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Highlights:

e Biomimetic and biomimetic membranes (BBMs) are separation membranes containing biological functional
molecules or bioinspired functional elements that can mimic the structure and special function of biological
molecules.

e BBMs can be used to develop sub-nanometer pore size membranes with uniform pore size distribution.

e BBMs are by their very nature monodisperse, and they can achieve ideal size-based separation properties with
a sharp solute rejection curve.

e Membrane protein channels, artificial water channels, and carbon nanotubes can be considered functional
elements of BBMs.

e Prospective applications of BBMs include antibiotic separations, organic acid separations, gas separations,
homogeneous catalyst recovery, organic solvent nanofiltration, food processing, protective and breathable
fabrics, and ion/ion separations.
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Abstract

Biomimetic and bioinspired membranes (BBMs) have garnered significant attention as innovative platforms for
membrane-based separations and purification. These membranes typically consist of highly permeable biological
or bioinspired pore structures or channels with well-defined pore geometries. The pore structures are embedded in
a relatively impermeable synthetic membrane matrix, and the overall membrane demonstrates high performance,
functionality, and selectivity originating primarily from the pore properties. The channels utilized have well-
controlled and uniform inner pore diameters, leading to a completely uniform pore size distribution, in direct
contrast to the wide pore size distribution common in current commercial membranes. Biomimetic membranes thus
have the potential to target specific separations that require precise selectivity, particularly in the challenging sub-
nanometer to nanometer size ranges. So far, the discussion around BBMs has largely focused on water purification.
However, these membranes could provide significant benefits in other potential applications, such as antibiotic
separations, homogeneous catalyst retention, organic acid separations, gas separations, organic solvent
nanofiltration, and food processing. This review first illustrates the importance of monodisperse pore size
distribution to selectivity in nm-scale separations, and then discusses potential applications of BBM membranes.
Provided that defect-free biomimetic membranes compatible with the environments used in these applications can
be engineered, these membranes may provide a path to move beyond the permeability-selectivity tradeoff that limits
the separation properties of current synthetic membranes.



Introduction

Biomimetic and bioinspired membranes (BBMs) are separation membranes that contain biological or bioinspired
molecules and aim to provide enhanced transport rates combined with the exquisite specificity typical of
biologically mediated separations [1]. The functional components of such membranes include biological membrane
proteins (MPs) [2, 3], artificial water channels (AWCs) [4-6] and carbon nanotubes (CNTs) [7]. Metal-organic
frameworks (MOFs) may also be considered an example of bioinspired channels. BBMs with well-defined porous
components have been developed with a view to enhancing membrane permeability and separation efficiency
critical to many challenging separations and industrial applications [1, 8, 9]. A distinct feature of biomimetic
membranes is the “division of labor” between the functional components (transport channels) and the matrix
components of the membrane [10]. This contrasts with current polymeric membrane systems where the same
materials provide both the matrix and the transport element (pores or voids).

In an ideal BBM system, the functional channel has a well-defined pore geometry. BBM channels are uniform in
size, and they possess specific functionality that can be designed to exclude or transport specific components
efficiently from complicated mixtures, owing to molecular size sieving effects [11] and specific pore-solute
chemical interactions [12]. Channel mediated biomimetic membranes and molecular scale designed porous
materials have emerged as strong candidates for membrane-based purifications and separations [8, 13]. The pore
size distribution, pore density, apertures and dimensions of porous membranes are key factors that determine
membrane performance and function for anticipated applications [14-16]. With the emergence of channel mediated
membranes, the influence and significance of pore size distribution on small molecule rejection and challenging
size-based separations for sub-nanometer porous membranes is important to emphasize. A simple modeling
exercise reveals the importance of pore size distribution, particularly uniform pore size distribution on selectivity
in nanometer scale pores (see Figure 1a, Supporting Information), this idea is supported by several other studies
(Figure 1b-d). Further, with new synthetic strategies, and well-controlled pore dispersity in the membranes, we
should be able to design separation membranes geared towards specific applications and succeed in some
challenging separations [17] (Figure 1).

In this review, we investigate the theoretical rejection properties and trends of porous nanofiltration (NF)
membranes using previously published models [18]. We also propose added benefits and potential applications of
monodisperse biomimetic membranes based on existing theoretical studies of NF membranes [18-20]. We then
review the current types of biological channels, bioinspired channels, and porous materials for biomimetic and
bioinspired membrane development. We then evaluate prospective applications in homogeneous catalysis,
pharmaceutical separations, gas separations, food processing, and industrial chemistry where membranes with
uniformity of sub-nanometer pore size distribution may have marked advantages in the future. For example, the
superior selectivity of a monodisperse membrane would benefit a number of potential applications, such as the
retention of expensive or toxic homogeneous metal catalysts in chemical and pharmaceutical synthesis [21, 22], or
the recovery of low concentrations of small helium atoms in natural gas streams composed primarily of larger
methane molecules [23, 24]. These are discussed in more detail in the following sections.

The potential challenges to fabricating membranes and conducting separations are also reviewed as most channel-
mediated membranes (especially biomimetic membranes) are designed to operate at ambient temperatures in
aqueous solutions. Hence, the harsh conditions, such as high temperature, corrosive solvents, and extreme pH
values, involved in certain applications would prevent the use of these channel types in some circumstances [25].
Nevertheless, size-based membrane separations can be carried out with significantly greater thermodynamic
efficiency than can competing separation methods, such as distillation [21, 26-28], and in some cases could avoid
the use of extreme temperature that denature the components in product streams [21]. Consequently, the design and
control of such monodisperse separation membranes would allow significant energy and material savings, making
it an intriguing possibility for scientists and engineers working on a variety of applications.
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Fig. 1 The significance of pore size distribution in nanofiltration membranes. (a) Calculated solute rejection of membranes
with different pore size distributions (based on a Donnan Steric Pore Model for NF membranes, see SI for details). As the pore
size distribution of the membrane widens (a/1,, increases), the rejection of solutes decreases and leads to a less effective
separation of large solutes from small solutes. /1, = 0 here represents a membrane with uniform pore size where there is
perfect rejection of solutes with sizes larger than the pore size (a/r,, = 1). The 6/r,, value of conventional commercial
membranes with widely dispersed pore size distribution is in the range of 0.14 to 1.59 (Table S1). The fixed parameters used
for this calculation are r,,, (mean pore size) = 0.5 nm, Ap (pressure difference across membrane) =3 MPa, T, (temperature) =
293 °K, 119 (dynamic viscosity of water) = 1 cP. (b) A sharp separation performance of a 4PAP5-inserted lamellar membrane
[10], Copyright 2019 American Chemical Society. (¢) A sharp and precise cut-off at 0.45 nm with 8 nm thick highly laminated
graphene oxide (HLGO) membranes [29], Copyright 2017 Nature Publishing Group. (d) A sharper separation curve is achieved
by a polyamide membrane with tighter pore size distribution fabricated by surfactant assembly regulated interfacial
polymerization (SARIP) compared to conventional interfacial polymerization (IP) method [30], Copyright 2020 Nature
Publishing Group.

Types of BBMs

The common types of BBMs, based on their incorporated channel types, are summarized in Table 1, shown in Fig.
2, and discussed in more detail in the following sections. In brief, the biological or bioinspired channels include (1)
membrane protein (MP) channels, (2) self-assembled and single-molecule artificial water channels (AWCs) as well
as (3) carbon nanotubes (CNTs). For comparison to other approaches currently used to tailor and mediate the pore
aperture of membranes in the nanometer to sub-nm scale, metal-organic framework (MOF)-based membranes and
carbon molecular sieves (CMS) are described, along with their proposed applications in gas separations, energy
storage and catalysis.



Table 1
Properties of BBMs and comparable approaches allowing size-selective separation of sub-nanometer-sized molecules

Channel/ . . L. .
Pore Diameter Requirements to maintain stability
Porous Element Type
Membrane proteins (MPs) > 0.3 nm (monodisperse pores) [1] Amphiphilic and anisotropic environment [31]

Artificial water channels
(AWCs) (PAH[4], PAP[5],
Imidazole I-quartets, dendritic
dipeptides, foldamers, others)

Hydrogen bonding in the solvent but not in the

0.26-1.45 nm (monodisperse pores) [4] membrane matrix for self-assembled channels [5]

0.4-100 nm (standard deviation

Carbon nanotubes (CNTs) typically < 1 nm) [32]

Chemical, thermal and solvent stability [33, 34]

[non-BBM model porous materials (for comparison)]

Metal-organic frameworks Chemical, thermal and mechanical stability [36],

<20 nm (monodisperse pores) [35]

(MOFs) less stable in water [37]
Carbon molecular sieve (CMS) <20 nm (polydisperse pores) [38] Chemically and thermally stable, but brittle
a b d
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Fig. 2. Biological molecules and artificial water channels with precise sub-nanometer sizes. (a) Aquaporin Z, a biological
membrane protein water channel (PDB: 1RC2). (b) A synthetic helical pore self-assembled by dendritic dipeptides. Copyright
2007 American Chemical Society; (¢) A synthetic water channel self-assembled from imidazole I-quartets. Copyright 2013
American Chemical Society; (d) A peptide-appended hybrid[4]arene (PAH[4]) water channel. Copyright 2019 Nature
Publishing Group; (e) A unimolecular carbon nanotube ion/water channel with sub-nanometer inner diameter. Copyright 2017
American Chemical Society.

Membrane protein channel — embedded biomimetic membranes

Membrane proteins (MPs) exist in nearly all cell membranes and conduct essential processes for cell viability
including: (1) water and nutrient transport, as well as small molecule separations [39]; (2) ion transport across cell
membranes, used to maintain transmembrane ion concentration difference [40]; and (3) biomolecular and signal
sensing for intercellular communication [41, 42]. Based on their structures and functions in the cell membrane, MPs
involved in transport properties can mainly be classified as MP channels, electrochemical potential-driven
transporters, primary active transporters, group translocators, or transmembrane electron carriers [43]. Among these
different types of MPs, MP channels have commonly been reconstituted into biomimetic separation membranes,
owing to their simplicity of function (passive bidirectional transport) and specific molecular recognition and
transport [44-46]. The molecular transport rate through MP channels, which is usually an energy-independent
passive diffusion down a concentration gradient, is an order of magnitude (or more) faster than transport through
other types of MPs [1]. In general, the functions of MP channels relevant to membrane applications include water



permeation, ion transport/separation (e.g. K, Na’, CI, and H" channels), and size-selective small molecule
transport, as well as protein and DNA transport [43, 47].

With the features of rapid water permeability, high specificity and small molecule selectivity, MP channels have
thus emerged as a promising platform for the development of biomimetic membranes in several applications, such
as sensors [48], dialysis and water treatment [49]. The incorporation of functional MP channels into polymeric
membranes can narrow pore size distribution, improve solute selectivity, and enhance membrane permeability (Fig.
3). However, the compatibility between protein channels and polymeric or biomimetic matrix is not well-
established, resulting in large defects, low channel insertion, and productivity [13]. Aquaporins (AQPs) are well-
studied tetrameric MP channels and have been proposed to have ideal internal pore geometry for selective and
highly permeable water channels used for desalination [45, 50, 51]. The high ion selectivity (>10° water over
monovalent ion selectivity), and fast water transport (>10° water molecules per second per unit osmolar gradient)
[8, 52] of classical aquaporins has become a standard to aspire towards for desalination membranes (Figure 3a, I)
[53, 54]. Among classical aquaporins, the Rhodobacter sphaeroides aquaporin (RsAqpZ) has the highest single
channel permeability, 4.29 x 10713 ¢m? s or 1.43 x 101° H,O s, note that the water permeability Prvalue is
updated by the correction factor presented by Hannesschliger et al. [55, 56]. Additionally, a recent study has
proposed novel designs for outer membrane protein F (OmpF) mutants with precise angstrom-scale pore sizes in
the range of 3-10 A to achieve specific solute selectivity and high osmotic water permeabilities, which could be
applied to development of membranes that separate molecules by size in the challenging sub-nm to nm ranges
(Figure 3a, II) [2]. Several recent successes have been reported with AQP-reconstituted reverse osmosis (RO)
membranes [44, 45], but their overall performance still falls short of AQP-containing biological membranes due to
impermeable matrix selection (Figure 3a, III), insufficient protein content in membrane matrices and the use of
vesicular structures of proteo-liposomes (Figure 3b, IV) [57]. Additionally, high performance MP-based
membranes are currently considered challenging for scalable fabrication due to several shortcomings, including the
use of detergent for protein purification and vesicle assembly, limited protein insertion into polymer matrices
(Figure 3¢, VII) or lipid bilayers (Figure 3c, VIII) [58], and low structural stability with regard to fabrication [59].
Although interfacial polymerization method is a well-established process to create a thin selective layer scalable to
the industrial scale, insertion efficiency and alignment are still difficult to control and optimize. Lipid bilayers match
the length of embedded MP channels and maintain their functionality; however, they are not stable in the absence
of an aqueous environment and are prone to rapid degradation (within hours) by oxidation. Recent work
demonstrated protein channels integration into polymer matrices forming two-dimensional (2D) crystal or
nanosheets in a 2-hour organic solvent extraction method, which may offer potential for developing MP-based
membranes in industrial practice (Figure 3b, V). The formation of 2D protein crystals also indicate an optimized
packing density of MP into membrane matrix, which is ~ 2 orders of magnitude higher than that in proteoliposomes.
Further, this study described methods that could be generalized to fabricate MP-copolymer membranes with protein
channels of different pore sizes or chemical morphologies for conducting targeted molecular separations [3]. The
co-assembly of MP or synthetic channels and BAB triblock copolymers to form a lamellar structure is another
insertion strategy, which forms a thin selective layer containing aligned channels in a single step. This could be
considered as a robust and scalable alternative to lipid bilayers (Figure 3b, VI) [10]. A chemically cross-linkable
and thin nanosheet layer could confer higher stability and mechanical properties for filtration (Figure 3¢, IX). A
chemically cross-linkable and thin nanosheet layer could confer higher stability and mechanical properties for
filtration (Figure 3c, IX). Nevertheless, nanoscopic gaps and defects between layers are a current challenge for MP
membranes made with such a strategy. Further exploration may need to be invested in synthesizing sealing materials
or developing robust defect-filling fabrication processes. The size of membranes demonstrated with this strategy is
limited to ~ 41 cm? [3]. The appropriate membrane module designs for practical applications to withstand harsh
conditions in industry would need to be further investigated [60].

Procedures to further develop MP-based biomimetic membranes could include MP channel redesign for higher
solvent resistance and thermal stability, which would enable broader application of MP-based membranes and AQP-

integrated RO membranes. Durable and robust membrane fabrication may be required to extend applications for
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long-term process with tangential flow, substantial concentration polarization and corrosive conditions [60]. In
addition, strategies to preserve the protein structure, functionality, and transport properties under dehydrated
conditions could extend applications of MP-based membranes to create breathable but protective fabrics for
biological and chemical agent barriers. A further exploration on the biocompatible and flexible membrane matrix
could be an added benefit for applying the fabrics for medical protections and barriers. These MP-based biomimetic
membranes may even allow the expansion of MP-based applications to include biochemical separations, gas/vapor
separations and homogenous catalysis retention, as discussed in later sections.
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Fig. 3. Summary of current strategies for BBM fabrication. (a) Protein channel and matrix selection/redesign: I. Select
biological protein channel: the Escherichia coli aquaporin-Z (AqpZ, PDB: 1RC2), Outer membrane protein F (OmpF, PDB:
20MF), and alpha-hemolysin (aHL, PDB: 7AHL) are examples; II. Tailored angstrom-scale pore sizes in the range of 3-10 A
and hydrophobicity by the addition of hydrophobic amino acids to the inner pore of OmpF channels [2], Copyright 2018 Nature
Publishing Group; I11, Biomimetic membrane matrix: native phospholipids, block copolymers (BCPs) mimic the amphiphilic
amphipathic properties of phospholipids [61]. (b) Insertion strategies: IV. vesicles containing channel proteins; V. Two
dimensional (2D) nanosheets or crystals embedded with MPs or AWCs within BCP matrices [3, 62]. VI. Co-assembly of
MPs/Artificial channels and polymeric matrices into a lamellar structure [10], Copyright 2019 American Chemical Society. (c)
Membrane fabrication: VII. Incorporate proteo-liposomes into a thin selective layer using interfacial polymerization (IP)
method [54]; VIII. Form a bilayer structure through the rupture of proteo-liposomes on a porous substrate; IX. Fabrication of
a robust selective layer via crosslinked layer-by-layer structure [3].

Artificial channels—inserted biomimetic membranes

Artificial water channels (AWCs) are transmembrane synthetic molecules designed to mimic the function of
biological MP channels, such as AQPs [4, 50, 63]. AWCs are expected to possess transport mechanisms with high
water transport and efficient molecular separations while providing structural stability, mechanical strength, flexible
functional modification and reduced fabrication costs [64, 65]. There are two primary types of AWCs: self-
assembled channels and unimolecular transmembrane channels [66]. A third type has recently emerged where single
channels work cooperatively, resulting in self-assembled channel networks that have enhanced transport compared
to the individual channels [67]. Self-assembled synthetic water channels are organized based on the intermolecular
interactions between organic building blocks. Self-assembled channels include dendritic dipeptides that self-
assemble through n-m stacking interactions to form channels [68], as well as imidazole-quartet channels that are
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stabilized by inner water-wires with a reported inner pore diameter of 2.6 A [69], triazole channels [35], and hexa(m-
phenylene ethynylene) channels [36]. Peptide-appended pillar[5]arenes (PAP[5]) are unimolecular transmembrane
channels with ~4.7 A diameter pores. Each PAP[5] contains a pillar[5]arene backbone that forms the pore and
tripeptide chains that stabilize the channel structure through the interactions of hydrogen bonds between the chains
[62]. Aquafoldamer channels are helically folded unimolecular structures formed via hydrogen-bonded aromatic
amide foldamers with an internal cavity of ~2.8 A [63, 70]. Cluster-forming peptide-appended hybrid[4]arene
(PAH[4]) with the pore size of ~3 A demonstrated rapid water permeation (>10° water molecules per second per
channel) and water/NaCl selective transport properties, which is comparable to biological elements [67].

Synthetic AWCs are generally considered more favorable for large-scale development of channel-mediated
membranes than biological channels, owing to the AWCs’ chemical, mechanical and structural stability, as well as
their potential for simple functional modifications [62, 71]. A few recent attempts have been made to incorporate
AWCs into polymeric membranes. PAP[5]-BCP membranes were fabricated using layer-by-layer depositions of
2D crystals with high packing density [62]. In another approach, lamellar multilayered membranes were created
with co-assembly of BAB triblock copolymers and PAP[5] or gramicidin A which required short preparation times
(Figure 3b, VI) [10]. Most recently, the IP method was used for incorporation of I-quartet AWCs in Polyamide
(PA) membranes - this approach could be scaled for meter-sized and industrially relevant membrane areas [72].
Nevertheless, the designed performance of single AWCs was well leveraged in this demonstration after being
embedded into interfacially polymerized polymeric membranes. Membrane fabrication with high insertion
efficiency, vertical alignment, and optimized packing density compatible with impermeable matrices the preserve
the high permeability and selectivity of individual channels may need to be further explored.

There have been several efforts and success with trying to mimic biological ion channels by using pore-containing
macromolecules (Table 2). These artificial ion channels demonstrate the versatile features and robust structures.
However, membrane development around these channels have been limited [9, 73-76]. Selective separations
including rare earth elements (REE) separations and lithium ion separation could be greatly enhanced if specific
ion channel mimics are developed and incorporated into membranes [65, 77-79].

Table 2. Biological/ biomimetic ion channels and ion selectivity

Ion channels Ion selectivity Reference
KcsA K*/Na* = 10* [47]
M2 proton channel Proton/monovalent cations = 10° [80]
Pyridine/oxadiazole-based helical foldamer ion channels K/Na"=16.3 [73]
Heptapeptide ion transporters CI/K*> 10 [81]
Porphyrin-based covalent organic cage I'/CI' > 60 [82]
Liquid-crystalline lithium-selective receptors Li"/Na®=10.35 [83]
Helical macromolecule channels K*/Cl-=5.7 [84]
Helical Oligomers K*/Na*=22.5 [85]

Carbon nanotube membranes

Carbon nanotubes (CNTSs) are size-selective channels that consist of rolled up sheets of monolayer carbon atoms.
CNTs can remain stable in a variety of chemical environments, including aqueous and organic solvents, as well as
at high process temperatures [86, 87]. CNTs are stable under a wide range of temperatures (up to 1,600 °C for
single-walled nanotubes and even higher for multi-walled nanotubes [88, 89]), a significant advantage for broad
applications in industrial processes [34]. CNTs have been synthesized with a series of different pore sizes, diameters
from about 0.4-100 nm [90], and 1.5-4 nm with uniform distributions (standard deviation typically < 1 nm), which



could be useful in targeting specific small molecule separations [91]. Most small CNTs (0.8 nm diameter) have
uniform pore diameters and have shown higher water permeability than do biological water transporters and wider
CNT pores [7]. CNT channel-based membrane with sub-5 nm pores have also been applied to create protective
fabrics while allowing high water vapor transport rates [92].

In addition to allowing precise size-selectivity, CNTs possess charge selective transport in solutions with a high
dielectric constant, such as aqueous solutions. The terminal carboxyl groups of the CNT can be replaced with
various molecules (such as alkane chains, dye molecules, and peptides) to promote charge-selective rejection of
certain solutes, leading to charge-selective as well as size-selective transport [87, 93]. If one ion from a divalent
salt is rejected in this way, the counterion will also be rejected due to the requirement of charge neutrality, so that
these nanotubes can have higher salt rejection than would be predicted based solely on their diameters [93]. Finally,
CNTs have a hydrophobic interior surface, making it thermodynamically unfavorable for water to exist near the
nanotube walls [94]. This allows CNTs of diameter < 0.8 nm to reject ions by preventing them from entering with
an intact hydration shell [94]. Although commercial access to CNTs is less problematic than MPs, and membrane
fabrication using IP, surface spray coating, or phase inversion to immobilize CNT into polymer matrix are now
established, their large-scale application has been hampered by difficulties with controllable loading and dispersion
of CNTs in membranes, translation of desired performance observed at the small scale to the entire large membrane
area, and membrane fabrication with vertically aligned CNTs (VACNT) [32, 95]. A recent study demonstrated
fabrication of 1.7 nm single-walled carbon nanotubes (SWCNTSs) using chemical vapor deposition (CVD) on a
silicon wafer. A 60 cm?> SWCNTs/parylene membrane demonstrates negatively charged dye rejection and water
permeability >200 LMH bar! exceeding commercial nanofiltration membranes of similar pore sizes [96]. In
addition, commercial CNTs comprising membranes with CNTs of 0.67 to 1.27 nm diameter in a nonporous
polysulfone film (20.3 cm by 27.9 cm) demonstrated pure water permeability of ~5 liter m 2 h™! bar™! (LMH/bar),
which is 3 orders of magnitude higher than the predicted Hagen-Poiseuille flow. These membranes also manifested
NaCl and MgSOs rejection (> 10 %) at high ionic strengths (> 30 mM), as well as dye solute rejection. In addition,
the membranes demonstrated gas selectivity (analyte/He selectivity), providing further potential evidence of
dominant surface diffusion transport along the wall of sub-nanometer CNT pores. These results indicate the
potential for applying CNT membranes to both aqueous and gas separations in centimeter-scale purifications [97].

Metal-organic framework composite membranes

MOFs are composed of metal ions or metal clusters that are connected by organic linkers through metal-ligand
coordination bonds [98, 99]. The arrangements of linkers and functional groups could be combined in different
topologies to create a number of tailorable, functional and unique MOFs as solid sorbents, heterogeneous catalysts
and molecular sieving materials [100]. MOFs appear as innovative porous materials in several proposed
applications, such as gas adsorption, gas storage, water purification, energy storage, sensors [101], heterogeneous
catalysis, metal ion separations and drug delivery [102-106]. Additionally, high porosity, tunable pore size, high
surface areas, large pore volumes, and high concentrations of active sites make them an appealing class of materials
for potential applications [98]. MOFs have been studied extensively for chemical sensing, catalysis, preferential
adsorption and removal of hazardous molecules such as SO,, NOyx, CO, and CO; from flue gas, as well as for
degradation of chemical warfare agents (CWAs), including sarin, soman and sulfur mustard [98, 107, 108]. Due to
the molecular sieving effect of MOFs, they have been synthesized as selective layers on top of a porous support
(such as polyethersulfone, polyimide or polydimethylsiloxane) and formed as mixed-matrix membranes (MMMs)
for NF, liquid separations, and solvent resistant nanofiltration (SRNF) [109, 110]. In addition, biocompatible MOFs
have recently emerged in biomedical and nanomedical applications, owing to features such as high capacity for
active ingredients and decreased in vivo toxicity, which could be utilized to capture toxins and deliver drugs [111,
112]. Bioinspired design of MOFs could also be applied in the development of biomimetic enzymes and catalysts
to enhance their robustness and to detect biomolecules [113]. MOFs were used successfully as the precursor or as
the template for the synthesis of porous carbon materials with a tunable surface area (> 800 m? g'!) and a controllable
pore-size distribution that exhibited promising capacitive performance [114]. Hence, the development of two-



dimensional MOF nanosheet-based membranes could also provide efficient separation and high selectivity
properties, owing to their molecular-unit thickness, large surface area and low transfer barrier [115-117]. In
particular, highly oriented and ordered MOF film fabrication may contribute to applications that require highly
specific separations [118, 119].

Carbon molecular sieve membranes

Carbon molecular sieves (CMSs) are a special class of nano-porous activated carbons with tailorable transport
properties for gas, vapor, and aqueous separations [120]. CMSs arise from the controlled pyrolysis of polymeric
precursors under controlled pressure and a specific temperature-mediated procedure. During heat treatment,
heteroatoms (essentially oxygen and hydrogen) from the polymeric bonds are progressively removed and produce
carbon skeletons with amorphous and porous structures that consist of disordered graphene layers. The pore
geometries of carbon depend on the morphology of the organic precursor and the chemistry of pyrolysis [121].
The porous structures derived from adjacent graphene sheets form a network of inter-connected pores: relatively
wide openings with narrow constrictions, responsible for the molecular sieving effect [121]. The constrictions
contribute to molecular selectivity on CMS membranes, while the cavities increase the membrane adsorption
capacity and enhance permeabilities through the membranes. A significant feature of CMS is that the pore network
can be tailored or adjusted by employing different pre- or post-heat treatments, tuning the permeation properties of
the membrane in order to suit a given application [122]. CMS transport properties depend on a slit-shaped pore
structure constructed by a distribution of larger (0.7 to 2 nm) micropores connected by smaller (< 0.7 nm) ultra-
micropore windows. While bimodal ultra-micropore—micropore distributions provide large sorption capacity and
diffusion selectivity, the non-uniform pore size distribution of CMS membranes may constraint the separation
performance of CMS in similar molecules [123].

Other porous material-embedded membranes with tunable porosity

Macrocycles are molecular structures that contains cyclic frameworks of at least twelve atoms including
pillar[n]arene [124], crown ethers [125], calix[n]arenes [126], cyclodextrins [127], and cucurbit[n]urils [128]
molecules (Table S2). These cyclic molecules possess nanoscale hollow cavity structure for ion transport, ion
absorption [129], molecular separation [130], and drug delivery [131]. The porosity and pore size distribution of
membranes can be tailored by the addition of the nanoporous materials or macrocycles with defined cavities. Few
attempts are made recently by incorporating macrocycles into polymeric membranes for enhanced filtration and
solute selectivity. For instance, a composite membrane was developed by a layered structure of polymerized f-
cyclodextrin (3-CD) using interfacial polymerization for organic solvent nanofiltration and shape selectivity owing
to the cavity of B-CD [43]. In addition, membrane filtration performance and chlorine resistance are improved by
the intrinsic properties of f-CD and compatibility of graphene quantum dots (GQDs) [132]. Another example is a
lithium selective channel-like structure self-assembled by liquid-crystalline (LC) with crown ether derivatives,
which demonstrates ion selectivity Li*/Na®= 10.35 due to a strong interaction between Li" and crown ether [83].
However, the alignment, packing and general insertion strategies of these macrocycles into membrane matrices and
transport mechanism of resulting membranes are still limited and need to be further investigated.

Prospective applications for nm to sub nm pore size membranes with uniform pore size distributions

The following sub-sections describe anticipated applications of mono-disperse, nanometer-scale BBMs to refine or
improve current technologies. As the development of bioinspired and biomimetic materials continues, we will be
able to tailor the nanometer-pore geometries and assemble these porous components into membranes with enhanced
performance [3]. BBMs with well-defined porous components and uniformity of pore size distribution will usher
membranes into a new era, intensifying membrane productivity and achieving precise selectivity, both of which are
challenges for current widely dispersed and uncontrolled porous membranes. Several potential applications will
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benefit from the exquisite selectivity of these BBMs, such as recovery of antibiotics, catalysts, and biomass
components, which will be discussed along with organic acid purification and gas separations.

Antibiotic separations

Antibiotics, secondary metabolites produced by microorganisms, have been widely used to treat bacterial infections
since the discovery of penicillin by Alexander Fleming in 1929. Antibiotics are one of the most commercially
important bioproducts: their market size reached 39.8 billion USD in 2015 and is expected to reach 57.0 billion
USD in 2024 [133]. Various production techniques can be applied to industrial antibiotic production, including
fermentation [ 134], semi-synthetic methods [135], and synthetic routes [136]. We propose that filtration membranes
with monodisperse nanometer scale pores could be used to enhance the process efficiency and economics of
downstream processing of antibiotics. We illustrate this by taking industrial penicillin fermentation as an example.
The typical process includes fermentation, biomass removal, solvent extraction, and antibiotic crystallization [137].
During the solvent extraction step, antibiotics are selectively extracted into the organic phase (commonly n-butyl
acetate) [137]. However, one main challenge in the solvent extraction process is the formation of stable emulsions,
caused by the fermentation byproducts (such as polysaccharides and proteins) that are not completely removed
during the biomass removal step; these emulsions reduce the effectiveness of penicillin extraction into the organic
phase [137-140]. A previous study showed improvements in the organic extraction yield because smaller amounts
of the emulsion are produced when the fermentation media is filtered using ultrafiltration membranes with a tight
(5 kDa) molecular weight cutoff [138]. Hence, we expect that filtration using membranes with a monodisperse, sub-
nanometer pore size could remove byproducts while allowing the passage of antibiotics (typically 100 —1,000 Da,
or physical dimensions between 0.6 — 1.2 nm, see Table 3 for a detailed list) into the permeate, reducing emulsion
formation in the organic extraction process and improving the antibiotic yield. In subsequent steps, antibiotics could
be concentrated and separated using smaller pore size biomimetic membranes.

Table 3. Molecular estimations of common antibiotics for separations and recovery (300-1,000 Da)

Antibiotics MW (Da) Molecular Size (nm)* Molecular Structures
Sulfonamides 127 0.66
Ciprofloxacin 331 0.91

Penicillin G 334 0.92

Linezolid 337 0.92
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Ampicillin

Nafcillin

Cephalosporins

Aztreonam

Doxycycline

Tetracycline

Tobramycin

Gentamicin

349

415

415

435

444

444

468

478

12

0.93

0.98

0.98

1.00

1.01

1.01

1.02

1.03




Kanamycin 485 1.04

Amikacin 586 1.10
Neomycin 615 1.12
Rifampin 823 1.24

* Assume the antibiotic has a sphere shape to estimate the molecular size in diameter, D = 0.132 MW /3 (nm). MW:
Molecular weight in Dalton (Da) [141].

Organic acid separations

Organic acids, such as acetic, gluconic, amino and lactic acid, are widely used as food additives due to their low
toxicity [142]. For instance, gluconic acid can be applied to improve beverage clarity [143], and lactic acid can be
used as a pH control agent [144, 145]. These acids are also being proposed as bio-based building blocks for other
industrially relevant chemicals [146, 147]. Organic acids can be produced commercially by several methods,
including chemical oxidization, electrolytic oxidation, or fermentation [142]. Because the chemical oxidation
process entails steps that are toxic to the environment, and because the electrolytic oxidation process is costly,
fermentation processes are most widely used [142]. After organic acids are produced via fermentation, downstream
processes such as isolation, purification, evaporation, and crystallization are needed to purify products. For the
organic acid separation process, membrane separations can improve product purity [148-150]. Membranes with a
monodisperse sub-nanometer pore size can be applied in two ways. High-molecular-weight organic acids can be
concentrated using these membranes, while for low-molecular-weight organic acids, these membranes can be used
to separate the acids from larger molecules present in the fermentation broth [149]. However, membrane design
will need to account for the effects of fouling, concentration polarization and other practical challenges, such as
compatibility of membranes with the operating conditions (high temperature, extreme pressures, aggressive organic
solvents, and high concentrations of acid/base) [142, 151].
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Based on their purity, lactic acids and amino acids are useful ingredients in food, pharmaceutical, and biological
products [152]. Recovery, desalination and purification of amino acids and lactic acids can be accomplished using
NF in a simple, economical process compared to chromatography, distillation and extraction [153]. It is an essential
separation process to achieve monomer grade lactic acid enriched permeate and amino acid enriched retentate from
the fermentation broth [154]. In addition, recovery and recycling of unconverted sugars from the fermentation broth
could improve the economics of the overall process [153, 155]. Current NF membranes cannot efficiently achieve
this separation due to the influence of the ionic compounds of sodium lactate/glucose on glucose retention [156].
Hence, recovery cannot proceed in a single stage owing to the challenging selectivity of the similarly sized
glucose/lactate separation [152]. These inefficient and currently unachievable separations are likely a result of the
poor selectivity resulting from the wide pore distribution of current NF membranes and the presence of charged
species on the membranes. The similar molecular weight of undesired products and that of valuable components
make separation impossible with current NF membranes or in a single stage. A uniform pore sized membrane would
be a strong candidate to improve and facilitate the separation and recovery of sugar, lactic acid and amino acids.

Gas separations

The area of gas separations has been widely acknowledged as a potential beneficiary from improved membrane
technology. Most gas separations are currently performed using energy-intensive processes such as distillation,
although pressure-swing absorption is also used in some cases [102, 157, 158]. However, the design of sufficiently
permeable and selective polymeric membranes has led to membrane processes for some separations, particularly in
applications such as offshore natural gas production, in which space is at a premium [158]. In such polymeric
membranes, the selectivity depends on both the diffusion coefficient (higher for small molecules) and the sorption
coefficient (usually higher for more condensable molecules) for each gas in the mixture, with an increase in either
resulting in greater permeation of that given component [102]. However, one major challenge is that membrane
quality standards for successful gas separations are much stricter compared to other applications in terms of pore
(free void) size distributions and defect-free intact selective layers. This problem arises from the fact that many of
the critical target gas pairs to be separated have very narrow kinetic diameter gaps with respect to each other (Table
4) and, therefore, failure to achieve high quality membranes can lead to detrimental selectivity loses, particularly if
only diffusion based (size dependent) separations are desired and/or possible. For example, diffusion coefficients
for CH4 vary over an order of magnitude in membrane pores in which diameters change by only one or two
angstroms (3.5-5 A) around the kinetic diameter of CH4(3.75 A). This example illustrates the fundamental design
principle of synthesizing membranes with uniform pores, the diameters of which fall in between the two kinetic
diameters of gas pairs. This separation mechanism is well described by molecular sieving at sub-nanometer scales
(Fig. 4). Concurrently, it implies that any nanoscopic pinholes over macroscopic membrane surface areas can be
critical defects hindering successful gas separations. Presently, most practical gas separation membranes have
adopted relatively thick (sub-micron) selective layers to avoid these issues, but this accommodation results in
compromised membrane productivity.
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Fig. 4. Methane (CH,) diffusion coefficient change in zeolite and ceramic membranes of characterized pore diameters.
Order of magnitude change occurs over a small size range due to the molecular sieving effect [159]. Copyright 1996 Elsevier
Ltd.

The two characteristic features of BBMs, unitary pore shapes and self-assembly, provide great avenues for rational
solutions to above mentioned challenges of size-based separations. First, recent progress in biomimetic channel
research have demonstrated achieving designed pore shapes within the size range spanning ~3 A to ~1 nm even
with sub-angstrom scale accuracy [2]. Also, established organic chemistry confers tunability of pore apertures to
biomimetic artificial channels, especially in the kinetic diameter ranges of impactful gas pairs to be separated (Table
4 and Table S2). Secondly, and importantly, self-assembly properties used for biomimetic membrane assembly in
some case exhibits molecular self-repair properties that could be highly advantageous. Just beyond biomimetic
membranes, uniform pore structures appear in a number of porous materials such as zeolites, zeolitic-imidazolate
frameworks (ZIFs) or metal-organic frameworks (MOFs), and they have been adopted in the quest for effective gas
separation membranes. These materials have shown substantial progress during the last few decades but still face
challenges with defect-sealing and integration into MMMs [119]. For biomimetic membranes, self-repair driven
by molecular self-assembly have been shown to be effective even at molecularly single layered membranes. For
example, lipid-like amphiphilic peptoids exhibit lateral growth to form 2D membranes on the mica substrates, and
in situ atomic force microscopy (AFM) images have revealed their self-repairing properties after mechanical defects
were induced over the membranes (Fig. 5). Overall, these molecularly thin, self-repairable, and precisely sized-pore
properties make biomimetic and bioinspired membranes a promising platform to explore for gas separation
membranes while maximizing membrane productivity.

Fig. 5. Formation of self-assembled biomimetic peptoid membranes and their self-repairing properties. /n situ AFM
images of (a-c) heterogeneous lateral growth and formation of macroscopic peptoid membranes on mica substrate and (d-f)
self-repairing peptoid membrane surface after mechanical scratches were induced on the surface [160]. Copyright 2016 Nature
Publishing Group.
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Gas separations are often conducted under conditions that could be considered challenging for polymeric
membranes and thus BBMs as well. The required temperature for a separation depends on the component volatilities
and required pressure: all species must remain in the vapor phase at the required pressure [157, 158], and the
temperatures used tend to range from ambient to 250 °C. In addition to the required temperature stability, the
membranes used for such separations would benefit from a narrow pore size distribution: differences in the kinetic
diameters for species to be separated range from about 0.1 Angstroms (e.g. N2 vs CHs) [161] to 2.7 Angstroms (e.g.
He vs CHy) [23, 161], as shown in Table 4. Many such separations take place during natural gas processing, in
which methane must be separated from contaminants such as CO,, N, He, and light alkanes (C3+) [24, 158].
Organic vapor separations currently carried out by distillation (at a high energy cost), such as n-
hexane/dimethylbutane [162] and p-xylene/o,m-xylene [163], are another promising application. Air separations
(O2/N,) are another potential area of application for membrane processes, and polymeric membranes have been
proposed for this purpose [157]. However, the proposed polymeric membranes are sufficiently selective and would
benefit more from improved permeability than improved selectivity [157]
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Table 4. Typical operating conditions for gas separations*

Kinetic Temperature  Pressure
Gases diameters [A] °C] [bar] Current Technology

CO,/CH4 [102, 158] 3.3/3.75 50 40 Amine absorption, Polymer membranes

N»/Cs+ hydrocarbons [102] 3.65/> 4 <25 <27 Polymer membranes
Polymer membranes, Cryogenic

N»/O, [157, 164] 3.65/3.46 25 0.1-10 fractionation, Pressure-swing adsorption
(PSA)

Ethylene/ethane [161, 165, Distillation, Carbon molecular sieve,

166] 4.2/4.4 25-50 1-6 MOF, and polymer membranes (proposed)

COYN, [102, 167] 33/3.65 25.50 01-10 Amine Absorption, Polymer membranes
(proposed)

CO»/H,[102, 168-170] 3.3/2.89 -20-300 <21 PSA, polymer membranes (proposed)

N-butane/isobutene [171] 4.3/4.9 25-320 <1 ZIF membranes (proposed)

N»/CH4 [24, 158, 172] 3.65/3.75 -10-20 14-70 Distillation, polymer membranes, PSA

E-6h26 xla ;1 le ]/dlmethylbutane 4.3/6.2 25-200 <1 Silicate and zeolite membranes (proposed)

p-xylene/o,m-xylene [163] 5.9/6.8 30-100 1 ZIF membranes (proposed)

He/CH4[23] 1/3.75 25 70-100  Distillation, PSA

He/N, [23] 1/3.65 25 70-100  Distillation, PSA

*Temperatures and pressures are given for a membrane process (current or proposed).
Homogeneous catalyst retention and recovery

Numerous reactions in bulk chemical, fine chemical, specialty chemical, and pharmaceutical synthesis require a
catalyst, which can be either heterogeneous (e.g., a metal nanoparticle) or homogenous (e.g., an ion complex in
solution) [21, 22]. Homogeneous catalysts are more advantageous because all catalytic sites are accessible to the
dissolved reactants, and their selectivity is more tunable [21]. The recycling of homogeneous catalysts from reaction
mixtures has been known to increase catalytic productivity. However, the lack of a method to separate or retain the
catalyst from the product stream results in loss of catalyst. Quite often the catalysts used are expensive and contain
rare metals, so it is important to recover them.

Typical methods for catalyst/product separations used in industry (such as distillation) are not recommended, since
most homogenous catalysts are thermally sensitive and decompose at temperatures below 150 °C [21]. As a result,
several methods are being studied and are beginning to be applied commercially. These are heterogenization,
scavenging, biphasic solvents, and organic solvent nanofiltration [22]. Organic solvent nanofiltration (OSN) using
membranes provides a relatively simple and low-energy method for catalyst recovery, although designing a highly
selective membrane that can separate product from catalyst remains a challenge due to their similar size and to
membrane incompatibility with the reaction conditions [173]. Membranes with precisely defined pore sizes and
solvent-resistance could significantly improve OSN as a method for catalyst retention. The required size selectivity
and operating conditions for such membranes are shown in Table 5.
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Table S. Separation conditions and molecule properties for homogeneous catalyst separations.

Temperature p Product/ Catalyst EPStiI(Illat:/d
Reaction P TESSUre  golvent  Molecular weight rocuc Catalyst
[°C] [bar] D Catalyst
[Da] Radii [A]*
Styrene/iodobenzene Heck
coupling [129] 60-160 30 THF 180/224 4/6 Pd(OAc),(PPhs),
Hvdroformlation of oct1 70-90 25-50 s¢CO,™ CoACOW
ydroformylation of oct-1- - 02 8
Water/ 144/665 4/8
ene [130] (120-180) 040y ~ (vater PhoP(CH,CH;0),Me
Decane)
lodobenzene/methyl
acrylate Heck coupling 80-110 8-30 DMF 162/224 4/6 [PA(OAc):]./ dppp
[131]
Dimethy! itaconate 35 10 Methanol 145/929 4/9" Rh-EtDUPHOS
hydrogenation [132]
Methyl-2-
acetamidoacrylate 22-37 2-10 Methanol 160/723 4/8™" Ru-BINAP
hydrogenation [132]
Ring-closing metathesis of o Hoveyda-Grubbs
N-tosyldiallylamine [133] 33 4 Toluene 224/626 Y8 Catalyst® M72 (C627)

*Diameters are approximated using the assumption that all molecules are solid spheres, as has been done to estimate protein
sizes [141].

**Supercritical carbon dioxide.

***For these species, density was unknown, so a density of 0.9 g/mL was used for small organic molecules and 1.8 g/mL for
organometallic catalysts based on average values for the molecules with known density.

Organic solvent nanofiltration

Organic solvent nanofiltration (OSN) has emerged as a significant separation process for purification of liquid
organic solvents from valuable products. OSN has application potential in many fields, such as the fine-chemical,
pharmaceutical, and biochemical industries [174]. OSN is an economic and ecological alternative to thermal
separations. The separation performance of these membranes is governed by factors such as the sieving effect and
Donnan effects, as well as affinity effects [175]. However, current OSN membranes do not have the molecular
specificity with uniform pore distributions to efficiently separate molecules of similar size. In addition, OSN
membranes would need to remain stable and selective under challenging conditions. These conditions may include
being chemically compatible with metallic catalysts (antimony, beryllium, and platinum group metals), solvents
(supercritical CO», ionic liquids, and fluorous liquids), and the reactants and products (typically organic molecules),
as well as remaining stable at elevated temperatures (40-120 °C [22]). The extreme process conditions rule out the
options of using MPs or AWCs with structures dependent on hydrogen bonding. Temperature and solvent stable
artificial channels would require precise pore sizes and would provide a significant improvement in OSN for
catalysts. Membrane embedded with macrocycle molecules create a potential to improve solvent transport, shape
selectivity and organic micropollutant removal [176, 177]. For example, the microporoisty of membrane was
controlled by the polymerized B-cyclodextrin (B-CD), resulting in enhanced methanol transport (9.4 LMH/bar) and
cylindrical/spherical molecule separation [127]. Nevertheless, in downstream chemical processes, selective removal
of high-value alkyl-aromatics and chemical isomers is challenging and is required for precise molecular selectivity
of membrane separation or absorption.
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OSN is also gaining popularity in the vegetable oil refining process to remove hydratable phospholipids. Crude
vegetable oils contain various minor substances such as phospholipids, coloring pigments, and fatty acids.
Conventional methods of oil extraction and refining require large quantities of solvent that are undesirable due to
their toxic chemical components and high energy consumption, as well as to the cost involved in recovery processes
[175]. The molecular weight of triglycerides and phospholipids are roughly in the vicinity of 800 Da and 900 Da,
which makes it difficult for them to be separated by a membrane [178]. The vegetable oil refining process involves
degumming to remove the phospholipids. Traditionally, during oil processing, phospholipids form micelles in a
non-aqueous environment, which micelles contain 10-30% of crude oil and 70-90% of hexane. Hence,
phospholipids can be separated from triacylglycerol in the micelle stage by using appropriate membranes [179,
180]. Nevertheless, energy cost reductions and waste disposal are major concerns for oil refining processes,
necessitating alternative methods that improve conventional processes [179]. We propose that monodisperse pore
sized membranes would contribute to an efficient separation of valuable products and simplify the oil refining
process without forming micelles to separate triglycerides, phospholipids and other minor undesired chemicals.

Nanofiltration in food processing

The use of NF in food processing industries has evolved from a novel approach into a reliable and economical
separation system [181]. The majority of NF development started in the food, juice, dairy and milk processing
industries, especially for whey protein valorization [182-184]. This is due mainly to its intermediate molecular
weight cut off (200-1,000 Da), between that of UF and RO. The lower operating pressures compared to reverse
osmosis and the unique selectivity of the membranes render NF a less energy-intensive and more eco-friendly option
for downstream separations. NF has been applied by integration with other membrane processes throughout the
milk and dairy processing steps: cheese making, whey protein concentration, fractionation of protein hydrolysates,
waste stream purification, and effluent reclamation [181]. NF is widely viewed as an alternative to electrodialysis
(ED) in food processing. The use of NF instead of ED has the advantage of simultaneous recovery, concentration
and demineralization of whey products, in addition to lower operating costs and more permselectivity towards the
undesirable monovalent salts (K", Cl" or Na*) [185]. However, current NF membranes exhibit a high permeability
for monovalent salts such as NaCl, KCI but have a very low permeability for organic compounds such as lactose,
proteins, and urea. NF can be effectively used for the permeation of a salt solution typical of that found in dairy UF
permeate. The rejection behavior is a strong function of both charge interactions and solute size of the feed solution
for charged NF and UF membranes [152].

Whey processing is a significant stage to purify, recover and concentrate nutritional and functional ingredients and
by-products for the food industry [181]. Whey is the residual liquid of cheese and casein production. NF is used to
deacidify whey produced by the addition of hydrochloric acid to milk in the production of casein [152]. The
recovery and concentration of lactose-enriched streams and protein-enriched streams can add benefits to whey
products [181]. Whey should be demineralized before it is processed for human or animal consumption. NF of whey
is also carried out for lactose decalcification, deashing, and the removal of other salts [186]. Salt removal is
important for preventing scaling and build-up on evaporators or heat exchangers. NF-membranes with molecular
weight cut-off 200 to 1,000 have a high permeability for univalent salts (NaCl, KCl) but low permeability for
organic compounds (lactose, proteins, urea etc.). Traditionally, several membrane separation modules are needed
to purify and recover whey proteins, lactose, vitamins and nutrients [181]. It has been reported that a series of
membranes with different MWCO (1 kDa, 3 kDa and 5 kDa) is required to achieve 100 % recovery of lactose in
permeate [187]. We anticipate that the development of more selective separation membranes such as BBMs will
contribute to high recovery and precise separation of lactose, as well as fractionalized protein products, and could
simplify the multi-stage separation modules to a few stages, or even a single stage, in food processing.

Protective and breathable fabrics
Protective barrier materials and fabrics are designed to possess properties to exclude or detoxify toxic chemicals

and biological threat including chemical warfare agents (CW As), while allowing facile perspiration and efficient
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heat loss from body [188, 189]. The protective fabrics should be breathable (a moisture vapor transport rate (MVTR)
>1,500-2,000 g m 2 d™"), preventive penetration to small molecules (~100-250 Da for CWAs such as soman and
sarin), waterproof, flexible, lightweight, and durable[190]. However, traditional garment materials are non-porous
polymers such as butyl rubber [191] or loaded with adsorbents for harmful chemicals [192], which suffer from low
MVTR and leads to high discomfort and physiological burden on longer-term usage by military personnel and
civilians [193].

Some approaches using functionalized MOFs to capture, degrade or target detoxification of the CWAs and prevent
penetration with their high surface areas and adsorption capacities [194-196]. In addition, well-ordered
nanomaterials and thin selective barriers are fabricated to be permselective to water vapor, toxic chemicals, and
gases [197]. For example, GO-based membranes with the thickness of 0.7-1.2 nm are vapor permeable (3,900 g m™>
d™), selective to small gases (He, N, and C>Hg) and adsorb CWA simulants (dimethyl methyl phosphonate, DMMP
and 2-chloroethyl ethyl sulfide, CEES) via n- & interactions [198]. CNT membranes with organized sub-nm pores
exhibit MVTR ~8,000 g m2d™"! and exclude charged dyes and nanoparticles of ~5 nm [92]. CNT membranes
functionalized with responsive copolymers demonstrate MVTR > 4,000 g m 2 d"! while hindering the permeation of
nerve agent simulant (diethyl chlorophosphite, DCP) via the collapse of polymeric chains [199]. Nevertheless,
large-scale of waterproof and protective porous materials for garments or clothes that allow vapor transport while
excluding all chemical and biological threats and limiting water loss from body via size exclusion are area of
investigation [190]. With the development of channels and porous materials, we could expect to create breathable
and hydrophobic fabrics with tunable, uniform, and rigid pores, which simultaneously protect against harmful
agents, enhance vapor transport, and prevent water permeation.

Ion/ion selectivity, recovery, and separations

REEs possess unique chemical properties and electronic configuration in energy storage, electronic devices, glass
processing, fluorescent materials, and catalysis [200]. As the demand of the REEs has grown significantly, their
disposal, separation, and recovery are of great importance. However, the purification of REE is a complicated
process including several steps of solvent extraction and/or ion exchange due to the similar chemical properties in
the aqueous solution [201]. In addition, to extract alkali metal ions from brine and seawater is also challenging due
to the similar ionic radii and same valence [202].

Recent research has focused on synthesizing precise molecular sieving/channels to address challenges and
limitations of solution-diffusion based membrane separations, including the selective transport between metal ions
of the same valence and rejection of small molecules [13]. Biological ion channels are desirable for efficient
separations, such as potassium channel with K*/Na* = 10*. Synthetic ion channels, macrocycles, and MOFs have
emerged as promising materials to adsorb, chelate and transport ions through the defined cavities and interactions
(Table 2). For example, MOF-embedded membranes with cavity of 3.4 A demonstrate ion selectivity of Li*/Rb* =
4.6, Li'/K"= 2.2, and Li*/Na* = 1.4. The lower ion selectivity of synthetic membranes than that of biological
channels maybe due to some defects in the membranes or non-rigid pore structures [203]. Recapitulating the
transport mechanism from biological channels and investigating optimized insertion method to incorporate porous
materials or biological channels into BBMs or MMM s are attractive research opportunities in this area.

Conclusions and outlook

BBMs with uniformity of pore size distribution can achieve precise separations and narrow the solute rejection
ranges. These advantages would allow us to expand applications of membranes in the precise size-based separation
of species including antibiotics/fermentation broth biomass separations, gas separations, homogeneous
catalysts/reaction product separation, and organic acid recovery. These monodisperse biomimetic membranes could
also be utilized in organic solvent separation and food processing, where separations of similar molecular sized
solutes need to be conducted. However, some of these separations would need to be performed under conditions in
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which at least some existing membrane types are unstable (Table 6). Notably, gas and catalyst separations involve
nonaqueous environments and high temperatures, making them unsuitable for MPs and possibly self-assembled
AWCs whose structures rely on hydrogen bonding. However, owing to their precise and versatile pore sizes as well
as well-order porous properties, MPs and their mimics may find applications in separating antibiotics and other
organic molecules from other species in a fermentation broth. For challenging separations, mixed matrix
membranes, porous and polymeric membranes, as well as MOF-nanosheet composite membranes, have been
proposed to improve separation performance. In addition, BBMs containing CNTs or AWCs with a well-defined
and mediated pore size geometry and distribution could also provide an alternative way to achieve superior
selectivity and performance. The precise selectivity of such membranes could contribute to similarly-sized small
molecule separations in a variety of industries, particularly separations including molecules with tiny size
differences (< 1 A diameter difference) and when the desired components are at low feed concentration. Such
applications provide an incentive for the development of biomimetic membranes and bioinspired channels as well
as biomimetic strategies that can function under the harsher conditions required.

Table 6. Summary of separation types and requirements

Separation Temperature P [bar] Solvent Permeant Size Difference between
P [°C] Diameter [A] Separated Species [A]
Gas separations 25300 - None e 01-3
23, 102, 11572)’] 164, 168- (gas phase) (gas 1/ gas 2)
Homogeneous catalyst Organic, fluorous, 212
retention [173, 204, 20-160 2-200 or ionic liquids, 2-4 .
205] supercritical CO» (catalyst/ reaction product)
15-80
Antibiotics [138] 4-15 0.5-5 Water 5-20 o )
(antibiotics/ proteins)
7-12
Organic Acids [206] 25,37 7-35 Water 3-9 .
(organic acids/ sugars)
Breathable protective 3.6.5
fabrics (chemical and 37-200 <2 Water 2.8 . '
biological threats) [189] (CWA stimulants/ vapor)
i i ic liqui 0.02-0.2
Ton/ion sepa'ratlon and 25-1,000 0.5-30 Tonic hqulq, 0.76-2.9 . .
REE separations [201] water, or oil (ion 1/ ion 2)
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