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Hierarchically structured sorbents are fabricated using a combination of direct-ink-
writing 3D printing and an in situ vapor-induced phase separation process. The
approach is enabled by the increased pinching times arising from the inclusion of
carbon nanotubes in the formulation of polymer composite inks. The resulting
ability to control material structure across multiple length scales enables sorbents
that are highly permeable, exhibit high binding capacity and selectivity, and
effectively remove trace levels of metal ions under dynamic flow conditions.
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SUMMARY

Sorbents with structures tailored at the molecular through device
scales are needed to meet the demand for separations that can
isolate trace analytes from complex mixtures. Here, direct-ink-
writing three-dimensional (3D) printing is combined with a surface-
segregation and vapor-induced phase separation (SVIPS) process
to create hierarchically structured sorbents that satisfy this crite-
rion. Composite inks containing polysulfone, polystyrene-block-
poly(acrylic acid) (PS-PAA), and carbon nanotubes (CNTs) were
formulated to allow these processes to proceed simultaneously. En-
riching the inks with CNTs modulated their rheological characteris-
tics such that microstructured sorbents with permeabilities of
~10° L m 2 h™" bar " could be printed. The SVIPS process gener-
ated an interconnected network of PAA-lined nanopores whose
chemistry was tailored to produce sorbents that recovered Co?*
selectively from mixtures of Co?* and Li* and efficiently treated
sub-parts per million feed solutions under dynamic flow conditions.
The versatile combination of 3D printing and SVIPS provides new
strategies for manufacturing next-generation sorbents with struc-
tures controlled across multiple length scales.

INTRODUCTION

Developing separations processes capable of isolating dilute solutes from solution is
essential to enabling the efficient removal of trace contaminants from drinking wa-
ter, mining critical materials from non-traditional sources, and purifying therapeutic
drugs in a cost-effective manner.'~” Adsorptive separations are uniquely well suited
for these applications. However, shortcomings in materials design must be ad-
dressed to empower the fabrication of devices that meet the needs of emerging sep-
arations. Traditionally, adsorption is executed using packed beds filled with porous

10-12 However,

beads that provide high capacities for the capture of target solutes.
this operating configuration is hindered by mass transfer limitations that arise as
the analyte diffuses from the outer surface of the beads into their porous structure,
where the majority of active binding sites reside. Membrane sorbents are an alterna-
tive operating configuration that address the diffusive mass transfer limitations of
packed beds."*”'® Unfortunately, membranes are thin and offer limited capacity
for solute capture. Enhanced mass transfer rates and increased binding capacities
can be achieved by reducing the diameter of the porous beads or membrane pores,
yet this approach will inevitably increase the resistance to flow, reducing throughput
or requiring higher operating pressures.“’"18 Structured sorbents represent one
promising approach to overcoming this trade-off between permeability and

PROGRESS AND POTENTIAL
Adsorptive materials are well
suited for the separation
processes needed to ensure a
sustainable future (e.g., purifying
drinking water, recovering critical
minerals). Methods to transform
these materials into sorbents with
structure controlled at the
nanometer through micrometer
scales are necessary to translate
lab-scale discoveries into practical
devices. This study reveals that
enriching polymer solutions with
carbon nanotubes enables
sorbents with hierarchical
organization across scales to be
3D printed. Nanoscale phase
separation of the polymer endows
the sorbents with high capacity for
solute capture. Moreover, sorbent
chemistry can be tailored using
facile reaction schemes. The use
of these sorbents to remove heavy
metal ions from water
demonstrates the high affinity,
capacity, and throughput
necessary for a functioning
technology. The versatility of the
approach further expands the
library of materials that can be
used to fabricate separation
devices from advanced materials.
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capacity that hinders state-of-the-art sorbents. By controlling structure across
several length scales, large channels that increase throughput can be introduced
within a mesoporous matrix that endows the sorbent with structural stability and

large surface areas for solute binding.'”"?°

Methods for producing structured sorbents are still nascent, but additive
manufacturing has revealed promising technologies (e.g., fused deposition
modeling, inkjet printing, digital light processing, laser melting) capable of fabri-
cating devices with well-controlled structures at the nanometer through meter
scales.?*"?® These techniques have enabled the fabrication of sorbents with high
permeability, improved pore accessibility, and robust mechanical properties.””~*?
The resulting microstructures can tailor the flow path of the mobile phase to increase
residence times and induce secondary flows that enhance mass transfer rates
without reducing permeability.>*** For example, gold nanoparticles could be
blended with sodium alginate to 3D print sorbents for the capture and degradation
of organic dyes.®" Another example demonstrating the benefits of printed polymer
scaffolds used a polymer of intrinsic microporosity, PIM-1, with larger channels to
regulate the flow of vapor through the sorbent. The sharp breakthrough curve ex-
hibited in toluene vapor capture exemplified the effective mass transfer structured
sorbents can provide in gas separation processes.’” These initial examples demon-
strate the promise of structured sorbents. However, realizing the potential of this
approach for liquid phase separations requires the development of platforms that
possess fully interconnected mesoporous matrices to increase capture capacity
and material chemistries that can be modified to address the diversity of target sol-
utes that are encountered.

Nonsolvent induced phase separation (NIPS) processes are a well-established method
for generating porous polymer architectures (e.g., in membranes).*> These processes
are often implemented by casting a homogeneous polymer solution in the desired form
factor and then exposing the solution to a nonsolvent environment. As the solvent and
nonsolvent exchange, the solution phase separates to form polymer-rich and polymer-
lean phases that template the solid matrix and the porous structure, respectively. Con-
trolling for the composition of the solution, the mechanism used to introduce the nonsol-
vent plays a decisive role in controlling the nanostructure of the resulting material. For
example, plunging a solution directly into a water bath can lead to rapid solvent-nonsol-
vent dynamics that have been implicated in the formation of macrovoids that compro-
mise the integrity and performance of the polymer. However, exposing the same poly-
mer solution to a humid environment slows the transfer of nonsolvent (i.e., water) into
the solution, thereby suppressing the rate of phase separation and promoting the forma-
tion of interconnected, spongy nanostructures that possess high surface area per
volume.*®*? In addition to providing structural control, phase separation processes
can be designed to tailor the functionality lining the porous polymers. For example,
amphiphilic block polymers can be included in the casting solution such that during
the phase separation process, the block with the higher affinity for the nonsolvent segre-
gates to the interface between the two phases. If properly chosen, this block can impart
target functionality to the material. On this basis, Zhang et al. developed a surface-segre-
gation and vapor-induced phase separation (SVIPS) technique to develop composite
polysulfone (Psf) polystyrene-block-poly(acrylic acid) (PS-PAA) membrane sorbents.*®
The PAA brushes that lined the surface of these membranes could be tailored post-syn-
thetically to increase the binding capacity and affinity toward heavy metal ions.

In this study, we combine solution-based direct-ink-writing (DIW) 3D printing with
a SVIPS process to address the need for hierarchically structured sorbents that can
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Figure 1. Fabrication of structured sorbents

(A) An overview of the direct-ink-writing printer used to fabricate hierarchically structured sorbents.
The x-y stage (1) and z-axis controller (2) were programmed to control the position of a dispensing
needle relative to the printing platform. The deposition of polymer composite ink onto the platform
was controlled by a syringe pump (3). The deposition process occurred within a chamber whose
humidity was measured and controlled by a humidifier (4) and humidity sensor (5).

(B) A schematic representation of the sorbent structure. The deposition of the filaments was
controlled to produce woodpile structures with a micrometer-scale channel in the center of the
filaments. Nanoscale pores formed throughout the filaments due to the SVIPS process initiated by
the humid atmosphere. Polyacrylic acid (PAA) brushes that line the porous surface of the filaments
enable the post-fabrication modification of the sorbent chemistry with poly(ethyleneimine) (PEI)
and terpyridine-COOH (Terp-COOH) via sequential carbodiimide coupling reactions.

be deployed to isolate dilute contaminants and resources. Polymer composite inks
are formulated to exhibit rheological responses that enable control over the sor-
bent microstructure through 3D printing. Simultaneously, the solution thermody-
namics of these composite inks are designed to be consistent with the SVIPS pro-
cess such that, as the solution is printed, it nanophase separates to form the fully
interconnected porous network of the sorbent. Through facile post-synthetic
coupling reactions, the sorbents are tailored to recover transition metal ions
from sub-parts per million (ppm) concentration solutions. This combined technique
demonstrates a straightforward method for controlling sorbent structure and
chemistry across multiple length scales relevant to emerging separation process
demands.

RESULTS AND DISCUSSION
Enriching composite inks with carbon nanotubes (CNTSs) enables printing of
microstructured sorbents

The DIW printer shown schematically in Figure 1A provides control over the micro-
structure of the sorbents. A 25-G dispensing needle (inner diameter 260 pm), con-
nected to a syringe pump operating at a flow rate of 0.04 mL min~", was used to

deposit polymer composite ink onto non-woven polyester substrates. The x-y
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position of the needle was fixed, while its height above the printing platform was
manipulated using a z-axis controller. The non-woven substrate was secured to an
x-y planar controller that manipulated the position of the substrate relative to the
dispensing needle. The platform moved at a linear velocity of 5 cm s~ in the x and
y directions as the filaments were being deposited. Woodpile structures 2 x 2 cm
in size were generated by printing 40 filaments with a 250-um gap between the
filaments (Figure 1B). After one layer of the structure was deposited, the z-axis
controller moved up 10 um and the subsequent layer of filaments was deposited
with an orientation perpendicular to the prior layer. This sequence was repeated
until the desired number of layer numbers were reached. The whole filament depo-
sition process occurred within a controlled humidity chamber to promote the
SVIPS process.

The polymer composite ink, which consisted of 10% (by weight) Psf, 2% PS-PAA, and
0.1% CNTs dissolved in 2-pyrrolidinone (2P), was designed to produce filaments
with nanostructured porosity. 2P was used as a solvent because it dissolves both
the Psf and PS-PAA and it is miscible with water. The miscibility of 2P and water
was a critical design feature as it allows water vapor from the environment to initiate
the SVIPS process. The concentrations of Psf and PS-PAA, which were selected
based on prior work, resulted in viscous solutions that could be extruded through
the dispensing needle. However, at these polymer concentrations, the solution
needed to be enriched with carbon nanotubes to print continuous, discrete fila-
ments. As shown in Figure S1, using inks that did not contain CNTs resulted in the
formation of large droplets at the tip of the needle as well as filaments that aggre-
gated into granular particles. The need for enriching the polymer solution with
CNT is attributed to the impact of the CNTs on the rheological properties of the
composite ink.

As shown in Figure 2A, the steady shear viscosity of the composite ink containing
0.1% (by weight) CNTs was comparable to the viscosity of the CNT-free ink over
the range of shear rates examined. Figure 2B features image sequences acquired
by dripping-onto-substrate (DoS) rheometry protocols using a time step of At (s).
The snapshots revealed that even though the 0.1% CNT and CNT-free inks had a
matched shear rheology response, the liquid neck pinched more quickly for the
CNT-free ink, leading to the extrusion of droplets rather than continuous liquid fila-
ments. The minimum neck radius obtained by analyzing time series of DoS images
are also plotted in Figure 2B. Slower pinching and delayed pinch-off are clearly visu-
alized with increasing CNT concentration. The dashed lines display linear fits to the
radius evolution data in the last stage, implying that pinching dynamics exhibit the
terminal, viscoelastocapillary behavior associated with rate-independent steady,
terminal extensional viscosity.***> Increasing the CNT concentration to 0.2% led
to a more pronounced shear-thinning response as well as substantial increases in
the extensional viscosity and pinching time. Similar observations were made for
the concentration dependence of the shear and extensional viscosities for CNTs
dispersed in a Newtonian solvent;* however, here, the presence of Psf and PS-
PAA block polymer in the ink contributed to substantially higher viscosity values
and longer pinching times. As using a shear viscosity comparable to the CNT-free
ink allows printing with the same flow rate and pump pressure, and the use of a lower
particle concentration is processing friendly, the 0.1% CNT-based ink was selected
for DIW 3D printing of structured sorbents. In addition to delayed pinch-off that pro-
moted the formation of continuous filaments, CNTs also contributed improvements
in mechanical properties, which is advantageous for maintaining sorbent structure

under operating pressures.*’~>°
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Figure 2. Rheological characterization of the polymer composite inks
The composition of the composite inks is reported in terms of weight loading. All of the inks
contained 10% Psf and 2% PS-PAA dissolved in 2P along with varying amounts of CNTs. The red

squares, purple diamonds, and blue stars represent the data for inks containing 0%, 0.1%, and 0.2%
CNTs, respectively.

(A) Shear viscosity as a function of shear rate for the 3 composite inks.

(B) Dripping-onto-substrate (DoS) rheometry was used to visualize and analyze the radius evolution
of pinching necks of the 3 inks. The neck radius evolution data are shown on a linear-linear plot. The
inset includes 4 image sequences highlighting the evolution of the neck shape over time. Scale
bars, T mm. Each montage begins with a snapshot at R/Rg = 0.7 (time tp) and ends with the filament
right before pinch-off (time t;). The middle 2 panels are taken at time At and 2At, where At = (t; —
to)/3. The time step, At equals 450, 640, and 920 ms for the 0%, 0.1%, and 0.2% CNT inks,
respectively. The snapshots correspond to the points highlighted in each radius evolution plot.

Controlled humidity environment creates hierarchically structured sorbents
After establishing the ink composition, the relative humidity of the vapor environment
was optimized for the successful fabrication of sorbents. Upon exposure to the humid
environment, water vapor penetrates into the extruded ink. As water vapor penetrates
into the filament, the concentration of water increases and initiates liquid-liquid demixing
and gelation/solidification of the ink. At low humidity (e.g., relative humidity [RH] 35%),
the rate of intrusion of water vapor was too slow to initiate gelation on the timescale of
filament extrusion. As a result, a puddle of ink formed on the surface of the printing plat-
form. However, when the humidity was high (e.g., RH 80%), the extruded filaments phase
separated quickly such that they solidified on the surface before the next layer was
deposited. As a result, delamination was observed after immersing the membranes in
the nonsolvent bath. Examples of these failures are shown in Figure S2.
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For the composite ink formulation used here, the printing process was best executed
in a chamber at 50% RH. These conditions balanced the considerations needed to
control the molecular through macroscale features of the sorbents. Ideally, gelation
and phase separation of the ink would begin as it is being extruded such that a gel-
like skin forms around the filaments. In this way, the deposited solution cannot flow
to the nearby area and the printed structure retains its shape on the substrate. Within
the optimal humidity range, while enough water vapor penetrates into the filaments
to form a gel, not enough is imbibed to fully solidify the outer surface. As a result, the
deposited filament can adhere to the underlying layer. The rate of nonsolvent intru-
sion also affects the sorbent nanostructure. Directly plunging the extruded ink into a
water bath would initiate rapid liquid-liquid demixing and the formation of finger-
like voids across the filament cross-section.*’ Using water vapor to initiate phase
separation slows this process and results in a spongy bicontinuous structure with
high surface area throughout the filaments.**

The SVIPS method allows the PAA blocks to segregate toward the pore walls due to
their relative hydrophilicity. After printing concluded, the sorbents were immersed in
a water bath to fully exchange the solvent and nonsolvent. Subsequently, annealing
the samples in warm water helped to ensure that the PAA brushes line the surface of
the sorbents while the Psf forms the matrix of the filaments. In this way, the combi-
nation of DIW 3D printing and SVIPS processes can be used to control the sorbent
structure across several length scales with micron-scale channels between filaments
resulting from the printing process, while the filaments themselves contain nano-
scale pores due to phase separation processes. A schematic of the filaments and
channel structure is shown in Figure 1B.

The images and micrographs in Figure 3 examine the structural features of the
printed sorbents at increasing magnifications. Figure 3A shows the full size of the
2 x 2-cm woodpile structure. Figures 3B and 3C provide closer views of the channels
that form between the filaments as well as the filaments themselves, respectively. As
designed, the spacing between filaments was ~250 pm. Independent of the channel
spacing, the width of the filaments was ~250 um, which is consistent with the diam-
eter of the dispensing needle. A high-magnification micrograph of the filament
nanostructure is provided in Figure 3D. Pores ~300 nm in diameter percolated
throughout the filament. Furthermore, the surface of these pores was dotted with
nodules ~30 nm in size. Based on their characteristic size as well as the fact that these
nodules are not observed when the composite ink does not contain PS-PAA (Fig-
ure S3), it is hypothesized that the nodules are the PAA brushes segregated to the
surface of the filaments. A few CNTs appear distributed throughout the porosity
of the filaments.

Micrographs of the sorbent cross-section are displayed in Figure 4. The final sor-
bents were thick and relatively rigid, which made obtaining a view of the whole
cross-section difficult. Instead, several layers were separated from the sorbent and
fractured after freezing in liquid nitrogen. The uniform thickness, ~14 pm, of each
layer is highlighted in the lower magnification micrograph (Figure 4A). The high
magnification micrograph in Figure 4B focuses on the cross section of a single fila-
ment layer and demonstrates the isotropic, spongy structure that results from opti-
mizing the humidity of the printing environment. Additional micrographs of the sor-
bent structures are provided in Figures S4 and S5.

The structures achieved through the combination of 3D printing and the SVIPS process
result in highly permeable sorbents. The volumetric water flux, J,, is one metric for
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Figure 3. Structural analysis of the sorbent surface

(A) A digital photograph of a 3D-printed PAA-functionalized sorbent on a nonwoven polyester
substrate. Scale bar, 2 cm.

(B) A low-magpnification scanning electron micrograph of the PAA-functionalized sorbent showing
the arrangement of polymer filaments. Scale bar, 1 mm.

(C) A scanning electron micrograph demonstrating the large channel that forms between the
crossing filaments of the woodpile structure. Scale bar, 500 pm.

(D) A high-magnification SEM micrograph highlighting the nanostructure of the printed filaments.
The CNT are dispersed throughout the material, while the PAA brushes are distributed over the
surface of the nanoporous structure. Scale bar, 500 nm.

quantifying sorbent throughput. It can be expressed as the product of the hydraulic
permeability, L, and the pressure applied to drive flow, AP, i.e., J,, = L, X AP. The blank
polyester substrate had a hydraulic permeability of 5.0 x 10° L m™2 h™" bar™', the
sorbents with 4 layers of filaments exhibited a permeability of 2.2 x 10° L m 2 h™'
bar~", while sorbents with 12 and 24 layers could still achieve high permeability values
of 1.7 x 10°and 9.4 x 10* L m~2 h~" bar ", respectively, which is comparable to, or
even higher than, commercial microfiltration membranes.>®

Post-synthetic modifications tailor sorbents for high-affinity metal ion
removal

The PAA brushes that segregate to the filament surface provide functional handles
to tailor the sorbent chemistry for the high-affinity, high-capacity removal of transi-
tion metal ions in water treatment and resource recovery processes (Figure 1B).
Branched poly(ethyleneimine) (PEI) was first coupled to the as-printed sorbent using
carbodiimide chemistry. The high density of amines within the PEIl provides more
sites for metal ion capture, as well as the subsequent terpyridine (Terp) coupling re-
action. Due to its high affinity for transition metal ions, terpyridine was covalently
bound to the PEl-functionalized sorbent using a second carbodiimide coupling reac-
tion to create sorbents that can efficiently capture metal ions at sub-parts per million
concentrations. The surface chemistry of the sorbent was monitored after both
chemical reactions using attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy. The broad peak centered ~3,300 cm™' that appears in
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Figure 4. Scanning electron microscopy analysis of the sorbent cross-section

(A) Several layers of printed filaments are shown in cross-section to demonstrate the uniform
thickness of the printed layers. Scale bar, 50 um.

(B) A higher magnification cross-section displays the high surface area porosity of the spongy
structure produced by the SVIPS process. Scale bar, 10 pm.

the spectrum for the PEl-functionalized sorbent, but is absent for the PAA-function-
alized material (Figure Sé), is consistent with the amine bond introduced after the
first coupling reaction. As shown in Figure 5A, the new peaks that appear at
1,445cm™", 1,563 cm ™", and 1,647 cm™ " in the spectrum for the Terp-functionalized
sorbent are associated with pyridine groups that are introduced using the second
coupling reaction.

The results of static copper (Cu)-binding experiments are consistent with the changes
in chemistry observed using FTIR spectroscopy. Forexample, the impact of the modi-
fication protocols and printing parameters on the saturation capacity of the struc-
tured sorbents is shown in Figure 5B. Samples with differing numbers of layers and
pore wall chemistries were immersed in 100 mM CuCl; solutions to ensure saturation
of the sorbents. Subsequently, the bound Cu ions were released and quantified. The
PAA-based sorbents bind Cu primarily through electrostatic interactions and chem-
ical complexation;'> however, even the 24-layer membranes had a relatively low
capacity at ~3.2 mmol m~2. The PEI reaction introduced amine groups to provide
more binding sites for Cu through chemical chelation and increased the binding ca-
pacity more than twice compared to PAA sorbents;*® the Cu binding capacity for
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Figure 5. Characterization of the sorbent chemistry and metal ion binding properties

(A) FTIR spectra of the PAA-functionalized, PEI-functionalized, and Terp-functionalized materials over the range of 1,300 cm ™' < # < 1800 cm~". The
signals at 1,647 em™, 1,563 cm ™", 1,445 cm™", and 1,410 cm~", labeled with dashed lines, are consistent with pyridine groups that are introduced
through the sequential carbodiimide coupling reactions.

(B) Copper-ion (Cu?*) saturation capacity for sorbents printed with differing number of layers and functionalized with varied metal ion binding groups.
Then, 1-cm? sections of the sorbents were immersed in 15 mL of a 100-mM CuCl; solution for 8 h to allow the samples to equilibrated with the solution
and reach their maximum binding capacities. Subsequently, the Cu was released for quantification, and the sorbents were regenerated for further use.
For the PAA-functionalized and PEI-functionalized materials, an aqueous pH 1.5 HCl solution was used to release the Cu; and for the Terp-function-
alized samples, 2 mL of a 50-mM EDTA solution was used to remove the Cu bound on the sorbent surface. The Cu concentration in both retentate and
released solutions were measured by ICP-OES to ensure Cu release and closed mass balances. Data points indicate the mean and the error bars
represent 1 standard deviation calculated from 3 independent replicate experiments on 3 sorbent samples.

(C) Selective cobalt (Co*") uptake form mixtures of LiCl and CoCly; 1-cm? sections of the 24-layer Terp-functionalized sorbent were immersed in 5 mL of
each solution. The Co?* concentration in each solution was held constant at 1 mM, while the Li* concentration ranged from 0 to 100 mM. After 8 h in
solution, the sorbent was removed, rinsed, and immersed in 5 mL of an aqueous 50-mM EDTA solution to recover the bound Co?*. The Co?" con-
centration in both the retentate and release solutions was measured by ICP-OES. The reported Co?* uptake was calculated based on the concentration
differences between initial and retentate solutions. Data points indicate the mean and the error bars represent 1 standard deviation calculated from 3
independent replicate experiments on 3 sorbent samples.

24-layer PE| sorbents was 13.7 mmol m~2. After the Terp coupling reaction, the sor-
bents had higher affinity toward Cu and could form more stable complexes,”>°
which increased the saturation capacity to 31.3 mmol m~2 for the 24-layer Terp-func-
tionalized sorbents. The mass of each layer was ~0.21 mg; thus, the saturation capac-
ity of a layer of the Terp-functionalized material was ~0.65 mmol g~", which is com-
parable to membrane sorbents based on this chemistry.”? Notably, saturation
capacity increased linearly with the number of layers, which indicates that adsorption
was achieved throughout the whole sorbent structure independent of thickness and
chemistry.

Cu removal experiments were also executed by immersing the 1-cm? samples in
5 mL of 1 mM CuCl; followed by releasing the bound Cu ions (Figure S7). As ex-
pected, membranes with higher binding capacities removed a higher percentage
of the dissolved ions. Notably, the high capacity of the 24-layer Terp-functionalized
sorbents, which weighed only ~5 mg, allowed ~50% removal. The blue color of the
sorbent after this experiment can be seen in Figure S8. Critically, no significant
changes in the amount of Cu bound or removed were observed as sorbents were re-
generated and reused during this series of experiments, which indicated the stable
covalent attachment of the binding ligands, as well as the robust performance of the
sorbents upon recycling.

The high affinity of the Terp ligand toward transition metal ions provides several po-
tential applications for these sorbents. For example, methods are needed to recover
and recycle critical materials from non-traditional sources, electronics waste, and
spent batteries.”’ In this regard, the separation of cobalt (Co) and lithium (Li) is of
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increasing importance.”® Therefore, the selective recovery of Co?" from Li*/Co?®*
mixtures was investigated by mixing 1 mM CoCl, with LiCl at molar ratios of
Li*:Co?* that ranged from 0 to 100. Then, 1-cm? sections of the 24-layer Terp-func-
tionalized sorbent were placed in 5 mL of these mixed solutions. After 24 h, the sor-
bent was extracted and the amount of Co?* removed was calculated (Figure 5C).
Despite the increasing Li concentration, the sorbents achieved a consistent Co?*
removal capacity of 12 mmol m~2, which was almost three times higher than PAA-
functionalized membranes (Figure S9). Interestingly, for both chemistries, the sor-
bents exhibited higher Co?* removal capacities when the Li* concentration was
increased above 10 mM. Critically, the Terp-functionalized sorbent retained a signif-
icant fraction of its capacity (7.5 mmol m~?) and selectivity toward Co when the pH of
the 100:1 Li*:Co®* solution was reduced to pH 1, which is typical of the acidic solu-
tions used to leach critical materials from electronics waste (Figure S10). The
reduced Co®* capacity may be attributed to incomplete conversion of the PAA
and PEIl groups to Terp. These unreacted carboxylate and amine groups can bind
Co?" at pH 5.5. However, at pH 1, the carboxylic acids are protonated and protons
have a higher affinity for the amines. Both of these phenomena reduce the ability of
these groups to capture Co®*. After absorption experiments, the samples were re-
generated and could be reused several times without losing binding capacity.

The selective recovery of Cu from agqueous salt solutions containing competing diva-
lent or trivalent cations was also examined. From an aqueous mixture of 1 mM CuCl,
and 10 mM MgCl; at pH 4.4, the binding capacity for Cu** and Mg?* was 21.8 mmol
m~2and 5.8 mmol m~?, respectively. The sum of these two values, 27.6 mmol m~2,is
comparable to the original Cu?* binding capacity, 31.3 mmol m~2, determined us-
ing an aqueous solution of 100 mM CuCl,. The carboxylic acid groups that remain
after the sorbent functionalization process can bind Mg?* through electrostatic in-
teractions, thereby reducing the amount of Cu?* captured while maintaining the to-
tal capacity toward divalent cations. In addition, the binding capacity for Cu?* and
AR from an aqueous mixture of T mM CuCl, and 10 mM AI(NO3); at pH 3.9 is
15 mmol m~?and 0 mmol m~2, respectively. The reduced Cu?* capacity and immea-
surable A** binding capacity may be attributed to the PAA repeat units being pro-
tonated and the PEI groups having a higher affinity for protons at pH 3.9. These re-
sults are reported in Figure S11.

Throughout the series of absorption experiments, the samples were regenerated
and could be reused without losing binding capacity. Specifically, in the series of ex-
periments examining Cu?* removal and the selective binding of Co®* from mixtures
of Co?*/Li*, each sample reported in the paper was used for at least 3 cycles of Cu?*
removal and 21 cycles of Co?*/Li* selectivity experiments. After each of these 24 ex-
periments, the samples were regenerated and reused. No significant reduction in
the performance or saturation capacity was observed. In this regard, the sorbents
have good stability and reusability.

Structural control enables metal ion removal under dynamic flow conditions

While the batch adsorption experiments demonstrate the high affinity and capacity
of the 3D-printed sorbents for metal ion capture under static conditions, adsorptive
separations are dynamic processes. Therefore, flowthrough experiments were car-
ried out using the apparatus shown in Figure S12 to characterize performance under
flow conditions. A sorbent sample was fixed in a filter holder connected to a syringe
pump that contained 100 mL of a 1-ppm CuCl, solution (472 ppb Cu®* solution).
Once initiated, the syringe pump drove the flow of solution through the sorbent at

a constant flow rate of 0.092 or 0.35 mL min~", and the permeate solution was
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Figure 6. Flowthrough experiments characterize the dynamic capture of Cu?* from a 1-ppm CuCl,
solution

The 0.7-cm? sections of Terp-functionalized sorbents were used in these experiments. Samples of the
effluent were collected in 10-g aliquots and analyzed using ICP-OES. The concentration of Cu?* in the
effluent is plotted as a function of cumulative mass of treated solution. Each experiment represents oper-
ation at a different Graetz number (Gz). (i) Gz = 24 resulted from using a single 48-layer sorbent with 250-um-
wide channels and a constant flux of 300 Lm™2 h™". (ii) Gz = 6.3 conditions were realized using a single
48-layer sorbent with 250-um-wide channels and the flux of 78.8 L m~2h~". (i) AGz = 6.3was also produced
by using two 24-layer sorbents with 250-um-wide channels stacked in series, and operating at the flux of
78.8Lm~2h~".(iv) Gz = 4.0 was generated by stacking two 24-layer sorbents with 250-um-wide channels and
one 24-layer sorbent with 125-pm-wide channels in series and operating at the flux of 300Lm 2h~". () AGz =
1.6 resulted from stacking two 24-layer sorbents with 125-um-wide channels in series, and operating at 78.8 L
m2h7".

collected in 10-g aliquots. Because the sorbent had an area of 0.7 cm?, these flow
rates correspond to operating at a constant flux of 78.8 or 300 Lm 2 h~". The con-
centration of Cu?* in the permeate solutions is plotted versus the cumulative mass of
permeate in Figure 6.

The Graetz number (Gz), which compares the rate of convective flow through the sor-
bent to the rate of solute diffusion to binding sites, was used to guide the structural
design of the sorbents. The Gz is calculated using Equation 1.
2

Gz = I_DV (Equation 1)
Here, d is the channel width; v is the average velocity of the mobile solution in the
channel; | is the sorbent thickness; and D is the diffusion coefficient of the solute.
The sorbent thickness, I, is determined using the product of the number of
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deposited layers and the individual layer thickness based on the SEM micrographs
(14 um). The diffusion coefficient of CuCl, in wateris 1.3 x 107> cm?s~'.°? The chan-
nel width was controlled during printing and validated from SEM micrographs. The
average velocity of fluid within the channel is equal to the volumetric flux divided by
the areal fraction of the channels (~25%); thus, the average velocity in the channel is
four times higher than J,,. Therefore, for example, a 48-layer sorbent, | = 672 um,
with 250-um-wide channels operating at 300 L m 2 h™" (v = 333 um s ") yields
Gz = 24.

The 48-layer sorbent operating at a high flow rate had the largest Gz and lowest
adsorption of Cu?*, removing ~70% of the Cu ions from 100 mL of the feed solution.
From this baseline case, the Gz was reduced by increasing the sorbent thickness,
reducing the flow rate through the sorbent, and decreasing the channel width. For
example, using the same 48-layer sorbent or stacking two 24-layer sorbents in series
and operating at a lower flux of 78.8 Lm 2 h~" created Gz = 6.3 conditions. Both
systems had much lower Cu concentration in the effluent permeate, suggesting
that the longer residence time gave the Cu ions more time to diffuse to the binding
sites. In turn, more Cu could be absorbed. Stacking two membranes with 125-pm-
wide channels and operating at 78.8 L m 2 h™", decreased the Gz number to 1.6.
The diffusion time from the center of the channel to the filament surface was reduced
to 25% of the time needed for the 250-um-wide channels, resulting in more than 95%
of the Cu being removed. Placing two sorbents with 250-um-wide channels and one
with 125-um-wide channels together in series achieved similar Cu?* removal perfor-
mance but while operating at a higher flux of 300 L m~2 h~" (Gz = 4.0), which sup-
ported the possibility of using the membranes at a short timescale, and suggested
the importance of designing hierarchical, patterned structures to enable the efficient
capture of target solutes from flowing solutions.

Based on prior measurements,*” the metal ion binding kinetics were assumed to be
instantaneous. Therefore, in this context, smaller Gz number conditions enhanced
the diffusion and improved removal performances, which indicated that the diffu-
sion-limited mass transfer existed during the flowthrough tests.®® Moreover, the
slightly increasing trend in concentration when collecting more permeate suggested
that the resistance of ion transport inside the pores may present a further barrier. Cu
could occupy the binding sites located near the channels easily, hindering further
diffusion into the nanoscale pore structure, thereby increasing concentration for
the last 40 g of permeate. Thus, work to achieve sufficient ion diffusion in both chan-
nels and nanoscale pores is an important future design goal.

Printing thicker sorbents represents one method for enhancing the performance of
the structured sorbents reported here. Importantly, this strategy needs to be imple-
mented while maintaining reasonable operating pressures. The operational pres-
sure can be estimated by recalling that J,, = L, X AP. Moreover, because L, is
inversely proportional to sorbent thickness, the hydraulic permeability of a
48-layer sorbent is assumed to be equal to 4.7 x 10°Lm 2 h " bar ! (i.e., half
the value reported for the 24-layer sorbent). Therefore, for condition i of the flow-
through experiments reported in Figure 6, the operational pressure drop was only
6.3 x 1072 bar (0.09 psi). A typical operating pressure for microfiltration membranes
is 9 psi. At this pressure, a 4,800-layer, 6.7-cm-thick sorbent would be able to main-
tain a flux of 300 L m~2 h™" while reducing the Gz 100-fold relative to condition i.

The flexibility associated with the combination of DIW 3D printing and a SVIPS pro-
cess provides several opportunities to tailor the properties of sorbents for enhanced
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performance in target applications. For example, in addition to reducing the Gr by
increasing the thickness of the sorbent, DIW 3D printing provides spatial control of
the lattice geometries, thereby affording the possibility of tailoring the flow channels
to enhance mass transfer rates without reducing permeability. Specifically, making
the flow channels more tortuous to increase residence times®' or to induce second-
ary flows®? can result in more efficient solute capture profiles. Alternatively, the sor-
bents reported here have comparable saturation capacities but higher permeabil-
ities than membrane-based sorbents developed from similar material chemistries.
Because permeability is determined by the micron-scale structures formed during
DIW 3D printing, it should be possible to achieve even higher capacities, while main-
taining a high permeability through careful design of the polymer composite inks.
For example, sorbents based on self-assembled materials exhibited Cu?* binding
capacities that were ~7x higher than those reported here.®? Going forward, these
materials could be incorporated in CNT-enriched solutions that exhibit the rheolog-
ical characteristics (e.g., increased extensional viscosity and pinching times) needed
to 3D print them as structured sorbents. Finally, while the terpyridine moiety used
here enabled the efficient capture of transitions metals, numerous other contami-
nants and resources need to be separated from solution (e.g., per- and polyfluor-
oalkyl substances,” nutrients,® biologics’). In this regard, the demonstrated ability
to manipulate the sorbent chemistry using straightforward coupling reactions sug-
gests the versatility and broad applicability of the platform. Hierarchically structured
materials could be readily functionalized with high-affinity ligands, peptides, or en-
zymes to achieve fit-for-purpose separations.®® By stacking sorbents in series, it
could be possible to realize high-throughput filtrations capable of separating multi-
ple components in a single pass.

Conclusions

In summary, hierarchically structured sorbents were fabricated by combining DIW
3D printing with a SVIPS process. Composite inks were formulated by enriching a
polymer solution initially developed for membrane fabrication with CNTs, which
led to delayed pinch-off times and enabled the formation of continuous filament
structures. The humidity of the printing environment was tailored to initiate the
SVIPS process as these filaments were being deposited such that highly permeable
sorbents with well-formed channels and tightly arranged layers could be produced.
In addition, the SVIPS process generated nanostructured porosity within the fila-
ments that imbued the sorbents with high capacities for solute capture. Introducing
selective functional groups through the PAA brushes that lined the nanoporous sur-
face of the filaments increased the binding affinity toward transition metal ions. This
affinity was demonstrated by the selective recovery of Co?* from mixtures contain-
ing Co and Li dissolved at pH 1 while the rapid mass transfer of the sorbents was evi-
denced by the efficient removal of Cu?* during dynamic flowthrough experiments.
Furthermore, the sorbents could be easily regenerated and reused by releasing
bound ions. The methodology described in this work provides a promising approach
for using 3D printing technology for the fabrication of functional polymer sorbents
that overcome the capacity-permeability trade-off and allow for the targeted recov-
ery of dilute solutes.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, William A. Phillip (wphillip@nd.edu).
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Materials availability
This study did not generate new, unique reagents.

Data and code availability

Data required to evaluate the conclusions of this article are provided within the
article and supplemental information. Raw data will be made available from the
lead contact upon reasonable request.

Codes for printing the woodpile pattern were generated by the Aerotech A3200 Mo-
tion Composer and the movement of the all of the axes were controlled by the Aero-
tech A3200 CNC Operator. MATLAB codes were used to analyze DoS videos, and
can be made available from the lead contact upon reasonable request.

Materials

Multi-walled CNTs (>98%, outer diameter X length 6—13 nm X 2.5-20 um), Psf (M,, =
22 kg mol™), 2-pyrrolidinone (2P, 99%), PEI (M,, = 60 kg mol™", 50 wt % in water),
ethylenediaminetetraacetic acid (EDTA), sodium hydroxide (NaOH, >97%), potas-
sium hydroxide (KOH, >85%), hydrochloric acid (HCI, 37%), nitric acid (HNOs3,
70%), Co(ll) chloride (CoCly, 97%), Cu (ll) chloride (CuCl,, 97%), magnesium chloride
(MgCl,, >98%), aluminum nitrate nonahydrate (AI(NO3)3, >99%), sodium bicarbon-
ate (NaHCO3), 1-hydroxybenzotriazole hydrate (HOBt, 98%), and ethanol (EtOH)
were purchased from Sigma-Aldrich. Also, e-caprolactone (99%) was purchased
from Alfa Aesar. Dimethylsulfoxide (DMSO, 99%) was obtained from Beantown
Chemical. 4'-Chloro-2,2':6',2"-terpyridine (97%) was purchased from AMBeed.
Tetrahydrofuran (THF) was purchased from Macron Fine Chemicals. 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI, 99.9%) was obtained
from Chem-Impex Int'l. PS-PAA (M,,: 70.5-b-13.0 kg mol~", D = 1.10) was purchased
from Polymer Source. Nonwoven polyester substrates (Cranemat CU632(UF), 100%
polyester) were provided by Neenah Filtration. Unless noted otherwise, all of the
materials were used as received. Deionized (DI) water was provided by a Millipore
water purification system (Milli Q Advantage A10).

6-(2, 2': 6/, 2"-Terpyridin-4’-yloxy) hexanoic acid (Terp-COOH) synthesis

The Terp-COOH synthesis followed a previously published reaction scheme and pro-
tocols.**%% In summary, powdered KOH (1.85 g) was added to DMSO (10 mL) at
65°C; then, e-caprolactone (1.49 g, 13.07 mmol) was added dropwise to the solution
while stirring. After adding all of the e-caprolactone, the solution was left to react at
65°C for 30 min; then, 4’-chloro-2,2":6',2"-terpyridine (1.74 g, 6.49 mmol) was added
to the reaction vessel. The reaction mixture was stirred at 65°C for 48 h, then allowed
to cool to room temperature. Subsequently, 400 mL of DI water was added to the
mixture, followed by the dropwise addition of 1M HCI until a precipitate formed.
This crude product was isolated by filtering with a Buchner funnel. The final product
was purified by recrystallization in THF and dried in vacuum. Synthetic scheme and
"H-nuclear magnetic resonance ("H-NMR) spectra are shown in Figure S13.

Sorbent fabrication

Ink preparation

The polymer composite ink was prepared by dissolving 10% (by weight) Psfand 0.1%
(by weight) CNTs in 2P at 80°C under continuous stirring. Then, 2% (by weight) PS-
PAA block polymer was added to the mixture, which was stirred at 60°C until a ho-
mogenous solution was obtained. The solution was allowed to sit at room tempera-
ture to degas for 1 day. Immediately before printing, the solution was sonicated to
disperse the CNTs in the ink.
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Sorbent printing in humid chamber

Structured sorbents were printed in a humidity chamber that had an RH controlled
between 35% and 85%. A humidity controller (Inkbird IHC200) and humidifier (Vicks
V745) were used to keep the humidity in the desired range. The polymer composite
ink was extruded from a 3-mL BD syringe using a 1.5-in.-long, 25-G dispensing nee-
dle (BSTEAN, inner diameter 0.26 mm). A syringe pump (Harvard Apparatus Pump
11 Elite) operating at 50% force level controlled the flow rate of ink through the nee-
dle at a constant value of 0.04 mL min~". The x-y planar (Aerotech) and z-axis
controller (home-designed and made by Aerotech) were connected to a computer
by amplifiers (NDRIVE ML10-40-10-MXH for x and y axes, NdriveMP10 for z-axis).
Patterns were designed using an Aerotech A3200 Motion Composer and the move-
ment of all of the axes were controlled by an Aerotech A3200 CNC Operator. During
printing, the x-y planar moved at a velocity of 50 mm s~ . Initially, the needle was
positioned at the bottom left corner of the woodpile structure. From this position,
the planar was moved down for 20 mm, then left for 0.5 mm, and up for 20 mm to
form two parallel filaments with a 500-pm gap between them. This movement
pattern was repeated for 40 cycles to create a single layer. From its final position
at the top right corner of the designed pattern, the z-axis controller moved the nee-
dle up 10 um vertically and the x-y planar moved right to left to deposit the next layer
of the structure, with filaments perpendicular to the prior layer. At the end of depos-
iting this layer, the needle was again situated above the bottom left corner of the
structure and the process could be repeated.

Sorbent annealing

After the printing routine was complete, the sorbent was exposed to the humid envi-
ronment for 5 min before being immersed in the nonsolvent (DI water) bath, where it
remained overnight (~12 h) to allow for solvent exchange. The printed sorbent was
annealed in a DI water bath at 80°C for 6 h to facilitate the segregation of the PAA
blocks to the pore walls. The sorbents were then stored in DI water until further
functionalization.

Sorbent functionalization

The surface chemistry of the as-printed PAA-functionalized sorbents was modified
using sequential carbodiimide coupling reactions.*? First, branched PE| was incor-
porated to increase the sorbent-binding capacity. The reaction was carried out using
a solution containing 5 mM PEI, 50 mM EDC-HCI, 250 mM HOBt, and 100 mM
NaHCOj;. The solution was stirred until it was well mixed. The pH of this reactive
PEIl solution was adjusted by adding 1 M HCl until the solution was at pH 6, as deter-
mined by pH test strips (VWR). PAA-functionalized sorbents were then immersed in
the solution at room temperature without stirring for 5 days. After rinsing them thor-
oughly with DI water, the PEI-functionalized sorbents were stored in DI water. The
terpyridine functionalization proceeded by immersing the PEl-functionalized sor-
bents in a solution containing 8.5 mM Terp, 10 mM EDC-HCI, and 25mM HOBt dis-
solved in ethanol. The solution was pre-heated to 70°C under stirring until it was
homogenous. Subsequently, the PEl-functionalized sorbents were added to the
70°C solution and left without stirring for 12 h. After the solution cooled to room
temperature, the sorbents were rinsed thoroughly with EtOH and DI water and
stored in DI water.

Materials characterization

FTIR

The surface chemistries of the sorbents were analyzed using a Bruker Tenor 27 FTIR
spectrophotometer operating in ATR mode. Before analysis, sections of the sorbent
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were dried in a vacuum oven overnight and stored in clean petri dishes. ATR-FTIR
spectra were collected using 64 scans over a range of wavenumbers, 7, 600 < 7 <
4,000 cm ™.

"H-NMR

"H-NMR spectra for the Terp-COOH were acquired using Bruker AVANCE Il HD
500. Samples were prepared by dissolving dried Terp-COOH in deuterated
dimethyl sulfoxide (DMSO-dg) at 10 mg mL™".

Ink rheology

The steady shear viscosity, n(v)=712/¥ was characterized using a cone-and-plate
geometry (50 mm diameter, 1° cone angle) on an Anton Paar MCR 302 Rheometer
(torque range 1075200 mN - m). Here, the shear stress, 71, in response to imposed
shear rates in the range of ¥ = 0.01-10% s™" was measured at constant temperature
(maintained using a Peltier element). The pinching dynamics and extensional
rheology response were characterized using DoS rheometry. A finite volume of fluid
is dispensed at a low and fixed flow rate (Q = 0.02 mL min~") through a stainless-steel
nozzle with outer and inner diameters of Dy = 2.108 mm and D; = 1.6 mm, respec-
tively. The shape evolution of the neck of the hourglass-shaped liquid bridge,
formed with an aspect ratio of H/Dy = 3 on a partially wetting substrate, were visu-
alized using an imaging system that includes a light source, a diffuser, a high-speed
camera (Fastcam SA3 with a Nikkor 3.1x zoom [18-25 mm)] lens), and an attached
macro lens to improve magnification. Reasonably high frame rates (2,000 frames
per second) were used, and the DoS videos are analyzed with specially written
MATLAB codes to determine the minimum neck radius as a function of time. The
experimental setup, design considerations, specific advantages contrasted to other
extensional rheology methods, and various approaches to analyzing datasets are

detailed in our previous contributions.**#>:¢>:¢

Sorbent characterization and testing

Scanning electron microscopy

Selected samples were imaged using an FEI-Magellan 400 field-emission scanning elec-
tron microscope or a Thermo Prisma Environmental-scanning electron microscope.
Samples for surface analysis were cut from the printed sorbents without further actions.
Samples for cross-sectional analysis were prepared by immersing the sorbents in liquid
nitrogen until the liquid nitrogen stopped bubbling vigorously (~1 min), followed by
freeze fracturing. All of the samples were sputter-coated with 2 nm of iridium to prevent
charging. The values 5 keV and 13 pA was chosen to generate the surface scanning elec-
tron microscopy micrographs, and 2 keV and 6.3 pA were chosen to generate the cross-
section area scanning electron microscopy.

Permeability test

A circular section of sorbent, 1.4 cm in diameter, was assembled into a 10-mL stirred
cell (EMD Millipore Amicon 8003), with the surface layer facing the feed reservoir.
Due to the high hydraulic permeability of the sorbents, the 10-mL stirred cell would
be depleted within a few seconds even at low transmembrane pressures (i.e., <0.1
bar). Therefore, the stirred cell was connected to a homemade 800 mL reservoir
that allowed for extended permeability experiments. The stirred cell and reservoir
were filled with DI water and a pressure between 0.02 and 0.03 bar was applied to
the reservoir. The permeate solution was collected in a container that rested on a
balance, and the mass of the collected solution was recorded every 5 s for 3 min. Hy-
draulic permeabilities were calculated by regressing the water flux and transmem-
brane pressure data.

16 Matter 5, 1-20, October 5, 2022

Matter



Please cite this article in press as: Xu et al., Heavy metal removal using structured sorbents 3D printed from carbon nanotube-enriched polymer
solutions, Matter (2022), https://doi.org/10.1016/j.matt.2022.07.012

Matter ¢? CellP’ress

Inductively coupled plasma-optically emitting spectrophotometry (ICP-OES)

The concentration of Cu and Co in solution was measured using a Prep3 Optima
8000 inductively coupled plasma-optically emitting spectrophotometer. Samples
for ICP-OES analysis were prepared by adding 0.1 mL of the solution containing
the metal ion into 5 mL of 3.5% (v/v) nitric acid.

lon uptake

Batch metal ion adsorption experiments were performed using 1 X 1 cm? sections of
the sorbents. A schematic of the testing process is shown in Figures ST0A and S10B.
Sorbent samples were submerged in 5 mL of a 1-mM CuCl; or 15 mL of a 100-mM
CuCl; solution for 8 h. They were subsequently extracted and rinsed with excess
DI water to remove free and loosely bound ions. To completely release the bound
Cu ions from the PAA-functionalized and PEl-functionalized samples, the sorbent
was immersed in 2 mL of an aqueous HCI solution (pH = 1.5) for 8 h. Following
the binding experiments, metal ions were removed from the terpyridine-functional-
ized materials by immersing the sorbents in 2 mL of a 50-mM EDTA solution. The pH
of the EDTA solution was adjusted to neutral pH by adding NaOH. The metal ion
concentration in the retentate (i.e., treated) and released solutions were analyzed
via ICP-OES. After release of the metal ions and before an experiment, the sorbents
were regenerated for reuse by immersing the samples in 10 mL pH 12 NaOH solution
for 8 h and then rinsing them with an excess amount of DI water.

For Co adsorption experiments, 1 X 1 cm? sections of 24-layer Terp-functionalized sor-
bent was immersed in 5 mL of a solution containing dissolved Co and Li salts. The solu-
tion had a constant CoCl, concentration of 1 mM and varied LiCl concentrations ranging
between 0 and 100 mM. The sorbent was allowed to soak in this solution for 8 h, then
was rinsed with excess DI water to remove free and loosely bound ions. The bound ions
were completely released by immersing the sorbent in 5 mL 50 mM EDTA solution for 8
h. The Co concentration in the retentate (i.e., treated) and released solutions were
analyzed via ICP-OES. After release of the metal ions and before an experiment, the sor-
bents were regenerated for reuse by immersing the samples in 10 mL pH 12 NaOH so-
lution for 8 h and then rinsing them with an excess amount of DI water.

lon uptake was calculated by Equation 2:
_ GrxV
A

Here, Qis the ion uptake, Cg is the ion concentration in the released solution, V is the
volume of released solution, and A is the area of the membrane. Three membrane

Q

(Equation 2)

pieces made in three different batches were used to repeat all of the experiments.
Critically, no significant changes in the amount of Cu bound or removed were
observed during this series of experiments, which indicated the stable covalent
attachment of the binding ligands as well as the good recycling and reuse perfor-
mance of the sorbents.

Flowthrough test

A schematic of the flowthrough capture experiments used to characterize the Terp-func-
tionalized sorbents is shown in Figure S10C. Sections of the sorbent 1 cm in diameter
were cut from the printed samples and packed into a 0.7-cm? filter (Sterlitech Swinnex
520100), with the printed surface facing the feed solution. The 1-ppm CuCl; solution
was loaded into a 100-mL syringe (Wilburn Medical USA) that was connected to the filter
holder through a Luer lock fitting. A pump (Harvard Apparatus 975 Compact Mechanical
Multiple-Syringe Infusion Pump) was used to deliver the feed solution at a constant flow
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rate (0.35 mL min™" or 0.092 mL min™"). The solution that permeated through the sor-
bentwas collected in scintillation vials using a homemade apparatus. The apparatus res-
ted on an electronic balance, and its mass was recorded every 5 s. Ten vials were placed
around the outside of a circular rotating disk, which was controlled by a MATLAB-pro-
grammed motor, after collecting every desired amount of solution (i.e., 10 g), the motor
automatically rotated, and a new vial was placed under the filter to collect the next 10 g
of permeate solution. The ion concentrations in permeate solutions were analyzed via
ICP-OES. Membranes were regenerated using the same protocols that were used in
the batch uptake experiments.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2022.07.012.
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