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Design Considerations for Next-Generation Polymer
Sorbents: From Polymer Chemistry to Device Configurations

Jonathan Aubuchon Ouimet, Jialing Xu, Carsten Flores - Hansen, William A. Phillip,*

and Bryan W. Boudouris*

Adsorption-based separations have the potential to enhance the sustainability
of established industrial processes and facilitate the adoption of new
practices. They also provide ways to meet emerging needs in the isolation of
resources from non-traditional supplies and the remediation of hazardous
environmental contaminants. In this regard, there are significant
opportunities to advance both fundamental polymer science and engineering
applications through next-generation adsorbent systems. Here, after briefly
reviewing the history, potential application space, and underlying physics of
polymer sorbents, design considerations that connect macromolecular design
with systems-level functionality, are discussed. First, polymer processing
conditions are discussed in terms of the final nano- and microscale structures
produced. Subsequently, the macromolecular chemistry of the materials is
analyzed with respect to the ability of the separations systems to have
analyte-specific binding. Finally, a similar analysis is performed regarding the
desorption mechanism used to release the target solutes. In this way, the

1. Introduction

The development of next-generation adsor-
bents can help to realize a more sustain-
able future by addressing challenges associ-
ated with existing separation processes and
by enabling new applications.!!! For exam-
ple, in the petrochemical industry, the en-
ergy efficiency associated with transition-
ing from thermal separations (e.g., distil-
lation) to processes that rely on mass sep-
arating agents (e.g., membranes and ad-
sorbents) is well-documented.??] In the
pharmaceutical industry, the cost associated
with downstream purification is a signif-
icant hurdle to the more widespread use
of biotherapeutics.** However, the lack
of low-cost, high-performance adsorbents,
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which can be manufactured using scalable
means, remains a challenge for advancing
these established processes. Alternatively,
the development of novel adsorbents capa-
ble of isolating dilute solutes from complex
mixtures will enable a number of emerg-
ing applications.l’! For example, these sep-
arating agents could be deployed to extract
resources from non-traditional sources (e.g., uranium from
seawater),[®7] to recycle critical materials (e.g., rare earth el-
ements) from spent electronics,['®19) and to forestall pending
environmental disasters (e.g., through direct air capture of car-
bon dioxidel?*22] or the removal of per- and polyfluoroalkyl sub-
stances (PFAS)?% from water resources). In comparison to
permeation-based membrane separations, which struggle to sep-
arate dilute solutes due to low driving forces, adsorption-based
separations are well-situated to execute these challenging sepa-
rations.

Traditionally referred to as chromatography, adsorption-based
processes, rely on the partitioning of analytes between a mobile
phase (i.e., the solvent and dissolved solutes) and a stationary
phase (i.e., the solid material) to create a separation. Energetically
favorable interactions drive the adsorption of analytes onto the
solid phase, which in turn, alters the rates at which they pass
through the chromatography column. Broadly, chromatography
can be classified along two lines that are differentiated by the
strength of the interactions between the analyte in the liquid
and solid phases.?’|Elution chromatography, which includes
techniques such as size exclusion chromatography (SEC) and
high-performance liquid chromatography (HPLC), is typically
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used for analytical and lab-scale preparative applications. The
interactions between the solute and the stationary phase are
relatively weak and reversible, or even based exclusively on
geometric, entropic considerations, as is the case with SEC. Con-
sequently, the strength of the interactions modulates the speed
at which species move through the column. As the strength of
the interaction increases, the velocity of the solute through the
contactor decreases. Ideally, these conditions allow a mixture of
solutes to elute from the device in a series of well-resolved bands,
each containing a component solute. Frontal chromatography
or bind-and-elute separations, which will be the focus of this
review, is used in industrial scale processes such as ion exchange
and affinity chromatography. This method relies on strong
complexing interactions between the mobile and stationary
phases. The target solute is bound to the solid phase such that
it does not move while all other solutes from the feed solution
pass through the column. After the solid phase is saturated, the
bound solute can be eluted using a wash process.

There is ample room for fundamental advances in polymer sci-
ence and engineering to catalyze the development of low-cost,
high-performance adsorbents for use in established and emerg-
ing processes that address global societal needs. Motivated by this
opportunity, this review focuses on how the design of polymers
at the molecular through device scales can be used to develop
next-generation sorbents for bind-and-elute separations. First, a
brief discussion of the relationship between the microstructure
of adsorbents and the mass transfer phenomena that limit ad-
sorptive processes provides a basis for understanding how recent
advances in polymer processing can be used to optimize sorbent
microstructure at the 100 nm to 100 um scales. Subsequently,
the influence of macromolecular chemistry on sorbent perfor-
mance is considered. Regarding analyte binding, the ability to
tailor the identity and positioning of functional ligands within
and across repeat units such that the resulting polymer sorbents
exhibit high affinity capture of dilute solutes is analyzed. Crit-
ically, a similar analysis is performed regarding the desorption
mechanisms that can be utilized to release target solutes and re-
generate the sorbent in an effective and sustainable manner. The
review concludes by discussing the significant opportunities for
using multiscale modeling to create data-driven frameworks that
can guide material design and process optimization.

2. Molecular through Device Scale Design
Considerations

Figure 1 presents the cyclic process for the operation of a model
bind-and-elute separation. A pressure difference drives the flow
of feed solution, containing the target and competing analytes,
through a contactor. As the solution flows through the contac-
tor, a target solute diffuses toward and binds with unoccupied ac-
tive sites (Figure 1ai) creating a saturation front that propagates
down the contactor. The saturation front continues moving un-
til it reaches the end of the column (Figure laii). At this point,
all sorbent sites are saturated relative to the feed such that the
analyte cannot be retained and passes through the device. The
exhausted sorbent must then be disposed of or regenerated and
reused. To desorb the analyte, the system is flushed to remove the
feed solution and an external stimulus is used to disrupt the en-
ergetically favorable sorbent-analyte interactions. The desorbed
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analyte is washed away in a small volume of eluent solution (Fig-
ure 1b) that can be collected if the product is of high value or
can be disposed of appropriately if the analyte presents an envi-
ronmental hazard. Therefore, the sorbent is regenerated, and the
adsorption-desorption cycle can begin again.

Adsorbents are evaluated based on equilibrium properties
(e.g., saturation capacity, binding affinity, and selectivity towards
target analytes), their regeneration mechanism, as well as their
dynamic properties. Breakthrough curves can shed light on the
dynamic parameters that influence the quality of the separation.
Within these experiments, which mimic the operation of a bind-
and-elute separation, feed solution is introduced to the sorbent
bed at a constant flow rate and the analyte concentration in the ef-
fluentis measured as a function of the cumulative volume perme-
ated. An ideal breakthrough curve will resemble a step function
(Figure 1aiii, solid red line). This result implies none of the target
analyte passes through the column until all of the sorbent is in
equilibrium with the feed solution. When the analyte is detected
in the permeate, its concentration is equal to the feed concentra-
tion (Figure 1aiii). In practice, breakthrough curves are more dif-
fuse (Figure 1aiii, dashed blue line). At low treated volumes, the
analyte is removed and its concentration in the effluent stream is
nearly zero. As the experiment progresses, the concentration of
analyte in the effluent increases gradually until it is equal to the
feed concentration. During this gradual transition, a fraction of
the solute remains in the effluent. Therefore, broad breakthrough
curves correspond to a decrease in the performance because they
imply product of value is lost or contaminant escapes into the en-
vironment. In practice, the sorbent is regenerated when the ana-
lyte breaks through, which is often defined as the point at which
the concentration of solute in the effluent is ~#10% of the feed
concentration. The sharpness of a breakthrough curve depends
on several factors including the binding kinetics, the distribution
of residence times,dispersion, and the relative importance of con-
vective and diffusive transport.®¢27] When binding kinetics are
rapid, sharper breakthrough curves can be realized by tailoring
the microstructure of sorbents using novel polymer processing
methodologies.

2.1. Polymer Processing Tailors Sorbent Morphology

The structure of a sorbent on the micrometer through nanome-
ter scales impacts the characteristic time scales associated with
convective and diffusive transport mechanisms. Moreover, the
morphology at these length scales is critical to determining
the specific saturation capacity (i.e., moles of analyte bound per
sorbent mass). One sorbent configuration, packed beds, are com-
posed of mesoporous particles (e.g., beads of silica, granulated
activated carbon, or crosslinked polymer resins) that are loaded
inside of cylindrical columns (Figure 2). State-of-the-art columns
use spherical particles that are fabricated through controlled nu-
cleation and growth methods in conjunction with size-selective
filters that ensure a uniform particle size (see Figure 3, Beads
[Low Magnification]).!”®! The narrow particle size distribution
reduces dispersion. At the nanoscale, the high porosities (Fig-
ure 3, Beads [High Magnification]) maximize surface area to
generate large specific capacities which, in conjunction with the
depth of packed beds, enables high overall capacities. Within
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Figure 1. A schematic representation of the steps involved in adsorption-based separations. a) A feed solution containing multiple analytes is passed
through the sorbent. (i) Ideally, the sorbent is selective towards one analyte and competing analytes pass through the membrane unhindered. (ii) A
saturation front of bound solute moves through the sorbent until the available active sites are occupied. (iii) For an ideal sorbent, the feed fraction
of analyte (i.e., the solute concentration in the effluent relative to the feed) will resemble a step function. However, due to phenomena including mass
transfer and kinetic limitations as well as dispersion, this is unrealistic and experimental breakthrough curves are sigmoidal in nature. Innovative polymer
processing methods provide opportunities for controlling sorbent structure to minimize these limiting phenomena. b) The sorbent is regenerated by
subjecting it to an external stimulus that releases the adsorbate molecules from the selective sites so that the target solute can be eluted. Environmental
stimuli (green) are introduced by changing the temperature or composition of the solution around the sorbent. Other stimuli (orange) effect the sorbent
nanostructure directly to disrupt the energetically favorable sorbent-analyte interactions and promote the desorption of the analyte. c) Ideally, all sorbent

sites within the sorbent are regenerated and the cycle can begin again.

the sorbent bed, convective flow occurs around the mesoporous
particles. Once the analyte reaches the boundary layer, diffusive
forces drive the solute into the pores towards the active sites
of the sorbent. These diffusive, mass transfer limitations are
one factor that lead to broader breakthrough curves. Assuming
a well-packed column in which the dimensions optimize the
density of beads and prohibit the flow from channeling,?’! the
specific capacity can be increased and diffusion limitations re-
duced, by decreasing the particle size (i.e., increasing the surface
area per volume). However, a tradeoff exists, as smaller particle
sizes require higher operating pressures. For instance, HPLC
operations, which use beads 5 ym in diameter to achieve high
resolution separations operate at pressures of ~400 bar.*%3!l In
contrast, process scale operations use beads that are 300 um in
diameter and operate at pressures of ~5 bar.3?!

Membrane sorbents represent a separate configuration (Fig-
ure 2) where the convective flow of solution occurs directly
through the adsorptive polymer material. Analytes only need to
diffuse to the pore walls, a distance that can be orders of magni-
tudes lower than packed beds, to reach the active binding sites.
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These short diffusion lengths along with the high porosity of the
membranes present opportunities for operating at higher flow
rates and reduced pressures. Adsorptive membranes have been
produced in many ways (e.g., binding moieties can be incorpo-
rated onto the surface of commercially available membranes us-
ing modification schemes such as layer-by-layer deposition!**-3¢]
as well as grafting-tol*”38] and grafting from!***°! polymeriza-
tions), and though these approaches take advantage of enhanced
mass transfer, the materials tend to have relatively low specific
binding capacities. Emerging fabrication methods, which utilize
self-assembled materials in conjunction with phase separation or
electrospray techniques, present simple and scalable approaches
to generate materials with ideal mass transfer characteristics and
high specific capacities.

Phase separation techniques [e.g., nonsolvent induced phase
separation (NIPS) and vapor induced phase separation (VIPS)]
rely on the liquid-liquid equilibrium of ternary polymer-solvent-
non-solvent mixtures to generate porous polymers. To start, the
polymer is dissolved in solvent to produce a homogenous solu-
tion that is then spread into a film using a casting blade. After,
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Figure 2. Two unique sorbent configurations (i.e., packed beds and membranes) are compared across lengths scales. As feed solution moves through
the contactors, the analyte adsorbs to the sorbent surface such that its concentration in the effluent is depleted. Within packed beds, high pressures
are used to drive the feed solution through ensembles of beads ranging between 0.01 and 1 mm in diameter. Convective flow occurs around the beads.
Analytes cross a boundary layer where their transport is impacted by both convective and diffusive mechanisms. A concentration gradient drives the
analyte into the pores of the beads where adsorption occurs at the active sites situated at the solid/liquid interface. In contrast, for membrane sorbents,
convective flow occurs through pores 0.1 — 10 um in diameter while a concentration gradient promotes radial diffusion toward the pore walls. Similar
to packed beds, adsorption occurs when the analyte diffuses to an active site. Polymer processing plays a pivotal role in affecting sorbent properties
including the surface area, flow path, characteristic diffusion lengths, and overall capacity. Likewise, polymer chemistry can be used to modify pore

functionality to tailor sorbent properties, such as binding affinity and regeneration mechanism.

the film is introduced to a nonsolvent environment where the
exchange of solvent and non-solvent alters the composition of
the film initiating liquid-liquid de-mixing and creating porous
structures.[*] Manipulating the polymer chemistry and the rate
of solvent/non-solvent exchange allows membranes with uni-
formly sized pores and spongy morphologies (Figure 3, Phase
Separation [Low Magnification]) to be generated.[*#*’! Moreover,
with appropriate tailoring of the chemical constituents, the phase
inversion process allows for the desired functional groups to line
the pore walls; in turn, this functionality can enable facile mod-
ifications of the material chemistry after fabrication (Figure 3,
Phase Separation [High Magnification]).[*®]

Electrospray methods fabricate porous polymer mats by de-
positing solution through a charged spinneret onto a stage
of opposite electrical polarity.*#8] The resulting nanofibers
stack upon one another and display two types of porous ar-
chitectures. The space between individual fibers form macrop-
ores that promote convective flow (Figure 3, Electro-spray [Low
Magnification]).[*?] The interior of the nanofibers contain mi-
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cropores that enhance their surface area. (Figure 3, Electro-
spray [High Magnification]).[*?] However, due to their thin nature,
membrane sorbents possess smaller overall capacities relative to
packed beds. Although this limitation can be overcome on a sys-
tem scale (e.g., by stacking multiple membranes in series), this
approach requires operating at higher applied pressures.
Additive manufacturing, a process that refers to the creation of
three dimensional (3D) objects through the controlled deposition
or fusion of material, presents one means to create structured
sorbents that enable high throughput flows with increased bed
depth while maintaining the rapid mass transfer characteristic
of nanoporous membranes.[*-52] The ability to spatially control
micrometer scale morphologies opens the possibility to engineer
flow patterns within the sorbent.l>> For instance, modeling flow
profiles within a woodpile structure (Figure 3, Additive Man-
ufacturing, [Low Magnification]) provides structure-function
insight on how 3D structures can modulate the contributions of
diffusive and convective mass transport mechanisms.[*!l Addi-
tionally, additive manufacturing techniques enable the creation
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Figure 3. Micrometer- and nanometer-scale morphologies of adsorbents processed through various methods. Mesoporous beads are used in packed
beds. The surface of uniformly sized beads, used for high-performance liquid chromatography, is functionalized through heterogenous chemistries to
tailor sorbent-analyte interactions. Polymer materials enable the morphology of sorbents to be tuned through different processing techniques. Phase
separation techniques can be used to fabricate thin films with spongy morphologies that correlate with high surface areas and promote high specific
saturation capacities. At the nanoscale, select functional groups can be engineered to line the membrane surface. Electro-spray techniques are used
to produce nanofiber mats with micron-sized pores. The nanostructure of the fiber remains highly porous. Additive manufacturing techniques tailor
micrometer morphologies to create 3D structures with controlled flow paths that may promote secondary convective currents. The polymers maintain
the high surface areas associated with their nanostructure. Adapted with permission.[2841:4244=46] Copyright 2016, Elsevier; Copyright 2018, Wiley-VCH

GmbH; Copyright 2017, Elsevier; Copyright 2021, American Chemical Society; Copyright 2013, Elsevier; Copyright 2014, Wiley Periodicals, LLC.

of structures that promote secondary convective currents, which
increase mass transport coefficients from the bulk to the active
sites thus sharpening breakthrough curves.** These beneficial
changes in the microstructure need to be realized while ensuring
that the deposited polymer materials maintain the nanoscale
properties (e.g., porosities and surface areas) that are attractive
for producing high specific capacities.

Identifying ways to create hierarchical structures that balance
the influence of convective versus diffusive transport mecha-
nisms and maintain high specific saturation capacities for an-
alytes is critical for advancing next generation sorbents. Con-
trolling macromolecular design during synthesis and polymer
physics during manufacturing provides key handles by which to
enable structural control of adsorbents at the nanometer through
micrometer scales, thereby altering the current technological
landscape. Polymer scientists and engineers will also need to con-
sider the molecular scale characteristics of the polymer materi-
als as they are crucial in determining the affinity, selectivity, and
reusability of the sorbent.

2.2. Polymer Chemistry Governs Adsorption Mechanism

Analytes are removed from solution when sorbent-analyte inter-
actions are thermodynamically favorable. In general, adsorption
is associated with a reduction in the entropy of the analyte. Con-
sequently, creating conditions that favor adsorption requires ma-
nipulating the polymer chemistry to introduce binding sites that
promote favorable enthalpic interactions and/or that increase the
entropy of another species in the system upon analyte binding.
Importantly, while polymers can be designed with a variety of
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functional groups to achieve this aim, subtle changes in chem-
istry can affect the sorbent morphology. This interdependency be-
tween chemistry and structure may require that new processing
routes are identified to produce the desired sorbent morphology
each time a new binding chemistry is developed. Conversely,post-
fabrication functionalization techniques that use a versatile li-
brary of reactions to modify the polymer chemistry after the sor-
bent structure has been fixed can enable orthogonal control over
the molecular design of the active sites and microstructure of
the sorbent. As such, the targeted sorbent morphology is con-
served and, with the appropriate ligand design and coupling reac-
tions, the affinity to and mode by which analytes bind to sorbent
materials may be tailored. In this way, sorbents can move away
from the less selective adsorption mechanisms that are depen-
dent on feed parameters (e.g., electrostatic interactions) and to-
wards more specific interactions (e.g., host-guest complexes and
chelation mechanisms) that are enabled by intentional ligand de-
sign.

3. Designing Selective, Multifunctional Sorbents

At the process scale, the performance of a sorbent is evaluated
by its ability to recover analytes selectively. This process scale
performance is directly related to the molecular scale inter-
actions between active sites and analytes. To treat dilute feed
streams, sorbents should possess high binding affinities, K,
a material property that reflects the free energy change upon
binding. In the linear portion of the equilibrium isotherm,
K can be estimated as the ratio between the concentration of
solute adsorbed to the sorbent surface and the concentration of
solute in solution.[] Feed streams are rarely pure and selective
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Figure 4. Targeted binding modes enhance selectivity. a) Poly(acrylic acid) removes 92% and 30% of the cadmium in DI and synthetic seawater, respec-
tively. Terpyridine-functionalized polymers remove >99% of cadmium found within DI and synthetic seawater. The removal efficiency is directly related
to the mechanism that the polyacrylic acid (PAA) and terpyridine (TerP) moieties use to adsorb cadmium. Reproduced with permission.['3%l Copyright
2018, American Chemical Society. b) Bar graphs compare the uranium and vanadium uptake of two polymers from equimolar feed solutions. The se-
lectivity towards uranium is tuned by controlling the orientation of two amidoxime moieties with respect to one another as highlighted by the repeat
unit structures. Reproduced with permission.[®] Copyright 2021, American Chemical Society. c) The immobilization of a small molecule to a membrane
allows for the selective adsorption of the target protein. A control experiment uses a cell lysate spiked with the target protein and small molecules. The
small molecule saturates the protein binding sites, prohibiting protein adsorption onto the membrane surface. Sample experiments use a cell lysate
spiked with the target protein. The protein binds to the immobilized small molecules and is removed from the permeate stream. The target protein is
desorbed from the membrane by introducing a solution with a high concentration of small molecules. While the target protein is not detected within the
control experiment (column 10), it is detected in the 25 kDa SDS PAGE analysis band (column 5) of the sample experiment. Volcano plots quantify the
difference between the concentration of proteins in the standard and the sample (horizontal axis) and the confidence associated with the measurement

(vertical axis). Reproduced with permission.[®¢] Copyright 2020, American Chemical Society.

materials are necessary to differentiate and sequester analytes
from multicomponent streams. The separation factor, defined
by Equation 1, quantifies selectivity.

dar/qpr

" =3 K, /K (1)
Car/Cpr AnTe

App =

Here, g,z and g, are the concentrations of solute A and B
adsorbed on the sorbent surface and ¢, ; and c; ; are the concen-
trations of the solutes within the liquid solution. If a competitive
Langmuir adsorption model is assumed in the limit of 0% re-
covery, the separation factor reduces to the ratio of equilibrium
constants, K, and Kj, thereby highlighting the direct connection
between separation process performance and the chemistry of
polymer sorbents.

Competing analytes may decrease the selectivity in two ways.
First, the competing analyte may have a higher equilibrium
constant causing it to bind preferentially, thereby displacing the
target analyte. Second, competing and interfering solutes may
screen interactions and inhibit the mechanism used to adsorb
the target analyte. Ligands designed to target analytes based
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on chemical identity (e.g., orbital and electron structure) rather
than electrostatic (e.g., ion exchange) interactions can address
these challenges associated with selective separations.[®*>’] As
an example, Figure 4a presents the capture efficiency of mem-
brane sorbents designed for the removal of 6 ppm cadmium
from deionized water (DI water) and synthetic seawater. One
sorbent is functionalized with poly(acrylic acid) (PAA) brushes
and the other is modified with terpyridine molecules. While
both polymer chemistries achieve high Cd** removal from DI
water, PAA is only able to remove 30% of the cadmium from the
seawater solution. In comparison, the terpyridine-functionalized
counterpart removes >99% of the Cd** from both solutions.
The deficiency of PAA in seawater stems from a reliance on
electrostatic interactions to adsorb analytes. As the ionic strength
of the solution increases, electrolytes screen the charges on the
PAA brushes.’®%] Alternatively, the terpyridine-functionalized
polymer uses a highly specific dz—pz* binding mechanism,*!
which relies on the exchange of an electron from the d-orbital of
the heavy metal and the p*-orbital of the ligand. Ideally, ligands
should be designed to maintain high selectivity in in complicated
milieu.
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3.1. Biological Entities Inspire Selective Ligands

Nature has evolved over millennia to develop selective binding
motifs that are an ideal inspiration for the development of next-
generation sorbents. For instance, hemoglobin is a tetrameric
protein in which oxygen binding at one site affects the affinity
of oxygen at the remaining binding pockets.[®!] Due to these in-
teractions, the isotherm is sigmoidal, which enables efficient oxy-
gen uptake at high partial pressures (i.e., within the lungs) and
rapid release at low partial pressures (i.e., in tissue)].l%! Similar
to hemoglobin, an ideal sorbent would possess high affinity and
selectivity for the target analyte as well as controlled uptake and
release profiles.

One approach for exploiting the high performance of biologi-
cal entities is to incorporate them directly into sorbent technolo-
gies. For instance, Protein A can be directly incorporated onto
sorbents to selectively capture and purify monoclonal antibod-
ies (mAD).[®) By interacting with the inactive region of the anti-
body, protein A ensures high fidelity monoclonal antibodies are
isolated.[*] Unfortunately, Protein A chromatography resins are
associated with high costs and limited lifetimes.[®*] Conversely,
proteins can be separated from a complicated milieu by modify-
ing them to contain polyhistidine tags (His tags).[®] Notably, the
functionalization of the N-terminus avoids disrupting the struc-
ture and function of the protein and enables the protein to be sep-
arated through metal ion affinity chromatography. A recent ex-
ample demonstrating the selectivity associated with these types of
interactions used membrane-bound substrates to rapidly identify
the target proteins of small molecule drugs.[®®! As demonstrated
by the sodium dodecylsulfate polyacrylamide gel electrophoresis
(SDS-PAGE) analyses in Figure 4c, binding to the immobilized
small molecule drug isolates the target protein from hundreds of
competing proteins found in human serum and cell lysates.[67:8]
SDS-PAGE separates proteins based on their molecular weight
and were used to qualitatively identify the bound protein. While
no proteins are observed within the last wash solution (Figure 4c,
column 4), an eluate, concentrated in the small molecule drug,
desorbs the target protein and creates a strong band at 25 kDa
(Figure 4c, column 5). Subsequently, protein concentrations can
be quantitively identified through mass spectroscopy. Ultimately,
proteins that possess highly specific binding pockets can moti-
vate the design of novel ligands.[®7°]

Due to their high versatility and specificity, there exists in-
creasing opportunities in the design of peptide and nucleic acid
sequences to tailor material properties for specific tasks. In-
tentionally selecting amino acid sequences can be used to tai-
lor the binding pocket shape, the location of charged residues,
and the secondary interactions.[”’~7¢] For instance, glutathione, a
naturally-occurring tripeptide, selectively complexes heavy met-
als including gold, cadmium, and lead.””) The glutathione moi-
ety adsorbs zinc and cadmium through the coordination of adja-
cent sulfhydryl and amino groups.”* Longer chained peptides
may impart additional modes of freedom that enable amino
acids to form unique binding sequences!’®#% that work co-
operatively in biopharmaceutical purifications, ¥ and metal
chelation.”>7¢l Aptamers, single stranded nucleic acids com-
posed of 20-60 nucleotides, can also sequester small molecules.
The increased complexity of these materials enable high affini-
ties as evidenced by dissociation constants that extend into the
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nanomolar range.[®>-%1 Notably, the efficiency of adsorption is in-

fluenced by the confirmation of the immobilized aptamer. There-
fore, after adsorbing target analytes, the aptamer binding se-
quence is regenerated through reversible (i.e., chemical or ther-
mal) denaturing.®*) Engineering materials with ultra-high affin-
ity and selectivity is aided significantly by fixing select functional-
ities into predetermined, optimized geometries.®¢%”] This is ex-
emplified within the highly organized tertiary structure of pro-
teins that use alpha helices and f-sheets to shape the geometry
of the active site.®] Many of these geometries can be borrowed
from nature and modified through point substitutions to tailor
protein selectivity and affinity.[388%]

While designer peptide and amino acid sequences have a sub-
stantial number of benefits, their applicability may be limited by
their stability in harsh environments, scalability, and cost. We hy-
pothesize that there exists a trade-off between the peptide chain
complexity and the increase in selectivity/affinity. Generally, the
ease of synthesis appears to be inversely proportional to the affin-
ity. For instance, while short chained peptide sequences can be
synthesized using solid-state reactions, proteins must be created
using the molecular machinery of bacteria. Nevertheless, these
entities provide platforms to execute fundamental studies and of-
fer inspiration for the design of polymer materials.

3.2. Polymeric Designs to Enhance Selectivity

Peptides and proteins inspire one class of multifunctional sor-
bents, sorbents that use the precise placement of functional
groups relative to one another to tailor analyte selectivity and
affinity (Figure 5a). Using multiple functionalities to coordinate
analytes (1) enforces a preferred geometry,®"! (2) exerts charge
stabilization, and (3) enforces secondary bonding mechanisms,
mechanisms that may enhance sorbent selectivity.*!]

To directly engineer coordinating bonds into polymers, it is
paramount that moieties be positioned with nanoscale precision.
Ideally, polymers could be controlled with a level of precision akin
to that seen in metal organic frameworks (MOFs) and covalent or-
ganic frameworks (COFS). Although their inherent crystallinity
enables sub-nanometer control over the orientation and distance
between functionalities decorating the pore walls,[*>°] these ma-
terials currently fall short of the tailored flow paths and ideal mass
transport conditions desired in sorbents.

The ability to tailor the molecular-scale orientation of func-
tional groups enables ligand-solute interactions to be arranged
in a manner that enhances sorbent properties. The position-
ing of amidoxime moieties is one example where this approach
is used to increase selectivity when extracting uranium from
seawater.” 11191 Figure 4D illustrates that the relative distances
between two amidoxime moieties can be tailored by modifying
the polymer structure. Consequently, the orientation between the
two moieties is fixed and structure-function insights can be cor-
related to macroscopic sorbent properties. Interestingly, when
the polymers were subjected to equimolar vanadium and ura-
nium ions, they showed drastic differences in performance. Re-
ducing the distance between the two moieties increased the sep-
aration factor for uranium by more than a factor of 6. Similarly,
the affinity of amidoxime moieties for uranium can be enhanced
with additional coordinating bonds from carboxylic acid'? and
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Figure 5. Multifunctional membranes incorporate distinct chemical functionalities that work together to target solute(s) in complex feed streams se-
lectively. a) Multifunctional membranes consist of polymers molecularly tuned to incorporate chemistries adjacent to one another. The proximity of
the ligands enables the moieties to form multiple coordination bonds with an analyte. This high degree of coordination with the target analyte can
simultaneously increase the affinity and selectivity the sorbent possesses toward the molecule. b) Surface domains are selectively functionalized with
multiple ligands each targeting unique analytes. When a feed solution is introduced to the polymer membrane, analytes adsorb to the surface until the
available sites are saturated. Functionalities that undergo a physical change when complexing with analytes allows for information to be stored within
the sorbent-analyte chemical bonds. Analytes that are not adsorbed to the polymer surface remain in the effluent.

amine moieties!!?19] adjacent to the amidoxime. Likewise, co-
ordinating bonds have been formed to adsorb Hg(II) (e.g., co-
ordinating sulfur and triazole moieties),!'*1%] and form chelat-
ing bonds with Pb(II) (chelating bonds between lead and amine,
hydroxyl or sulfur groups).l1%®110 These case studies exemplify
how the weaker adsorptive interactions (e.g., ion exchange) can
be overcome through the synergistic interplay between multiple
moieties, an effect that relies on analytes possessing multiple
complexation modes (e.g., heavy metals form up to six coordina-
tion bonds and organic molecules may interact through hydro-
gen bonding and molecular orbital interactions).['''11%] In turn,
nanoscale manipulations that position moieties adjacent to one
another can tailor the kinetics!'% and strength!!”] of solute-ligand
interactions.

Many emerging polymer materials enable precise control over
the material nanostructure (e.g., self-assembled block polymers,
lyotropic liquid crystals, molecularly imprinted polymers!118119]),
Polymeric systems offer opportunities to tailor the density of
sorbent sites, a priori, and synthesize precise macromolecular
structures. For instance, polymer chemistries can be tailored to
alter the macromolecular architecture (e.g., core morphology,
brush length) of self-assembled polymers!!2°12!] and control the
density of functional groups on polymer chains.['?2] Addition-
ally, synthetic techniques can manipulate molecular-scale prop-
erties that affect polymer dispersity and, consequently, macro-
scopic properties (e.g., spatial uniformity, electrical conductivity,
flammability).[1?*) In turn, promising opportunities exist in syn-
thesizing polymers with narrow molecular weight distributions
and controlling the orientation of multiple functional groups on
polymeric platforms as a means to enhance solute affinity and
obtain solute-tailored selectivity.
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3.3. Computational Simulations Help Target Polymer Chemistries

The synergistic interplay between computational simulations,
which provide detailed molecular scale insights into sorbent-
analyte complexes,[?*118124] and experimental methods can help
catalyze the design of selective, high affinity ligands. Compu-
tational simulations can readily elucidate the impact of macro-
molecular structure and arrangement on the interaction strength
between ligands and solutes. For instance, electronic interac-
tions rely on induced dipole moments, the delocalization of elec-
trons, and the donation of lone pairs. Consequently, modeling
may provide opportunities to enhance these interactions by in-
creasing the electron-conjugated system or adding electron do-
nating/withdrawing moieties as decorating appendages to the
ligand.'?>"1?71' Additionally, computational simulations can be
used to vary the linker between multiple functional groups (i.e.,
rapidly enumerate through possible orientations) and evaluate
how this difference effects the strength of sorbent-solute interac-
tions. This requires a complete understanding on ligand-solute
complexing modes. In one example, simulations have provided
information to show that crown ether complexes are selective
towards monovalent salts (e.g., sodium and potassium) due to
the size-match effect and the decrease in free energy associated
with the formation of host guest complexes.'?!] Moreover, sim-
ulations provide information on solute-ligand free energy land-
scapes and bridge the gap between experimental phenomena and
thermodynamics.['?) In turn, validating and applying fundamen-
tal models can provide forward looking insight into the design of
novel ligands that target and enhance selective sorbent analyte in-
teractions. As such, we anticipate that coupling high-throughput
experiments with state-of-the-art computation in a manner that

© 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH

85UB01 7 SUOWILOD 8A1IeRID 8|l dde 8Ly Ag peusenob ase sajolie YO ‘88N JOSa|nJ 1oy Akeiq18ulJUO AB|IA UO (SUO IPUOD-PUR-SLULIBY/WOD A8 |IM" ARe.q)1Bu JUO//SY) SUORIPUOD puUe WS | 8L} 88S *[720Z/0T/LT] uo Areiqi8uljuo A8|IM ‘Z€0002202 dew/z00T 0T/10p/wioo A8 | im Azeiq1jpul|uo//sdiy woi papeojumoq ‘9T ‘2202 ‘SE6ETZST



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

allows for rapid feedback will help speed the discovery of new
polymer sorbents in the near future.

3.4. Multicomponent Identification

Manipulating the molecular arrangement of functional groups
provides a method for manipulating sorbent affinity and selec-
tivity in a rational manner. In contrast, manipulating chemistry
on the micrometer through millimeter length scales to pattern
sorbents with varied ligands provides opportunities to simulta-
neously treat and identify multi-analyte feed streams. By select-
ing chromophores that change upon binding with analytes (e.g.,
through fluorescence,l’>92130131 UV.Vis absorption,[127:132:133]
and potentiometric/**! sensing), information (e.g., the identity
and concentration of analytes) is reflected in the formation of
the ligand-solute complex. For instance, polymer membrane sor-
bents that complex copper ions turn blue. The absorption of the
visible light in this region of the spectrum can be correlated to
the concentration of copper. When membranes are functional-
ized with multiple ligands and sectioned into distinct domains,
sensors can be created. Figure 5b illustrates each domain holds a
unique sorbent molecule. When the polymer membrane is sub-
ject to a multicomponent feed stream, sorbents capture analytes
until the sites are fully saturated. These multifunctional, pat-
terned membranes enable the design of sensors that use spatio-
temporal cues to continuously monitor the retentate stream. As
additional domains are incorporated into the sensor array, more
information is encoded, and the sensors generate unique finger-
prints that are specific to particular analytes.['**) While control-
ling the nanoscale chemistry of polymer membranes can be ac-
complished through polymer design and synthesis, the control
over micrometer scale patterns may rely on post synthetic mod-
ification schemes. Although multifunctional patterned mem-
branes present promising strategies for next-generation polymer
sorbents, opportunities for growth exist. For instance, analyzing
the data will require methods capable of deconvoluting the spec-
tra of sorbents that complex multiple analytes.

4. Sorbent Regeneration

Bound analytes need to be released from the sorbent surface so
they can be recovered. For single use sorbents (e.g., those de-
signed to purify therapeutic proteins), release is required prior
to product formulation.!'3¢] For processes that target the recov-
ery of lower value analytes, releasing the bound material allows
the sorbent to be regenerated and reused, improving process eco-
nomics. Regardless of the mechanism used to adsorb a solute, en-
ergy must be exerted to disrupt the sorbent-analyte complex and
stimulate the release of the analyte. The stimuli listed in Figure 1
are divided based on their mode of action. Certain stimuli (high-
lighted in green) are introduced by changing the temperature or
composition of the environment surrounding the sorbent. Other
stimuli (indicated in orange) act directly on the polymer mate-
rial itself, displacing electrons or charges to promote the desorp-
tion of the analyte. Designing reusable sorbents requires engi-
neering polymer materials that maintain stable capacity values
through repeated cycling. Accomplishing this aim demands sor-
bents designed to resist chemical degradation and withstand de-
activation due to irreversible analyte binding. With the ability to
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create and tailor the interaction strength of selective, multifunc-
tional ligands, polymeric materials present one way to design sor-
bents that can be regenerated sustainably.

4.1. Environmental Stimuli

Solvent regeneration mechanisms: Manipulating the external en-
vironment can strip the analyte from the surface of the sorbent.
A familiar example of this mechanism is found in ion exchange
resins (e.g., water softeners), which are regenerated using a high
concentration KCl or NaCl solution to remove bound divalent
ions.!'¥”] For metal ions that are strongly bound, compounds such
as ethylene diamine and ethylenediaminetetraacetic acid (EDTA)
can be added to the wash solution.!13%138-140] These compounds
have greater affinities and/or are introduced at high concentra-
tions to promote release of the analyte from the sorbent.[}-143]
Changing the solvent identity can also be used to disrupt the in-
teractions between the polymer sorbent and the analyte. For in-
stance, organic analytes that are removed from aqueous solutions
through hydrogen bonding interactions can be released, and the
sorbent regenerated, by changing the solvent to an alcohol.[1~147]
The regeneration efficiency can be further optimized through the
use of mixed solvents and additives. In particular, the elution rate
of nonpolar, charged pharmaceutical drugs, such as doxorubicin,
can be controlled using water alcohol mixtures that contain dis-
solved salts.['*®] While the water to alcohol ratio governs inter-
molecular interactions (i.e., solubility), excess potassium chlo-
ride displaces doxorubicin molecules that are bound by ion ex-
change mechanisms. Interestingly, subtle changes to these for-
mulations (e.g., eluting with ions that possess comparably sized
hydration shells) have been shown to influence the efficacy of
the wash solution.['*>1] When organic solvents are used as elu-
ents, polymer stability must be considered to ensure that the
sorbent nanostructure and functionality do not degrade during
operation.[’>!] While these regeneration methods can be efficient,
they are associated with secondary environmental pollution.
The use of pH-responsive polymers has been well studied in
many contexts.[1>21%] For example, the protonation and depro-
tonation of ionizable functional groups can modulate polymer
conformations such that pH-responsive materials can be used
for drug delivery or gating applications.['**'>°] These applica-
tions rely on locally induced charges to change macroscopic poly-
mer properties highlighting the connection between repeat unit
chemistry and the pH-response of polymer systems. The confor-
mation of PAA chains depends on more than just repeat unit
chemistry with demonstrated dependencies on molar mass, ionic
strength, and brush density.'>>"1°] For instance, under a mini-
mum molar mass (i.e., 16.5 kDa), PAA chains cannot undergo
the reversible coil to globule transition associated with high to
low pH swings. In fact, below this molecular weight, the chains
remain solvated, and the conformation is independent of envi-
ronmental pH. In turn, restricting access to particular conforma-
tions may modulate the ability of PAA brushes to adsorb ions
from solution.['3%160-164 That is, the carboxylic acid moiety un-
dergoes an ion exchange in which the hydrogen atom is replaced,
with a dissolved heavy metal ion.’®! The stoichiometry of the
PAA-ion complex has been a subject of debate, yet the macro-
molecule is known to form both 1:1 and 2:1 complexes with heavy
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Figure 6. Adsorption and desorption mechanisms of multiple stimuli dependent chemistries. a) Iminodiacetic acid groups use a proton exchange
mechanism to complex copper ions. The coordination of copper occurs when the solution pH is between the pK, of the carboxylic acids (i.e., pK,; = 1.8,
pK,, = 2.5) and the pK, of the tertiary amine (i.e., pK, = 9.1). Copper ions can be desorbed from the membrane by manipulating the pH. b) A neutral
spiropyran isomer does not exhibit charge and is unable to complexions. Irradiating the isomer with UV light leads to the cleavage of a carbon-oxygen
bond and the formation of a zwitterionic phenol derivative. In this state, the isomer complexes with transition metals by donating electrons to open
“d” orbital subshells. The isomer can be incorporated into polymer materials through covalent bonding at the R, position. The R, position permits
functionalization with electron donating functionalities that promote supplementary stabilizing analyte-sorbent bonds. Irradiating the molecule with
visible light regenerates the uncharged spiropyran isomer. c) Poly(vinyl ferrocene) polymers can be reversibly oxidized and reduced. The uncharged
ferrocene (Fc) polymer is unable to adsorb ions. Using an applied potential to oxidize the polymer into its ferrocenium (Fc*) form leads to the selective
adsorption of ions. The ions can be expelled into the solution through the application of a reducing potential. d) Incorporating thermo-responsive
(TR) polymers adjacent to selective ligands/polymer moieties permits for cyclic, temperature sensitive adsorption/desorption cycles. TR polymers (e.g.,
poly(N-isopropylacrylamide)) undergo a reversible coil-to-globule transition as the solution temperature oscillates above and below the lower critical
solution temperature (LCST). Above the LCST, the TR polymer favors the linear chain conformation, and the active sites of the selective polymer are
exposed. When the solution temperature drops below the LCST, the TR polymer favors a compact globule state and deactivates the adsorbing polymer

sites. In this state, solutes are desorbed and released into the solution.

metals. Exerting molecular-scale control over polymer synthesis
can manipulate PAA properties such that the formation of spe-
cific complexes is favored, and it can modify the pKa of the re-
peat unit relative to the monomer to promote or hinder metal
ion desorption. Polyethyleneimine (PEI) moieties follow a similar
pH-dependent adsorption/desorption behavior yet, the change in
the electron donating atom (i.e., from oxygen to nitrogen) leads to
interactions that can also adsorb dyes.!'3%163-1701 Within iminodi-
acetic acid moieties, the complexation of copper involves a simi-
lar proton exchange mechanism yet requires the coordination of
two carboxylic acid groups and an amine group (Figure 6a).3*l
The use of complementary pH-sensitive moieties present addi-
tional opportunities to stabilize and target specific analytes, en-
hancing sorbent properties.

Thermally responsive polymers rely on temperature changes
to switch between chain conformations that promote the
adsorption and desorption of solutes.'’'"73] The incorpora-
tion of thermoresponsive poly(N-isopropylacrylamide) (pNI-
PAAm) repeat units to selective poly{N-[3-(dimethylamino)
propyljmethacrylamide} (PMA) blocks provides one means to
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regulate the adsorption of dyes (Figure 6d). When the temper-
ature is below the lower critical solution temperature (LCST), the
pNIPAAm blocks favor a stretched chain conformation, expos-
ing the active sites of the PMA polymer and enabling the adsorp-
tion the analyte. At higher temperatures, the pNIPAAm polymer
chains favor a globule confirmation. As the chains shrink in spa-
tial extent, they block the active sites and desorb the analyte.!'7*]
The temperature dependent coil-to-globule transition also influ-
ences the relative hydrophobicity of the pNIPAAm chains and
can be used to retain proteins. Specifically, at temperatures above
the LCST, proteins are absorbed due to enhanced ionic and hy-
drophobic interactions. Under the LCST, NIPAAm chains are hy-
drophilic and proteins are desorbed.['7>176]

4.2. Direct Stimuli
While environmentally responsive polymers present a means to

eliminate the use of harsh solvents, the large amount of chemical
and thermal energy associated with the oscillation of solution pH
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and temperature, respectively, is not ideal. This insight suggests
that inducing a change within polymer backbone themselves can
lead to more efficient sorbent materials. The assertion is sup-
ported by recent analysis on the separation efficiency of dilute
gaseous mixtures in pressure swing adsorption (PSA) and tem-
perature swing adsorption (TSA).'”] Independent of the change
in enthalpy upon binding, the thermodynamic efficiency of PSA
processes decreases monotonically with feed solution composi-
tion. Conversely, the thermodynamic efficiency of TSA processes
exhibited maxima in efficiency as a function of feed solution com-
position. As the enthalpy of binding increased, the location of the
maxima moved to lower concentration, thereby suggesting that
energy efficient separations occur when the work to desorb ana-
Iytes is applied to the sorbent rather than the solution.

Electromagnetic radiation is easily manipulated, providing op-
portunities for the creation of light-responsive sorbents. For in-
stance, molecular structures can be interconverted between mul-
tiple isomers by changing the wavelength of light.['7%179] Azoben-
zene moieties are one class of molecules that undergo a re-
versible cis to trans isomerization. The distribution of electrons
changes based on the isomer conformation and induces a dipole
moment. Additionally, spectral and kinetic properties can be
tuned by the addition of substituents onto the benzene rings or
through the electron donating and withdrawing groups incorpo-
rated into a polymer scaffold."® Ultimately, subtle cis-to-trans
molecular changes have been used to modulate azobenzene-host
complexes!®!l and toggle the response of amine,!'82! ethylene
dioxy,['®3] and crown ether moieties.[18*]

A separate class of light-responsive molecules (e.g., spiropy-
ran, coumarin, and diarylethene) form and break covalent bonds
under different wavelengths. For instance, coumarin moieties
can form a bridge, physically constraining molecules under one
wavelength and subsequently releasing them under the appro-
priate stimulus. Spiropyrans have been the focus of a significant
amount of research due to the reversible cleavage of a carbon-
oxygen bond. The neutral spiropyran isomer is favored under
white light and a charged merocyanine isomer is created under
UV light irradiation (Figure 6b). Tailoring the polymer chemistry
when attaching these moieties to membranes can impact the ap-
plicability and regeneration ability of the sorbent. For instance,
efficiently switching between the two isomers requires the moi-
ety to be a certain distance from the polymer backbone.!'?>] When
the molecule is too close to the polymer surface, a variety of
mechanisms (e.g., merocyanine stacking) can decrease the sor-
bent capacity after cycling. Similar space considerations need to
be considered when spiropyran moieties are incorporated within
confined pores.['] Generally, when incorporating light sensitive
molecules into macromolecules, polymers must be engineered
to ensure that they do not adsorb the same wavelength of light
that enables the moiety to isomerize.

Electroactive sorbents rely on potential swings to adsorb and
desorb solutes. Applied voltages can promote the migration of
ions towards the electrode, increasing adsorption kinetics, 8]
and change the oxidation state of sorbent moieties, lending to
interactions between functional groups and analytes. As such,
metal ion sorption/desorption does not require harsh solvents
and potential dependent mechanisms provide promising possi-
bilities for polymer regeneration. Electroactive sorbents can be
created by using dopants!#-2 or conductive polymers.[1?1-194]
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Notably, the oxidation state of ferrocenium and ferrocene can be
switched by alternating the electric field of redox-active metal-
lopolymers. While ferrocenium provides binding sites for anions,
ferrocene releases them (Figure 6¢).['!] Interestingly, the selec-
tivity towards anions can be tailored by changing the locations of
the ferrocene group (i.e., on side chain or main chain). This case
study exemplifies the polymeric considerations that can be used
to tailor sorbent properties. In addition to directly changing poly-
mer sites for adsorptive processes, potential driven applications
can affect adjacent moieties and bound analytes. For instance,
the aforementioned redox-active ferrocene moieties can tailor the
electron distribution within adjacent carboxylic acid groups and
trigger the uptake and release of rare earth elements.!'>] Like-
wise, sorbent dopants can generate electrons upon application of
a potential. In the presence of the appropriate electrolyte, organic
molecules could be oxidized by the generated radicals.['%]

Further regeneration mechanisms include the use of inor-
ganic additives and bioenzymes. For example, magnets can be
used to recollect sorbents blended with magnetic additives!'*71%%
or immobilized catalysts or bio-enzymes can be used to adsorb
and subsequently oxidize pollutants.['**-201] Ultimately, sorbent
regeneration techniques must be considered to design energy-
smart, reusable and eco-friendly separation processes.

5. Summary and Future Outlook

Polymer materials are poised to make a significant impact in the
realm of separations, and we anticipate high-impact efforts to be
made in the field of adsorption, specifically. This is because the
knowledge and capabilities of the polymer science community
and separations engineering fields have developed to a point
where they are primed to converge such that revolutionary
advances can be had in a short period of time. In this way, we see
an ideal opportunity for polymer scientists and engineers, sep-
arations technologists, and systems engineers to form diverse,
interdisciplinary teams in a manner that enables rapid progress.

In particular, we envision that polymer sorbents will play in-
creasingly important roles for the recovery of dilute products
of value from non-traditional sources as adsorptive separations
are uniquely suited for these applications (i.e., they may be
able to break the paradigm established within the Sherwood
plot).[22202] Moreover, adsorption will continue to play a critical
role in the purification of high-end and specialty products that
are needed in the biological and pharmaceutical industries. Key
advances here will focus on targeting emerging biologicals such
as virus-based products®®! and transitioning toward the continu-
ous manufacturing of established products such as protein-based
therapies.[229*]As designer macromolecules will be required,
the cost of the active materials, scalability of the polymer sys-
tems, and lifetime of the separation units will be of key impor-
tance. Therefore, care must be taken to design synthetic pro-
tocols that allow for the creation of high-performance and sus-
tainable solutions. Moreover, next-generation materials that can
be used to produce systems with form factors consistent with
current sorbent operations can be implemented in a drop-in re-
placement fashion and may have a better opportunity for transla-
tion. Similarly, the lifetime of separation systems can be extended
by placing materials regeneration at the forefront of macro-
molecular design. This will positively impact both the initial
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separations cost, minimize material turnover and production
downtime, and can enhance energy efficiency. Importantly,as
they have done in so many other polymer-based applications,
we envision that physics-based computational simulations and
machine learning will play crucial roles in establishing princi-
pled and data-driven frameworks that can guide material design
and process synthesis.[292%] Thus, forming a bigger tent of re-
searchers (i.e., to those schooled in data science and computer
science) and training students and the future workforce in these
key skills will be imperative for the continued success of the field.
By adopting this materials genome initiative (MGI) mindset, it is
anticipated that high-throughput experiments will soon be cou-
pled to high-throughput computational efforts such that materi-
als discoveries occur in a rapid manner. When coupled with the
capabilities of process systems engineering (e.g., superstructure
optimization), this approach will lead to faster and less costly de-
ployment of advanced polymeric materials for these critical ap-
plications.

For all of these reasons, we view the field of polymer sorbents
as one that is extremely bright, and the ceiling on the potential
outcomes of efforts is quite high. In particular, we see fundamen-
tal science communities and practical industries that are primed
to embrace the opportunities described here in a complete and
robust manner. In doing so, we anticipate new foundational prin-
ciples will be developed, tailored macromolecular designs will be
had, and advanced sorbent technologies will be implemented. We
put forward that this is most likely to occur by bringing teams
of scientists and engineers from diverse backgrounds and disci-
plines to the table. In this way, there is yet again a true opportunity
to have polymer science serve as a means to advance the global
society.
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