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ABSTRACT: Efficient and sustainable methods for *TcO,” removal 2 e PR NN
from acidic nuclear waste streams, contaminated water, and highly " e M ?
alkaline tank wastes are highly sought after. Herein, we demonstrate that APV ‘o4,
ionic covalent organic polymers (iCOPs) possessing imidazolium-N* of ¥ @ 69
nanotraps allow the selective adsorption of TcO,” under wide-ranging 5 & ‘%

.. . g . [ £, Q.
pH conditions. In particular, we show that the binding affinity of the ooz % O\ ¥o F
cationic nanotraps toward *TcO,” can be modulated by tuning the local g o-@ < R
environment around the nanotraps through a halogenation strategy, «4%. « o - /é)}«’f & @ > K
thereby enabling universal pH *TcO,” removal. A parent iCOP-1 /% », < ﬁ & 3‘ , {9{}5«@
possessing imidazolium-N* nanotraps showed fast kinetics (reaching TS o TcO- .';?
adsorption equilibrium in 1 min), a high adsorption capacity (up to s ¢, 4 o
1434.1 + 24.6 mg/g), and exceptional selectivity for TcO,” and ReO,~ o A"gh acidy

(nonradioactive analogue of **TcO,”) removal in contaminated water.

By introducing F groups near the imidazolium-N* nanotrap sites (iCOP-2), a ReO,” removal efficiency over 58% was achieved in 60
min in 3 M HNO; solution. Further, introduction of larger Br groups near the imidazolium-N* binding sites (iCOP-3) imparted a
pronounced steric effect, resulting in exceptional adsorption performance for **TcO,” under super alkaline conditions and from low-
activity waste streams at US legacy Hanford nuclear sites. The halogenation strategy reported herein guides the task-specific design
of functional adsorbents for ®TcO,” removal and other applications.

KEYWORDS: pertechnetate, perrhenate, nuclear waste, dynamic capture, environmental remediation

Bl INTRODUCTION

Nuclear fission is attractive as a low-carbon electricity
generation technology, and thus will likely play an important
support role in the transition away from polluting fossil fuel
energy > However, the use of uranium as a nuclear fission
fuel generates nuclear waste stockpiles, creating the potential
for nuclear accidents and environmental catastrophes.

The selective removal of **TcO,” from nuclear waste
streams or contaminated water is technically very challenging,
owing to (i) strongly acidic and complex components in high-
level-liquid wastes; (ii) super alkalinity of low-level activity
tank waste stored at Hanford (LAW) and high-level waste at
Savannah River Site (SRS);"*'” (i) leaking of **TcO,” from
nuclear waste flows into the subsurface groundwater (high

Technetium-99 (**Tc), as the fission product of U and
299Ppy nuclear fuels, is one of the main radioactive nuclides in
nuclear waste streams."” *Tc is a f-emitting radionuclide
with a long half-life of 2.14 X 10° years. In aqueous solution,
PTc exists primarily as the pertechnetate anion (**TcO,”),
which possesses a high water solubility, toxicity, and environ-
mental mobility, thereby raising environmental and ecological
concerns. If ®TcO,” is released into the environment, it has
the potential to adversely impact entire ecosystems.®” '’
Further, upon ingestion and accumulation in the body,
radioactive **TcO,” causes germ cell damage, cancer, and
increased incidence of benign and malignant neoplasms in a
variety of tissues and organs."”"> Accordingly, the selective
removal of ?TcO,” from nuclear waste streams or
contaminated water sources has received much attention in
recent years.

© 2023 American Chemical Society
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ionic strength), leading to large areas of water contami-
nation.”'”'" Currently, ion exchange methods represent the
most promising technology for the capture and separation of
#TcO,”. This approach offers easy operation and high
efficiency. Commonly used ion exchange materials include
resins,”'® molecular compounds,19 silica,”*™** metal bo-
rates,””* layered double hydroxide (LDH),”**° metal—
organic frameworks (MOFs),”’~** jonic polymers,* ™ *
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Figure 1. (a) Schematic illustration of the anion nanotraps chelation and halogenation strategy for the selective capture of **TcO,” under wide-
ranging pH conditions. (b) Synthetic scheme for the synthesis of the iCOPs.

cationic covalent organic nanosheets (iCONs) ,*” and covalent
organic frameworks (COFs), ! among others.’” Resins,
molecular compounds, and LDH-based adsorbents all have
limitations due to their relatively low **TcO,” adsorption
capacity and poor selectivity. Recently, MOFs and COFs have
demonstrated excellent ®TcO,” capture abilities, offering the
advantages of a high uptake capacity, fast adsorption kinetics,
and good selectivity.””>*3%3747=493L53 Although MOFs and
COFs display fast kinetics and high capacity under mild
conditions, they are generally unsuitable for **TcO,”
adsorption under strongly acidic, high ionic strength, or
alkaline solutions due to instability issues (i.e, under
conditions most relevant to the treatment of nuclear waste
streams).38’54

In general, adsorbents differ widely in their relative affinities
for TcO,~ and other competing ions. In designing adsorbents
that selectively bind specific metal ions, it is important to
consider both the direct adsorption site and second
coordination sphere interactions.””>” Synergistic effects
involving second coordination sphere interactions (such as
hydrogen bonding or steric effects) have been shown to greatly
enhance the binding affinity of adsorbents toward specific
cations and anions. This adsorption site modulating principle
inspired us to explore whether the adsorption selectivity of
polymeric adsorbents toward *TcO,” could be tuned by
introducing functional groups into the polymer framework,
thereby achieving the selective adsorption of **TcO,~ (and its
surrogate ReO,”) under wide-ranging pH and ionic strengths
conditions, in particular under strongly acidic and alkaline
solutions.

To achieve the selective removal of **TcO,” objective under
wide-ranging conditions, we herein constructed a family of

10871

ionic covalent organic polymers (iCOPs) with cationic
imidazolium sites (imidazolium-N* anion nanotraps39’46) for
#TcO,” binding (Figure 1a). By replacing C—H groups on the
aromatic ring linkers near the imidazolium-N* groups in the
parent polymer (iCOP-1) with F groups (iCOP-2) or Br
groups (iCOP-3), it was possible to optimize the binding
affinity toward **TcO,” and establish structure—property
relationships. Introduction of C—F bonds gave the ionic
polymer (iCOP-2) increased hydrophobicity and lower
polarity, effectively preventing the adsorption of H" and
NO;™ at the imidazolium-N* anion nanotrap sites (Figure 1a),
thus boosting **TcO,” adsorption selectivity under strongly
acidic conditions.”*>” Moreover, when Br groups were de novo
introduced on the aromatic linkers, the obtained ionic polymer
(iCOP-3) exhibited enhanced hydrophobicity and strong steric
effects at the imidazolium-N* binding sites,”®>? leading to the
preferential adsorption of **TcO,” (and surrogate ReO,”) in 3
M NaOH. Subsequent experiments revealed that iCOP-3 is
able to remove *TcO,” efficiently (>85% removal) from
solutions relevant to Hanford low-activity waste (LAW)
streams at US legacy nuclear sites. Further, iCOP-1 can
dynamically and efficiently remove *’TcO,”/ReO,” from
contaminated groundwater and tap water, outperforming
commercial adsorbents such as IRA-402, IRA-4200, and
D311, and all other adsorbents reported thus far. Our strategy
of using halogen assistants in ionic polymers is expected to
stimulate widespread research into the design of high-
performance adsorbents for the selective removal of anionic
pollutants from aqueous systems.
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B MATERIALS AND METHODS

Synthesis of iCOP-1, iCOP-2, and iCOP-3. V3m-H (1.0
g, Supporting Information) and azobisisobutyronitrile (AIBN,
0.1 g) were dissolved in a mixed solvent solution containing
ethanol (30 mL) and deionized H,O (10 mL) in a 100 mL
round-bottom flask. Next, the mixture was refluxed at 80 °C
for 24 h under a nitrogen atmosphere. After cooling to room
temperature, the product was collected by filtration, and
washed several times with deionized H,O and ethanol. The
dried product is denoted herein as iCOP-1. iCOP-2 and iCOP-
3 were prepared via a similar synthetic route, replacing V3m-H
with V3m-F (1.0 g) or V3m-Br (1.0 g).

%Tc0,” and ReO,” Adsorption Experiments. Caution!
PTc is a f-emitter (E,,,, = 0.29 MeV). All operations relating
to the handling of this substance were performed in a licensed
radiochemical laboratory.

Tc0, /ReO, Adsorption Studies. Adsorption experi-
ments were carried out at a fixed adsorbent/liquid ratio of 0.1
g/L at 25 °C. iCOP-1 was dispersed in a solution containing
~14 ppm *TcO,". Aliquots were collected at regular time
intervals while constantly stirring the dispersion. The
adsorbent was collected on a 0.22 ym membrane filter, and
#TcO,” in the filtrate was quantified using a liquid scintillation
counting (LSC) system. A solution containing ~28 ppm
ReO,” was used to verify the **TcO,” uptake results, with the
ReO,” concentration in the filtrate quantified spectrophoto-
metrically at 396 nm following reaction with the chromogenic
agents KSCN and SnCl,-2H,0 (chromogenic method).

ReO,” Adsorption Capacity Studies. The ReO,”
adsorption capacity experiments were carried out at 25 °C
(or 35, 45 °C). iCOP-1, iCOP-2, or iCOP-3 were added into
aqueous solutions with ReO,” concentrations ranging from
~20 to ~250 ppm at an adsorbent/liquid ratio of 0.1 g/L. The
freshly prepared dispersions were sonicated and then shaken
overnight. Subsequently, the dispersions were filtered on a 0.22
p#m membrane filter to remove the adsorbent, with the ReO,~
concentration in the filtrates quantified by the chromogenic
method.

Uptake Capacity Calculations. The ReO,” uptake
capacity (q,, mg/g) at equilibrium was calculated according
to the following equation

_ (G -G xV

¢ m

where C, and C, are the initial and equilibrium ReO,”
concentrations, respectively, V is the volume of the solution,
and m is the mass of the adsorbent.

Adsorption Isotherm Calculations. The isotherm data
were fitted to the Langmuir model using the following
equation60

where g, is the amount of ReO,” adsorbed at equilibrium and
C. is the equilibrium concentration; g, is the maximum
adsorption amount; and K is an equilibrium constant related
to the binding strength.

Distribution Coefficient (Ky) Calculations. The K; was
calculated according to the following equation

(CO_ Ce) XV

K, =
m X C,

where C, and C, are the initial and equilibrium ReO,~
concentrations, respectively; V is the volume of the solution;
and m is the mass of the adsorbent.

Thermodynamic Parameters Calculations. The ther-
modynamic parameters such as AH®°, AG®, and AS° for the
adsorption of ReO,~ on the iCOPs were calculated according
to the following equations

InKy = _AH + AS

RT R

AG® = —RT In K,

where Kj is distribution coefficient, R is the universal gas
constant 8.314 J/(k-mol), T is the temperature (K); AH® is
the standard enthalpy change, AG® is the standard free energy
change, and AS° is the standard entropy change.

ReO,” Adsorption Kinetics Studies. The experiments
were carried out at 25 °C. To determine the ReO,~ adsorption
kinetics, iCOP-1, iCOP-2, or iCOP-3 were dispersed in an
aqueous solution (~pH 5.9, 1 M HNO,, 1 M NaOH, or 3 M
NaOH) containing ~28 ppm ReO,”. The resulting dispersion
was stirred at 180 rpm, with aliquots of the dispersion being
collected at regular time intervals. The aliquots were filtered
through a 0.22 ym membrane filter and ReO,” in the filtrates
was quantified by the chromogenic method.

Reusability Study. After ReO,” adsorption experiments,
iCOP-1, iCOP-2, or iCOP-3 were immersed in 500 mL of 2
mol/L NaCl solution at 25 °C for 24 h, followed by washing
with distilled water. The solid absorbents were then dried
under a vacuum at 40 °C for reuse. Then, the iCOPs were
subsequently returned to the aqueous solution (~pH 5.9, or 3
M NaOH) containing ~28 ppm ReO,~ for further adsorption
tests.

Anion Exchange Selectivity Study. The possible effect
of competing anions on ReO,” adsorption was investigated by
adding different concentrations of NaNO; (0.15, 1.5 mmol/L),
Na,SO, (0.15, 1.5 mmol/L), Na,CO; (0.15, 1.5 mmol/L),
NaCl (0.15, 1.5 mmol/L), or CH;COONa (0.15, 1.5 mmol/
L) into a NaReO, (0.15 mmol/L) solution. Experiments were
carried out at 25 °C. iCOP-1, iCOP-2, or iCOP-3 were
dispersed in the above solutions. After being stirred at a rate of
180 rpm for 12 h, the adsorbent was removed on a 0.22 ym
membrane filter and the concentration of ReO,” in the filtrate
was quantified by the chromogenic method.

9Tc0,” Adsorption from Simulated Hanford Low-
Activity Waste (LAW) Melter Recycle Stream. The
simulated Hanford low-activity waste (LAW) melter recycle
stream was prepared according to a reported protocol.” In
addition to 1.94 X 107" mol/L ®TcO,”, the Hanford LAW
stream contain large excesses of NO;~ (6.07 X 107> mol/L),
CI™ (6.93 x 107 mol/L), NO,~ (1.69 X 10~! mol/L), SO,*~
(6.64 x 107 mol/L), and CO;>~ (4.3 X 10™° mol/L) (Table
S6). Adsorption experiments were carried out at a fixed
adsorbent/liquid ratio of S g/L. After stirring for 2 h, the
adsorbent was collected on a 0.22 pgm membrane filter and
#TcO,” in the filtrate was analyzed by a liquid scintillation
counting (LSC) system.

Dynamic ReO,” Adsorption Studies. ReO,” break-
through experiments were conducted using a laboratory-scale
fixed-bed reactor at 25 °C. A mixture of iCOP-1 (40 mg) and
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Figure 2. (a) FT-IR spectra for iCOP-1, iCOP-2, iCOP-3, V3m-H, and the 1,3,5-tris(bromomethyl)benzene (B—H) linker. (b) *C CP-MAS solid-
state NMR spectra of iCOP-1, iCOP-2, and iCOP-3. (c—e) SEM images of iCOP-1, iCOP-2, and iCOP-3. (f) Water droplet contact angles on
pressed pellets of iCOP-1, iCOP-2, and iCOP-3. (g, h) FT-IR spectra of iCOP-1, iCOP-2, and iCOP-3 after treatments under various conditions.

SiO, (160 mg) was packed into a quartz column (3.4 mm
inside diameter, 1.6 mm wall thickness, 102 mm length) with
degreased cotton filling the void space. Next, ReO,~ spiked tap
water or groundwater (~10 ppm) was flowed through the
adsorbent column. The effluent from the adsorbent column
was quantified by the chromogenic method. Under similar test
conditions, 200 mg of SiO, was used as a blank for
comparison. After the breakthrough experiments, iCOP-1
was washed with 2 mol/L NaCl solution, followed by washing
with distilled water. The column was then used for the cycling
test.

Dynamic Uptake Capacity Calculations. The ReO,”
uptake capacity (g, mg/g) at equilibrium was calculated
according to the following equation

/OV (Co - Cv)dV

€ m

where C, and Cy are the initial and equilibrium ReO,”
concentrations, respectively; V is the volume of the solution;
and m is the mass of the adsorbent.

B RESULTS AND DISCUSSION

Material Synthesis and Characterization. The synthetic
strategy used to prepare iCOP-1, iCOP-2, and iCOP-3 is
shown in Figure 1b. The initial step involved building
imidazolium-N* nanotraps with different halogen functional
groups located within an ionic monomer (denoted as V3m-R,
R = H, F, and Br) using a quaternization reaction (Figure 1b,
step I). Proton nuclear magnetic resonance ('H NMR)

spectroscopy and '*C NMR spectroscopy revealed the
successful synthesis of the V3m-H, V3m-F, and V3m-Br
monomers containing imidazolium-N* and vinyl groups (see
Material Synthesis Section in the Supporting Information,
Figures S1—S14). Fourier transform infrared (FT-IR) spec-
troscopy showed the disappearance of the C—Br stretching
band at 549 cm™' characteristic of the tris(bromomethyl)-
benzene (B—H) linker and the appearance of peaks at 968 and
1647 cm™ in the V3m-H, V3m-F, and V3m-Br monomers,
which were assigned to vinyl C=C bending and imidazolium
ring C=N stretching modes, respectively. A further new peak
at ~1568 cm™! is associated with an imidazolium ring C—N*
stretching mode (Figures 2a and $15).°" Next, the V3m-H
monomer was polymerized using azobisisobutyronitrile
(AIBN) as an initiator at 80 °C for 24 h, yielding iCOP-1
(Figure 1b, step II). iCOP-2 and iCOP-3 were synthesized
under similar react conditions by replacing V3m-H with V3m-
F or V3m-Br monomer, respectively. In a subsequent step,
iCOP-1 and iCOP-3 were soaked in a 2 mol/L NaCl aqueous
solution to exchange Br~ for CI”. This process resulted in
iCOP-1, iCOP-2, and iCOP-3 all having CI™ anions for easy
comparison. The complete anion exchange (i.e., substitution of
Br~ with CI™) was verified by X-ray photoelectron spectros-
copy (XPS) analysis, with Cl signals replacing Br signals
(Figure S16). The powder X-ray diffraction (PXRD) patterns
for iCOP-1, iCOP-2, and iCOP-3 all exhibited a broad peak at
20 angles around 24°, suggesting amorphous structures (Figure
S17). The disappearance of vinyl C=C peak at ~968 cm ™" in
the FT-IR spectra confirmed iCOP-1, iCOP-2, and iCOP-3
were polymeric materials (Figures 2a and S15). The C—F and
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Figure 3. (a) TcO,” and ReO,” adsorption kinetics on iCOP-1 at initial **TcO,” and ReO,” concentrations of ~14 and 28 ppm, respectively.
(b) ReO,~ adsorption kinetics on iCOP-2 and iCOP-3 at an initial ReO,” concentration of ~28 ppm. (c) Equilibrium adsorption isotherms for
ReO,” on iCOP-1,iCOP-2, and iCOP-3 at 25 °C. (d) Comparison of ReO,~ uptake amount by iCOP-1 and other reported materials. (e) Effect of
possible competing anions on ReO,” uptake by iCOP-1 via anion exchange (ReO,”/other anion = 1:1). (f) Effect of initial pH on the removal of
ReO,” by different iCOPs. (g) ReO,” adsorption kinetics on iCOP-1, iCOP-2, iCOP-3, and D152 in 1 M HNO;.

C—Br groups on the aromatic ring of the linkers were retained
after polymerization, evidenced by the retention of peaks at
1097 and 613 cm™ for iCOP-2 and iCOP-3, respectively
(Figure 2a).°” The presence of polymeric C—C bonds in all of
the iCOPs was evidenced by the appearance of signals at
around 38.4 (peak h) to 42.5 (peak g) ppm in the solid-state
BC cross-polarization with magic-angle spinning (CP-MAS)
NMR spectra, confirming the success of the vinyl addition
polymerization (Figure 2b). Moreover, the '*C CP-MAS solid-
state NMR spectra of iCOPs-1, 2, and 3 showed signals at ~60
ppm attributed to C—imidazolium—N" bonds, consistent with
the FT-IR results.”> The C—F and C—Br groups were also
identified in the *C NMR spectra, and thus could be used to
“fingerprint” iCOP-2 (C—F, 160 ppm, feak b) and iCOP-3
(C—Br, 125 ppm, peak b) (Figure 2b).5%63 Scanning electron
microscopy (SEM) revealed similar nanosphere morphologies
for iCOP-1, iCOP-2, and iCOP-3 (Figure 2c—e). The surface
wettability properties of the iCOPs were studied by water
droplet contact angle measurements. The water droplets were
rapidly absorbed by iCOP-1, indicating good hydrophilicity
(Figure 2f). In contrast, the F and Br functional groups in
iCOP-2 and iCOP-3 imparted hydrophobicity with water
contact angles of 86.9 and 56.0°, respectively.

Next, we checked the radiation resistance properties of
iCOPs by exposing the samples to y-ray irradiation. Post-
treatment FT-IR spectra confirmed the integrity of the ionic
polymers after 400 kGy y-ray dose (Figure 2g). The chemical

stabilities of the iCOPs were initially evaluated by soaking the
samples in the HNO; (1 M) and NaOH (3 M) solutions for
72 h. FT-IR spectra of the treated samples showed no obvious
changes after immersion in 1 M HNO;, suggesting excellent
acid stability (Figure 2h).** iCOP-2 and iCOP-3 also showed
good stability after treatment in 3 M NaOH (Figure S18). For
iCOP-1, a significant decrease in the intensity of the
imidazolium-N* signal at 1568 cm™ in the FT-IR spectrum
was observed following the NaOH treatment (Figure S18),
suggesting some changes in the chemical structure of iCOP-1.
This superior stability of iCOP-2 and iCOP-3 can be attributed
to the F and Br groups on the aromatic linkers, which
increased the hydrophobicity of the polymers (thus likely
preventing hydroxide ions from attacking the imidazolium-N*
sites, therefore improving the chemical stability under high
alkalinity conditions). Thermogravimetric (TGA) analyses on
iCOP-1, iCOP-2, and iCOP-3 showed no obvious weight loss
with heating of the samples up to 300 °C, implying good
thermal stability (Figure S19).

The imidazolium-N* nanotraps on the iCOPs were expected
to offer an abundance of accessible binding sites for anions
such as pertechnetate and perrhenate in an aqueous solution.
We hypothesized that the close proximity of the halogen
functional groups to the imidazolium-N* nanotraps would
affect the binding strengths of different anions with the
nanotrap binding sites, thereby enhancing the adsorption
selectivity toward pertechnetate and perrhenate ions. As a
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proof of concept, the adsorption efficiencies of the iCOP-1,
iCOP-2, and iCOP-3 for **TcO, /ReO,  capture were
evaluated under wide-ranging conditions, with our exper-
imental and computational findings below fully validating our
hypothesis.

%Tc0, /Re0,” Capture Performance. Initially, the
#TcO,” adsorption properties of iCOP-1 were evaluated in
an ~14 ppm aqueous solution (~pH 5.9). As shown in Figure
3a, iCOP-1 showed very fast adsorption kinetics with a
removal ratio of over 99.9% in 1 min at an adsorbent/liquid
ratio of 0.1 g/L. Owing to the scarcity of the purified **TcO,~
and its high radioactivity, subsequent adsorption experiments
were performed using ReO,” (as a nonradioactive surrogate
for ®TcO,”). ReO,~ possesses a structure, charge density, and
water solubility very similar to **TcO,”, making it a near-ideal
surrogate.5 Adsorption experiments on iCOP-1 were sub-
sequently performed in an ~28 ppm ReO,” aqueous solution
(~pH 5.9). As expected, the adsorption kinetics for ReO,~
were almost identical to those of *TcO,” under the same
conditions (Figure 3a). Encouraged by these results, the
nonradioactive ReO,” surrogate was used for subsequent
adsorption studies. In comparison to iCOP-1, for which
>99.9% removal of ReO,” was realized in 1 min, iCOP-2 and
iCOP-3 demonstrated relatively slow ReO,” adsorption
kinetics under similar conditions (~pH $.9, Figure 3b). For
iCOP-2 and iCOP-3, 97.0 + 4.1 and 95.6 + 4.4% ReO,”
removal was achieved after 60 and 10 min, respectively.

Next, equilibrium adsorption data were collected to
determine the adsorption capacity of the iCOPs at 25 °C.
An adsorbent-to-liquid ratio of 0.1 g/L was determined to be
suitable for each iCOP (Figure S20) and used for subsequent
adsorption studies. For the equilibrium adsorption studies, the
ReO,” concentration was varied from ~20 to ~250 ppm at an
adsorbent/liquid ratio of 0.1 g/L. The adsorption capacities
were 1434.1 + 24.6, 764.6 + 19.9, and 778.4 + 18.5 mg/g for
iCOP-1, iCOP-2 (F functional groups), and iCOP-3 (Br
functional groups), respectively (Figure 3c and, Tables S1 and
S2). The extraction capacity of iCOP-1 exceeded commercial
IRA-402, IRA-4200, D101, D311, celite, and hydrotalcite, and
all reported other sorbents thus far, except for SCU-CPN-2
(1467 mg/g)45 (Figures 3d and S21, and Table S1). The
calculated distribution coefficient (K;) of iCOP-1 is 1.0 X 10°
mL/g, comparable to other high-performance adsorbents
reported in the literature, such as SCU-100 (1.9 x 10° mL/
g),”’ SCU-COF-1 (3.9 x 10° mL/g),** and VBCOP (4.0 X
10° mL/g),"* suggesting an excellent binding affinity for
ReO,”. We performed further equilibrium adsorption experi-
ments at 35 and 45 °C to determine the thermodynamic
parameters of ReO,” adsorption. The experimental and
calculated results are summarized in Figure S22. Accordingly,
the calculated the standard free energy change (AG°) for
ReO,” adsorption on iCOP-1, iCOP-2, and iCOP-3 ranged
from —17.25 to —10.40 kJ/mol, suggesting a spontaneous
sorption process (Table S3). The standard entropy change
(AS°) and enthalpy change (AH®) for ReO,” adsorption on
iCOP-1 were —231.33 J/K/mol and —84.67 kJ/mol, implying
that the system became more ordered after adsorption with the
adsorption process being exothermic. For iCOP-2 and iCOP-3,
the AH° values were positive, indicating an endothermic
sorption process.

The excellent performance of iCOP-1 for ReO,~ adsorption
at pH 5.9 encouraged us to assess the ion exchange selectively
against other competing anions, such as NO;~, S0,*, CI,

CH,;COO7, and CO,*". The relative ReO,~ removal efficiency
in the presence of these common anions was >99.9, >99.9, 99.6
+ 0.7, 994 + 1.1, and 99.6 + 0.7%, respectively (Figure 3e).
Subsequent studies confirmed the remarkably high selectivity
of iCOP-1 toward ReO,” over these other anions, even when
the other anions were in a 10-fold concentration relative to
ReO,”. The number of imidazolium-N* binding sites was
calculated to be ~3.53 x 10%, higher than the number of
ReO,” ions in the sample solution (~1.81 X 10*°). The
number of each other anions such as NO;~, SO,*~, CI,
CH,COO~, or CO,* was 10-fold higher (~1.81 X 10*'). The
results revealed that the iCOP-1 maintained a very strong
affinity toward ReO,” even under high ionic strength
conditions (Figure S23). iCOP-2 and iCOP-3 showed similar
high selectivity for ReO,~ under the same conditions (Figure
S24). Durability and cycling stability are further important
considerations for practical adsorbents. We thus determined
the durability and cyclic stability of iCOPs under various
conditions. The ReO,” adsorption kinetics and removal
efficiency of iCOP-1 were almost unchanged after 400 kGy
y-radiation dose (Figures S25 and S$26). After y-radiation
treatment, the adsorption capacities of iCOP-1, iCOP-2, and
iCOP-3 were determined to be 1408, 768, and 728 mg/g,
respectively, confirming their excellent radiation stability
(Figure S25). SEM images showed that iCOP-1, iCOP-2,
and iCOP-3 retained their initial nanosphere morphologies
after ReO,” adsorption (Figure S27). The ReO,” exchanged
iCOP-1 could readily be regenerated by elution with a NaCl
solution, with an adsorption efficiency >86% maintained over
five cycles (Figure S28).

Next, the ReO,” adsorption abilities of the different iCOPs
were determined at pH values ranging from 1 to 13. The
ReO,” removal efficiencies of iCOP-1, iCOP-2, and iCOP-3
were similar at pH values between 4 and 11 (Figure 3f). It is
worth mentioning that iCOP-2 and iCOP-3 showed the best
ReO,” adsorption performance at pH 1 and 13, respectively.
Given the different ReO,” removal efficiencies of iCOP-1,
iCOP-2, and iCOP-3 under low and high pH values (pH < 2
and pH > 12), we postulated that a high density of
imidazolium-N" nanotraps is the fundamental factor influenc-
ing the ReO,” binding affinity of the iCOPs, with the nearby
halogen sites (such as F and Br) affecting the ReO,” binding
strength.

The strongly acidic high-level liquid wastes and super
alkaline tank wastes stored at Hanford and Savannah River
Sites represent a significant obstacle to the design of
adsorbents for TcO,~ capture.'®"” Our results revealed that
iCOP-2 showed relatively high ReO,” removal efficiency at pH
1, while iCOP-3 demonstrated excellent ReO,” removal
performance at high pH (12 and 13) values, prompting
evaluation of their adsorption performance under strongly
acidic and strongly basic conditions. The ReO,” adsorption
ability of iCOPs was first determined in 1 M HNO; solutions.
Figures 3g and S29, and Table S4 revealed that approx. 16.5 +
2.0, 61, and 81% of the available ReO,” were extracted by
iCOP-2 at adsorbent-to-solution ratios of 2, 20, and 40 g/L,
respectively, exceeding the performance of a commercial
polymer sorbent D152, D311, IRA-4200, IRA-402, and most
previously reported adsorbents. The adsorption capacity of
iCOP-1 and iCOP-3 were <0.1 mg/g under such strongly
acidic conditions. In addition, iCOP-2 could remove over 58%
of ReO,” from 3 M HNO; solution (28 ppm ReO,”) at an
adsorbent-to-liquid ratio of 60 g/L (superior to commercial
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Figure 4. (a) ReO,” adsorption kinetics on iCOP-1, iCOP-2, and iCOP-3 in 1 M NaOH. (b) ReO,~ adsorption kinetics on iCOP-1, iCOP-2, and
iCOP-3 in 3 M NaOH. (c) Recycle test data for ReO,” removal in 3 M NaOH. (d) ReO,” adsorption kinetics on iCOP-1, D311, IRA-402, and
IRA-4200 in spiked groundwater. (e) ReO,” adsorption kinetics on iCOP-1, D311, IRA-402, and IRA-4200 in spiked tap water. (f) Equipment
used for ReO,” removal from groundwater and tap water by iCOP-1. (g, h) Experimental column breakthrough curves for ReO,” spiked
groundwater and tap water in an absorber bed packed with iCOP-1. (i) Recycle test data for ReO,” removal in tap water (an absorber bed packed

with iCOP-1).

polymer sorbents D152, D311, IRA-4200, IRA-402), perform-
ance on par or surpassing the best adsorbents previously
reported (Table S4 and Figure S29).

We next carried out ReO,” adsorption experiments in
NaOH solutions. iCOP-3 demonstrated faster adsorption
kinetics than the other iCOPs, achieving an equilibrium
removal percentage of 73.8 + 3.2 and 61.4 + 0.6% in 1 M and
3 M NaOH solutions, respectively (Figure 4a,b and Table S5).
Adsorption performance was next determined in 3 M NaOH at
an adsorbent-to-solution ratio of 5 g/L. Remarkably, 89%
ReO,” removal was observed in only 10 min (Table S5 and
Figure S30). To our knowledge, iCOP-3 offers a high
extraction efficiency, comparable to other polymer adsorbents
and commercial polymer sorbents (D152, D311, IRA-4200,
IRA-402) under such extreme basic conditions (Table S5 and
Figure S30). iCOP-1 and iCOP-2 showed lower ReO,”
removal ratios under alkaline conditions. It is worth noting
that the adsorption curve of iCOP-1 showed a sharp initial
ReO,” removal rate, with the ReO,” uptake then decreasing
over time. This is due to the collapse of its polymeric structure
under harsh alkaline conditions, which was confirmed by FT-
IR spectroscopy and a significant mass loss after the ReO,~
adsorption experiments (Figures S31 and S32).

Further, we simulated the Hanford low-activity waste melter
recycle stream to assess the **TcO,” extraction ability of
iCOP-3.'**% The amount of anions (including NO;~, NO,~,
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and CI") in the recycle stream is 300 times higher than that of
#TcO,~ (Table S6). Notably, approx. 85% of the **TcO,” was
removed at an adsorbent-to-solution ratio of 5 g/L under such
extreme conditions, which is comparable to other state-of-the-
art adsorbents. iCOP-3 retained good regeneration perform-
ance in 3 M NaOH. Even after five adsorption/desorption
cycles, the removal efficiency was reduced by only 10% (Figure
4c). FT-IR spectra revealed the chemical composition of
iCOP-3 was retained after the recycling test in 3 M NaOH
(Figure S33). The good chemical stability, excellent radiation
stability, high elution efficiency, and easy separation from the
treatment medium highlight the great potential of the iCOPs
for *TcO,” extraction from nuclear waste.

Due to the high environmental mobility of **Tc0O,”, leaked
#TcO,” quickly moves into groundwater where it poses a
serious threat to aquatic life and humans. Encouraged by the
high adsorption capacity, fast kinetics, and good selectivity of
iCOP-1 at near-neutral pH, dynamic ReO,” capture break-
through experiments using spiked groundwater and tap water
were conducted to simulate the treatment of contaminated
water sources. Initially, the kinetics of ReO,~ uptake on iCOP-
1 in ReO, -spiked groundwater and tap water were studied.
Commercial TRA-402, IRA-4200, and D311 were used for
comparison purposes. iCOP-1 exhibited fast ReO,” uptake
kinetics, reaching adsorption equilibrium within S and 1 min in
groundwater and tap water, respectively (Figure 4d,e). All of
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Figure S. (a—c) XPS survey spectra for iCOP-1, iCOP-2, and iCOP-3 after ReO,~ adsorption studies. (d) Re L;-edge XANES spectra for iCOP-1,
iCOP-2, and iCOP-3 after ReO,~ adsorption studies. (e) Re L;-edge EXAFS spectra in R-space for iCOP-1, iCOP-2, and iCOP-3 after ReO,~
adsorption studies. (f—h) Re L;-edge EXAFS fitting curve for iCOP-1, iCOP-2, and iCOP-3 after ReO,” adsorption studies. (i) Wavelet transform
contour plots for iCOP-1, iCOP-2, and iCOP-3 after ReO,” adsorption studies. ReO; and NH,ReO, were employed as reference materials.

the commercial adsorbents showed much slower adsorption
kinetics under the same conditions. Next, we examined the
dynamic adsorption performance of iCOP-1 through break-
through experiments (Figure 4f—i). As shown in Figure 4g,
iCOP-1 can effectively capture ReO,” from tap water, under
slow column elution conditions (0.2 mL/min) reaching
equilibrium after ~580 min. The calculated dynamic
adsorption capacity reached as high as 24.2 mg/g. The
breakthrough time for ReO,” in groundwater using iCOP-1
was approx. S h (300 min), with the equilibrium dynamic
capacity being 10.6 mg/g. The lower equilibrium dynamic
capacity in groundwater is due to the higher ionic strength and
more complex composition of groundwater compared to tap
water (Figure 4h). Significantly, the ion exchange process was
completely reversible, with the adsorbed ReO,” able to be
easily eluted using 2 mol/L NaCl solutions with negligible
subsequent changes in ReO,” uptake (Figure 4i). The long
breakthrough time, high dynamic capacity, and reusability
suggest that iCOP-1 is a very promising adsorbent for use in
packed columns for **TcO,” capture from contaminated water
sources.

Adsorption Mechanism. After demonstrating the ex-
cellent ®TcO,”/ReO,” extraction performance of the iCOPs
in acidic, near-neutral, and alkaline media, we next sought an
in-depth understanding of the **TcO, /ReO,” adsorption
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mechanism by carrying out XPS, X-ray absorption fine
structure (XAFS), and molecular dynamics (MD) simulations.
The appearance of Re(VII) peaks and the complete
disappearance of chloride peaks in XPS spectra of iCOP-1,
iCOP-2, and iCOP-3 after the saturation ReO,” adsorption
experiments indicated that ReO,~ adsorption occurred by ion
exchange (Figures Sa—c and S16). Compared with iCOP-1,
the Re 4f;/, and Re 4f;,, signals for iCOP-2 and iCOP-3 were
shifted to lower binding energies, which is attributed to
synergistic effects between the imidazolium-N* sites and
adjacent F or Br groups, which acted to increase the electron
density on the adsorbed ReO,~ anions.*>*!

Re L;-edge X-ray absorption fine spectroscopy (XAFS) was
applied to further probe the electronic structure of adsorbed
ReO,™ and to gain deeper insights into the binding sites on the
iCOPs. The normalized Re L;-edge X-ray absorption near-edge
structure (XANES) spectra showed that the absorption edge
position for ReO,” adsorbed on iCOP-1, iCOP-2, and iCOP-3
was similar to that of NH,ReO, (higher than Re(VI)O,
reference), providing further evidence that Re was present in
+7 oxidation state, consistent with the XPS data (Figure 5d).
The corresponding Re L;-edge R-space extended XAFS
(EXAFS) spectra are shown in Figure Se. All three samples
showed only one main peak at ca. 1.35 A, which was again
close to that of the NH,ReO, reference. The EXAFS data
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Figure 6. (a) Selected snapshots from the molecular dynamics simulation showing the anion exchange process (TcO, replacing CI~) on iCOP-2
in HNO; solution. (b) Time evolution of the nonbonded interaction energies. (c) Time evolution of the adsorption ratio TcO,~ over Cl~ anions.

could be fitted well using a Re—O scattering path, suggesting
adsorption as the ReO,~ anion (Figure Sf—h and Table S7). As
expected, all three samples exhibited only one intensity
maximum around 6.68 A™' in k space (~1.35 in R space)
associated with Re—O and a Re(VII) oxidation state (Figure
5i).

Next, we explored the adsorption dynamics of **TcO,” on
iCOP-2 in HNOj; solutions by using molecular dynamics
(MD) simulations. Since the anion exchange processes occur
at the positively charged imidazolium-N* sites, we considered
all possible affinity contributions from surrounding atoms and
ions. At the beginning of the ion exchange process, Cl™ anions
are located at the imidazolium-N* sites (Figure 6a).
Subsequently, **TcO,” anions are adsorbed at the imidazo-
lium-N* sites of iCOP-2 within a very short period of time,
displacing CI™ anions which move away from the binding sites
(Figure 6a, step I). No NO;~ anion adsorption was observed
after ~4 ns, with iCOP-2 displaying an extraordinary affinity
for TcO,” (a high uptake capacity and selectivity) at 12 ns
even at high concentrations of NO;~ (Figure 6a, step II). At 20
ns, the adsorbed anion ratio **TcO,™/CI” on iCOP-2 was >4
(36.4% #TcO,” vs 7.8% of Cl7), suggesting a remarkable
binding affinity toward **TcO,” in the HNOj solution (Figure
6a, step III). The binding free energy diagrams for **TcO,/
iCOP-2 and CI"/iCOP-2 during the MD simulation are
compared in Figure 6b. The calculated binding free energy of
PTcO, /iCOP-2 decreased from —19.8 X 10% kcal/mol to
approx. —27.3 X 10° kcal/mol (interaction energy around —7.5
X 10 kcal/mol) during the adsorption process, suggesting a
strong interaction. Over the same period, the direct interaction
energy between Cl™ and iCOP-2 increased by 4.9 X 10° kcal/
mol (from —0 to —4.9 X 10° kcal/mol), being lower than
#Tc0O, /iCOP-2, thus demonstrating that iCOP-2 had a
relatively low affinity for CI™. Figure 6¢ shows a plot of the
adsorption percentage of *TcO,” against mole fraction of Cl”
during the dynamics simulations, further indicating the

excellent *’TcO,” adsorption ability of iCOP-2. The
desorption date, spectroscopic data, MD simulations, and
interaction energy results confirm the outstanding adsorption
performance of the iCOPs toward *TcO,”~ under wide-ranging
pH conditions.

Taken together, the above results validate our general design
strategy that involves introducing halogen functional groups
into ionic covalent polymers to enhance **TcO,” and ReO,~
adsorption under diverse conditions. The binding affinity
between imidazolium-N* nanotrap and **TcO,”/ReQ,” was
shown to be sensitive to the local environment. In recent
notable contributions, imidazolium-N"* sites were found to be
more favorable for the adsorption of **TcO,”/ReO,”
compared to other common anions, including NO,~, CI7,
CH,;COO07, CO4*7, and SO,*” under mild conditions due to
the higher binding free energies at imidazolium-N* sites.*® Our
results lend further support to these findings, with the iCOP-1
offering fast adsorption kinetics, a high uptake capacity, and
good selectivity for the capture of **TcO, /ReO,  in the
absence of any halogen decoration. As a proof of concept,
when the F or Br functional groups were introduced near the
imidazolium-N"* sites, the ionic covalent polymers showed
significantly enhanced hydrophobicity and chemical stability,
with the halogen groups also imparting shielding effects and
steric hindrance due to their high electronegativity, weak
polarizability, and size. The enhanced hydrophobicity
effectively prevented H;O*, CI-, OH™, and NO;™ ions from
adsorbing at the imidazole imidazolium-N* binding sites,
therefore improving the binding affinity toward *TcO,”/
ReO,”. We further identified the functional relationship
between the halogen-assisted imidazolium-N* sites and their
adsorption performance. Our work demonstrates that it is
possible to modulate the binding affinity of ionic covalent
polymers for specific targets under specific conditions by
directly tuning the local environment of binding sites through a
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halogen modification. Such versatility guides the synthesis of
improved adsorbents for target applications.

B ENVIRONMENTAL IMPLICATIONS

Nuclear wastes include sludges and supernatant liquids
containing the toxic f-emitting radionuclide technetium-99
(*’Tc). Concerns about the potentially hazardous impact of
PTc on the environment motivate the development of new
technologies for removing the radionuclide from water and
sludges. In this work, a family of ionic covalent organic
polymer adsorbents for **TcO,” were rationally designed
based on imidazolium-N* adsorption sites and halogen
assistant groups for nuclear waste management. The
introduction of F and Br groups in close proximity to the
imidazolium-N* sites of the iCOPs had a significant effect on
their ®TcO,”/ReO,” adsorption and separation character-
istics. The F assistant groups enhanced hydrophobicity and
improved the binding affinity of imidazolium-N* sites for
#TcO, /ReO,” adsorption under strong acidic conditions,
while Br created steric hindrance that improved the binding
strength of the anions at imidazolium-N* sites in alkaline
solution. The developed iCOPs-1, 2, and 3 adsorbents showed
excellent radiation stability, fast adsorption kinetics, high
adsorption capacities, and *TcO,”/ReO,” selectivity, and
good reusability under wide-ranging conditions. Specifically,
(i) iCOP-1 without any halogen assistant groups showed
excellent potential for the dynamic removal of *TcO,”/ReO,~
from contaminated groundwater, tap water, and other near-
neutral media. (ii) Fluoro groups in iCOP-2 enhanced
PTc0, /ReO,” uptake in 1 M HNO; solution, thereby
offering promise for removing **TcO,” in acidic nuclear waste
streams. (iii) iCOP-3 containing bromo groups is able to
rapidly remove **TcO, /ReO,” from alkaline nuclear waste
streams. Taken together, this work offers a versatile platform
for nuclear waste management and environmental remediation,
particularly for the separation of *TcO,” under extreme
conditions.
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