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Carbonyl-rich porous organic polymers for cobalt adsorption from
water

Min Chieh Yang,? Devin S. Rollins,? Dale L. Huber,¢ Jou-Tsen Ou,? Michael R. Baptiste,® Andrea N.
Zeppuhar,? Fu Chen,? Mercedes K. Taylor?*

Transition metals such as cobalt are necessary for various clean-energy technologies, notably electric-vehicle batteries.
Global demand for these metals is therefore projected to increase exponentially in coming decades. Metal-ion adsorption
from water offers many advantages over mining, as adsorption processes are energy-efficient and compatible with diverse
water sources. Porous organic polymers are promising adsorbents: Their covalent nature provides thermal and chemical
stability, while their porosity leads to high adsorption capacity. Here, we synthesized a series of amide-linked porous organic
polymers denoted TMC-TAPM through the polymerization of a tri-functional acyl chloride monomer with a tetra-functional
amine monomer, and we studied the resulting materials for cobalt capture from aqueous solution. By controlling monomer
stoichiometry during synthesis, we obtained materials with varying amounts of carbonyl or amino groups. The materials
with increasing carbonyl content showed increasing cobalt adsorption capacities, with measured adsorption capacities up
to 50 mg Co/g. Cobalt adsorption capacity was observed to plateau past a certain stoichiometric ratio, indicating an optimal
monomer stoichiometry of 1.5-fold excess acyl chlorides relative to amines. The captured cobalt could be desorbed to yield
a re-activated adsorbent capable of repeated adsorption cycles, without loss in performance. These results provide design
rules for the synthesis of robust, high-capacity transition metal adsorbents.

Introduction

With the transition from fossil fuels to electric energy, demand for
certain transition metals used in rechargeable batteries (e.g., cobalt,
manganese, nickel) has grown exponentially over the past decade. As
this trend continues, cobalt demand is projected to undergo another
20-fold increase over the next 20 years.>2 To obtain the needed cobalt
through mining would lead to irreversible landscape damage and
water pollution, along with humanitarian and geopolitical problems.®
Thus, new sources of cobalt and other transition metals are necessary
to insure a successful clean-energy transition. In comparison to
mining, ion adsorption provides economic advantages such as low
maintenance, low capital costs, low energy inputs, and recyclability.*-
6 Further, ion capture from water sources offers significant
environmental benefits, as the ion-capture process can simultaneously
function as a purification step for wastewater.”? Transition metals
are toxic to animals and plants above certain concentrations, making
metal adsorption a doubly-beneficial process as it yields both isolated
metal and purified water.*? In addition, the release of captured ions
from the adsorbent offers a simplified product stream, which
alleviates refinement processes in comparison to mining.*3

Porous organic polymers are a promising class of materials for
ion adsorption applications. Their covalent linkages, highly branched
structures, and rigid backbones provide permanent porosity and
thermal stability suitable for large-scale filtration.*-*6 Porous organic
polymers have been studied for the adsorption of metal ions such as
Cu?*,17 Fed* 18 pp2+ 1920 and Hg?".2' In light of the sustainability
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Figure 1. Synthetic route to porous polyamide adsorbents. Trimesoyl chloride
(TMC) and tetrakis(4-aminophenyl)methane (TAPM) were combined in
varying stoichiometric amounts to control the ratio of acyl chloride groups
(red) to amino groups (blue) in the polymerization.

problems described above, we focused our materials-design efforts on
Co?* capture. A common strategy to improve the adsorption properties
of a porous organic polymer is to install functional groups within the
pores,?2* put functionalization often sacrifices pore space? and
typically entails costly multi-step synthesis.?527 To circumvent these
synthetic challenges, we have shown recently that a simple cobalt-
templating strategy can significantly improve the cobalt adsorption
capacity of amide-linked porous organic polymers.?® In the present
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work, we sought to simplify the synthetic route even further: As both
amine?®3! and carboxylate®>-3" groups are known to chelate metal
ions, we hypothesized that an amide-forming polymerization would
naturally result in a material with some amino and carboxylate end
groups present in the pores. By controlling the amount of unreacted
end groups, we aimed to maximize cobalt adsorption capacity without
functionalizing monomers, performing a templating step, or post-
synthetically modifying the polymer.

Here, a series of porous organic polymers termed TMC-TAPM
were synthesized through the reaction of trimesoyl chloride (TMC)
with tetrakis(4-aminophenyl)methane (TAPM), as depicted in Figure
1. Our results show that the polymerization yields products with
ranging amounts of unreacted amino or carboxylate end groups, which
have significant effects on the cobalt adsorption capacity. This
approach provides synthetic chemists with a straightforward way to
tune the functionality and ion adsorption properties of a porous
organic material.

Results and discussion

Amide-linked porous organic polymers were synthesized by
combining varying ratios of tetrakis(4-aminophenyl) methane
(TAPM) and trimesoyl chloride (TMC)  with  N,N-
diisopropylethylamine in anhydrous tetrahydrofuran under an inert
atmosphere. Further synthetic details are provided in the
Supplementary Information. The polymerizations were carried out at
room temperature to yield insoluble white precipitates. Upon
completion, the reactions were quenched with water, which served to
hydrolyze any remaining acyl chlorides to the corresponding
carboxylates.3 The final products were washed extensively to remove
impurities from the pores and were then dried under vacuum to
remove residual solvent.

A polymerization using a 1:1 ratio of amine groups to acyl
chloride groups should result in an amide-linked polymer with an
equal number of amine end groups and carboxylate end groups.®®42
By changing the monomer stoichiometry, we anticipated an uneven
end group population between the amines and carboxylates. Our
polymer naming scheme refers to the stoichiometric equivalents of
acyl-chloride groups in the synthesis, relative to 1 equivalent of amino
groups (Table 1). For example, TMC(1.25)-TAPM refers to a polymer
synthesized with 1.25 equivalents of acyl-chloride groups and 1
equivalent of amino groups. Note that each TMC monomer contains
three acyl chloride groups, while each TAPM monomer contains four
amines; our naming scheme refers to ratios of functional groups, not
ratios of monomers.

Table 1. Naming scheme for porous organic polymers.

Sample Functional Group Ratio in Synthesis
TMC(2)-TAPM 2 eq. acyl chlorides : 1 eq. amines
TMC(1.75)-TAPM 1.75 eq. acyl chlorides : 1 eq. amines
TMC(1.5)-TAPM 1.5 eq. acyl chlorides : 1 eq. amines
TMC(1.25)-TAPM 1.25 eq. acyl chlorides : 1 eq. amines
TMC(1.1)-TAPM 1.1 eq. acyl chlorides : 1 eq. amines
TMC(1)-TAPM 1 eq. acyl chlorides : 1 eq. amines
TMC(0.67)-TAPM 0.67 eq. acyl chlorides : 1 eq. amines
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We used solid-state nuclear magnetic resonance (SSNMR)
spectroscopy to assess polymer composition (Figure 2a-b).13C cross-
polarized magic angle spinning (CP-MAS) solid-state NMR revealed
an isolated signal at approximately 65 ppm, corresponding to the
tetrahedral carbon in TAPM. Further, we identified the signal at
approximately 167 ppm as the carbonyl carbon from TMC. Signals
from aromatic carbons on both monomers overlap from 110-150 ppm,
with the signal at ~145 ppm likely corresponding to the aromatic
carbon atoms adjacent to nitrogen. Within each spectrum, we
compared the intensity of the 65 ppm peak (from TAPM) to the 167
ppm peak (from TMC). The intensity of the TMC peak relative to the
TAPM peak increases moving from bottom to top in Figure 2a; this
increase corresponds to increasing acyl chloride content in the
reaction. Thus, 13C NMR results support the hypothesis that increased
stoichiometric amounts of TMC in a polymerization reaction lead to
increased carbonyl content in the product. However, the ratio of TMC
peak intensity to TAPM peak intensity appears to plateau at
TMC(1.5)-TAPM, indicating a possible upper limit on carbonyl
content.

Because peak integrations from 3C solid-state NMR data can
provide only approximate values, C/H/N combustion analysis was
performed for each polymer sample (see Table S2). The results of
combustion analysis show that the C:N ratio increases as TMC content
in the synthesis increases, but this trend tapers off after TMC(1.5)-
TAPM. These results are consistent with the 3C NMR spectra,
indicating that the ratio of carbonyl groups (from TMC) to amino
groups (from TAPM) is maximized in TMC(1.5)-TAPM. Thus, by
varying the ratios of monomers used in synthesis, we are indeed able
to vary the chemical composition of the products.

We were able to use the natural abundance of °N to obtain °N
solid-state NMR spectra for the porous organic polymers (without
synthesizing isotopically-enriched samples). All polymer samples
show peaks corresponding to amide nitrogen atoms at approximately
120 ppm, confirming the formation of amide-linked materials (Figure
2b).*3 However, only TMC(0.67)-TAPM has an unambiguous second
signal at approximately 45 ppm, indicating an unreacted amino
group.** These spectra indicate a somewhat surprising finding: Even
a minor excess of acyl chloride groups is sufficient to react with all
available amines present in the polymerization. We recognize that
there may be some unreacted amines present in all samples that are
not visible in the N solid-state NMR spectra. However, the data
indicate a high degree of amide formation, and thus a high degree of
connectivity, within the amide-linked polymers.

Fourier-transform infrared spectroscopy (FTIR) also provides
evidence of amide formation in the crosslinked polymers; the peaks at
approximately 1660 cm™ are consistent with amide carbonyl
stretches.*® The FTIR spectra show minimal differences between the
various polymers, suggesting the pore environment of the porous
organic polymers is chemically similar. Likewise, scanning electron
microscopy (SEM) underscored the structural similarities of all
polymer samples (Figure 2d). SEM images show that the porous
organic polymers are composed of nanoscale spheres that are
agglomerated to form a rough surface. These results indicate that the
morphology of the materials is independent of their chemical
composition and functional group ratios.

We used N2 adsorption isotherms at 77 K to calculate the BET
surfaces areas of the porous organic polymers,* which vary from 44
m?/g to 102 m?/g. The N adsorption results show that all the polymer
samples are permanently porous and have BET surface areas within
the same order of magnitude (discussed further below). The N2
adsorption isotherms were also used to determine the pore size
distribution for each polymer (Fig. S8-14), showing a broad range of
nanoscale pores for all polymer samples.

Considered in total, the NMR, C/H/N analysis, FTIR, SEM, and
BET data indicate that the porous organic polymers studied here
possess similar morphologies, porosities, and chemical backbones.

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 6



Journal of Materials Chemistry C

a 13C Solid-state NMR b

Paper

15N Solid-state NMR C FTIR Spectroscopy

TMC(2)-TAPM
TMC(1.75)-TAPM

TMC(1.5)-TAPM
TMC(1.25)-TAPM

Intensity

TMC(1.1)-TAPM
TMC(1)-TAPM
TMC(0.67)-TAPM

180 1%0 11"0 12”0 1(.10 8'0 6‘0 160 140
d Chemical Shift (ppm)

TMC(2)-TAPM  TMC(1.75)-TAPM  TMC(1.5)-TAPM

TMC(1.25)-TAPM

2500 2000 1500 1000

Wavenumber (cm-')

TMC(1)-TAPM

T T T T T T T
120 100 80 60 40 20 0 3500 3000

Chemical Shift (ppm)

TMC(1.1)-TAPM TMC(0.67)-TAPM

Figure 2. a) 3C cross-polarized magic angle spinning (CP-MAS) solid-state nuclear magnetic resonance (NMR) spectroscopy, b) °N solid-state NMR
spectroscopy, and c) Fourier-transform infrared (FTIR) spectroscopy of the porous organic polymer samples. Spectra are color-coded as follows: TMC(2)-
TAPM (black), TMC(1.75)-TAPM (gold), TMC(1.5)-TAPM (blue), TMC(1.25)-TAPM (green), TMC(1.1)-TAPM (purple), TMC(1)-TAPM (maroon), and
TMC(0.67)-TAPM (red). d) Scanning electron microscopy (SEM) images of porous organic polymer samples. Scale bar is 1um for all images. Data for TMC(1)-

TAPM in parts ¢ and d was published by us in previous work.?®

Consequently, we hypothesized that differences in ion adsorption
among the polymers would likely be a result of the different
composition of unreacted end groups (carboxylate vs. amine). To test
this hypothesis, we performed adsorption experiments in which
polymer samples were submerged in aqueous solutions of known
cobalt concentration. The samples were shaken for 24 hours, and the
polymer was subsequently removed from solution by filtration. We
quantified the amount of cobalt remaining in solution by microwave
plasma atomic emission spectrometry (MP-AES) or inductively
coupled optical emission spectrometry (ICP-OES), which allowed us
to calculate the amount of cobalt adsorbed by the polymers.

We first selected three porous organic polymers for comparison
across a range of cobalt concentrations (Figure 3a). The resulting
adsorption isotherms show a clear trend: As the carbonyl content of
the polymer grows from TMC(0.67)-TAPM to TMC(1.5)-TAPM, the
cobalt adsorption capacity increases by nearly an order of magnitude.
The isotherms rise quickly at low cobalt concentrations (below
approximately 30 ppm) and subsequently plateau, approaching
saturation capacity by 400 ppm. This preliminary data strongly
indicates that excess carbonyl content, resulting in a greater
population of carboxylate end groups, is more important than excess
amine content in maximizing cobalt adsorption capacity.

To further investigate this trend, we tested all porous organic
polymers at three representative cobalt concentrations (20 ppm, 200
ppm, and 400 ppm). In agreement with the previous results, polymer
samples with excess carbonyl groups show higher cobalt uptake at all
three concentrations (Figure 3b). The measured cobalt adsorption
capacity of the best performer, TMC(1.5)-TAPM, represents a
relatively high value compared to other cobalt adsorbents in the
literature.*”-50 However, the improvements in cobalt uptake reach a
plateau after the acyl chloride excess surpasses 1.5 equivalents; as the
acyl chloride excess is pushed to 1.75 or 2 equivalents, cobalt capacity
begins to decrease. Thus, these results provide a clear recipe for the

This journal is © The Royal Society of Chemistry 20xx

optimal monomer ratio: 1.5 equivalents acyl chloride relative to 1
equivalent amine.

For crosslinked networks, an increase in the number of
unreacted carbonyl end-groups means that carboxylate functional
groups are present within the pore environment, and likewise for
unreacted amino groups. We hypothesize that the improvements in
cobalt capacity with increasing carbonyl content can be explained by
the fact that the anionic character of the carboxylate group leads to a
stronger interaction with Co?* ions than does a neutral amino group.
(Cobalt adsorption experiments were performed at pH 7; the aniline-
like amino groups will not be protonated, and carboxylic acid groups
will be deprotonated.) Further, the C/H/N analyses for TMC(1.75)-
TAPM or TMC(2)-TAPM show that when an overwhelming excess
of the acyl chloride monomer is present in the polymerization
reaction, this does not translate to a corresponding excess of carbonyl
groups relative to amino groups in the resulting polymers. This upper
bound on the carbonyl content of the polymers is reflected in the
cobalt adsorption trends in Figure 3b.

A real-world cobalt extraction process will require the
desorption of absorbed cobalt ions from the porous organic polymer,
which not only liberates the desired cobalt but regenerates the
adsorbent for subsequent reuse. We performed a sequence of
preliminary regeneration experiments using TMC(1.75)-TAPM. First,
a typical adsorption experiment was performed: The porous organic
polymer was incubated with 400ppm aqueous cobalt solution, the
polymer was removed from solution via filtration, and the change in
cobalt concentration of the water sample was measured by MP-AES.
The porous organic polymer was then washed with 1 M HCI (aq.) to
remove the bound cobalt ions. This process was repeated twice, for a
total of three adsorption-desorption cycles (Figure S15). Over the
course of three cycles, cobalt uptake remained constant without loss
in performance. We used *H NMR experiments in 1 M DCl in D20 to

J. Mater. Chem. C, 20xx, 00, x-xx | 3
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Figure 3. a) Cobalt adsorption isotherms for TMC(0.67)-TAPM (red), TMC(1)-TAPM (black), and TMC(1.5)-TAPM (blue). b) Cobalt adsorption experiments
at 20 ppm (black), 200 ppm (red), and 400 ppm (blue) for all porous organic polymers. c) Time-dependent cobalt adsorption capacities for TMC(1.5)-TAPM,
with an initial cobalt concentration of 200 ppm. d) BET surface area measurements for porous polyamides. Data for TMC(1)-TAPM in parts a, b, and d was

published by us in previous work.?

confirm that the amide linkages in the polymer were stable under the
acidic regeneration conditions, as detailed in the Supplementary
Information.

To investigate the kinetics of cobalt adsorption in the highest-
capacity material, TMC(1.5)-TAPM, we removed aliquots of the
supernatant from a 200-ppm adsorption experiment at set time
intervals and quantified the cobalt concentration of the aliquots by
MP-AES. The results provide insight into the time-dependent
adsorption capacity of the polymer, shown in Figure 3c. The data was
fit to a linearized pseudo-second-order rate model (Equation 1), in
which Qt is the cobalt adsorption capacity at a given time point (in
units of mg/g), Qe is the cobalt adsorption capacity at equilibrium (in
units of mg/g), and kz is the rate constant (in units of g/(mg*min)).

Equation 1
t 1 t

o ke

4 | J. Mater. Chem. C, 20xx, 00, x-xx

This fit predicts a relatively modest rate constant of 4.17 x 10
g/(mg*min) for TMC(1.5)-TAPM. As has been shown for ion
adsorption in other porous polymers, increased surface area can
improve the rate of adsorption.® To further improve the ion
adsorption kinetics of TMC-TAPM polymers in future work,
increases in surface area may be achieved through particle size control
techniques such as ball milling.

The BET surface areas for the series of polyamides are plotted
in Figure 3d, revealing a rough downward trend with increasing
equivalents of acyl chloride. Notably, the trend in BET surface area
does not mirror the trend observed for cobalt adsorption shown in
Figure 3b. This observation supports the role of chemical functionality
(i.e., carboxylate content), rather than BET surface area, in
determining the cobalt adsorption capacity of the adsorbents in this
study. We also observed a correlation between BET surface area and
particle size, as imaged by SEM (Figure 2d). In particular, TMC(1.1)-
TAPM stands out as having notably small particles and the highest
BET surface area, while TMC(1.75)-TAPM stands out as having
notably large particles and low surface area. These trends further

This journal is © The Royal Society of Chemistry 20xx
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support particle size control as a possible future strategy to maximize
cobalt capacity: While maintaining optimal carboxylate content, BET
surface area may be improved by tuning particle size, leading to an
even greater cobalt adsorption capacity.

Finally, we performed multicomponent adsorption experiments
to determine the affinity of TMC(1.5)-TAPM for other transition
metals. A solution containing 40 ppm Mn(ll), 40 ppm Ni(ll), 40 ppm
Co(ll), and 40 ppm Zn(ll) was prepared and used for a series of
adsorption experiments (Figure S17). The results show that
TMC(1.5)-TAPM has comparable adsorption capacity for all four
transition metal ions tested, with a slight selectivity for Zn(Il) (which
may arise from the increased charge density of Zn(ll) and its lack of a
preference for a given coordination geometry, as a d*° ion).52 Thus,
the trends described herein for cobalt adsorption capacity in carbonyl-
rich polymers may be more broadly applicable to the capture of other
critical metals.

Conclusions

In summary, we have synthesized a library of amide-linked porous
organic polymers with varying monomer ratios. Through a series of
materials characterization techniques, we have shown that the
chemical composition and pore functionality of the polymers can be
tuned by simply varying the monomer ratios, while porosity,
morphology, and nanostructure remain relatively constant. The
differences between amine-rich and carbonyl-rich materials are
apparent in the cobalt adsorption capacities of the polymers:
Comparing the extremes within this study, cobalt uptake improves 10-
fold by increasing carbonyl content. Our results further show that
carbonyl content and cobalt uptake reach a plateau past a given
monomer ratio. The reported polymers are stable to acidic
regeneration conditions, allowing for successful adsorption-
desorption cycles, and are capable of adsorbing other transition metal
ions such as Mn(ll) and Ni(Il). These insights can guide synthetic
chemists in preparing high-capacity ion adsorbents for applications in
water purification and transition metal capture.
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