methods that can nanoarchitecture water channels into high-performance nanochannel-enabled
membranes, focusing especially on the distinct differences of each type of nanochannel and how they
can be leveraged to unlock the as-promised high water transport potential in current mainstream
membrane designs. Lastly, we critically evaluate recent findings to provide a holistic qualitative assess-
ment of the nanochannels with respect to the attributes that are most strongly valued in membrane
engineering, before discussing upcoming challenges to share our perspectives with researchers for
pathing future directions in this coming of age of water channels.

the behaviour of fluids and ions at the nanoscale departs in many
aspects from classical continuum mechanics.” In the past four

Nature does many magnificent things with molecules and
fluids at the molecular scale and in a very efficient and struc-
tured manner. One example is aquaporins (AQPs), biological
water protein nanochannels prominently known for their
superb transport of water (>10° molecules per s) with the ability
to reject all solutes.’”® However, reproducing the impressive, yet
complex behaviours observed in AQPs is not an easy feat because
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decades, nanoscale science and technology, often termed nano-
technology, has opened up the possibility of manipulating matter
at the level of single atoms as well as the ability to study the
properties of materials at the nanoscale. One of the critical
outcomes of nanotechnology is the discovery and creation of
nanochannels, which are referred to as solid-state channels
with cavities that act as confined spaces for the selective
transport of small molecules at the sub-nanometre scale.'™?
In an interesting contrast, the exploration of mass and momen-
tum transport at the dngstrom scale has steadily emerged over
the past 15-20 years.'*"* Since then, nanochannel research has
undergone a quantum leap that is evidenced by the abundance
of nanochannels studied in the literature (Fig. 1). Over the
past two decades, various emerging water channels such as
pillar[5]arenes, graphene and nanotubes have been reported,
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with experimental and simulation studies confirming the fast
water transport properties of these nanochannels.'®™°
Nanochannels have important applications in energy and
environmental sciences such as catalysis, membrane separation,
chemical sensing or batteries and fuel cells, of which water separa-
tion membranes occupy the largest market share (Fig. 2a). From
the statistics presented in Fig. 2b, it is evident that water nano-
channel research and water nanochannel membrane research
have become increasingly important with a huge boom over the
past 20 years, and the increasing trend is expected to continue
in the coming years. This is because, driven by the grand
challenge of freshwater scarcity, membrane-based technology
has since become the mainstream method to generate freshwater,
owing to its easy operation and reasonable water production cost
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when compared to other technologies (Fig. 2a). Today, seawater
reverse osmosis (SWRO), as the prevalent membrane-based tech-
nology, is used for desalinating up to 102 million m? of freshwater
per day, which is sufficient to support the livelihoods of more than
300 million people in the world.'® While state-of-the-art membrane
technologies such as SWRO are capable of producing huge
amounts of freshwater, desalination plants still consume a large
amount of power and hence they are consistently challenged by
the need to be less energy-intensive."

Freshwater production at the water-energy nexus should
therefore entail a minimal energy consumption such that water
provision does not come at the expense of considerable energy
sources.*® Current state-of-the-art water purification and desa-
lination membranes are the thin film composite (TFC) type that
was invented about 50 years ago.*® The materials and fabrica-
tion methods to synthesize TFC membranes are mainly based
on empirical approaches which do not allow us to fine-tune
their material properties with angstrom-scale precision. For
example, commercially available desalination membranes can
attain fairly decent permeability and selectivity (salt rejection of
~99.5%), but empirical evidence has suggested that no revolu-
tionary performance enhancement can be further obtained
because of the permeability-selectivity tradeoff."®*’ From the
polymer chemistry perspective, dense polymeric membranes
for RO and gas separation are plagued by this tradeoff because
of the solution-diffusion mechanism, in which dense polymeric
materials with higher free volumes (or pore size) tend to be
more permeable to diffusing species, but that comes at the
expense of selectivity because their ability to exclude ions at the
molecular scale is compromised.

In the past 10-15 years, nanotechnology has opened up new
avenues to develop next-generation materials that can be pre-
cisely designed at the molecular scale, presenting a paradigm
shift in membrane transport phenomena from the conventional

solution-diffusion mechanism to molecular sieving effects.**™*>
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The coming of age of water nanochannels: >20 years of innovation
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Fig.1 The evolution of water nanochannels presented in the form of a timeline of the major advances in biological, biomimetic and synthetic
nanochannel research. The schematic diagrams or chemical structures of the nanochannels were reproduced from the literature with copyright
permissions from the respective publishers. They include: aquaporins (AQP-1),2° dendritic dipeptides,?* I-quartets,?? pillar[5]arenes,?° aquafoldamers,?®
hydroxy channels depicted in a hydrated lipid bilayer environment,?* UiO-66,2° ZIF-8,2° m-phenylene ethynylene (m-PE) nanotubes,?” COF-300,2®
MoS,,%° and carbon nanotube (CNT) porins,*® American Chemical Society; zwitterionic polymers (top view)*! and MXenes,*? Wiley-VCH; B-barrel Outer
Membrane Protein F,>* peptide-appended hybrid[4larene (PAHI41),>* and porous organic cages,® Springer Nature; thin-film composite membranes,
carbon nanotubes, zeolites, and graphene nanolaminates,'® Elsevier; and MIL-101¢ and Venturi-like peptide nanotubes,® Royal Society of Chemistry.
The structural rendering of gramicidin A (gA) was made with a PyMOL molecular visualization system (PDB code: IMAG).

Next-generation membranes are based on the concept of using
compelling nanomaterials as key components in a bid to supple-
ment membranes with the desired characteristics, such as
enhanced permeability and selectivity and decreased fouling
propensity.'>** The most prominent type of nanomaterial is
nanochannels, which can be defined as hollow nanostructures
with one of their cross-sections in the 0.1-100 nm range. Empiri-
cal evidence suggests that advanced membranes incorporating
water channels can outperform current state-of-the-art polymeric
membranes. '’

Hence, we argue that there are three main reasons that
support the growth and future development of nanochannel-
enabled membrane research. First, supramolecular chemistry
and nanotechnology have created new opportunities to fabri-
cate nanochannels of nanometric size with manifold shapes
and geometries (Fig. 1). From biological channels such as AQPs
to biomimetic channels such as pillar[5]arenes and I-quartets,
to synthetic channels such as carbon nanotubes (CNTs) and

This journal is © The Royal Society of Chemistry 2022

graphene, these nanochannels have the ability to reach the
angstrom-scale confinement for nanofluidics to occur.*®***°
Second, advances in simulation and characterization techni-
ques have emerged such that they allow researchers to study
not only mass or ionic transport, but also the nature of fluids at
the nanoscale. This is clearly manifested by the many unusual
properties and behaviours that were reported in water nano-
channels such as AQPs, graphene and CNTs.”*%*® Third and
most importantly, these fundamental scientific discoveries
provide innovative solutions for membrane science, especially
against the recurring permeability-selectivity tradeoff com-
monly observed in polymeric membranes.

1.1 Concept and classification of water nanochannels

Nanochannels can be of one-dimensional (1D), two-dimensional
(2D) or three-dimensional (3D) type. In the current literature,
short nanochannels (<1 nm in length) are sometimes termed
nanopores.*®* Overall, because these nanochannels can act as

Chem. Soc. Rev,, 2022, 51, 4537-4582 | 4539
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(a) The topical distribution of the nanochannel literature (excluding patents) and the current market share of desalination technologies as of 2019.

(b) The number of publications related to water nanochannels and water nanochannel membranes in the past 20 years. To highlight the recent growth in
the publications, the data are presented on a yearly basis for the past five years (2016—-2021) and a frequency of every four years from 2000 to 2016. The
publications for water nanochannels are further categorized into more specific outputs in the pie chart. The statistics were obtained from the
ScienceDirect database on February 18, 2022, except for the desalination market share which was extracted from ref. 47

selective fillers that exclude solutes while preferentially sup-
porting water transport, the molecular sieving effect induced by
the nanochannels plays a more predominant role in the overall
membrane separation mechanism.>*° There are three over-
arching types of water nanochannels that have been studied
to date for membrane-based water separation: biological, bio-
mimetic and synthetic. The principal similarity between these
channels is that they possess persistent cavities that can dis-
criminate between analytes of similar sizes on a molecular or
sub-nanometre scale. However, there still remains ambiguity in
terms of how these three types of nanochannels are defined in
the scientific literature. Hence, we present our definitions for a
higher degree of common understanding hereafter as we put
forward our discussion. Biological channels are defined as
natural channels that are derived from biological sciences,
whereas biomimetic channels are defined as nanochannels
that are intentionally designed to mimic the chemistry or
transport properties of biological channels.®*® It should be
noted that biomimetic channels are also synthetically derived,
but for the interest of comparison in this review, biomimetic
nanochannels are considered as principally inspired from bio-
logical channels, whereas synthetic nanochannels are defined

4540 | Chem. Soc. Rev., 2022, 51, 4537-4582

as rationally designed for water transport, without mimicking
biological channels.

In this review, we discuss the progress of the three over-
arching types of water nanochannels, starting from biological
channels that include aquaporins, gramicidin A and other
protein channels. Next, we categorized biomimetic channels
into two mainstream types: unimolecular and self-assembled
channels. Representative examples of the former are pillar[5]-
arenes, aquafoldamers and PAH[4], whereas prominent exam-
ples of the latter include dendritic dipeptides, I-quartets and
zwitterionic polymers. Thirdly, the synthetic channels reviewed
in this work include metal- and covalent-organic frameworks,
nanotubes, zeolites and 2D materials such as graphene.
We selected these water nanochannels for discussion in this
review because of their unprecedented mass transport and
precise separation properties that are useful for the develop-
ment of nanochannel-enabled membranes for water separa-
tion. While these water nanochannels come in various shapes
and sizes and have different mass transport mechanisms at
the sub-nanometer scale, they all possess persistent cavities
that allow for the selective permeation of one species over
another. Transient gaps or apertures in flexible polymers

This journal is © The Royal Society of Chemistry 2022
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that are produced by segmental packing and motion are not
included in this review because they do not possess persistent
cavities.

1.2 The coming of age of water nanochannels

One of the most important discoveries of nature is the water
channel membrane protein aquaporin (AQP), which is promi-
nently reflected by the award of the Nobel Prize in Chemistry to
Peter Agre and Roderick MacKinnon back in 2003 (Fig. 1).*°
AQPs have been frequently investigated in the areas of biological
and medicinal research and serve as synthetic templates for
physical property characterization and transport modelling.*>">>
Coupled with biophysical studies on ion channels that exhibit
high selectivity, these inspirations from nature have motivated
researchers to construct biomimetic nanochannels capable of
mimicking the transport properties of AQPs. One of the most
unique features of AQPs is their single-file transport of water
molecules, which can be successfully reproduced by some
biomimetic nanochannels like pillar{5]arenes.>® The earliest
type of biomimetic water nanochannel is zwitterionic polymers
that seek to mimic the 1D water wire in AQPs,*' but no water
permeability test was conducted. Since then, many biomimetic
channels with novel architectures have emerged over the past
15 years (Fig. 1), with experimental results and molecular
dynamics simulation confirming their high water permeabil-
ities and selectivities.>**> On top of designing novel channel
architectures, it is also worthy of note that some research
studies seek to develop nanochannels with enhanced perfor-
mance based on existing templates, typically by the modifica-
tion of the channel pore size or chemical properties.””>* Overall,
biological channels have provided a guideline for us to synthe-
size biomimetic channels, which have led to the burgeoning
development of water nanochannels in the past two decades.

For synthetic nanochannels, there have been no fewer develop-
ments as compared to biomimetic channels, with supramolecular
chemistry and nanotechnology triggering an ascending growth in
the development of water nanochannels in the past two decades.
As compared to biomimetic channels, many investigations
focussed on the synthesis of new channels exhibiting not only
attractive mass transport properties, but also superior hydro-
lytic stability (as will be elaborated in Section 2). As compared
to their biological or biomimetic counterparts, synthetic chan-
nels come in two other forms - 2D nanochannels and 3D
nanopores — besides their ubiquitous 1D nanotubular structure.
Some representative examples of 2D nanochannels and 3D
nanopores include graphene oxide and zeolites, respectively.
Today, research focus is slowly gearing towards 2D nanochan-
nels with the recent interest in 2D materials as well as other
dimensional nanochannels, including 0D porous organic
cages (Fig. 1).

1.3 Scope and outline of the current review

Recently, a few reviews have provided an enlightening overview
on the structural design and synthesis of nanochannels and
2D nanomaterials from a materials science point of view,
highlighting some prospective applications in membrane

This journal is © The Royal Society of Chemistry 2022

View Article Online

Review Article

40,56,57 16,58

technology related to gas separation, ion separation,
electrochemistry®® and batteries and fuel cells.">*° However, the
focus of the current review is distinctly different as we seek to
discuss the prospects of next-generation membranes incorporat-
ing biological, biomimetic and synthetic water channels, with
critical discussions made to compare and contrast the three types
of nanochannels in terms of chemistry and transport perfor-
mance. We intentionally organize state-of-the-art channels into
biological, biomimetic and synthetic types, in a bid to distinguish
their strengths and weaknesses that will allow for better tailored
membrane designs and for unlocking the full potential of the
water channels. This review of the water channels also provides
readers with a wider breadth of knowledge to make data-driven
decision when selecting channels that suit their needs of max-
imizing membrane separation performances. Also, the grasping
of these key concepts has profound implications for the nano-
architectonics of rationally designed channels into optimized
platforms for areas beyond membranes, such as but not limited
to thin film processing and functional nanocomposites for energy
storage, catalysis, and CO, capture applications.

As the concept of nanochannel-enabled membranes is still
in its infancy with applications currently hampered by practical
issues related to the efficiency, scalability and stability of the
nanochannels and their eventual membranes,’ there is a need
to look for answers across interdisciplinary domains. Herein,
this review provides a holistic summary on the recent chemistry,
synthesis, and practical applications of water nanochannels,
mainly with a multifaceted focus on biological, biomimetic and
synthetic channels to address current challenges. Firstly, the
basic chemistry and synthesis strategies of the nanochannels
are discussed using conceptual knowledge, experimental results
and molecular dynamics simulations, so as to present a compre-
hensive discussion on the transport properties of the nano-
channels. Secondly, membrane nanoarchitectonics incorporating
water nanochannels will be reviewed, starting from the fabrication
methods and separation mechanisms that are explained using
concepts from membrane science and polymer chemistry.
Thirdly, various membrane designs incorporating water nano-
channels will be outlined, and some general guidelines for the
selection of a suitable membrane design based on the nano-
channel properties are covered in detail. Finally, we present
various perspectives looking forward, giving multidisciplinary
insights into resolving current limitations with nanochannels
and nanochannel-enabled membranes as well as strategic
future endeavours where we expect water nanochannels to
make a meaningful contribution to membrane research.

2. Basic chemistry and intrinsic
transport properties

We first begin the discussion by introducing the basic chemistry
and structural characteristics of the three overarching types of
water nanochannels, emphasizing the specific traits and transport
properties that are relevant to the fabrication and chemistry of
the resulting next-generation membranes. In addition, we briefly

Chem. Soc. Rev,, 2022, 51, 4537-4582 | 4541
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touch on certain important concepts regarding the mass transport
properties of water nanochannels to promote a natural pivot into
the subsequent in-depth discussions in Sections 3 and 4.

2.1 Biological channels

Biological membranes are selectively permeable membranes
that create intracellular compartments (i.e., the cell is separated
from the external environment) consisting of a bilayer of lipid
molecules (Fig. 3a).%°" They contain an ordered arrangement of
passive transport channels, together with active co-transporters
and pumps with various functions. The presence of various
biological activities occurring in the amphiphilic matrix
indicates the possibility of designing a biomimetic membrane
with multiple functions. One of the core components in biolo-
gical membranes is membrane proteins because they conduct
processes necessary for cell viability (e.g. water, ion and nutrient
transport across cell membranes).>®* There are various types of
membrane proteins such as membrane protein channels, group
trans-locators, and electron carriers, of which the first type is
elaborated in this review because of its desired characteristics for
separation such as the selectivity for small molecules, high
specificity and fast water transport (Fig. 3b). Different types of
membrane protein channels have been explored in the fabrication
of water separation membranes, with the most common one
being aquaporins (AQPs).**%*

2.1.1 Aquaporins (AQPs). AQPs are from a family of intrin-
sic proteins that permit fast water transport across the
membrane of biological cells in the presence of an osmotic
gradient. AQPs are important because of their ability to regulate
cellular osmotic pressure and facilitate water transport between
cells.*® It is well known that AQPs usually assemble into
tetramers whereby each individual protein subunit contains a
water pore that is formed by several membrane-spanning alpha
helices (Fig. 3c-e).”" Empirical evidence has shown that classi-
cal AQPs can attain high water permeability and high mono-
valent ion selectivity (water-salt selectivity >107).° Because of
their excellent water permeability coupled with near perfect
selectivity (including proton exclusion), AQPs serve as a bench-
mark for other biomimetic and synthetic water channels in
terms of the structure-function relationships and transport
performance. It is noted that various isoforms of AQPs exist
(refer to Table 1).°" For water-based membrane separation,
prominent AQPs include human AQP-1 and bacterial AQP-Z, of
which the latter is of interest in membrane fabrication because of
its enhanced stability and easier processability as compared to the
former.**®” Stopped-flow measurements (Fig. 3b and f) have
shown that the water permeability of AQP-1 is ~2 times higher
than that of AQP-Z (refer to Table 1) and most fundamental
studies are based on the former.*® It is must be noted that the
permeability values are similar even in different matrices but the
reconstitution efficiency might vary. Herein, the basic chemistry
and structure of AQP-1 are discussed.

The excellent selectivity of AQPs coupled with their high
water permeability can be attributed to four inherent charac-
teristics: (1) a main hydrophobic interior, (2) an hourglass
structure (~2 nm in length) that tapers down to a tight
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constriction zone with a mean diameter of ~0.28 nm, (3) a
series of amino acid residues (asparagine-proline-alanine
(NPA)) that lies at the entrance of the constriction zone and
(4) plenty of inward-facing carbonyl groups (Fig. 3e).**7”?
Firstly, a nanochannel that has an extremely hydrophobic
internal wall can induce a slip boundary condition (because
of little frictional force with water molecules) such that viscosity
is the only limiting factor in the transport of molecules. In the
case of AQPs, water is channelled into a single file (i.e., 1D water
wire) such that the hydrogen bond-number is reduced from
four to two and the bulk water viscosity is dissipated.”®
Secondly, the tight constriction zone of 0.28 nm is approxi-
mately the size of a hydrated water molecule,’ which means
that solutes can be rejected via a size exclusion mechanism,
whereas water molecules undergo a transient-dipole reorienta-
tion/rotation before entering the constriction zone. Thirdly,
solute and ion transports are hindered due to Donnan and
dielectric exclusion effects. Here, the Donnan effect refers to
the electric interaction between ions and nanochannels
(e.g. exclusion of co-ions when the sign of their charge coin-
cides with that of the residues in the constriction zone),
whereas dielectric exclusion refers to the hindered transport
of ions through the nanochannel due to the solvation energy
barrier of ions into the nanochannel. In layman terms, the
dielectric effect can be thought of as an energetic penalty that
solutes have to compensate for while transferring from a
solvent with a high dielectric constant (e.g. bulk water) to a
medium with a low dielectric constant (e.g. nanopore). Readers
are referred to the literature for detailed discussions on these
two mechanisms.”*”® For AQPs, the positive poles at the centre
of the nanochannel (induced by the two asparagine-proline-
alanine (NPA) bearing helices) as well as the positively charged
arginine within the constriction zone restrict cation transport,
whereas the pore-accessible carbonyl oxygen atoms restrict
anionic transport.’’** Protons are also completely rejected by
AQPs due to the electrostatic repulsion effect by the NPA motif
and the arginine in the constriction zone, or the breaking of
the water wire (because of the rotation of water molecules).
In short, the large entrance effects due to site restriction and
charge repulsion enable AQPs to reject all solutes.

Molecular dynamics simulations have further revealed some
unique features of AQPs with regard to the influence of channel
shape and hydrogen bonding when water permeates through
the channel. First, it is postulated that hourglass or cone-
shaped nanostructures with relatively short constriction zones
possibly mitigate the large energy barrier present at the
entrance of the water-selective pore.”” For AQPs, the small cone
angles of around 10-30° can reduce the resistance to transport
when transitioning from the funnel to constriction zone.”?
To put it into perspective, the smaller the channel length (or
the length of the constriction zone), the higher the optimal
funnel angle. Another interesting point to note for biological
water nanochannels is that they have different numbers of
hydrogen-bonding sites at the pore mouths and channel cavity,
including AQPs that convey only water as well as water and
glycerol (i.e., aquaglyceroporin, GlpF). Empirical evidence in

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) A schematic illustration of some components in the cell (plasma) membrane, consisting of lipids and transmembrane protein channels.
Reproduced from ref. 61 with permission from Springer Nature Limited, copyright 2017. (b) Schematic illustration of the outward movement of water
through a water nanochannel embedded in liposomes, in which the stopped-flow test was conducted under hypertonic conditions (draw solution:
sucrose). Reproduced from ref. 55 with permission from American Chemical Society, copyright 2020. (c) The side view of aquaporin-1 (AQP-1) outlining
its hourglass shape. (d) AQP-Z tetramer. The structural renderings in (c) and (d) were made with a PyMOL molecular visualization system (https://www.
pymol.org). The protein sequences were taken from the Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB; https://
www.rcsb.org/). The PDB codes used for AQP-1 and AQP-Z tetramers are 1J4N and 2ABM, respectively. (e) A schematic illustration of water transport
through AQP-1, whereby the extracellular and the intracellular vestibules of the AQP-1 channel contain water in the bulk solution. Reproduced from
ref. 51 with permission from The Royal Society (United Kingdom), copyright 2018. (f) A brief illustration of the stopped-flow light scattering experiment
under hypertonic conditions. The water nanochannels are first embedded into liposomes and the latter are exposed to a hypertonic solution to induce
the shrinkage of the lipid vesicles, with the shrinkage rate acting as an indicator of the water transport rate across the channel. Reproduced from ref. 53
with permission from Wiley-VCH, copyright 2019. (g) The relationship between the water diffusivity and the number of hydrogen bonds the water wire
may form with residues lining the nanochannel pore (data points were extracted from ref. 65).
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Table 1 Summary of promising water nanochannels that have the potential to be used in the development of next-generation water separation

membranes
Reported Typical channel
single-channel permeability
Pore constriction  permeability measurement
Water nanochannels  diameter (nm) (x107" em® s™')  Notable transport properties method Ref. (year)
Biological channels
AQP-1 0.3 52.8 Fast water transport with Vesicle size change 65 (2015)
AQP-Z 0.28 28.8 rejection of all solutes and protons
RSAQP-Z 0.28 42.9 6 (2021)
GIpF 0.34 190 Can transport water and glycerol Vesicle size change 65 (2015)
gA? 0.4 1.6 Can transport water and small Patch clamp studies 68 (2006)
cations such as Na” and K"
MidiGramicidin® 0.4 5.6 —
MiniGramicidin® 0.4 22 —
Biomimetic channels
Peptide-appended 0.5 1.0 Fast water transport and with Vesicle size change 69 (2015)
pillar[5]arenes the ability to exclude solutes with
molecular cutoffs >420 Da
PR-PH 0.5 3.93 Fast water transport with salt Vesicle size change 53 (2019)
exclusion
PAH[4] 0.5-0.7 11 Fast water transport with salt Vesicle size change 34 (2020)
(transient void exclusion
windows)
Aqf-1 0.28 9.23 Fast water transport with salt Vesicle size change 55 (2020)
exclusion (sodium chloride and
potassium chloride; NaCl and
KCl, respectively)
Aqf-2 0.21 x 0.27 0.66 Fast water transport (single-file) Vesicle size change 55 (2020)
(cuboidal pore)
Polypyridine-based 0.28 4.81 Rapid transport of protons and Vesicle size change 23 (2020)
foldamers water, with near-perfect exclusion
of ions
Foldamers with 0.46-0.67 60.14 Fast water transport with salt (NaCl Vesicle size change 7 (2021)
lipid anchors and KCl) and proton exclusion
Synthetic nanotubes
Wide CNTP 1.35 5.9 Fast water transport, but is permeable  Vesicle size change 2 (2017)
to Na'/K' ions and other protons
Narrow CNTP 0.68 68 Fast water transport with Na', K" and Vesicle size change 70 (2012)
m-PE nanotubes 0.64 2.6 (open state) Cl™ ion exclusion
CPN? 0.76 7 Transports both water and ions Molecular dynamics 71 (2015)
mCPN-Ala” 0.65 4.5 simulation
mCPN-Lys” 0.65 8.8
mCPN-Gly” 0.70 18

“ The pore diameter of gA was obtained based on its pore size in a lipid bilayer from ref. 72. b The pore diameters were extracted from ref. 73 using
atomic simulation images, whereas the channel permeabilities were converted to cm® s~* for standardization purposes (readers are referred to ref.

73 for detailed information).

Fig. 3g suggests that there is an inverse correlation between the
diffusivity of water through the nanochannels and the number
of hydrogen-bonding sites within the channel itself (i.e., a
reduced number of sites can lead to higher water permeability
because of fewer interactions between the channel cavity and
water wire).®> In terms of the pore diameter of AQPs, the
constriction zone correlates with permeability (e.g. GIpF has
higher permeability than AQP-1 because of its greater pore
diameter of ~0.34 nm (refer to Table 1)).>>

However, it must be noted that there is no correlation
between constriction size and permeability (refer to Table 1)
when comparing channels of different chemistries because
other factors such as the hydrophobicity and the nature of
functional groups inside the cavity are also crucial factors that
control the nanochannel’s permeability. We would also like to
point out that the single-channel permeability values reported

4544 | Chem. Soc. Rev., 2022, 51, 4537-4582

in Table 1 should not be compared with one another because of
the different conditions adopted in the testing or simulation
experiments, including but not limited to the osmotic pressure
difference, temperature and encapsulating lipid to nanochan-
nel molar ratios in stopped-flow tests as well as the operation
mode (which can be shrinking or swelling of the channel-
containing vesicles). For example, the single-channel permeability
is known to be lower at high lipid-channel ratios because of the
channel’s lower solubility in the lipid bilayer membrane.>® A recent
critical review also pointed out that some of the values reported in
stopped-flow tests are dramatically higher (than their true values)
due to erroneous fitting procedures,”® and hence the values in
Table 1 cannot be a valid comparison.

2.1.2 Other types of membrane protein channels. Besides
the ubiquitous AQP water channel, some other types of bio-
logical channels have been studied for synthetic membrane

This journal is © The Royal Society of Chemistry 2022
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applications, which include gramicidin A (gA) and the B-barrel
family of protein channels. First, linear gramicidins are pep-
tides generated by the rod-shaped soil bacterium Brevibacillus
brevis in which its anti-microbial mechanism is known to be
related to the formation of transmembrane channels conduct-
ing ion permeation.”® In nature, gramicidins exist as a mixture,
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the symmetrically shaped water channel is formed by the
transmembrane dimerization of two gA subunits in lipid
bilayers (Fig. 4b).” In the gA structure, the peptide planes of
the B-strand that line the aqueous pore are sufficiently narrow
to support the single-file transport of water molecules and is
also known to be selective to some monovalent cations (e.g. Cs"

and Li");*° some transport properties of the gA channel are
summarized in Table 1.

with the major component being gramicidin A (gA) that is
prominently known to fold into a B-helical shape (Fig. 4a), and
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Fig. 4 (a) Gramicidin A (gA). The structural rendering was made with a PyMOL molecular visualization system (PDB code: 1IMAG). (b) A schematic
illustration of water molecules and their orientation under three scenarios: gA monomers, the transition state and after the formation of gA dimers.
Reproduced from ref. 79 with permission from Elsevier, Cell Press, copyright 2019. (c) The structures of three B-barrel channel proteins: OmpF, FhuA
AC/A4L and oHL. Reproduced from ref. 50 with permission from Springer Nature, copyright 2021. (d) The modification of nanochannels’ pore size in
OmpF due to the presence of different residues. Left: The presence of off-center pore closure design-only Trp mutations (OCD-TFTrp) residues induces
steric clash, resulting in the pointing away of some side chains from the pore lumen. Right: The presence of uniform pore closure design (UCD) residues
does not induce steric clash, resulting in smaller pore sizes. (e) The three types of pore geometries of OmpF are shown. Left: Off-center pore closure
design (OCD); middle: uniform pore closure design (UCD) and right: cork-screw design (CSD). (d) and (e) reproduced from ref. 33 with permission from
Springer Nature, copyright 2018.
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As compared to AQPs, B-barrel membrane proteins have
higher stability and mutation tolerance, which are some of the
desired traits needed for membrane fabrication. Within living
organisms, B-barrel membrane proteins are used to exclude
large molecules such as proteins while allowing the selective
permeation of small molecules and ions (e.g. antibiotics and
sugars).’*®" The B-barrel structure consists of a robust scaffold
that is highly stable thermodynamically, and more importantly,
it is structural sturdy because of the low enthalpies of dena-
turation of the transmembrane domains. f-Barrel membrane
proteins which have been explored for water-based membrane
separation are typically pore-forming, such as: (1) outer
membrane protein F (OmpF) from E. coli, (2) an engineered
version of a bacterial ferrichrome outer membrane transporter
(FhuA AC/A4L) from E. coli, in which its passive pore is formed
due to the removal of the central alpha helical plug and
(3) alpha-hemolysin («HL), a self-assembled protein toxin from
Staphylococcus aureus that forms pores in cell membranes
(Fig. 4c).>>®! These three types of membrane protein channels
have been explored for water separation because of their ability
to support water transport. HL has a circular pore size of
~1.5 nm, whereas OmpF and FhuA AC/A4L have elliptical pore
shapes, with their narrowest side measuring 0.8 nm and
1.3 nm, respectively.>*%

The most typical and straightforward approach to enhan-
cing the selectivity of nanochannels is to reduce their pore size,
but that comes at the expense of permeability. To overcome this
tradeoff, some researchers have proposed to modify the pore
profile and chemistry of membrane protein channels while
maintaining a similar pore size. Chowdhury et al. explored the
possibility of fine-tuning the pore sizes of biological channels
(specifically, OmpF) by designing their interior cavity with three
distinct types of pore geometry within the stable B-barrel of the
bacterial channel porin (Fig. 4d and e).** This work proposed to
replace the residues of the pore wall with more hydrophobic
groups so as to minimize the hydrogen bonding between the
pore and water wire in a bid to synthesize protein channels with
higher permeability. In general, experimental and molecular
dynamics simulation results showed that a narrower pore
with greater internal hydrophobicity typically has higher water
permeability because of fewer interactions between the residues
in the cavity and the water wire.>*®

2.2 Biomimetic and bioinspired channels

While biological water channels such as AQPs can be expressed
and purified via well-established bioprocessing methods,
their stability is an issue that has yet to be resolved.>**3%73
No matter what, protein channels are still prone to denatura-
tion and will lose functionality eventually. It must be high-
lighted that the stability of AQPs during membrane fabrication
and operation is something that has not been validated also.
Moreover, biological water channels might not provide the best
pore-loading efficiency and functionality from a membrane
science perspective. These limitations of natural biological
channels have motivated researchers to come up with bio-
mimetic water channels that seek to mimic the functions and
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View Article Online

Chem Soc Rev
transport properties of biological channels.’®>> Moreover,
some biomimetic channels have higher compatibility with
and solubility in organic solvents used in industrial membrane
fabrication. Overall, biomimetic channels present another
degree of freedom to tune their performance for target applica-
tions (for example, the rejection of monovalent salts in desali-
nation membranes). In general, biomimetic water channels can
be classified into two main types: unimolecular channels and
self-assembled channels. A brief summary outlining the key
differences between the two aforementioned channels is pre-
sented in Table 2. To facilitate easy referencing and comparison
between the three overarching types of water channels (biolo-
gical, biomimetic and synthetic), we also summarized some of
their key information in Table 2.

2.2.1 Unimolecular channels. Supramolecular chemistry
has opened the doors to the development of unimolecular
biomimetic channels that seek to mimic the transport proper-
ties of biological channels. The most researched class of
unimolecular channels is pillar[r]arenes (Fig. 5a), which are
macrocycles (i.e., cyclic macromolecules) composed of hydro-
quinone units chemically linked in the para-position by methy-
lene bridges (where ‘n’ denotes the number of units).'®® This
unique class of macrocycles was named pillararenes because of
their pillar-like shape consisting of ‘arene’ (benzene) moieties.
The central component of pillararene channels is the pillararene
ring in which the orientation of the benzene rings is orthogonal
with respect to the macrocycle plane. Because of their high
n-electron density induced by the electron-rich hydroquinones
in the macrocycle, pillararenes are known to exhibit superb host-
guest chemistry such that they can form association complexes
(via chemical bonds) with electron-deficient species.'* "% In the
pillararene family, pillar[5Jarene is the most structurally stable,
and higher homologues (ie., pillar[6-15]arenes) can be synthe-
sized via the expansion of the pillar[5]arene ring. One of the most
facile methods to synthesize pillar[5Jarenes is via the condensa-
tion reaction between 1,4-dimethoxybenzene and paraform-
aldehyde in the presence of a suitable Lewis acid as a catalyst
(refer to Table 2). Currently, there are manifold reaction schemes
to synthesize pillararenes and their derivatives; readers interested
in the detailed synthesis schemes are referred to a comprehensive
review on this topic.®?

Besides their facile synthesis and high yield under opti-
mized conditions,®” another advantage of pillar[5]arenes is
their versatile functionality whereby their structure can be
modified for specific purposes (e.g. by attaching side chains
onto the central ring).>*'""''? pillar{5]arenes are typically
attached with side chains (e.g. hydrazide units) such that they
are long enough (~5 nm) to span the entire lipid bilayer
(~3.7 nm), with their tubular structure stabilized by the
intramolecular hydrogen bonds of the adjoining hydrazide
chains.**'"* Currently, the most widely studied unimolecular
water channel is the peptide-attached pillar[5]arene (Fig. 5a),
whose pore diameter and length are determined by the macro-
cycle (~0.5 nm) and the span of the peptide-appended arms.*®
A recent study also outlined the possibility of synthesizing a
new type of hybrid pillararene-gramicidin nanochannel that

This journal is © The Royal Society of Chemistry 2022
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Table 2 A summary and comparison of the structural characteristics, synthesis methods and parameters of the three overarching types of water

nanochannels

Channel
type and Specific examples
classification (pore size range)*

Structural characteristics
and constituents

Typical synthesis method(s)

Synthesis parameters that control
its structural tunability

Biological channels
Natural AQPs (0.28 nm)
proteins

Biomimetic channels
Unimolecular Pillar[5]arenes and
nanotubes their derivatives
(~0.5 nm)
PAH[4] (transient
void windows of
0.5-0.7 nm)

Foldamers
(0.280.67 nm)

Self-
assembled

I-quartets (0.26 nm)

Synthetic 1D nanotubes

CNTs/CNTPs  Single-walled CNTs
(0.8-2 nm)

Nanotubes m-PE (0.64 nm)

with stackable

units

CPNs (0.47 nm)

Synthetic 2D channels

Graphene Nanofluidic graphene
channel (0.34-10
nm)*'®

Graphene GO (0.8-7 nm,

oxide (GO) depending on the

and hydration extent)®®
derivatives

MXenes TizC,T, (0.38-

0.64 nm, depending
on the hydration
extent)*”

Others MoS, (0.62-1.2 nm,

depending on the
hydration extent)®

Synthetic sub-nanopores

Zeolites Zeolite A/Linde Type A
(0.3-0.8 nm) and MFI
zeolite (0.5-0.6 nm)

MOFs ZIF series (0.3—

0.35 nm), copper-
based series (0.52—
0.9 nm) and UiO-66
series (0.6 nm)

Microporous  COFs (0.5-5.8 nm)°*°’

organic

polymers and

cages

Proteins consisting of a bundle of

six transmembrane o-helices

Macrocycles consisting of hydro-

quinone units linked with
methylene bridges
Cluster-forming organic
nanoarchitecture consisting of
8 peptide appendages on
macrocycles

Spiral, crescent-shaped oligomer

subunits with complementary
chain-end functionalities

Stacks of four imidazoles and two

water molecules that mutually
stabilize to form water wires

Cylindrical large molecules
consisting of hybridized carbon
atoms in a hexagonal
arrangement

Hexakis macrocyclic rings that
are held by inter-ring hydrogen
bonding

Rings of amino acids (stackable

units) that assemble into tubular

structures

Atomically thin monolayer of sp?

carbon atoms tightly bound in a
hexagonal honeycomb array

Monolayer of graphite with
various oxygen-containing
functionalities (e.g. carboxyl
and hydroxyl groups)

Inorganic compounds that are
made of transition metal
carbides, nitrides, or carbo-
nitrides (~ thicknesses of a few
atoms)

Inorganic, transition metal

dichalcogenide compound that is

made up of molybdenum and
sulfur

Aluminosilicate and microporous

minerals that consist of alkali
and alkaline-earth metals*®°~%?
Compounds consisting of metal
ions/clusters coordinated to
organic ligands

Porous organic polymers that are

assembled by the linking of
organic building units via
covalent bonds

This journal is © The Royal Society of Chemistry 2022

N/A

Condensation reaction
followed by the deprotection
of methoxy groups®#?
Molecular construction
strategy involving the
appending of side chains
onto the macrocycle®*

Sticky end-mediated
strategy>>®* and one-pot
polymerization”*?

Reaction of histamine with
isocyanate under dissolution
with heating®*

Conceptually formed via the
rolling up of a single sheet of
graphene®

Palladium (Pd)-catalysed
coupling reaction of trimers,
followed by concentration and
purification”®

Solid phase peptide synthesis
followed by coupling
reactions®”

Chemical vapour deposition,
reduction of graphene oxide
(GO) through heating or
mechanical exfoliation from
graphite

Hummers’ method (via the
oxidation of graphite)

Top-down selective chemical
etching process (e.g. removing
the A layers from the parent
MAX phases)

Top-down (mechanical
exfoliation) or bottom-up
synthesis approaches
(solvothermal or
hydrothermal)

Hydrothermal, microwave and
sol-gel methods

Solvothermal/hydrothermal
growth, slow diffusion, elec-
trochemical, microwave assis-
ted heating and
ultrasound”*~%°

Solvothermal, bottom-up reti-
cular synthesis, interfacial
synthesis, top-down mechan-
ical exfoliation®®1°

Chem. Soc. Rev,, 2022, 51, 4537-4582

N/A

Kinetic and thermodynamic factors
of reaction, functional groups of the
attaching units

Functional groups and building
blocks of the side chains

Oligomer subunits and functional
groups, coupling reagents,
polymerization temperature
Reactants, composition of the
dissolving mixture and reaction
temperature

Growth conditions and pore site
functionalization

Side chains and functionalities of the
macrocycles as well as host-guest
chemistry®®

Building blocks and functional
groups of the pore lumen

Channel size

Nanosheet size, interlayer
functionalization, oxidation degree

Nanosheet size, interlayer
functionalization, combination
of different MXenes, lateral
dimension (flake size)

Nanosheet size and interlayer
functionalization

Cations, temperature, reaction time
and pH

Secondary building units, organic
linkers for the desired functional
groups, pore shapes and sizes

Building blocks and their sym-
metries, monomer design, reaction
temperature and pressure
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Table 2 (continued)

Channel

type and Specific examples Structural characteristics Synthesis parameters that control
classification (pore size range)® and constituents Typical synthesis method(s) its structural tunability

Porous material that consists of
discrete molecules with intrinsic,
guest accessible cavities that are
connected by a pore network

Porous organic cages
(0.4-1.07 nm)**

Reversible routes such as imine
condensation, boronic ester
condensation and alkyne
metathesis'**%*

Building blocks, cage precursors,
bond angles in the precursors, reac-
tion conditions (concentration, tem-
perature, choice of solvent and
catalyst)

% The pore size refers to the pore diameter, interlayer spacing or pore window depending on the type of nanochannel unless otherwise mentioned.
For example, the pore diameter is used for tubular structures or sub-nanopores, whereas the interlayer spacing or distance is used for 2D
nanochannels. For some nanochannels such porous organic cages, the pore size can also refer to the pore window.

was created by modifying the peptide-arms of pillar[5Jarenes
with amino acid residues, with the aim of enhancing the
incorporation efficiency into the lipid bilayer as well as modu-
lating the transport properties of cations (e.g. by conferring
charge-repulsion properties to the nanochannel)."**

There are three main characteristics of peptide-attached
pillar[5]arenes that mimic the ultrafast water transport of
biological AQPs: (1) a hydrophobic interior that provides slip-
flow conditions, (2) the ability to support single-file transport of
water molecules because of its small pore diameter and (3) the
presence of a constriction zone that tapers down from the
peptide-appended arms, thereby allowing it to reject some
solutes.>>>** Overall, peptide-attached pillar[5]arenes are rela-
tively more stable than AQPs because of hydrogen bonding
between the peptide-appended arms, granting the former
the necessary stability to be functionalized into tubular nano-
structures. In addition, peptide-attached pillar[5]arenes have
an outer hydrophobic surface that is compatible with lipid
environments. The channel pore packing density can also be
increased dramatically when assembled into dense clusters of
parallel channels.®

While peptide-appended pillar[5]arene nanochannels can
attain high permeability comparable to those of AQPs, their
inability to exclude monovalent ions because of their high
molecular weight cut-off (MWCO) of ~420 Da renders them
inadequate for desalination applications (see Table 1).*° This
necessitates the need for pillar[5]arenes that are suitable for
desalination applications, either by designing a tighter con-
striction zone (i.e., smaller diameter) or by functionalizing the
appended peptides to restrict salt passage. It is important to
highlight that pillar[5]arenes have a fascinating trait of planar
chirality that arises from the rotation of benzene rings
around the methylene bridges. The rotation can be restrained
by the attachment of bulky and rigid substituents into the
pillar[5]arene backbone such that two stable isomers (pR and
pS type) are formed and subsequently isolated. Li et al. success-
fully showed that the two diastereomers (pR- and pS-type)
exhibit different chemical and physical properties, which subse-
quently resulted in different water permeation rates.>® Stopped-
flow tests indicated that the peptide-attached pillar[5]arene
(pR-PH) type channel showed very high water transport rates in
the order of 10~'* cm® s~ (refer to Table 1). Molecular dynamics
simulations further revealed that for a similar insertion

4548 | Chem. Soc. Rev,, 2022, 51, 4537-4582

efficiency, the rotation of the phenylalanine side chain in the
pS-PH channel blocked the nanochannel pore, thereby inhibiting
water transport.”® In short, the planar chirality and chiral inver-
sion of pillar[5]arenes can lead to the synthesis of pillar[5]arene
derivatives with distinct characteristics by manipulating the
reaction temperature, achiral guest and solvents used.'*®
This added another degree of freedom in the synthesis of nano-
channels with the desired properties, and we believe that
continuing research can unlock further application prospects
of pillar[5]arene derivatives with the desired chemical properties.

It is also worth noting that some pillar[5]arene derivatives
can reject protons (like AQPs) because of the disruption of the
water wire within their cavity due to the inherent channel
geometry."> Another creative way to alter the properties of
pillar[5]arenes would involve the use of multiple pillar[5]arene
units. Fa et al. recently outlined the possibility of synthesizing
pillar[r]arene ‘chains’ consisting of individual pillararene tubes
that are stacked and assembled through dimerization and
trimerization (i.e., pillar[5]arenes are piled up to made a longer
pillar[5]arene tube) (Fig. 5b)."*° The peralkylamino-substituted
and rim-differentiated pillar[5]arenes are stepwise-bound via
hydrogen bonds and salt bridges to form an overall tube that
has a fivefold helical structure. Eventually, this technique of
rim-to-rim assembly can form longer nanotubes with two open
ends and different properties compared to the pillar[5]arene
macrocycle. As an another example, peralkyl-carboxylate-pillar|5]-
arene dimers are known to have a smaller pore diameter of
0.28 nm (as compared to 0.5 nm for pillar[5]arenes) due to the
superimposition of pillar[5Jarene pores with narrowly twisted
carboxy-phenyl pores.''® The much smaller pore size makes them
suitable for desalination applications because of their ability to
exclude salt ions. The study also outlined that the pillar{5]arene
nanochannels with the shortest alkyl chains showed the highest
permeability because longer chains have the propensity to aggre-
gate, leading to lower membrane permeability.

When compared with pillar[5]arenes, the peptide-appended
hybrid[4]arene (PAH[4]) channel is capable of achieving high
permeability and salt rejection because of its tighter constric-
tion zone.** PAH[4] has a 1D tubular structure that is synthe-
sized by the attachment of eight peptide subunits on the
hybrid[4]arene macrocycle (refer to Table 2), in which the
former consists of an arene of alternating resorcinol and
catechol subunits (Fig. 5c). Although the central constriction

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) The chemical structure of the peptide-appended pillar[5]arene nanochannel. The intermolecular hydrogen bonding between the adjoining
alternating b—L-b phenylalanine chains results in the formation of the observed pentameric tubular structure. Reproduced from ref. 109 with permission
from Springer Nature, copyright 2018. (b) A schematic illustration of the design of discrete tubular water nanochannels that are formed by the
dimerization and trimerization of pillar[5]arene compounds. Reproduced from ref. 110 with permission from Wiley-VCH, copyright 2020. (c) The
molecular model of the PAH[4] nanochannel (side view) outlining its cylinder-like structure. Reproduced from ref. 34 with permission from Springer
Nature Limited, copyright 2020. (d) The chemical (left) and crystal (right) structures of a helically folded pentamer (denoted 1) that contains two sticky
ends marked in red and orange. The pore size of the eventual nanochannels is 0.28 nm. (e) A schematic illustration of the ‘sticky end’ methodology used
to create aquafoldamer (Aqgf) water nanochannels. Reproduced from ref. 55 with permission from American Chemical Society, copyright 2020. (f) The
single-file transport of water molecules in an Agf nanochannel. The latter was created using the sticky-end methodology. Panels (d) and (f) reproduced
from ref. 23 with permission from Wiley-VCH, copyright 2020. (g) The reduction in local cross-section of the nanochannels (denoted by local pore size,
d) due to the inward protrusions of the interior methyl and ethyl groups. (h) An illustration of the breaking of proton water wire due to the protrusion
of the interior ethyl group. Panels (g) and (h) reproduced from ref. 7 with permission from Springer Nature Limited, copyright 2021.

This journal is © The Royal Society of Chemistry 2022 Chem. Soc. Rev,, 2022, 51, 4537-4582 | 4549


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cs01061a

Open Access Article. Published on 16 May 2022. Downloaded on 1/14/2026 9:21:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

of PAH[4] is impermeable to water, it can laterally aggregate to
form dense clusters within amphiphilic matrices. The interest-
ing point to note is that such self-assembled clusters lead to
the emergence of lateral void windows (dimensions of ~0.5-
0.7 nm) that are sterically more favourable for water permeation
as compared to the central pore, thereby allowing interconnected
water-wire pathways to jump’ between the channels.** At high
channel densities, the single channel permeability of PAH[4] is
~11 x 10~ em® s (refer to Table 1), which is comparable to
that of AQP-1 discussed in Section 2.1.1.

The third class of unimolecular channels that has the ability
to mimic AQPs and gA is aquafoldamers (Fig. 5d and e), in
which oligomers with sticky ends are continuously linked
through intermolecular hydrogen bonds to form 1D tubular
structures (length ~ 3 nm).>*> In simple terms, the helical and
crescent-shaped oligomer sub-units have chain-end function-
alities that allow them to be assembled through stacking and
the eventual structure is stabilized by intermolecular hydrogen
bonding, with the inner cavity acting as an aquapore for
molecular transport (refer to Fig. 5f and Table 2). Because of
their bottom-up construction, the properties of aquafoldamer
nanochannels can be fine-tuned by manipulating their
chemical and physical properties. Shen et al. showed that two
types of aquafoldamer channels (Aqf-1 and Aqf-2), both of
which consisted of pyridine-based aromatic polyamide chains
starting with an ester moiety and ending with a benzene ring,
could have profoundly different transport rates.>> The primary
difference between Aqf-1 and Aqf-2 is that the former has an
additional oxygen and methylene group before its terminal
benzene ring, which forces the benzene ring in Aqf-1 to point
away from the central pore to a larger extent. Consequently,
Aqf-1 has a rounded aquapore (diameter ~0.28 nm), whereas
Aqf-2 has a more cuboidal structure (~0.21 nm x 0.27 nm).>
Because of their small pore diameters, water transport across
both nanochannels is single-file in nature and small ions can
be rejected. Experimental stopped-flow results revealed that the
single channel water permeability of Aqf-1 was 14 times higher
than that of Aqf-2 (refer to Table 1). With the aid of molecular
dynamics simulations, it was postulated that the 14-fold higher
water permeability of Aqf-1 was attributed to its enlarged pore
such that water molecules had higher degrees of translational
and rotational freedom as well as its lower degree of surface
wettability which reduced the frictional resistance to water per-
meation.”>® At the current stage, aquafoldamer channels have
only been incorporated in lipid bilayers. Future work should
also elucidate the self-assembly and stability of these channels
in block copolymer matrices.

To further advance the boundaries of unimolecular biomi-
metic channels beyond what is achievable in AQPs, Roy et al.
recently explored the possibility of synthesizing a new type
of aquafoldamer channel by precisely designing its internal
chemistry.” The aquafoldamer channel with a hydrazide back-
bone was synthesized using the one-pot polymerization techni-
que (refer to Table 2)”** and was reported to achieve 2.5 times
higher permeability than AQP-1 while having the ability to
exclude monovalent salts (KCl and NaCl) and even protons
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(refer to Table 1). To achieve such a superb performance, the
surface of the inner cavity was first decorated with the desired
functional groups such that the hydrophobicity imparted by the
non-polar C-H bonds induces a slightly positive electrostatic
surface that blocks cation passage. Next, carboxylic acid-based
lipid anchors are secured onto the terminal ends of the
channels, which will ionize into a negatively charged anion at
neutral pH, thereby repelling anions at the entrance. This work
also outlined an interesting idea of using proton breakers to
inhibit salt passage (Fig. 5g and h). According to the Grotthuss
mechanism (that is, a process by which an excess proton
diffuses through the hydrogen bond network of water molecules
through the generation and associated splitting of covalent bonds
involving adjacent molecules), a water chain can form a proton
wire whereby protons can “hop on and off” the water molecules.
The presence of inward facing groups in the foldamer channels
was found to protrude up to 0.28 nm (from the pore wall to the
centre of the filled pore), causing ~40% fluctuations in the local
pore size (~0.5 nm to 0.7 nm) and water chain breakages
(Fig. 5h).” It was reported that 36% of the positively charged
residues lining the channels were proton wire breakers and the
single file water chain can be reduced by 63% from 2.9 nm to
1.1 nm. Our key message here is that the selection of an appro-
priate interior group or the attachment of lipid anchors can be a
way to inhibit proton transport (by minimizing proton jumping
according to the Grotthuss mechanism) while maintaining a pore
size that may not exclude protons inherently based on the size
exclusion principle.

2.2.2 Self-assembled channels. The second class of bio-
mimetic nanochannels is the supramolecular type that consists
of self-assembled monomer units held together by non-covalent
interactions. These nanochannels are structurally simpler as
compared to unimolecular nanochannels, with the earliest
types of self-assembled biomimetic channels being the zwitter-
ionic coordination polymer (Fig. 6a) and dendritic dipeptides
(Fig. 6b). For the former, the helical macrostructure was created
from ZnBr(H,O) constituents linked by bridging dicarboxylate
anions, and it was surmised that the weak n-n stacking inter-
actions (between the imidazolium moieties as well as by the
intra-helical hydrogen bond) played a role in the assembly of
the macrostructure. The pore size of the zwitterionic polymer
channel was estimated to be 0.26 nm, with a full cycle within
the helix consisting of two polymer units that are spaced
0.623 nm apart (Fig. 6a).>' Dipeptides are known to form 1D
straight structures in which the side chains constitute the inner
hydrophobic surface and that 1D hydrogen bonding and side
chain packing maintain their straight structures.'’” Dendritic
dipeptides are touted as primitive mimics of AQPs because of
their ability to transport water and reject some monovalent ions
(but not protons). However, no water permeability tests were
conducted for both biomimetic channels at that time.

Since then, researchers have attempted to synthesize other
types of self-assembled channels that could mimic AQPs to a
greater extent. The first example is the imidazole-quartet (I-quartet)
nanochannel derived from the supramolecular arrangement of
alkylureido-ethylimidazole compounds (refer to Fig. 6¢ and d).

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cs01061a

Open Access Article. Published on 16 May 2022. Downloaded on 1/14/2026 9:21:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

14.5A

a) b) "':“H,o, H* .

cations,anions:”

Fig. 6 (a) The illustration of encapsulated water (sketched with van der
Waals radii) in the zwitterionic polymer channels. Reproduced from ref. 31
with permission from Wiley-VCH, copyright 2005. (b) An illustration of the
selective transport of water and protons over cations and anions in the
porous dendritic dipeptide channel (pore size estimated to be 1.45 nm).
Reproduced from ref. 21 with permission from American Chemical
Society, copyright 2007. (c) Side view of the tetrameric tubular architec-
tures of the self-assembled I-quartet water channels that are capable of
confining dipolar oriented water wires. Reproduced from ref. 84 with
permission from American Chemical Society, copyright 2016. (d) A top
view of I-quartet nanochannels. Reproduced from ref. 22 with permission
from American Chemical Society, copyright 2021. (e) An illustration of two
contrasting views of water transport across self-assembled channels:
ordered water wires (left) and porous sponges (right). Reproduced from
ref. 118 with permission from Royal Society of Chemistry, copyright 2018.
(f) The pore structure of the TCT channel. The colours of the ellipsoids
represent the following atoms: red (oxygen), blue (nitrogen), grey (carbon)
and white (hydrogen). Reproduced from ref. 119 with permission from
Springer Nature, copyright 2014.

Hydrophilic I-quartets are widely studied as water nano-
channels because of their ability to form planar matrices with
regularly spaced pores and can exclude ions due to their small
pore diameter of ~0.26 nm (see Table 2).%* They were able to
mimic AQPs because of their confined chiral conduit that
encapsulated oriented dipolar water wires in a single file
manner and that the interaction between I-quartets and water
wires within the lipid bilayer acted as a form of stabilization to
the channel, resulting in the formation of highly ordered
nanostructures containing structured water wires.'*® I-quartet
channels can achieve a water permeability of ~10° H,O mole-
cules per s while rejecting all ions except for protons.®* Analo-
gous to the pR-PH channels discussed earlier in Section 2.2.1,
the transport properties of the I-quartet channels can also be
fine-tuned by optimizing their chirality, the size of their alkyl
tail and the number of hydrogen bonds which are formed by
the inner cavity with the water wire.?>**'° Qverall, I-quartets
present the concept of generating cluster water pathways
through the lipid bilayer (either ordered or disordered, as
shown in Fig. 6e), with this approach showing success for
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newer types of biomimetic water channels such as the hydroxy
channels made from octyl-ureido-polyol compounds.**

Conceptually similar to I-quartet channels, triazole channels
are created from self-assembled columnar aggregates in bilayer
membranes and their chemical properties can be fine-tuned for
specific purposes such as water and selective ion transport.'*
For example, a bola-amphiphile-triazole compound (TCT) has
successfully mimicked the characteristics and transport proper-
ties of a natural gA channel. TCT channels (Fig. 6f) are known
to self-assemble into bilayers via hydrogen bonding to form an
interior void (~0.5 nm) that is similar to the dimensional
behaviours of the gA channel,'* with the former displaying
diastereoisomeric chiral internal surfaces that support the
water wire array. TCT channels consist of twisting monomeric
strands in a double-helix configuration and the carbonyl moi-
eties lining the channel are solvated by water. Their robustness
arises from the synergistic effect of hydrogen bonding between
the triazole substructure and the hydrophobic bonds between
the central chain of -(CH,)s— groups. The X-ray structure of TCT
channels reveals their hour-glass shape consisting of staggering
tight and large openings, with free pore opening sizes of
0.25 nm and 0.4 nm, respectively."*

For all the above mentioned biomimetic channels, it is evident
that the desired traits for all channels are high water permeability
and the ability to selectively exclude ions. We note that another
crucial challenge is to develop solution-phase methods that can
be scaled-up to assemble and align these biomimetic channels in
robust selective layers. This means that another critical aspect
would be the synthesis of ideal structural features that can aid the
alignment of biomimetic channels, which will be discussed in
detail in Section 4.

2.3 Synthetic water channels

2.3.1 Nanotubes and their derivatives. Carbon nanotubes
(CNTs) are one of the most studied nanomaterials ever since
their discovery almost 30 years ago,’** and have been widely
explored for membrane separation because of their ability to
conduct water and gas much higher (~3-4 times) than pre-
dicted by the Hagen-Poiseuille theory. Being an inorganic
material, CNTs have a uniquely 1D cylinder-like tubular struc-
ture that spans up to a few micrometers in length and is
conceptually known to be formed by the rolling up of graphene
sheets, with the eventual internal cavity (pore sizes of ~0.8-
2 nm for single-walled CNTs) acting as a nanochannel for water
transport (refer to Table 2).'”*® The smooth hydrophobic
surface in the internal cavity provides high slip length and
low frictional resistance for water transport, thereby granting
CNTs the characteristic trait of ultrafast water transport. The
exterior properties of CNTs as well as their openings can be
chemically redesigned to fine-tune for particular applications,
but there are currently no methods to functionalize the inner
walls. Measuring the pressure-driven flow through a single CNT
is yet another huge challenge. There has always been a lack
of direct empirical results showing ultrafast water transport
through the inner diameter of CNTs, despite the massive amount
of simulation evidence.
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In 2016, Secchi et al. provided an empirical showcase of flow
slippage through a single CNT by using a nanojet setup to
quantify the fluid jet entraining from the CNT (Fig. 7a and b)."**
They reported that the high hydrodynamic slip length was strongly
dependent on the radius of the CNT. Interestingly, the impact
made by the electronic properties of the nanotube was also
observed for the first time. Comparing with an insulating boron
nitride nanotube of similar radius, the authors realized a vastly
different behavior in the slip length - one that was significantly
higher for the semi-metallic CNT than the insulating boron nitride
nanotube (Fig. 7c). This result opens up another avenue for
controlling water transport via friction engineering at the water/
carbon interface by tuning the electronic properties of nanotubes
in contrast to the usual nanoconfinement effect.*** In this regard,
Velioglu et al. followed up with a study on the effect of CNTs’
metallicity on water transport and found that semi-conducting
CNTs offered several fold higher water conductance as compared
to other metallic CNTs and boron nitride nanotubes." Results of
their molecular dynamics simulation suggested that the metallicity
of CNTs has a strong effect on the number of water files along the
nanotube channel, the water-carbon interaction energy and the
energy barrier at the entrance and exit of the nanotubes for water
passage. Collectively, these factors drive an ultrafast in-channel
water conductance for semi-conducting CNTSs.

Carbon nanotube porins (CNTPs) are short segments of
CNTs capable of self-inserting into a lipid bilayer. Recent
experimental studies have outlined the success of preparing
carbon nanotube porins (CNTPs) by the use of ultrasonication
to cleave CNTs.” CNTPs differ from CNTs in that the length is
much shorter (~10 nm) and can self-align within amphiphilic
matrices (Fig. 7d) due to their predominantly hydrophobic
exterior with hydrophilic oxygen functionalities at the
ends. There are two types of CNTPs currently, the narrow type
(~0.7 nm internal diameter, Fig. 7e) and the wider type (1.4 nm
internal diameter), both of which have fairly similar
lengths.>'*® Narrow CNTPs exhibit ~12-fold higher water
permeability than the wider version (see Table 1) because of
the reduction in water-water hydrogen bonding, even though
the pore diameters of both types of CNTPs are higher than
those of hydrated water molecules. Because of their short
length and small size, CNTPs are typically encapsulated into
liposomes or block copolymers (polymersomes) before use.'*®
Activation energy measurements revealed the single-file transport
of water molecules across narrow CNTPs when encapsulated in
liposomes."*® Using measured water and NaCl permeabilities,
narrow CNTPs are calculated to have a water-salt selectivity
(Pw/Pxaci) Of about 10°, which translates to salt rejections exceed-
ing 99%. The advantage of CNTPs as compared to biological
channels is their stability and processability. However, the grand
challenge facing CNTPs is the ability to produce large amounts of
narrow CNTPs with uniform pore diameter, which is currently
difficult to achieve.

Besides CNTs, there are two other types of nanotubes that have
shown promise as water nanochannels; they are: m-phenylene
ethynylene (m-PE) nanotubes®””%*® and cyclic peptide nanotubes
(CPNs),*” both of which are high aspect ratio and solvent stable
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nanotubes formed using macrocyclic rings with interior walls that
are chemically modified to tune the permselectivity of the channel
(refer to Table 2). Molecular level design has outlined the
possibility of forming small pore widths for both nanotubes
(narrowest diameters down to ~0.47 nm and ~ 0.64 nm for CPNs
and m-PE, respectively).>’® First, m-PE nanotubes are formed
through the self-assembly of rings via n-r stacking interactions
and hydrogen bonding (Fig. 7f and g). The former are the
principal driving force for the macrocyclic rings to self-associate,
whereas the latter helps in aligning and stabilizing the resultant
assemblies.””*® Different types of rings could be stacked up to
form a diverse range of nanotubes (different chemistries, lengths
or diameters), including hybrid tubes that have inner pores with
varying functional groups.?” Because the functional groups within
the inner pores dictate the channel pore size and its corres-
ponding transport properties, our key message here is that the
heteroassociation of different macrocycles can be optimized to
synthesize m-PE nanotubes with the desired properties.

Another intriguing trait of m-PE nanotubes is that their
hydrophobic interior can serve as supramolecular hosts for
binding hydrophobic guests in aqueous systems. Experimental
studies have indicated that the nanotubes could further assem-
ble into a pseudorotaxane that comprises a pair of axles (guests)
that are threaded to the lumen (host) of the nanotube, thereby
controlling the length of the nanotube by limiting the extent
of macrocycle stacking (Fig. 7h).*® At the current stage, some
m-PE nanotubes can reject K*, Na* and Cl' ions, while main-
taining high water permeability in the hydrated state (refer to
Table 1).”° Overall, we believe that there is still a lot of potential
for developing ideal m-PE nanotubes for water purification and
desalination applications because supramolecular chemistry
offers plentiful opportunities to tune their length, pore size
and internal chemistry, all of which are crucial factors that
dictate the transport properties of the nanochannels and their
compatibility in the membrane matrix (discussed in Section 3).

Cyclic peptide nanotubes (CPNs) are nanochannels that
consist of rings of amino acids assembled into stackable flat
units that have the propensity to crystallize into nanotubes that
are ~2-100 nm long (see Table 2 and Fig. 7i). The number
(typically 6-12) and side chain of the amino acid monomers
can be modified to control the nanotube diameter (Fig. 7j) or
the chemistry of the internal cavity of the CPN channels,
respectively.®”">” Molecular dynamics simulations have shown
that the channel performance is dependent on the behaviour of
water molecules under nanoconfinement inside the CPN cavity,
which includes factors such as the stability and number of
hydrogen bonds the peptides form with water as well as the
extent of nanotube filling."** Empirical evidence has shown
that CPN units can self-assemble in situ into a nanochannel
within an amphiphilic matrix via f-type hydrogen bonds
between the backbone atoms of adjacent rings (Fig. 7j)."*°
During the stacking of CPN units, two of the methylenes of
each cyclohexyl functional group are pointed towards the
internal cavity, thereby granting its hydrophobic character.'*°
From a bottom-up point of view, this type of assembly into a
channel has one benefit in that physical mismatches with the

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 (a) A schematic sketch of the fluidic cell that is used to image the Landau-Squire flow set-up by nanojets coming out from discrete nanotubes.
(b) Top: A schematic sketch of a nanotube protruding from a nanocapillary tip. Bottom: Trajectories of discrete colloidal tracers in a Landau—Squire flow
field in the exterior reservoir. (c) The dependence of the experimentally determined slip length inside CNTs and BNNTs on radius. Panels (a—c)
reproduced from ref. 123 with permission from Springer Nature, copyright 2016. (d) A cryogenic transmission electron microscopy (TEM) image outlining
a CNTP (denoted by the red frame) inserted into a liposome. Reproduced from ref. 126 with permission from Springer Nature, copyright 2016.
(e) Molecular dynamics simulations outlining the single file transport of water molecules across narrow CNTPs. Reproduced from ref. 2 with permission
from AAAS, copyright 2017. (f) The chemical structure of self-assembling macrocycles that has the potential to be assembled into hydrogen-bonded
nanotubes. (g) High magnification atomic force microscopy (AFM) image showing uniform nanofilaments packed into parallel clusters (scale bar: 40 nm).
Panels (f) and (g) reproduced from ref. 70 with permission from Springer Nature, copyright 2012. (h) An illustration of the combination of tubular stacking
and guest-templated discrete assembly of water-soluble m-phenylene ethynylene (m-PE) macrocycles. Reproduced from ref. 86 with permission from
American Chemical Society, copyright 2020. (i) A TEM image of CPNs that aggregated into bundles. Reproduced from ref. 87 with permission from
American Chemical Society, copyright 2011. (j) Left: A generic chemical structure of the a,y-cyclic peptide (CP); right: a CPN held within a lipid bilayer.
(k) A schematic illustration of the formation of Venturi-like peptide nanotubes that are formed via the stacking of CPN units with different diameters.
Panels (j) and (k) reproduced from ref. 127 with permission from Royal Society of Chemistry, copyright 2017.
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matrix can be avoided. Here, the physical mismatch refers to
the scenario when the overall channel length and the hydro-
phobic/hydrophilic regions do not align well with the length of
the surrounding matrix.

Typical CPNs can transport water and ions because of their
pore diameters ranging from 0.47 to 1 nm (refer to Table 1).”>*”
For CPNs to achieve a solute exclusion ability, the pore size
could be reduced using a synthetic aromatic amino acid.
Simulation studies have outlined the possibility of tuning the
single-channel water permeability by modifying the interior-
facing functional groups,”’ with the highest single-channel
permeability estimated to be 18 x 107 em® s (refer to
Table 1). Molecular dynamics simulation revealed that the functio-
nalization of the internal cavity of CPNs could lead to the disruption
of the symmetry because of the change in channel morphology,
but in general the enhanced internal hydrophobicity and
enlarged channel volume are methods to synthesize CPNs with
higher permeability."** The transport behaviours of water
molecules inside the CPNs are controlled by molecular diffu-
sion and sorption characteristics,"*" which means that optimiz-
ing both parameters is essential to synthesize CPNs with the
desired permeabilities. On top of the possibility of fine-tuning
the pore size and interior chemistry of CPNs, some researchers
proposed the creative idea of stacking up various cyclic
peptides with different diameters (Fig. 7k), which eventually
could be assembled to form CPNs with various lengths and
shapes.?”"*” The click reaction was adopted in this approach
whereby one tetrapeptide was first functionalized, while the
other octapeptide was modified with the propargyl moiety
such that they were attached via covalent bonding.?” Our key
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message here is that various types of CPNs with different
nanoarchitectures and precise length can be synthesized by
manipulating the reaction conditions as well as the monomers
and solvents used.

2.3.2 Graphene-based materials. Unlike nanotubes which
are 1D in nature, graphene-based materials are a family of two-
dimensional (2D) materials that can serve as synthetic water
channels in their own right. Pristine graphene is a one-atom
thick sheet, comprising sp>-hybridized carbon atoms bonded in
a hexagonal honey-combed lattice (see Table 2)."** Derivatives
of graphene that form the entire family are mostly chemically
derived, which include the widely used graphene oxide (GO)
and reduced graphene oxide (rGO) amidst the huge number
of different possibilities that can be obtained through
various chemical modifications by using GO as the building
block.®>'327134 Apart from their high-aspect-ratio, the most
appealing attribute of graphene-based materials would be the
monoatomic thickness that endows the lowest theoretical
transport resistance that can be ever achieved by any materials
discovered thus far."*> Hence, graphene-based materials are
hitherto one of the most well-studied 2D synthetic water
nanochannels for nanofiltration (NF) and desalination.

Typically, there are two routes for graphene-based materials
to act as synthetic channels - one is through nanopores on the
basal planes of the single-layer graphene, while the other is
through the 2D channels formed by the interlayer spacing or
gallery between two graphene nanosheets (Fig. 8a and b).
A defect-free single-crystalline graphene layer is intrinsically
impermeable to any solutes as the electron density on the
aromatic rings exerts an exceedingly large energy barrier that
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(b) interlayer spacing between graphene nanosheets with 2D nanocapillaries. (c) Physically confined GO nanosheets using well-defined interlayer
spacings as 2D water channels. Reproduced from ref. 144 with permission from Springer Nature, copyright 2017. (d) Different strategies to tune the
interlayer spacing and widen the channel to enhance water permeance. Reproduced from ref. 145 with permission from Springer Nature, copyright 2021.
(e) A new route that leverages percolating pores of ZIF-8 nanocrystals as water channels to facilitate water transport in a GO laminate. Reproduced from

ref. 146 with permission from Springer Nature, copyright 2021.
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can repel any atoms and molecules passing through it."*®
As such, sub-nanometer pores must first be created on the
single-layer graphene to initiate selective transport. In general,
creating nanopores on graphene is commonly carried out via
nanofabrication or chemical etching techniques such as high-
energy electron or ion bombardment,"*”*° 0,/0O; plasma™*®'*!
and oxidative etching methods."*> Most of these methods pro-
duced nanopores with edges decorated with oxygen-containing
functional groups, rendering the pore channels suitable for water
separation. For example, Surwade et al. produced nanopores of
size 0.5-1 nm using O, plasma and obtained an extremely high
water permeability of ~250 L m~> h™" bar " at >99% rejection
rate of 1 M KClI solution.’*® They attributed the high water flux to
the nanoporous channel with oxygen-containing groups, which
makes water entrance into the nanopores energetically favourable.
While this proof-of-concept demonstrates the potential of
nanoporous single-layer graphene for high-performance water
desalination, the current consensus is that there remain critical
challenges such as uniform nanopore production with high-
density narrow pore size distribution and scaling-up issues.'*
To address these technical problems, the second route,
where water transport occurs within the interlayer spacing
between two graphene nanosheets, is deemed a better option
(Fig. 8b). Nair et al. first demonstrated that a freestanding 1 pm-
thick GO laminated film was able to allow water vapor permea-
tion but impeded the transport of other organic solvents such
as ethanol and hexane, and even helium gas.'*” They reasoned
that the nonoxidized region between the GO nanosheets
formed a network of pristine-graphene nanocapillaries, which
enabled only a monolayer of water molecules to carry out low-
friction flow through these 2D nanocapillaries. Many years
later, this proposition was corroborated by Keerthi et al., where
they found that water exhibited strong physisorption with the
surface of boron nitride, resulting in high friction inside boron
nitride nanochannels. However, in graphene nanochannels,
such strong interaction of water molecules within nanoconfin-
ing walls was missing, and thus high slip length across the
nonoxidized region of the graphene nanochannel resulted in
low-friction and ultrafast water flow."*® This provides direct
evidence of the use of interlayer spacing between graphene-
based materials as 2D channels for selective water permeation.
Another study by Abraham et al. embedded GO laminates
into epoxy and oriented the channels parallel to the direction of
water transport (Fig. 8c)."** The physically confined GO laminate
exhibited a well-defined interlayer spacing ranging between ~9.8
and 6.4 A. Results showed that the water permeance decreased
linearly, whereas the ion permeance decreased exponentially with
decreasing interlayer spacing, suggesting a low water entry barrier
into the 2D channel and a high slip length as the water flowed
across the graphene nanocapillaries. With no physical confine-
ment, GO laminates offered synthetic channels that had a sharp
MWCO of ~9 A with an interlayer spacing that could increase
from 7-8 A up to ~13.5 A when accommodated by two to three
layers of water molecules during swelling.®*'**'*° An interlayer
spacing in this regime would be too large for sieving of any
common hydrated salts, rendering the channels nonselective. As a
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result, swelling of the interlayer spacing between GO nanosheets
by intercalated water molecules has always been a recurring issue
for such GO-type 2D channels. To address this issue, different
strategies have been developed to mitigate swelling, which include
partial reduction of GO to rGO,"*" crosslinking and functionaliza-
tion of GO laminates’*® and intercalation of nanospacers to
induce stronger interaction.">>">® With the exception of partial
reduction where the interlayer spacing actually decreases, the
remaining strategies increase the interlayer spacing by either
introducing sterically demanding functional groups onto the
basal planes or intercalating crosslinkers or bulky nanospacers
that widen the channel (Fig. 8d). This opens up an entirely new
area of research, where different crosslinkers, polyelectrolytes and
nanomaterials have been reported as nanospacers to engineer the
interlayer spacing for achieving ultrafast water permeance, precise
cutoff for molecular sieving, and other value-adding properties
such as mechanical strength and stability®” - a detailed discussion
of which is available in Section 3.3.

Recently, Zhang et al. unveiled a new route of transport
using GO as the building block and zeolitic imidazolate
framework-8 (ZIF-8) nanocrystals to build a stable porous
architecture (Fig. 8e).'*® The ZIF-8 nanocrystals were in situ
crystallized at the edges of the GO nanosheets, widening the
interlayer spacing and imparting mechanical stability to the
laminated framework. More importantly, from the perspec-
tive of water channels, the selective growth of ZIF-8 created
additional water transport channels by leveraging the percola-
ting pores of ZIF-8 at the edges to form a network where water
can penetrate rapidly but not solutes with sizes larger than
the pore size of ZIF-8 nanocrystals (Fig. 8e). Hence, the use of
porous materials provides new opportunity to rationally design
selective GO water channels beyond that of interlayer spacing
and this leads us to the next section where we discuss how
porous materials can serve as synthetic water channels with
different natures.

2.3.3 Metal- and covalent-organic frameworks. Porous frame-
work materials such as metal-organic frameworks (MOFs) and
covalent-organic frameworks (COFs) possess well-defined pore
structures that can serve as synthetic channels for water
transport (refer to Table 2). MOFs are crystalline frameworks
that form an extended network via strong coordination bonds
between the metallic nodes (single- or multi-ions) and organic
bridging linkers (such as multidentate ligands). Apart from
their extraordinarily high surface areas and void volumes,™*
some of the most important attributes as selective water
channels are their well-defined and highly tailorable pore
windows as well as their rich organic and inorganic chemis-
tries which allow versatile functionalization and modification
of pores to facilitate the transport of water."”>'>® Nevertheless,
due to their kinetically labile metal-ligand coordination bonds,
many of the currently available MOFs are hydrolytically unstable,
limiting their use as synthetic water channels.

Only a handful of MOFs have shown good water stability and
these MOFs are generally categorized into three main groups:
(1) those which form stronger bonds and more rigid framework
structures by coordinating hard metal ions of high valency and
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high charge density to hard ligands such as carboxylate ligands;
(2) those which utilize azolate ligands (such as imidazolates,
pyrazolates, triazolates and tetrazolates) that contain soft
nitrogen-donor groups to coordinate to soft divalent ions; and
(3) those that are functionalized with hydrophobic pore sur-
faces or sterically hindered metal ions."*”"*® In principle, the
first two groups of water stable MOFs capitalize on the HSAB
(hard and soft acids and bases) theory to bolster the metal-
ligand bond strength, while the third group focuses on pre-
venting water from penetrating the pores and weakening the
frameworks."”>'*®* MOFs reported to date that are robust
towards water include the MIL-series, UiO-series, ZIF-series,
CAU-series, PCN-series and MOF-800-series.”>® Examples of
commonly used water stable MOFs that can serve as synthetic
channels are MIL-53(Al), MIL-53(Cr), MIL-100(Al), MIL-101(Cr),
Ui0-66, ZIF-7 and ZIF-8 (Fig. 9a)."®°

Most of these water stable MOFs have three-dimensional
(3D) pore windows that can serve as water channels (refer to
Table 2). The pore size of the MOFs plays a crucial role. Guest
water molecules must first enter through the pore before
populating the cavities by forming new hydrogen bonds at
the active binding sites. In the presence of a driving force such
as temperature or concentration gradient, bound water mole-
cules can then be desorbed and released. Solutes such as
hydrated salt ions that have sizes larger than the pores will
not be able to gain entry into the channel, rendering the
pores as selective water channels. Also, coupled with their rich
chemistry and versatility for chemical functionalization, it is
possible to modify the pore cavities to facilitate water transport.
For example, Reinsch et al. discovered a new CAU-10-H MOF,
alongside its derivatives that were functionalized with -CHj,
-OCH3;, -NO,, -NH,, and -OH."®" Water uptake results at low
relative pressure showed pronounced uptakes by CAU-10-NH,
and CAU-10-OH over the others, which they attributed to the
higher water affinity given the ability to form strong hydrogen
bonds by the polar functional groups (Fig. 9b). In addition,
Akiyama et al. studied the water uptake of MIL-101-H and
found that by substituting -H for the more hydrophilic -NH,
and -SOz;H groups, the more hydrophilic environment within
the pores induced a stronger interaction between the binding
sites and water molecules, resulting in MIL-101-NH, and -SO;H
starting to adsorb water in a lower pressure region than the
pristine MIL-101-H."°

The MIL-series of MOFs are an interesting one as, unlike
other water stable MOFs that have rigid water channels, some
of the MIL-series MOFs offer unique dynamic water
channels.'®” For example, MIL-53(Al) demonstrates a “breath-
ing effect” where the structure undergoes reversible flexibility
during hydration and dehydration. Upon adsorbing one water
molecule per aluminium, the MIL-53(Al) pore can collapse
from the originally wide 8.5 x 8.5 A*> window to a narrow
channel with dimensions of 2.6 x 13.6 A” (Fig. 9¢)."** Hydrogen
bonding between water and the hydrophilic moiety of the frame-
work is deemed at work here to stabilize the narrow pore form.
Apart from hydration, the dynamic pore size and flexible frame-
work can also be induced by pressure and temperature,'®’
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suggesting the high possibility for ‘“smart” water channels to
be responsive to external stimuli and fine-tuned.

Covalent-organic frameworks (COFs), on the other hand, are
a newer class of crystalline frameworks that are made up of
light elements such as H, B, C, N and O to form higher-order
well-defined porous structures via strong covalent bonds (refer
to Table 2).">*'°® Similar to MOFs, COFs have orderly aligned
pores of high density and uniform sizes, large surface areas and
the capacity to fine-tune the pore sizes and tailor the chemical
functionalities via molecular level design.’” The pore sizes of
currently available COFs typically range between 5 and 58 A,
making them ideal as selective water channels to discriminate
water molecules from hydrated salt ions or even larger solutes.”*®”
To enable fine-tuning of pore sizes, the most direct strategy is to
exploit reticular engineering by adjusting the strut length of
organic monomers.">* For example, Dey et al. synthesized - from
the monomer of 1,3,5-triformylphloroglucinol (Tp) and [2,2-bi-
pyridine]-5,5"-diamine (Bpy) - a freestanding COF film (Tp-Bpy)
with a pore size of 25 A. By replacing the monomer with 4,4',4"-
(1,3,5-triazine-2,4,6-triyl)trianiline  (Tta), [4,4’,4"-(1,3,5-triazine-
2,4,6-triyl)tris(1,1’-biphenyl)trianiline (Ttba) and 4,4’-azodianiline
(Azo), other COF films, namely Tp-Tta, Tp-Ttba and Tp-Azo, were
formed with different pore sizes (Fig. 9d)."* It was also evident
from this study that the pore sizes of COFs can be fine-tuned to a
resolution down to <5 A, suggesting the high precision that
reticular engineering can offer. Alternatively, post-synthesis
modification of pore cavities is another compelling strategy
for fine-tuning pore sizes. Nagai et al. used click chemistry to
couple alkynes onto an azide-appended COF’s wall to create
triazole-linked moieties that narrowed the pore size of COF-5
from 3.0 to 1.2 nm (Fig. 9¢)."® All in all, reticular engineering
and pore surface engineering are the current mainstream
strategies, which can be employed for tuning the pore size,
shape and microenvironment of COFs to realize tailored selec-
tivity and enhanced hydrophilicity for elevating water transport
through the synthetic channels.

Interestingly, most of the COFs studied to date are 2D in
structure. While 3D COFs are also reported, they still remain
a minority. Here, from the perspective of synthetic water
channels, 2D COFs are attractive over their 3D counterparts
given the relative ease of aligning nanosheets to enable vertical
1D nanochannels for unidirectional water permeation parallel
to the transport pathway (Fig. 9f). Unlike graphene-based
materials which are intrinsically impermeable (or otherwise
nanopores must first be created to induce water permeation,
see Section 2.3.2), the pores of 2D COFs are inherent, highly
ordered and high in density. Coupled with their correct
pore sizes, synthetic channels can expedite water permeance
through the nanosheets, resulting in enhanced water transport,
all the while being selective towards targeted solutes that are
larger in size. On this note, MOFs are also available in 2D
structures though less common. But, contrary to MOFs, there is
a bigger pool of 2D COFs, especially those that are imine-,
hydrazine- and ketoenamine-linked COFs, which demonstrate
greater chemical and hydrolytic stability, owing to the stronger
covalent bonds formed.?®®° In this respect, 2D COFs as water
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Fig. 9 (a) Chemical structures of representative water stable MOFs including UiO-66, ZIF-8 and MIL-101(Cr) and their window sizes (color-coded in
blue). Reproduced from ref. 26, 36 and 163 with permissions from American Chemical Society, Royal Society of Chemistry and Springer Nature, copyright
2010, 2016 and 2019, respectively. (b) Chemical structure of CAU-10 and its derivatives, showing the effect of pore functionalization on water uptake
capacity. Reproduced from ref. 161 with permission from American Chemical Society, copyright 2013. (c) Chemical structure of MIL-53(Al), showing the
narrow and wide pore channels of the reversible “breathing effect” during hydration and dehydration. Reproduced from ref. 164 with permission from
American Chemical Society, copyright 2002. (d) Fine-tuning of the pore size of COFs via reticular engineering. (e) Pore surface engineering to change the
size and microenvironment of the walls of COF-5. Reproduced from ref. 165 with permission from Springer Nature, copyright 2011. (f) Schematic
illustration showing a 2D COF nanosheet aligned in an orientation that was vertical to the transport direction such that smaller water molecules could
permeate through its 1D nanochannel while discriminating the larger solute molecules. Panels (d) and (f) reproduced from ref. 166 with permission from
American Chemical Society, copyright 2017.
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channels seem to have a slight edge over 2D MOFs. However,
there are critical drawbacks of COFs that certainly need to be
addressed, such as their complex synthesis protocols, mode-
rate to low product yields that result in poor scalability, and
low solubility in many solvents leading to poor solution
processability.’”® These drawbacks will be further discussed
in Section 3.

2.3.4 Others. Our discussion thus far has revolved around
some of the most exciting 1D nanotubes, 2D graphene-based
materials and 2D/3D MOF and COF nanomaterials that have
attracted the attention of researchers and how their unique
psychochemical properties have helped in enabling them as
synthetic water channels. In this section, we will be presenting
other emerging water channels that are beyond the aforemen-
tioned and are of potential interest to readers to complement
what have been shared.

In an effort to increase water-solute selectivity and to
eliminate the orientation-dependency that exists in 1D, 2D
and 3D channels, Yuan et al. synthesized zero-dimensional (0D)
porous organic cages (POCs) as synthetic water channels.*> POC
molecules are purely organic in construct and have window
openings that are synthetically tunable (refer to Table 2 and
Fig. 10a).'® In this work, POCs with a tetrahedral-shape were
aligned window-to-window such that an extended 3D pore
network, comprising internal (intrinsic to POC) and external
(between POC) cavities, was formed as synthetic water channels
(Fig. 10b). The POC water channels were inserted into bilayer
systems and found to have a high water permeability of 146 um s
under liposome shrinkage test conditions (Fig. 10c), which was far
more superior to most of the synthetic channels already discussed
in Section 2.2 such as peptide-appended pillar{5]arenes (1 pm s )
and I-quartets (3—4 um s~ ').*>® various cation and anion permea-
tions through the channels were also found to be negligible, which
was attributed to the high dehydration energy penalty needed to
enter the channels.*”

Contrary to POCs but similar to graphene-based materials,
there are other emerging 2D nanomaterials that are nonporous —
and thus intrinsically impermeable - but able to serve as
synthetic water channels, owing to their ability to be assembled
into nanolaminated microstructures to offer interlayer spacing
for water transport. 2D molybdenum disulfide (MoS,) is one
such example. However, different from GO nanosheets, MoS,
has much stronger van der Waals forces between nanosheets
such that the water channels are hydrolytically more stable and
less likely to swell."”* In addition, MoS, nanosheets are more
rigid given their three-atomic-layered structure.”® This renders
the water channels less susceptible to mechanical compaction
under the high transmembrane pressure applied during mem-
brane operation. And most importantly, MoS, does not have
any hydrophilic groups oriented into the surfaces of the water
channels. Coupled with the high surface smoothness which
leads to low hydraulic resistance, MoS, laminated membranes
were reportedly having water permeance that was >5 times
higher than GO membranes. Furthermore, due to the well-
defined interlayer spacing - 12 A when fully hydrated and 6 A
when dry (Fig. 10d), MoS, water channels were able to perform
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effective ionic and molecular sieving with a MWCO of ~ 500 Da
(equivalent to a Stokes radius of ~11-12 A).*° As for single-
layered MoS, nanopores, their potential as synthetic water
channels is evidenced by a 70% higher water permeation rate
as compared to graphene nanopores, owing to the special
hourglass architecture of the Mo-only pore with a hydrophobic
edge and a hydrophilic centre.'”

Lately, a new family of transition metal carbides, nitrides
and carbonitrides (termed MXenes in short) are also emerging
rapidly as novel nonporous 2D nanomaterials with strong
potential as synthetic water channels."”®'”” Similar to MoS,,
2D MXenes can serve as synthetic channels by leveraging their
tunable interlayer spacing for water transport when assembled
into laminated membranes (refer to Table 2). Thus far, the
most commonly studied member of the 2D MXene family is
titanium carbide (Ti3C,T,) nanosheets, where T represents
terminating functional groups, such as -O, -OH and/or -F,
and x represents the number of terminating groups present.*>
The interlayer spacing of TizC,T, in the wet state is smaller
than those of GO and MoS, - ~6 A.}"® As such, the as-
assembled MXene nanochannels demonstrated a Na‘/Mg**
selectivity of ~10, which is 5-fold higher than that of GO
nanochannels.

Furthermore, being electrically conductive is probably one
of the greatest advantages of the MXene water channel.
TizC,T, films have one of the highest metallic conductivities,
as high as 10000 S cm™',"”° and hence MXene water channels
show strong promise for modulating ion transport under an
externally applied potential. Ren et al. was the first to present
a voltage-gating ion transport through TizC,T, nano-
channels."””* The permeation rates of mono- and divalent
cations like Na* and Mg”" were reported to slow down at a
negative potential of -0.6 V due to the shrinkage in interlayer
spacing but increased backup as the potential was switched to
positive at +0.4 V (Fig. 10e). The same observation was further
corroborated by other studies.’”'®® Notably, Wang et al.
demonstrated the high on-off voltage-gating ratio using sub-
nanometer (7 A) interlayer Ti;C,T, nanochannels.'”® By
switching between the “on- and off-states”, an order of magni-
tude difference in ionic conductivity was reported (Fig. 10f),
suggesting that a positive voltage facilitated ion transport,
while a negative voltage suppressed it. The authors attributed
this to the sub-nanometer MXene channel, which resulted in
stronger repulsion towards the permeating cations as more
cations were intercalated under a negative applied voltage of
-1.0 V. When the voltage was switched positive to +1.0 V, the
negative charge of the channel was neutralized, resulting in a
weakened ion-channel interaction that facilitated the higher
ion conductivity (Fig. 10g)."”> Nevertheless, despite the appeal
of moderating ion transport via an external stimulus, MXene
water channels are in general less chemically stable as com-
pared to graphene-based materials and MoS,,*” owing to the
susceptibility of the surface-exposed metal atoms to sponta-
neous oxidation. Hence, there is a need to address the long-
term chemical stability issue in order to enable MXenes as
synthetic water channels.
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water pass into the synthetic water channels. Reproduced and modified from ref. 35 with permission from Springer Nature, copyright 2020. (d) Schematic
illustration showing 2D MoS, and the interlayer spacing acting as synthetic water channels. Reproduced from ref. 173 with permission from Springer Nature,
copyright 2011. (e) TizC,T, MXene nanolaminated membrane, showing the shrinkage of the interlayer spacing under a negative applied voltage. Reproduced
from ref. 174 with permission from American Chemical Society, copyright 2018. (f) The on—off voltage gating effect with (g) a positive “on-state” neutralizing
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3. Membrane nanoarchitectonics
incorporating water nanochannels

In this section, approaches for incorporating water channels
into membranes are discussed with respect to the design and
engineering of the membrane structures. To facilitate easy
referencing for readers, we briefly discuss the various fabrica-
tion methods and associated separation mechanisms before
going into the details of membrane designs. There are three
main membrane designs that are of interest to nanochannels:
freestanding membranes, supported membranes, which consist
of multilayered, lipid bilayered and block copolymer membranes,
and thin-film nanocomposite (TFN) membranes (Fig. 11a).
In particular, we will touch on the various methods to incorporate
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nanochannels to fit into these membrane designs, the location of
the nanochannels in the membrane and the advantages and
inherent limitations.

3.1 Fabrication methods

One of the most important applications of nanomaterial research
is membrane design. Owing to the difference in the physico-
chemical and morphological properties of different nano-
channels, not all membrane designs are suitable for all nano-
channels (Fig. 11a). For example, the TFN design is widely suitable
for most nanochannels as the polyamide matrix forms the basis of
the selective layer with nanochannels embedded within, but
freestanding membranes are mainly suited for 2D materials
only, given the capacity to form continuous defect-free films.
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(a) The versatility of various nanochannels that is manifested by their potential use in various membrane designs. (b) Five mainstream techniques

for the fabrication of water separation membranes incorporating nanochannels. The illustrations in the self-assembly section were reproduced and
modified from ref. 81 with permission from Springer Nature, copyright 2020.
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Hence, to fabricate membranes or devices incorporating water
channels, we need to evaluate the mainstream fabrication methods
used to date (Fig. 11b). The first method is interfacial growth at
the liquid-liquid interface, which typically involves the use of a
porous support membrane that functions as micro-pores con-
trolling the diffusion of reactants. One of the most common
examples is interfacial polymerization (IP),*°* which involves
polymerization at an interface between two immiscible phases
(e.g- aqueous and organic), thereby constraining the membrane
formation at the interface. As compared to the relatively con-
trollable process of interfacial growth, Layer-by-Layer (LbL)
assembly involves exposure of the membrane substrate to
different solutions of materials in a cyclic manner to deposit
channels or channel-containing nanosheets. Instead of immer-
sing the substrate into different solutions, LbL assembly can
also involve the use of spray-coating or spin-coating methods to
deposit channel materials as multilayered membranes on the
membrane substrate.'®""'®? More often than not, the purpose is
to fabricate membranes with a more homogeneous distribution
of materials as well as to obtain the desired alignment onto the
membrane substrate. The third and fourth methods are mostly
interconnected, and involve the use of pressure- or vacuum-
filtration to deposit channel-containing solutions onto the
membrane substrate.'®*#* Prior to filtration, water nanochannels,
especially those of biological and unimolecular biomimetics, are
at times required to undergo self-assembly to form channel-
containing nanosheets with greater capacity to form defect-free
continuous films. It is also noteworthy to mention that self-
assembly as described in the third method can also be used
alongside LbL assembly to produce multilayered membranes.
The fifth method is solution casting, which traditionally involves
direct blending of nanochannels into polymeric dope solutions
before casting and phase inversing the nascent films to obtain
mixed matrix membranes.'®'% By and large, mixed matrix
membranes prepared by solution casting have stronger relevance
as dense membranes for gas separation — where nanochannels
serve as performance-enhancing filler materials — or as porous
substrate membranes with strengthened mechanical or surface
properties for fabrication of composite membranes. In this
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context of nanochannel-enabled membranes, solution casting
is more aptly applied to form freestanding or nanolaminated
membranes of 2D materials, which will be further discussed in
Sections 3.3.1 and 3.3.2.

3.2 Separation mechanisms

Membrane separation of water from solutes is dominated by a
variety of mechanisms at the micro- to nanoscale (Fig. 12).
Because the mechanism dictates the separation performance
(e.g. permeability and selectivity) of the membrane, it is impera-
tive to have an understanding of the mass transport and
associated mechanisms. As the channel sizes decrease to the
molecular scale (the size ranges of ions, gases and liquids), the
mass transport behaviour changes drastically due to nano-
confinement effects, which results in the breaking down of
the commonly known no-slip condition in classical fluid
mechanics. At the sub-micron scale, hydrodynamic filtration
occurs when solutes in the liquid are removed based on the size
exclusion principle. As the pore size decreases to the nano
or sub-nano scale, interface effects and molecular sieving
mechanisms become dominant.*®'®” As shown in Fig. 12, mole-
cular sieving occurs when water molecules and dissolved solutes
are separated based on the sheer size differentiation effect,
whereas interface effects that arise from the electrostatic proper-
ties can occur for a wider window of pore sizes (e.g. Donnan
exclusion effect). Subsequently, as the pore size decreases further
to the sub-nano or near angstrom scale, mass transport is then
governed by the solution-diffusion mechanism in which the
more permeable solute of interest is one that dissolves better
and diffuses faster across the polymer matrix than the less
permeable retentate.**'®”

Currently, the solution-diffusion theory is the most widely
accepted separation mechanism for polymeric membranes with
dense selective layers such as that of TFC-RO and TFC-forward
osmosis (TFC-FO) membranes because of the sub-nanometre
pore size of the polyamide matrix (e.g. ~0.25 nm for RO
membranes).'® NF membranes, on the other hand, work on the

combination of hydrodynamic filtration, the solution-diffusion
188,189

Fig. 12 Schematic illustration of the mass transport mechanisms in water separation with increasing length scale (from left to right).
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incorporation of nanochannels into the membrane matrix, mole-
cular sieving, interface effects and solution-diffusion mechanisms
are probable mechanisms that govern the separation of water and
solutes. For transport through the nanochannel, surface friction
as well as the interactions between the channel cavity and
permeation species will affect the transport rates of the per-
meating species (this will be elaborated in the subsequent sub-
sections).”*?°

3.3 Different membrane designs

Water nanochannels offer interesting transport properties that
are well-aligned with the efforts aimed at fabricating next-
generation membranes. As introduced above, various methods
may or may not be suitable for a particular type of membrane
design. Accordingly, the three types of water nanochannels have
so far been nanoarchitectured into various membrane designs
for water separation (i.e., water purification and desalination)
and their incorporation via different techniques as introduced in
Section 3.1. Herein, we probe deeper into the five main types of
membrane designs together with their associated fabrication
methods and resultant membrane performances.

3.3.1 Freestanding membranes. Freestanding membranes,
in this context, refer to continuous membranes that are made
up entirely of water channels without any support layers and/or
polymer matrices. In order for water channels to stand alone as
freestanding membranes, they must be able to assemble into a
mechanically robust and self-supporting structure. For that,
biological channels, which rely on lipid bilayers to be effective,
and low molecular weight biomimetic channels, which lack the
ability to form long-range ordered structures, cannot be made
into defect-free continuous freestanding membranes. Hence,
in this section, we focus mainly on synthetic water channels,
in particular 1D nanotubes and 2D materials, which have
demonstrated high capacity to assemble into freestanding
membranes.

One of the most compelling freestanding membranes is
vertically aligned CNT membranes. This type of membrane is
prepared by first growing vertically-aligned CNT forests via a
chemical vapour deposition (CVD) method before a densifica-
tion process by mechanical compaction to close up the inter-
stitial gaps between the CNTs. There are many membrane
designs that can spin off thereafter, with the most common
being composite membranes made by implanting polymer
matrices to seal up the interstitial gaps for inducing selectivity
and mechanical strength.'®>'®> 1t is also possible to fabricate
purely freestanding membranes without polymer matrix, in
which case, the interstitial gaps can also double up as water
channels. Lee et al. exploited this design and synthesized a
freestanding vertically-aligned CNT membrane with a small
densified interstitial gap size of 7 nm and the water perme-
ability reaching up to 5800 L m 2 h™* bar *.'**> When the
capped ends of the CNTs were opened via O, plasma, supple-
mentary water channels comprising CNTs with an inner dia-
meter of 6 nm were made available, which increased the water
permeability close to 30000 L m~> h™" bar ', and reached one
of the highest permeabilities known so far for UF membranes.
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Despite this huge water permeability, the membrane selectivity
was not compromised at >98% rejection of Dextran of 12 kDa
molecular weight.'?

Compared to freestanding vertically aligned CNT mem-
branes, it is much easier to fabricate freestanding 2D material
membranes. As highlighted in Section 3.1, these membranes
are mostly prepared via vacuum- or pressure-assisted filtration
methods, where 2D materials are filtered directly on membrane
substrates before delaminating to afford freestanding lami-
nated membranes. To date, freestanding membranes from 2D
materials such as rGO and COFs have been reported."®*'® For
instance, an ultrathin freestanding rGO membrane with
100 nm thickness was demonstrated to have a water flux of
57.0 L m ?> h™! when evaluated under FO conditions using
deionized water as feed solution and 2.0 M NaCl as draw
solution.'®* This water flux was ~5 times higher than that of
commercial FO membranes with a low reverse salt flux of
1.3 g m 2 h™", Interestingly, internal concentration polariza-
tion, which is the Achilles heel of all FO membranes, was
notably missing, owing to the unique freestanding and ultra-
thin design of the rGO membrane."**

Other examples of freestanding membranes include highly
crystalline freestanding 2D COF membranes. But, unlike their
rGO counterparts, these freestanding membranes are fabri-
cated via an interfacial crystallization method. Typically, in
interfacial crystallization, the interface at the aqueous and
organic phases serves as the site of crystallization, where the
free amine building block diffuses and reacts with the aldehyde
to form a highly crystalline porous 2D network of COFs. Dey
et al. was the first to demonstrate this via a salt-mediated
interfacial crystallization method. Amine-p-toluene sulfonic
acid (PTSA) salt was added to slow down the diffusion rate of
the building blocks, resulting in thermodynamically-controlled
crystallization.’®® As a result, COF fiber-like crystallites were
first formed and self-assembled laterally into sheet-like layers
before extending into a large thin film connected entirely by
covalent bonds. Recently, Li et al. used the same method to
form freestanding 2D COF laminated membranes with sub-
nanopores via AB stacking of 2D COF nanosheets."®> Owing to
the AB stacking as opposed to AA stacking, the pores of
the freestanding membranes shrunk from >1 to ~0.6 nm.
Correspondingly, the water permeability was found to decrease
from ~10 to ~4 L m~> h™" bar™" with high Na,SO, or K,SO,
rejection rates between 90 and 95%.

Being the most straightforward design for utilizing synthetic
water channels - with some even showing unprecedentedly
high separation performances as a result, freestanding mem-
branes comprising water channels are not without drawbacks.
One of the most critical issues is the lack of mechanical
robustness to handle high transmembrane pressure.'*® Examples
discussed so far tend to circumvent this problem by demon-
strating only UF/NF or FO performances under low or no
applied pressure. However, to better manage the much higher
transmembrane pressure required by some pressure-driven pro-
cesses such as NF and RO, freestanding membranes have to be
made much thicker, and this would see a drastic tradeoff in water
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permeability, undermining the ultrafast water transport promised
by the water channels. Hence, we believe that it is important to
derive the required mechanical support from a separate substrate
layer so that the selective layer can be made ultrathin to unlock
the full potential of the water channels. For this reason, the
following sections are geared towards discussion on supported
and TFN membranes.

3.3.2 Supported membranes

3.3.2.1 Multilayered or nanolaminated supported membranes.
Similar to the freestanding membrane design, synthetic water
channels, especially those put together by 2D materials, are
best demonstrated as multilayered and/or nanolaminated sup-
ported membranes, owing to their high aspect ratio and good
solution processability into defect-free continuous thin films.
A multitude of synthesis methods as discussed in Section 3.1
can be employed for this purpose, which include LbL, vacuum-
or pressure-assisted filtration, inkjet printing, LB film for-
mation and various casting and coating methods such as
drop-casting, solution-casting, spin-coating, slot-die coating,
and spray-coating.'®’'° The wide selection of methods also
entails that the multilayered and/or nanolaminated membrane
design is easily adaptable to almost all kinds of 2D water
channels given the right physicochemical properties of the
materials used.

To date, the most commonly used method is vacuum- or
pressure-assisted filtration, where 2D materials are first dis-
persed in suitable solvents to form solutions before filtering
through support membranes, where the 2D materials are
deposited and assembled into highly ordered lamellar micro-
structures. This method is the easiest to implement among all
methods and has hitherto been applied to almost all 2D
materials, including graphene-based materials, 2D MOFs and
COFs, MoS,, MXenes and others."*?°°*°* The key towards a
uniform and intact nanolaminated membrane is the duration
of filtration and use of good solvents to create well-exfoliated
and well-dispersed suspensions of 2D materials.>®® Water is by
far the most preferred solvent for graphene-based materials,
especially GO, owing to its cost-effectiveness, polar nature and
low volatility, which leads to a high degree of exfoliation, stable
and homogeneous aqueous solutions and slow drying that
promotes uniform assembly of laminated films. Recently,
Zhang et al. also showed that other organic solvent systems
are suitable. Specifically, the study revealed that polar aprotic
solvents such as dimethyl sulfoxide and dimethylformamide
are also good solvents for exfoliating and dispersing GO
nanosheets to yield nanolaminated membranes with good
integrity.”’® The sizes of the synthetic channels formed by the
interlayer spacing were tunable to endow the GO nanolaminate
with varying water permeability from 30 to 70 Lm > h™ ' bar ™'
based on the solvent used.

Beyond GO-based materials, other 2D materials that can
exploit an aqueous system include MXenes and MoS, nano-
sheets.>>®® Owing to their high hydrophilicity and negative
charges, MXenes and MoS, can be easily dispersed in water
to afford stable colloidal suspensions. For this reason, nano-
laminated membranes of MXenes and MoS, are generally
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prepared via vacuum- or pressure-assisted filtration. Apart from
that, being able to suspend homogeneously in aqueous systems
means that MXenes and MoS, can leverage LbL assembly for
producing multilayered membranes. For example, Li et al. first
reported an LbL assembly of MoS, by first dipping a polyether-
sulfone (PES) substrate into a positively charged polyethylenei-
mine (PEI) solution, before moving to the negatively charged
MoS, dispersion, and finally back to a positively charged
poly(acrylic acid) (PAA) solution to prepare a trilayer selective
layer for FO application.>*” Because of the enhanced surface
hydrophilicity and surface smoothness brought about by the
incorporation of MoS,, the FO water flux was able to see a 35%
increase from 20 to 27 L m~> h™", while reducing the reverse
NaCl salt flux by 28% to 17 g m > h™ %,

Further to filtration and LbL methods, 2D materials that are
well-dispersed in water can exhibit viscoelastic properties that
render them suitable for solution-casting and various coating
methods. GO dispersion is one of the best examples as it shows
non-Newtonian shear-thinning behaviour with large viscosity
changes occurring at concentrations beyond 5 mg mL ™ ". This
behaviour allows the GO dispersion to exhibit high viscosity at
zero shear rate, while inducing a thinning effect at high shear
rates that enables uniform casting of the dispersion. Generally,
solution casting of 2D nanochannels has stronger up-scaling
potential than filtration and LbL methods. As an attestation to
this claim, Yang et al. utilized different crosslinking agents,
such as calcium ions (Ca®"), ferric ions (Fe®"), polyethylene
oxide (PEO) and PEI, on lower concentration GO dispersions
ranging between 1 and 5 mg mL~".>%® It was observed that, with
crosslinking agents added, low viscosity GO dispersions were
able to turn into hydrogel-like slurries with higher zero-shear
viscosity that warrants the casting of nanolaminated GO-based
membranes feasible. In particular, at 3 mg mL~" GO concen-
tration, the viscoelasticity of the Fe**-crosslinked GO dispersion
was considered to be befitting for casting such that an intact
membrane with a large area of >1000 cm? could be fabricated
on a commercial UF substrate. Also, the interlayer spacing
between the GO nanosheets was found to be between 8.0 and
9.4 A, depending on the intercalating crosslinkers added.
Accordingly, the as-prepared Fe**-crosslinked GO nanolami-
nated membrane with a narrow interlayer spacing of 8.2 A
showed >99% rejection rates towards various organic dyes of
different molecular weights and charges.>*®

The discussion so far is focused on a top-down approach,
where 2D nanochannels are first synthesized and exfoliated
before nanoarchitecturing into multilayered and/or nanolami-
nated membranes. While this approach is generally more facile
and scalable, finding a good solvent system to do so may not
always be easy. For example, not all MOFs and COFs exfoliate
well in water and would require other solvent systems such as
ethanol and chloroform to induce favorable exfoliation. In this
regard, supported membranes of ultrathin MOFs and COFs are
often fabricated via a bottom-up approach such as in situ
growth.”®® Notwithstanding the issues of dispersion and exfo-
liation, the biggest merit of in situ growth lies in the formation
of a continuous defect-free polycrystalline layered membrane,
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which allows high permselectivity to be derived directly from
the intrinsic porosity of the crystalline MOF/COF layers. For
example, Shen et al. demonstrated a polydopamine (PDA)-
modulated in situ growth approach, where PDA was first
deposited onto a polyacrylonitrile (PAN) support to serve as
a molecular linker for building units like 1,3,5-triformyl-
phloroglucinol (TFP) and 2,5-diaminobenzenesulfonic acid
(DABA) to bind and promote heterogeneous nucleation on the
surface of the support.>'® As a result, a sulfonated imine-linked
COF nanolaminate with a pore size of 1.4 nm and a submicron
thickness of ~42 nm was formed. More importantly, due to the
modulating effect of the uniform PDA layer, the polycrystalline
COF nanolaminate was defect-free as evidenced by high rejec-
tion rates of >99% towards Congo red and Eriochrome black T.
The pure water permeance of up to 135 L m > h™" bar " was
attributed to the ultrathin COF layer that offered water nano-
channels with low hydrodynamic resistance.

Despite their high performances, one of the drawbacks of
multilayered or nanolaminated membranes is the poor stability
brought about by water swelling into the interlayer spacing,
which eventually enlarges the interlayer spacing to a point that
disintegrates the nanochannels. To date, chemical crosslinking
using cations, and low-molecular-weight crosslinkers or poly-
electrolytes with specific functional groups, is one of the most
common strategies in alleviating swelling and stabilizing 2D
nanochannels.®®> The crosslinkers can also serve as spacers to
tune the interlayer spacing for well-defined molecular cutoffs
by the nanochannels. In recent years, an emerging strategy —
focusing on amalgamating mixed-dimensional nanochannels -
has been considered as promising in creating synergistic
effects for delivering enhanced performances and membrane
stability.>'! Notably, by intercalating 1D CNTs and cellulose
nanofibers (CNFs) into graphene-based and COF nanosheets,
the composite nanolaminates exhibited NF performances
that were several times higher than those of commercial
membranes. Furthermore, driven by the exertion of strong
interlamellar interactions, which include electrostatic inter-
action, van der Waals forces of attraction and n-m stacking,
the 1D nanospacers endowed the nanolaminates with the
necessary robustness for handling the compressive and flow-
induced shear stress encountered during pressure-driven
separation processes.'®?°*?*'> In contrast, studies on amalga-
mating unidimensional nanochannels were shown to produce
complementary effects. Intercalating rigid 2D COFs into GO
nanosheets could increase the self-supporting capacity of
the nanolaminates to alleviate the poor mechanical stability
of GO-based membranes, leading to stronger resistance
towards compressive deformation.'®* Alongside the presence
of in-plane pores, 2D COFs were capable of providing trans-
port “shortcuts” for reducing the tortuous pathway through
the GO nanosheets to achieve an overall performance
enhancement.*"? Intercalating Ti;C,T, into GO nanosheets,
on the other hand, was able to prevent the formation of
nonselective channels and/or pinholes in MXene-based nano-
laminates, resulting in higher rejection rates towards organic
dye and salt solutions.>"*
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3.3.2.2 Supported lipid bilayer membranes. To demonstrate
the superb transport properties of biological nanochannels,
many research studies have attempted to incorporate biological
and biomimetic channels into supported lipid bilayer mem-
branes (SLBMs). This type of membrane structure originated
from the conceptual design in biological cellular membranes
whereby lipid bilayers encapsulating biological channels reg-
ulate the selective transport of water over solutes. First, the
nanochannels are encapsulated into synthetic lipid bilayers via
self-assembly, and thereafter the channel-embedded liposomes
are then ruptured on the top of a support membrane (Fig. 13a).
The underneath support membrane is typically functionalized
with a desired charge to anchor the lipid bilayer via electrostatic
attraction, and subsequently a hydraulic pressure is applied to
ensure a complete rupturing process and liposome fusion
(Fig. 13a).°*7? Synthetic lipids are typically used to encapsulate
the water channels, whereas the underlying support membranes
are typically of ultrafiltration (UF) or NF type (Fig. 13b and c).
Besides the vesicle rupture method, other methods to fabricate
SLBMs include: (1) spin-coating of the lipid bilayers onto NF
membranes and (2) engineering of the lipid and support mem-
brane’s surface chemistries such that the channel-containing
bilayers can be spontaneously fused onto the support mem-
brane via attractive forces.®”?*>?'® However, the thickness and
chemistry of the coating need to be carefully fine-tuned because
the additional coating usually decreases the overall permeability
of the membrane.

In the fabrication of SLBMs, it is fundamental that the
chemistry of the nanochannel outer surface is compatible with
that of the lipid environment such that it can readily insert and
self-align within the lipid bilayer. Furthermore, the nano-
channel length must be fairly similar to the thickness of the
lipid bilayer. As illustrated in Fig. 13d, the nanochannel cannot
be shorter than the thickness of the hydrophobic part of the
lipid bilayer (~3.0-3.5 nm), else the channel end will not be
opened to the feed solution.'™ For some biomimetic channels
such as pillar[5]arenes, researchers have outlined the possibi-
lity of attaching side chains to the macrocycle backbones to
ensure that the channel spans the bilayer or to modulate ion
transport via charge effects (Fig. 13e)."***!” An intriguing point
to note for SLBMs incorporating dimeric channels is that the
membrane structure might be different from the ideal scenario
where channels are aligned parallel to the bilayer, assuming
that hydrogen bonding is strong enough to hold the dimers in a
stable state.’'® There is a possibility that the adjacent dimers
might stack up to form a toroidal structure (Fig. 13f), which
can provide an additional water transport pathway through the
membrane, on top of the water wire in the dimeric pillar[5]-
arene channel."'® Another study has also hypothesized that the
permeability of biomimetic dipeptide channels can be affected
by the lateral stress and strain forces on the lipid membrane.""”
It is obvious that the assimilation of water channels into
membranes can induce structural changes in the lipid bilayer
and the consequential water transport pathway through the
latter. We recommend future studies to resolve the intricate
interplay between channels and the lipid bilayer because the

This journal is © The Royal Society of Chemistry 2022
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Fig. 13 (a) The schematic illustration of an SLBM incorporating gA water channels. Electrostatic attractions are needed to anchor the liposomes and a
hydraulic pressure is applied in the liposome rupturing process. Reproduced from ref. 72 with permission from Elsevier, copyright 2015. (b) An illustration
of an SLBM incorporating AQP-Z channels. The SLBM is formed on top of the polysulfone membrane coated with a polydopamine layer. Reproduced
from ref. 215 with permission from Royal Society of Chemistry, copyright 2015. (c) The different layers of an SLBM membrane formed via layer-by-layer
deposition of AQP proteoliposomes. Reproduced from ref. 216 with permission from American Chemical Society, copyright 2015. (d) A schematic
illustration of water channels with different lengths in the lipid bilayer. Reproduced from ref. 217 with permission from Royal Society of Chemistry,
copyright 2017. (e) A schematic illustration of water channels with different end-group charges in the lipid bilayer. Reproduced from ref. 114 with
permission from Royal Society of Chemistry, copyright 2020. (f) The ideal schematic illustration of a toroidal pore in a bilayer membrane. Reproduced
from ref. 116 with permission from Wiley-VCH, copyright 2020. (g) An illustration of the selective transport of water over monovalent ions in an AQP-
based SLBM membrane. Reproduced from ref. 215 with permission from Royal Society of Chemistry, copyright 2015. (h) A schematic comparison
between the fast and slow water transport across the pR-PH and the pS-PH channels, respectively, in a pillar[S]arene-based SLBM. (i) The water flux and
salt rejection of SLBMs with the pR-PH at different channel-to-lipid molar ratios (tested with 100 ppm Na,SO, as feed, under 1 bar applied pressure).
Panels (h) and (i) reproduced from ref. 53 with permission from Wiley-VCH, copyright 2019.
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permselectivity of such unique membrane designs remains to
be resolved by experimental studies.

Overall, the most prominent advantage of the SLBM design
is the ability to exploit the transport properties of the nano-
channels because water is directly funnelled through the nano-
channels in the bilayer (Fig. 13g and h). To date, various types
of SLBMs incorporating biological and biomimetic channels
(e.g. AQPs,>">*'® gA 72 pillar[5]arenes®®) have shown success in
fabricating next-generation membranes with enhanced perme-
ability (~3-5 times higher than that of the control membrane)
at a fairly similar selectivity (Fig. 13i). However, the funda-
mental downside of the SLBM design is the inability to achieve
complete coverage and the subsequent salt leakages through
the nanoscale defects will compromise the membrane selectivity.
The active area of membranes fabricated in the SLBM design
is also typically very small (0.07-0.096 cm?*)®” and the testing
conditions are very mild for the purpose of proof-of-concept
(applied pressures ~1-4 bar, salt concentrations of ~100-
1000 ppm).>*?'® Thus, the SLBM design is mainly for pre-
liminary investigations but its inherent structure lacks the
mechanical robustness and practicality for large-scale indus-
trial fabrication. Also, the chemical stability of lipid bilayers is
another issue because while they maintain their functionality
well, they are known to be not stable in non-aqueous environ-
ments, given their tendency to undergo oxidative degradation
within hours.

3.3.2.3 Supported block copolymer membranes. As an alterna-
tive to the SLBM design, biological and biomimetic nano-
channels can be incorporated into polymer matrices and the
latter subsequently deposited onto an underlying substrate to
form supported block copolymer membranes (SBCMs).>!8>*?
First, the nanochannels are reconstituted into 2D amphiphilic
block copolymer sheets via self-assembly using the dialysis
approach. In this method, the nanochannels, block copolymers
and detergents are mixed (Fig. 14a), and thereafter high
concentration detergents are slowly removed from the ternary
mixture in order to initiate self-assembly and control the
assembly kinetics of the nanochannels and block copolymers.'*®
The second step would involve the stacking of the crystalline
planar sheets (Fig. 14b) onto porous support membranes via layer-
by-layer (LbL) deposition to synthesize the membrane selective
layer (Fig. 14(c-e)). The fundamental idea here is to lay down
layers of alternately charged sheets and polyelectrolytes that
attach via electrostatic attractions (Fig. 14f). Thus, the underlying
support membrane and block copolymer are usually first ionized
or functionalized to a desired charge prior to the LbL and
pressure-assisted filtration process. A total of 3-5 cycles of
deposition are typically needed to ensure complete coverage
of the support, and thereafter the membranes are incubated for
~12 h to ensure that the 2D nanosheets are chemically cross-
linked."%®

The SBCM design can fully capitalize on the nanochannel
properties by forming uniform sub-nanometer sized pores,
which is manifested by a precise molecular weight cutoff (MWCO)
or sharp rejection profile of the membrane (Fig. 14g and h)."*
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Besides being more mechanically stable than lipids, the use of
block copolymers offers the possibility of customizing the
polymer, terminal functional groups and membrane thickness,
thereby adding another degree of freedom to the membrane
fabrication process. The ideal membrane must be thin and
defect-free with flows directed through the pores of the nano-
channels. However, empirical evidence suggests that defects
can be present (due to insufficient coverage) such that the feed
solution can flow laterally through the interlayers of the
membrane selective layer as well as the gaps between the block
copolymer and nanochannels.”**" To minimize the presence of
defects, a typical strategy is to deposit more layers or perform
post-treatment (e.g. chemical cross-linking) to seal the defects
and enhance the integrity of the selective layer. This will
increase the robustness and stability of the membranes for
filtration and also protect the nanochannels from the harsh
conditions under filtration. However, this is done at the
expense of membrane permeability because of the additional
resistance posed by the auxiliary layers.

The main drawback of the dialysis approach is its time
consuming nature (ie., it takes about 5-7 days to complete),
rendering the SBCM design unfeasible from an industrial scale-
up point of view. As an alternative to the dialysis method,
Tu et al. explored the feasibility of a rapid 2 h organic solvent
extraction method to optimize the packing density of protein
channels into the polymeric matrix, whereby the nanochannels
and block copolymers are mixed in a solvent mixture and
thereafter the solvents are evaporated to form ultrathin films
on a glass surface.®" The films are then rehydrated using buffer
solutions and deposited onto the support membrane to synthe-
size a membrane selective layer (Fig. 14e). This method has
shown preliminary success in fabricating SBCMs with tunable
pore sizes through the proper selection of nanochannels,
but its applicability for desalination applications remains to
be elucidated (because the nanochannels used cannot reject
monovalent salts).®" Therefore, future studies should explore
the feasibility of the solvent extraction approach to fabri-
cate SBCMs incorporating nanochannels that are of different
chemistries and pore sizes for various types of molecular
separation.

In short, the purpose of incorporating water nanochannels in
the form of SLBM or SBCM designs demonstrated the possibility
of fabricating next-generation membranes with enhanced per-
meability and narrower pore size distribution, of which the latter
can lead to higher membrane selectivity using nanochannels
with sub-nanometer sized pores. One important consideration is
the chemical compatibility between the nanochannel and lipid
bilayer/block copolymer matrix, because the latter determines
the channel insertion efficiency and defect formation propensity.
The presence of nanoscale defects and gaps in and between the
selective layers would likely remain a persistent challenge, which
necessitates methods to minimize interfacial defects such as the
use of compatibilizers that are commonly employed in gas
separation membranes.™*

3.3.3 Thin-film nanocomposite membranes. While the SLBM
and SBCM designs have shown promise in the development of

This journal is © The Royal Society of Chemistry 2022
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Fig. 14 (a) A schematic summary of the formation of BCMs incorporating block copolymers and water channels via the self-assembly process.
(b) A negative-stain TEM image of OmpF nanosheets prepared via the dialysis approach. Scale bar: 100 nm. (c) The formation of SBCMs via two steps:
(1) the self-assembly of water channels into polymer membrane sheets and (2) the deposition of the sheets onto a support membrane to form SBCMs
with designed pore sizes. (d) SEM images outlining the complete deposition of 2D nanosheets onto a support membrane after 3—4 cycles of LbL
deposition. Scale bar: 1 um. (e) A cross-sectional TEM image showcasing an OmpF nanosheet deposited onto a membrane substrate (the thickness is
~232 nm). (f) Schematic illustration of the layer-by-layer to form SBCMs incorporating membrane protein channels. (g) The rejection profile of a lamellar
membrane incorporating peptide-appended pillar[5]arene water channels, determined by a range of small molecular weight dyes. The control
membrane does not contain any water channels. (h) A comparison of the performance of membranes incorporating peptide-appended pillar[5]arene
water channels with commercial NF membranes in terms of the permeability and molecular weight cutoff. Panels (a) and (g) reproduced from ref. 218
with permission from American Chemical Society, copyright 2019. Panels (b), (e) and (f) reproduced from ref. 81 with permission from Springer Nature,
copyright 2020. Panels (c), (d) and (h) reproduced from ref. 109 with permission from Springer Nature, copyright 2018.

next-generation membranes, they are mostly tested under mild transport properties as well as for proof-of-concept. For water
and ideal lab-scale conditions to demonstrate the nanochannel desalination and purification purposes, the conditions are much
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harsher and thus three additional criteria need to be considered
for the membrane design: (1) mechanical robustness to endure
high pressures (up to 80 bar) and high velocity crossflow rates,
(2) ability to demonstrate scalable defect-free selective layers and
(3) ability to withstand biological and chemical degradation.'®**°
The TFC design is currently the gold standard for NF and RO
membranes, in which the polyamide selective layer is synthesized
via an IP reaction on the top of a porous support membrane.>*!222
IP is based on a Schotten-Baumann reaction mechanism that
capitalizes on the fast and irreversible reaction between an amine
and acyl chloride dissolved in aqueous and organic phases,
respectively, to produce a thin polyamide film as the selective
layer (150-300 nm).*> As an extension of the TFC design, the TFN
design is adopted for enhancing membrane performances, owing
to its relatively easy implementation and, most importantly, its
ability to fulfil the three aforementioned criteria. In this design, a
small amount of nanochannel is added into the polyamide matrix
to confer additional characteristics to the selective layer.
In general, there are three overarching methods to incorporate
nanochannels into the selective layer of TFN membranes:
(1) vesicle- or polymersome-based, (2) direct dispersion into IP
monomeric solutions and (3) coating of an interlayer prior to IP.

The first method is adopted when incorporating biological
channels (e.g. AQPs),***"**??* or unimolecular channels (e.g.
pillar{5]arenes),>* or when the channels are extremely small
(<5 nm) and thus unstable when standalone (i.e., this method
can preserve the structure and functionality of the nanochannels).
In this method, the nanochannels are first reconstituted into
amphiphilic liposomes or polymersomes, and the eventual
solutions are subsequently blended in the aqueous amine
phase. During IP, the reaction between the amine and acyl
chloride will encapsulate the channel-containing liposomes
or polymersomes into the membrane’s selective layer. This
approach has led to the development of membranes with
enhanced permeability (~10-50% increase) for a wide range
of applications, including NF, FO and brackish water RO
(BWRO) and SWRO (refer to Table 3 for details). The enhanced
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permeability (at a similar salt rejection) is postulated to arise
from the preferential water transport pathway through the
channel-containing liposomes (Fig. 15a), but no work has so
far provided direct evidence of water transport through these
nanochannels. The nanochannels are also rarely observed in
cross-sectional transmission electron microscopy (TEM) images
due to their small size (~3 nm). To date, only a recent study has
provided stronger confirmation of the presence of liposomes in
the TFN’s selective layer (Fig. 15b) using scanning transmis-
sion electron microscopy-energy dispersive X-ray spectroscopy
(STEM-EDX) characterization.>*

In the second approach, nanochannels are incorporated
directly into the polyamide selective layer as filler materials
without the use of any lipid vesicles (Fig. 15(c-g)). This method
has been used to incorporate a multitude of synthetic channels
such as carbon nanomaterials, COFs, cucurbit[6]urils, MOFs
and MXenes and zeolites (refer to Table 4 for specific examples).
Prior to the IP process, the nanochannels are sonicated to ensure
complete dispersion and/or exfoliation in the IP monomeric
solution (in either an aqueous or organic phase), which is a
prerequisite for achieving a homogeneous distribution of fillers
in the polyamide layer for minimizing defect formation.>” The
concentration is usually low (0.005-0.02 wt/v%) to minimize
material agglomeration, which can cause serious defect for-
mation in the selective layer.”****' The direct dispersion
method is also more straightforward when compared with the
vesicle method and has shown promising results both in
academia and in industrial settings. For example, some indus-
trial patents have reported the development of TFN seawater
desalination membranes (incorporating CNTs, GO, MOFs
or zeolites), showing positive enhancement in permeability
(~15-30%)."° More importantly, this approach has shown
success in enhancing permeability while achieving high salt
rejections (99.0-99.9%) even under harsh SWRO conditions
(feed salinity ~32000 ppm NaCl with an applied pressure of
55 bar). Some studies have provided imaging evidence of
nanochannels embedded in the polyamide layer using TEM

Table 3 Summary of recent studies on the fabrication of TFN membranes incorporating water nanochannels in the form of lipid vesicles (liposomes) or
polymersomes. The separation performances are reported in the form of water flux (J) and solute rejection for pressure-driven membranes (RO and NF).
For osmotically driven membranes (e.g. FO), the performance is reported in terms of J and the specific reverse solute flux, i.e., the ratio of salt reverse flux
(Js) to J. The testing conditions are reported in terms of the feed solution characteristics and applied pressure (AP)

Water channel Membrane application ~Separation performance: flux (L m > h™"); selectivity Testing conditions: feed (AP) Ref. (year)
Biological nanochannels

AQPs BWRO 39.4; 97.2% NaCl rejection 584 ppm NaCl (10 bar) 64 (2016)
AQPs BWRO 31.9; 93.5% NaCl rejection 500 ppm Nacl (5 bar) 223 (2020)
AQPs BWRO 17; 94.7% NacCl rejection 500 ppm NacCl (2 bar) 224 (2022)
AQPs SWRO 20; 99% NaCl rejection 32000 ppm Nacl (55 bar) 63 (2019)
AQPs SWRO 47; 99.5% salt rejection Real seawater (50 bar) 225 (2022)
AQPs FO (AL-FS) 49.1; JJ: 01 gL ! Draw solution: 1 M NacCl 226 (2017)
AQPs FO (AL-FS)’ 9.4; J/J: 0.16 g L™ Draw solution: 0.5 M NaCl 66 (2021)
Biomimetic nanochannels

(pR)-pillar[5]arenes BWRO 85; 98.2% NaCl rejection 2000 ppm NaCl (15.5 bar) 54 (2021)

“Some BWRO and NF experimental studies reported the permeability or pure water permeability (normalized flux per pressure) instead.
For standardization purposes, they were converted to (J) by multiplying with AP, assuming a relatively low osmotic pressure. ” FO operation can be
achieved in two orientations: the active layer (AL) facing the feed solution (FS) or draw solution (DS), i.e., AL-FS or AL-DS modes, respectively,
depending on the operational requirements. Readers are referred to the literature for discussions on this topic.”*”
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copyright 2021. (c) An illustrative comparison of the normal IP and vacuum-assisted IP, as well as the eventual location of the nanomaterials in the
polyamide selective layer. (d) High magnification SEM image of nanoparticles (denoted by the yellow arrows) embedded in the leaf and valley structure of
the polyamide layer (scale bar: 100 nm). Panels (c) and (d) reproduced from ref. 228 with permission from Elsevier, copyright 2020. (e) A schematic
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cross-sectional analysis (Fig. 15f and g), and the enhanced Besides enhancing the membrane permeability, some fillers
permeability is typically hypothesized to arise from the supple- such as CNTs, MOFs and MXenes have also demonstrated
mentary transport pathway through the nanochannel pores. success in decreasing fouling propensity, and enhancing boron
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Table4 Summary of recent studies on the fabrication of TFN membranes incorporating water nanochannels whereby the latter are dispersed into the IP
monomeric solutions. The brackets (AQ) and (O) denote that the additive is incorporated in the aqueous and organic phases of the IP monomeric
solutions, respectively. The separation performances are reported in the form of water flux (J), solute rejection or specific reverse solute flux depending

on the membrane application (refer to Table 3 for details)

Membrane Separation performance:

Water channel application flux (L m~> h™"); selectivity Testing conditions: feed (AP) Ref. (year)
Synthetic nanochannels

Carbon dots (AQ) NF 60; 96.4-99.0% Na,SO, rejection 2000 ppm salts (6 bar) 188 (2020)
CNTs (AQ) SWRO 29.2; 99.9% NaCl rejection 32,000 ppm Nacl (50 bar) 232 (2022)
COFs (AQ) FO (AL-FS) 31.5; Jo/J: 0.18 g L ! Draw solution: 1 M NaCl 228 (2020)
COFs (AQ) FO (AL-FS) 64.2; Jo/J: 0.1 g L Draw solution: 1 M NacCl 234 (2020)
Cucurbit[6]urils (AQ) BWRO 62.2; 98.8% NacCl rejection 2000 ppm Nacl (15.5 bar) 235 (2020)
Graphene quantum dots (AQ) NF 98.2; 97.4% Na,SO, rejection 1000 ppm salts (10 bar) 236 (2021)
MXenes (AQ) BWRO 40.5; 98.5% NaCl rejection 2000 ppm Nacl (16 bar) 231 (2020)
MXenes (AQ) NF 14.1; 97.6% Na,SO, rejection 2000 ppm salts (3 bar) 230 (2021)
MXenes (AQ) NF 83.6; 65.7% Na,SO, rejection 1000 ppm salts (4 bar) 237 (2022)
Zwitterionic MOFs (O) BWRO 40.2; 98.6% Na,SO, rejection 2000 ppm NacCl (15 bar) 233 (2021)
MOFs (AQ) NF 94; 97.4% Na,SO, rejection 1000 ppm salts (10 bar) 229 (2020)
MOFs (0) SWRO 38; 98.8% NacCl rejection 32000 ppm Nacl (50 bar) 238 (2021)
MOFs (0) SWRO 61.3; 99.3% NaCl rejection 32000 ppm Nacl (55 bar) 239 (2019)

selectivity and chlorine resistance, all of which are crucial traits
needed for RO membranes.'%?2:232:233

For some synthetic nanochannels like MXenes or CNTs,
nanomaterials can be created as an interlayer between the
support and polyamide layer (Fig. 16a and b). For this third
approach, the nanochannels are first deposited on the support
membrane (typically in the form of nanosheets) prior to the IP
process.”>"**° It is typically used to incorporate biomimetic and
synthetic nanochannels such as I-quartets, CNTs (Fig. 16c and
16d), COFs, GO, MOFs, MoS, and MXenes for NF, RO and FO
membranes (refer to Table 5 for specific examples). Vacuum
filtration is the most common method used thus far to deposit
nanochannels onto support membranes, but a major drawback
is that the vacuum filtration unit often limits the scalability of
this method of IP with the membrane size typically found to be
<20 cm?>.>*! In short, vacuum filtration is a viable approach for
the proof-of-concept of uniform nanochannel deposition, but,
from an industrial perspective, it lacks the scalable potential to
initiate large-area TFN membrane fabrication.

In the past five years, newer approaches for channel deposi-
tion have emerged, such as brush-coating, spray-coating and
inkjet printing (Fig. 16c).***** Overall, as compared to the
second approach, of which the channels are blended in the IP
solutions, the third approach of creating an interlayer has
two major advantages: (1) the ability to achieve a uniform
distribution of nanochannels and (2) the ability to achieve high
channel loadings without any severe aggregation of nano-
channels. Overall, empirical evidence suggests that the inter-
layer method can indeed enhance permselectivity with the
strong potential of overcoming the upper-bound limit of TFC
membranes (Fig. 16e and f).**° Also, instead of functioning as
water nanochannels, it is worth highlighting that some nano-
materials are embedded as sacrificial layers prior to IP, with the
end goal of modulating the IP reaction for altering the nano-
scale morphology of the eventual polyamide layer.>** In this
case, the nanomaterial is removed after the IP process via
dissolution in water (Fig. 16d).

4570 | Chem. Soc. Rev., 2022, 51, 4537-4582

In the TFN membrane design, the polyamide layer acts as
the primary selective layer responsible for salt rejection and
protects the nanochannels from direct exposure to chemical
and physical degrading elements (Fig. 16g). Hence, defect
formation and stability issues can be minimized if the nano-
channels are fully sandwiched in the polyamide layer without
any protrusions (Fig. 16h), which is the reason why TFN
membranes are suitable for desalination applications. How-
ever, it must be highlighted that the TFN design cannot lead to
ground-breaking performance enhancement because the over-
all membrane permeability is still dictated by the dense poly-
amide matrix, and that there is a limit on the amount of
nanochannels that can be encapsulated in the polyamide layer
to ensure that the latter is defect-free.'® In a bid to elucidate the
potential of the membranes for practical desalination operation,
recent studies have examined the stability of these nanochannel-
embedded membranes to typical cleaning agents such as acids,
bases, solvents and chlorinated oxidants. The nanochannels
studied include AQPs,°*?°®?>” CNTs,>*® COFs,2*%%%° GQ*¢0262
and MOFs.”® For example, a study outlined the stability of AQP-
based RO membranes by subjecting them to 5 cycles of chemical
cleaning and it was shown that the water flux and salt rejection
of the biomimetic membrane remained fairly consistent
throughout the long-term test (duration of 100 days).**

Also, empirical evidence suggests that some nanochannels
can also take part in the IP reaction and alter the free volume,
cross-linking degree and height of the selective layer, thereby
indirectly affecting the membrane permeability.?®* Our key
message here is that the permeability enhancement of TFN
membranes might not be solely attributed to the water transport
across nanochannels (that is the ideal scenario), because the
nanochannel itself might have affected the physicochemical and
structural properties of the polyamide selective layer formed.
We recommend that future studies examine in greater detail
the interplay between IP and nanochannels’ chemistry to eluci-
date other possibilities for permeability enhancement. Lastly,
although TFN membranes incorporating channel-containing

This journal is © The Royal Society of Chemistry 2022
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Fig. 16 (a) A schematic illustration of a MXene interlayered membrane using the brush-coating methodology to deposit MXene sheets prior to IP. Reproduced
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printing methodology. Reproduced from ref. 243 with permission from Elsevier, copyright 2021. (d) The evolution process outlining the fabrication of a
nanomaterial-induced crumpled polyamide selective layer. Reproduced from ref. 245 with permission from Springer Nature, copyright 2018. (e) A comparison
of the water flux and selectivity of TFN membranes with interlayers (TFNi) with commercial and other TFN FO membranes in AL-DS mode, with the red arrow
outlining better performance. Panels (b) and (e) reproduced from ref. 241 with permission from American Chemical Society, copyright 2021. (f) A comparison of
the permeability and selectivity of an optimized biomimetic membrane with respect to control the TFC membrane and commercial SWRO membrane. The
black solid curve denotes the upper bound curve of TFC membranes. (g) Left: An example of the inability of membranes to regain their original permeability
values after being subjected to high pressure compaction tests in SWRO, right: biomimetic desalination membrane performances when subjected to various
chemical and physical tests (testing conditions: AP = 65 bar and 35000 ppm NaCl as feed solution). (h) Screenshot of the biomimetic membrane tomography
at a fixed angle in which the polyamide layer and I-quartet channels are marked in green and purple, respectively. Scale bar: 200 nm. Panels (f)—(h) reproduced
from ref. 246 with permission from Springer Nature, copyright 2020.
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Table 5 Summary of recent studies on the fabrication of TFN membranes incorporating water nanochannels whereby the latter are pre-deposited onto
the membrane prior to IP. The separation performances are reported in the form of water flux (J), solute rejection or specific reverse solute flux
depending on the membrane application (refer to Table 3 for details)

Channel deposition =~ Membrane Separation performance: Testing conditions:
Water channel method application  flux (L m~> h™"); selectivity feed (AP) Ref. (year)
Biomimetic nanochannels
I-quartets Pouring BWRO 35; 97.5-99.3% observed rejection  Real tap water (6 bar) 247 (2021)
I-quartets Pouring BWRO 59.7; 99.5% observed rejection 5844 ppm NaCl (15.5 bar) 22 (2021)
I-quartets Pouring SWRO 75; 99.5% NaCl rejection 35000 ppm NacCl (65 bar) 246 (2020)
Synthetic nanochannels
CNTs Inkjet printing NF 72.8; 97.9% Na,SO, rejection 1000 ppm salts (4 bar) 243 (2021)
CNTs and MOFs Vacuum filtration NF 214; >95% Na,SO, rejection 1000 ppm Na,SO, (4 bar) 245 (2018)
COFs Immersion NF 43.3; 96.6% Na,SO, rejection 2000 ppm salts (5 bar) 248 (2021)
COFs Coating BWRO 25.2; 99.2% NaCl rejection 2000 ppm NacCl (15 bar) 249 (2020)
GO Immersion NF 158; 99.7% Na,SO, rejection 2000 ppm Na,SO, (10 bar) 250 (2021)
GO and CNTs Vacuum filtration FO (AL-DS)  26.7; J,/J: 0.14 g L ™" Draw solution: 0.5-1.5 M NaCl 251 (2018)
MXenes Brush-coating FO (AL-DS)  31.8; J,/J: 0.27 g L™* Draw solution: 2 M NaCl 242 (2020)
MXenes Brush-coating NF 111.2; 99.9% Na,SO, rejection 1000 ppm salts (4 bar) 252 (2021)
MXenes and CNTs  Vacuum filtration FO (AL-DS)  63.9; J,/J: 0.21 g L™" Draw solution: 1 M NacCl 241 (2021)
MOFs Spray-coating SWRO 40; 99.2% Nacl rejection 32,000 ppm NacCl (50 bar) 253 (2020)
MOFs Immersion NF 48; 91% SO,>~ rejection 500 ppm salts (5 bar) 254 (2021)
MoS, Vacuum filtration NF 120; 98.8% Na,S0, rejection 10 mM salts (8 bar) 255 (2021)

vesicles have shown success in fabricating membranes with
better permselectivity, we would like to point out that the
insertion efficiency (that is, the actual amount of channels
reconstituted into the vesicle divided by the theoretical insertion
number) of channels as well as the alignment in the polyamide
layer are crucial factors that still cannot be precisely controlled.

4. Challenges and future perspectives:
the way forward

4.1 Biological, biomimetic versus synthetic channels for
next-generation membranes

In this section, we seek to discuss the strengths and weaknesses
of the three overarching types of nanochannels using seven
criteria, which are shortlisted via a comparison of their structural

Biological

processability

cost tunability cost
performance versatility performance
scalability stability scalability
high

Biomimetic

processability

characteristics, synthesis, easy functionalization (see Table 2
for some representative examples) and the fabrication methods
that support specific nanochannels. Namely, the seven criteria
are processability, tunability, versatility, stability, scalability,
performance and cost, which are further explained in the caption
to Fig. 17. At present, only a few biomimetic or synthetic channels
have the ability to attain the high water permeability observed in
biological channel AQPs.” However, the major downside of bio-
logical channels is their low structural stability, as well as the need
to use detergent during the self-assembly process, which makes
it difficult to realize on a large industrial scale. The purity of
membrane proteins is another issue that has yet to be considered.
From a membrane fabrication point of view, there is also the
fundamental challenge of limited protein insertion into lipid
bilayers or block copolymer matrices, which in turn results in
inconsistent or lower than expected performance enhancement.

Synthetic

processability

tunability cost tunability
versatility performance versatility
stability scalability stability

low

Fig. 17 A comparison of the strengths and weaknesses of the three overarching types of water nanochannels presented in the form of a spider diagram.
The criteria for comparison are as follows. (1) Processability, which refers to the ease of being processed during synthesis (e.g. duration of synthesis, as
well as the chemicals and energy needed).?®® (2) Tunability, which refers to the ability to be adjusted or adapted for target applications. (3) Versatility,
which is manifested by the channels’ adaptability and use in different membrane designs. (4) Stability, which refers to the chemical and mechanical
steadiness of the channel itself as well as within the membrane matrix in the long-term.2% (5) Scalability, which refers to the ability to be scaled up for
practical use (e.g. mass production). (6) Performance, which refers to the channel performance (e.g. water permeability) as well as the eventual
nanochannel-enabled membrane separation properties (water flux and selectivity). (7) Production costs.
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On the other hand, the major advantages of biomimetic and
synthetic channels are their higher processability and tun-
ability as evidenced by their richer chemistries, which allow
them to attune to a wider choice of solvent systems and an array
of chemical functionalizations. High versatility is demonstrated
in the ability of the nanochannels to adopt other membrane
designs such as nanolaminated and freestanding membranes,
apart from the more practical TFN design, which has the widest
applicability to almost all nanochannels reviewed thus far.'
In particular, we would like to emphasize 2D materials and
their versatility to take on different membrane designs as
already highlighted in Fig. 11(a). The 2D materials, owing to
their high-aspect-ratios and lateral dimensions, are well-suited
to form nanochannels with a strong continuity required for
defect-free film formation. Furthermore, as nanosheets of 2D
materials restack together, the interlayer spacings between
nanosheets are also well-defined and tunable down to &ngstrom-
scale precision. For these reasons, 2D materials can be processed
into nearly every design used by membranes for desalination
and water purification and thus are deemed to have the greatest
versatility.

Next, lowering the barrier for implementing a particular
nanochannel-enabled membrane design is directly tied to its
scalability potential. We have to stress that the TFN design
again has the highest scaled-up potential as the fabrication
process is conceptually similar to the already mature IP tech-
nology. In this regard, biological channels are not as ready to be
scaled-up for real-world application, owing to the yet-to-be-
resolved channel/polymer incompatibility that leads to the
formation of a detrimental non-ideal interfacial morphology.
On this note, the rich chemistry of synthetic channels can
enable a multitude of functionalizations to optimize compati-
bility with the polyamide matrix of the selective layer, thereby
minimizing defect formation. For the TFN design, this is
crucial because a small amount of defects can drastically
increase and enlarge the solute passage, which subsequently
compromise the membrane selectivity.>'®*®” In addition,
some synthetic nanochannels exhibit inherent properties that
increase the anti-fouling properties of nanochannel-enabled
membranes by altering the chemistry of the membrane surface
to weaken membrane-foulant interactions (discussed in Sec-
tion 4.3). Thus far, one example of nanochannel-embedded
membranes that have been commercialized is Aquaporin
Inside® membrane products.?®® However, the mainstream RO
membranes are still dominated by the TFC membranes man-
ufactured by mature key players such as DuPont FilmTec (USA),
Hydranautics (USA) and Toray Industries (Japan).'®

With respect to stability and cost, synthetic nanochannels
have a slight edge over the biological and biomimetic counter-
parts, considering that CNTs and a bulk of graphene-based
materials are chemically inert as driven by the sp® hybridized
carbon atoms that form strongly conjugated systems. Hence,
nanochannels of carbon nanomaterials are mostly stable under
acidic and alkaline conditions.>®® And, owing to their good
mechanical properties,””° these channels have higher capacity to
maintain mechanical stability under the high transmembrane
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pressures required for the RO and NF processes. Also, carbon
nanomaterials have a stronger presence in today’s commercial
market.®> As such, in terms of cost, they show more competitive
advantages over other nanochannels as discussed in this review.

4.2 Rational design of water nanochannels down to the
molecular level

For the sole purpose of desalination, where drinking water is
the expected final outcome, near absolute solute rejection is
more often than not unnecessary as remineralization at down-
stream would be needed to produce drinking water and it is not
cost-effective — and certainly does not make sense - for saline
water to undergo expensive water treatment only to be reminer-
alized again. Recently, there has been a new thrust in develop-
ing selective membranes with the capacity to carry out single
solute rejection from saline water.>”*"2”® The rationale is to
realize high discrimination between different solutes such
that membranes can selectively separate undesired solutes,
while allowing essential solutes to pass through, so as to avoid
generating a huge osmotic gradient across membranes. In this
way, membrane separation can occur at lower transmembrane
pressures and can be carried out more sustainably. From the
perspective of water nanochannels, there is certainly huge
potential for compelling nanochannels to contribute towards
this demand for solute-solute (or ion-ion) selectivity. To do
S0, it is essential to first understand the mechanism of solute
or ion transport through the nanochannels. According to the
transition state theory, a solute will need to pass through a
series of barriers at the pore entrance and within the channel
pore during the transportation process.>’*>”> As illustrated in
Fig. 18a, when an ion enters the channel pore that is smaller
than its hydrated ion, the hydrated shell needs to be removed
or rearranged.”’® This phenomenon, known as the dehydra-
tion of ions, will impose the first energy barrier to the
permeation of the solute, which will in turn control the ion
selectivity of the water nanochannel. This means that we must
acquire the technical acumen to precisely control the pore size
of nanochannels such that the pores are tunable to be larger
than the dehydrated ion size, while being smaller than the
hydrated ion size to induce dehydration for the solute of
interest.

As the ion transverses across the nanochannel, different
forms of interactions such as frictional and viscous forces will
further present the second energy barrier to the permeation of
solute (Fig. 18b).>”” It is worth noting that these interactions are
not only applicable to ions, because uncharged permeating
species might exert van der Waals interaction with the nano-
channel interior that is polarizable.>”® Hence, techniques that
allow localized engineering of nanochannels will then enable
us to exploit the difference in energy barriers for achieving
specific ion-ion selectivity. For instance, decorating the opening
of the nanochannel will create a gating effect, which will increase
the energy barrier for the entry of undesired ions (likewise, we
can also decrease the energy barrier of the desired ion).>”**%°
In this sense, the rich chemistry and wide morphological struc-
ture that are intrinsic to synthetic nanochannels can offer lots of
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Fig. 18 Schematic illustrations of (a) pore entry barrier effects of water and ions in a water nanochannel and (b) pore diffusion mechanisms inside the

water nanochannel.

opportunities to induce solute-solute selectivity. Recently, some
researchers have outlined the possibility of tuning the physical
dimensions (e.g. interlayer spacing in GO membranes as well as
the diameter of CNTPs),>"'>?¥1282 and the internal chemistry
of nanochannels by manipulating synthesis conditions.”*%*
Leveraging atomic layer deposition (ALD) of tiny precursors
(e.g- MoS, and metal oxides) to engineer and regulate the pore
interior of nanochannels is one good example that has achieved
preliminary success in the fields of chemical sensing, catalysis
and biomolecule fractionation.*** % Adopting coordination
chemistry to bind specific species in a host-guest complex is
another example where engineering the internal of sub-
nanometre channels could be initiated to induce facilitated
transport of specific solutes.”*”>°° We reckon these techniques
can be exploited for membrane separation.

With this understanding, we now examine in greater detail
how nanochannels can fit into the current landscape of devel-
oping solute-selective membranes. The main challenges in
incorporating nanochannels with solute-solute selectivity
are mostly similar to those already discussed in Section 3.3.
However, owing to the fact that solute-selective nanochannels
perform under dngstrém-scale precision,'®*°"?°* designs such
as TFN membranes with inherent chemical heterogeneity and
surface roughness on the microscale are unlikely of practical
use.”” It is possible that the angstrém-level effect brought
about by the nanochannels be made infinitesimal against the
microscale morphology of the polyamide selective layer. In this
regard, membranes that exhibit atomic level tunability and
homogeneously smooth surfaces such as those of freestanding
and/or nanolaminated membranes (as discussed in Sections
3.3.1 and 3.3.2) have stronger potential for harnessing solute-
selective nanochannels. Furthermore, there is currently a
lack of understanding of solute-solute selectivity in synthetic
membranes from both molecular level and spatial and tem-
poral resolution level standpoints. This calls for stronger
emphasis on molecular simulations to gain mechanistic under-
standing of the effectiveness of nanochannels on solute trans-
port in polymer matrices. Only when knowledge gaps like these
are closed can we put ourselves in a better position to design
more compelling nanochannel-enabled membranes that
can make desalination and water reuse more competitive and
sustainable.

4574 | Chem. Soc. Rev,, 2022, 51, 4537-4582

4.3 Balancing material innovation and membrane
engineering

In this sub-section, our intention is to draw the critical link
between nanochannel-enabled membranes and process design.
From a big picture perspective, we examine the impact and
actual significance of the benefits which nanochannel-enabled
membranes can bring about from a system level. First and
foremost, it is crucial to understand the uniqueness of mem-
branes used for water separation. Currently, state-of-the-art
TFC membranes (for NF/RO) are plagued by two major Achilles
heels: permeability-selectivity tradeoff and membrane
fouling.’®*** For RO-based membranes, insufficient boron
rejection and chlorine resistance further necessitate the devel-
opment of nanochannel-enabled membranes to overcome
these limitations. While achieving high water permeability
may not seem as critical as before, membranes incorporating
water nanochannels should aim to address the permeability-
selectivity tradeoff by focusing on improving selectivity, espe-
cially at the far end spectrum of high permeability, to mellow
the slope of the current upper-bound limit in TFC membrane
performances. In particular, nanochannel-enabled membranes
that show promise of outperforming TFC membranes should
be scaled beyond lab-scale studies for more accurate evaluation
of the potential and to identify possible translational chal-
lenges for early intervention during the membrane design
stage. Otherwise, the ability of these membranes to outperform
TFC “gold standard” membranes remains elusive.”"’

Suppose that nanochannel-enabled membranes can indeed
outperform TFC membranes in terms of separation perfor-
mance; it is also crucial to review what they can and cannot
achieve in terms of reforming desalination technologies. For
RO membrane desalination, some modelling studies have
argued that the water permeability achievable by current mem-
branes is sufficiently high because the energy consumption is
already within the limits imposed by the system’s thermody-
namics and mass transfer. According to RO system-level mod-
elling studies, the upper limits for the water permeability of
spiral-wound SWRO and BWRO membranes currently stand at
~3 and 8-12 L m > h™* bar™ ", respectively (at a salt rejection
>99.0% for SWRO).>*>*°® The incentive for increasing the
water permeability above these upper limits, assuming similar
selectivity, would be a reduction in the required membrane
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surface area, which potentially entails lowering the footprint of
the membrane unit and downsizing the system to supply the
same throughput. In this way, the energy consumption can be
decreased, but further efforts have to be carried out, including
process optimization as well as techno-economic review to
evaluate the cost advantages offered by nanochannel-enabled
membranes.

Another crucial point to consider when designing nano-
channel-enabled membranes with high water permeability is
the flux-driven nature of membrane fouling - meaning that the
membranes are more prone to fouling as the water permeability
increases. Technically, fouling is inevitable in all membrane
processes.>”2%% Despite the high intrinsic water permeability
coefficients exhibited by nanochannel-enabled membranes, the
initial high water flux will not stay constant throughout opera-
tion but decreases quickly once membrane fouling comes into
effect. This will nullify the as-promised high water permeability
advantage of nanochannel-enabled membranes, rendering
little difference between their final water flux and that of TFC
membranes. Hence, to unlock the potential of nanochannel-
enabled membranes, we argue that it is necessary to accentuate
the anti-fouling properties of nanochannel-enabled membranes
as we continue along the quest for improved water permeability
in separation membranes. Interestingly, among the nano-
channels discussed thus far, only synthetic channels, such as
carbon nanotubes, graphene-based materials, and MOFs,
have demonstrated anti-fouling properties when incorporated
onto membrane surfaces.®>'®” And fortunately, for RO and NF
processes, flux-driven fouling is not as severe as that of micro-
filtration (MF) and UF, owing to the relatively lower flux
exhibited by the two processes. Hence, we should see more
future efforts put in place for fouling studies on nanochannel-
enabled membranes, especially for newer nanochannels such
as POCs and MXenes.

Beyond maximizing permeability and selectivity as well as
mitigating the flux-driven fouling phenomenon, nanochannels
that can enhance boron rejection and chlorine resistance are
also needed for RO processes.>*° To date, some channels such
as GO, MOFs and CNTs have shown the capability to achieve
this because of their tighter pore constrictions as well as the
ability to restrain the conformational change in the structure of
the membrane selective layer upon attack by chlorine.'®?3%299:3%
However, it remains unknown if other nanochannels are simi-
larly effective and/or chemically stable towards real operating
conditions used in desalination. On this note, many of the TFN
membranes (see Tables 3-5) that have shown promise for
seawater desalination were evaluated under lab-scale conditions.
It is therefore necessary to subject nanochannel-enabled mem-
branes to real seawater feed and operating conditions to better
understand the stability of the nanochannels when exposed to
foulants and chlorine as well as evaluate their long-term separa-
tion performances when compressed under high transmem-
brane pressures, especially for softer biological and biomimetic
channels.

Lastly, to see successful translation of nanochannel-enable
membranes and put them into real practice, we need to address
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issues with scalability and module fabrication. Among the five
membrane designs discussed in Section 3.3, only the TFN
design has the versatility to accommodate different types of
nanochannels (see Fig. 11a). Furthermore, TFN appears at this
point to be the most scalable design as IP is a mature techno-
logy that has been widely used in commercial production
of TFC membranes. Hence, modifying the recipe to fit into
current IP practice to produce TFN membranes seems to be
most technically viable from the industrial perspective.
At present, spiral-wound modules that house flat-sheet TFC
membranes for RO and NF processes are also well-suited for
TFN membranes. However, to better leverage the &ngstrom-
scale precision of nanochannels for water-solute and the
impending solute-solute selectivity, TFN may not always be
the best design, for reasons already discussed in Section 4.2.
For that, we contend that there is a need to develop more
scalable fabrication methods to close the technological gap for
large-scale production of other membrane designs such as
those of nanolaminated membranes. And, relooking at module
designs that are optimized for such nanolaminated membranes
will then be crucial in realizing the real-world applicability of
nanochannel-enabled membranes.

5. Concluding remarks

The coming of age of water nanochannels is definitely here for
sure. Over the past two decades, we have already seen more
than 20 different types of water nanochannels being explored
for desalination and water separation membranes. And we
foresee this trend will be here to stay with more nanochannels
to come in the future. In this review, we have looked at an
array of nanochannels that include aquaporins, pillar[5]arenes,
I-quartets, different types of nanotubes and their porins,
graphene-based materials, metal- and covalent-organic frame-
works, porous organic cages, MoS,, and MXenes, categorizing
them into three overarching types: biological, biomimetic and
synthetic. Their physicochemical, structural and intrinsic trans-
port properties, fabrication methods to incorporate nano-
channels and separation mechanisms governing water-solute
transport through these nanochannels are being put into
perspective. Five mainstream membrane designs - where nano-
channels are best applied - including freestanding membranes,
supported membranes such as multilayered/nanolaminated,
lipid bilayered and block copolymer membranes and thin-
film nanocomposite membranes - are also discussed, together
with current strategies adopted to unlock the full potential of
each type of nanochannel. As promised, nanochannels indeed
demonstrate a strong capacity to enhance the performances of
water separation membranes. Despite different studies utiliz-
ing different evaluation criteria and conditions, it is clear that,
in general, biological channels tend to give the best perfor-
mance, while synthetic channels are more tunable and versa-
tile, owing to their rich chemistries and structural diversities
that can embrace a wider variety of chemical modifications
and membrane designs. Also, albeit the distinct advantages,
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the challenges facing each type of nanochannel are ubiquitous,
which mostly involve fouling, long-term stability and longevity
and membrane engineering issues such as module design
optimization. Hence, we provide our perspective to help navi-
gate these challenges and highlight future directions where we
feel will make the most significant contributions. Looking
forward, we believe that research on water nanochannels will
slowly move beyond water-solute selectivity to solute-solute
selectivity as new demands call for desalination and water
purification to shift towards a more sustainable model.
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