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Abstract: Herein, we firstly develop porous organic cage
(POC) as an efficient platform for highly effective
radioactive iodine capture under industrial operating
conditions (typically >150°C), <150 ppmv of L,). Due
to the highly dispersed and readily accessible binding
sites as well as sufficient accommodating space, the
constructed NKPOC-DT-(I") (NKPOC=Nankai porous
organic cage) demonstrates a record-high I, uptake
capacity of 4835wt% and extraordinary adsorption
capacity of unit ionic site (~1.62) at 150°C and 150 ppmv
of I,. The I, capacity is 3.5, 1.6, and 1.3 times higher than
industrial silver-based adsorbents Ag@MOR and bench-
mark materials of TGDM and 4F-iCOF-TpBpy-I" under
the same conditions. Furthermore, NKPOC-DT-(I")Me
exhibits remarkable adsorption  kinetics (k;=
0.013 min™'), which is 1.2 and 1.6 times higher than
TGDM and 4F-iCOF-TpBpy-I" under the identical
conditions. NKPOC-DT-(I")Me thus sets a new bench-
mark for industrial radioactive I, adsorbents. This work
not only provides a new insight for effectively enhancing
the adsorption capacity of unit functional sites, but also
advances POC as an efficient platform for radioiodine

capture in industry. D
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Introduction

Radioactive species including *Tc, *H, *Kr, '¥Cs, **Xe, '*1,,
84U, *'Np, *?Pu, **Am, etc., in nuclear waste, often show
negative impacts on the environment and living organisms
due to their radioactivity, teratogenicity, and
carcinogenicity.!! Especially, radioactive molecular iodine
(*’1,) as one of the main volatile wastes, can produce
detrimental effects on environmental safety and human
health due to their intrinsic high toxicity, long half-decay
cycle (~1.57x10" years), high mobility, and high biological
activity, which must be captured and sequestered
immediately.”! The reprocessing of nuclear fuel rods would
produce a low concentration of '*’I, (often <150 ppmv) and
require a high-temperature environment (typically >150°C)
for accelerating the dissolution of fuel rods and decreasing
the competitive adsorption of water molecules.”! Therefore,
it is an urgent task to develop advanced materials for I,
capture at high temperature and low I, concentration.

The ideal industrial iodine adsorbent should possess the
following features: (i) high chemical and thermal stability to
satisfy the requirements of acidity and high temperature
environments of industrial operating conditions; (ii) highly
dispersed and readily accessible strong functional sites to
guarantee a high adsorption capacity and outstanding
decontamination factor without I, leakage under high
temperature; (iii) large and easily accessible pore window
for improving adsorption kinetics; (iv) excellent recyclability
to reduce the operating cost; (v) simple synthesis method to
meet the practical requirement of industrial applications.

The current industrial technology for '*1I, capture relies
on silver-based adsorbents,”! whose key lies in their ability
to effectively bind I, with high decontamination perform-
ance under high temperature (eg. >150°C) and low I,
concentration (eg. <150 ppmv of I,), a practical conditions
for industrial radioactive iodine capture.l”! However, current
silver based adsorbents suffer from low uptake capacity (eg.
Ag@MOR) and poor recyclability due to their low surface
area and irreversible chemical reaction between silver and
iodine to form AglL!! This would result in the potential
inefficiency and high operating cost under long-term oper-
ation, especially when operated in nuclear energy facilities
with limited space.[’! Even if a large number of efforts have
been devoted to realize industrial substitution of silver-
based adsorbents, the developed porous adsorbents includ-
ing activated carbon,” metal-organic frameworks
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(MOFs),”™"! porous organic polymers (POPs),!""! covalent
organic frameworks (COFs),['”l and hydrogen-bonded cross-
linked organic frameworks (HCOFs),™™ only exhibit high I,
uptake capacities at moderate temperatures (<90°C) and
high I, concentrations (> 10000 ppmv), which is far from the
practical industrial requirements. To the best of our knowl-
edge, only four limited cases including TGDM (a 2D
guanidinium COF),' 4F-iCOF-TpBpy-I~ and 4CH;-iCOF-
TpBpy-I~ (a 2D COF with both ionic sites and Lewis base
sites),”! and JUC-561 (a sulfur functionalized COF with
redox sites!'™)) exhibit the exceeding I, uptake over tradi-
tional silver-based adsorbents under industrial operating
conditions.[*'? 1!

Compared to reported redox sulfur sites in porous
adsorbents, ionic sites are considered to have stronger
binding interactions towards iodine due to strong Coulombic
force.'* ! However, the reported ionic adsorbents have
always been limited to the ability that each ionic site can
only bind less than one iodine molecule under high temper-
ature, which may attribute to the existence of underutilized
ionic binding sites including “co-occupied binding sites” and/
or “invalid binding sites” in reported 2D COFs caused by
their congested ionic sites between layers (Figure 1a). Even
if the utilization of 3D COFs seems a probable choice to
reduce the crowded arrangement of ionic sites, the uncon-
trollable interpenetrating remains a significant obstacle to
obtaining highly dispersed ion functional sites in 3D
COFs.'"M Thus, it is necessary to develop new types of
porous adsorbents with highly dispersed and sufficently

(a)

nf

co-occupied binding sites

invalid binding sites

2D COFs with underutilized binding sites

(b) 7 This work
" ¢
4 V4
.I’ wg/ {
JLX & !
g / iodine

POCs with highly dispersed and readily accessible sites

Figure 1. The comparison of benchmark 2D COF model and the
designed POC for capturing radioactive iodine under industrial
operating conditions. (a) The underutilized binding sites in 2D COFs
including “co-occupied binding sites” and “invalid binding sites” due
to the crowded arrangements of binding sites between layers; (b) the
“highly dispersed” and “readily accessible sites” in POC can provide
the sufficient accommodation space for adsorbed more I, molecules,
thus effectively improving the adsorption ability of unit ionic sites.

Angew. Chem. Int. Ed. 2024, 63, €202411342 (2 of 7)

Research Article

Angewandte

intemationaldition’y) Chemie

utilized ionic sites for capturing radioactive iodine under
industrial operating conditions.

Porous organic cages (POCs), an emerging class of
crystalline porous materials, have been previously applied in
the fields of gas storage and separation,¥ catalysis," and
pollutant treatment.” Similar to MOFs and COFs, POCs
not only contain the advantageous features for guest capture
including high surface areas, adjustable porosities, and easily
functional modification, but also possess the unique advan-
tages of highly dispersed and readily accessible sites (Fig-
ure 1b) due to their intrinsically cave-like discrete structures
that are not easily interpenetrating.”"’ However, although
POCs have been developed for over a decade, their
application for radioactive I, capture under industrial
conditions has been unexplored. Herein, we showcase for
the first time the development of POCs as a new industrial
radioactive I, capture platform outperforming some bench-
mark materials.

To effiectively enhance the I, adsorption performance, a
nitrogen-rich POC (NKPOC-DT, NKPOC =Nankai porous
organic cage) was quaternized to form ionic POC, namely
NKPOC-DT-(I")Me (Figure 2). Due to highly dispersed
functional sites in POC, NKPOC-DT-(I")Me exhibits a
record-high I, uptake capacity of 48.35wt% among all
reported porous materials under industrial operating con-
ditions, which is 3.2 times higher than its parent material of
NKPOC-DT (15.12 wt %). It is 3.5, 1.6, and 1.3 times higher
than that of industrial silver-based adsorbents Ag@MOR
and benchmark materials of TGDM and 4F-iCOF-TpBpy-1~
under the same conditions. Each ionic sites in NKPOC-DT-
(I")Me can captures over 1.62 equivalent of iodine mole-
cules, far exceeding the reported COFs adsorbents (~0.44 I,/
ionic site for TGDM and 0.76 L/ionic site for 4F-iCOF-
TpBpy-1")."! Furthermore, NKPOC-DT-(I")Me exhibits
a remarkably high adsorption kinetics with adsorption rate
of 0.013 min~!, and outperforms the benchmarked materials
of TGDM and 4F-iCOF-TpBpy-I". NKPOC-DT-(I")Me,
thus setting a new benchmark for radioactive I, adsorbents
under industrial conditions.

Results and Discussion
Synthesis and Characterization

The triazole-connected POC (NKPOC-DT) was synthesized
by reacting tetraformylresorcin-[4]Jarene (C4ARACHO) with
3,5-diamino-1,2,4-triazole (DT) in pressure flask at 100°C for
24 h using N,N-dimethylformamide (DMF) as solvent. The
powder X-ray diffraction (PXRD) pattern of NKPOC-DT
exhibited two intense diffraction peaks at 20 of ~3.7°, ~6.4°
and several weak yet discernible peaks at higher angles. The
observed PXRD pattern of NKPOC-DT matched well with
the reported CPOC-203% and the simulated pattern obtained
by geometrical and energetical optimization with materials
studio (Figure S3). Furthermore, Fourier transform infrared
(FT-IR) spectroscopy,” solid-state ""C nuclear magnetic
resonance (“C NMR) spectroscopy,” 'H nuclear magnetic
resonance ('H NMR) spectra®? and time of flight mass
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NKPOC-DT-(I)Me

Figure 2. Schematic illustration of the synthesis of NKPOC-DT-(I")Me. Note: DBU =1,8-diazabicyclo[5.4.0]lundec-7-ene, MeCN = Acetonitrile,

Mel =lodomethane.

spectrometry (TOF-MS) analysis® further confirmed the
successful incorporation of the designed structural moieties in
NKPOC-DT (Figure S4-S7). NKPOC-DT-(I")Me was ob-
tained by reacting NKPOC-DT with iodomethane (Mel) using
1,8-diazabicyclo[5.4.0Jundec-7-ene  (DBU) as catalyst.*
PXRD analysis showed that diffraction peaks of NKPOC-DT-
(I")Me exhibited a slight changes but still retained the main
peak compared with NKPOC-DT, indicating that the crystal
structure of the functionalized POC remained intact (Fig-
ure 3a). The FT-IR spectra in Figure 3b shows two new bands
at 1323 and 1705 cm™ corresponding to the C-N (N-CHj),
and C-N (N"—CHj,I") that are not present in NKPOC-DT,
implying the successful introduction of ionic sites onto the
NKPOC-DT (Figure 3b).?**! Furthermore, the successful
modification of ionic sites was further confirmed by 'H NMR
as illustrated by the apperance of two new signals at 4.39 ppm
(h, N*—CH,I") and 3.70 ppm (g, N—CH,) (Figure S8).” Such
conclusion can be also verified through solid-state *C NMR
studies, evidenced by the appearance of new signals at 53.7 (m,
N*—CH;I") and 49.0 (I, N—CH;) ppm in NKPOC-DT-(I")Me
(Figure 3c). In addition, X-ray photoelectron spectroscopy
(XPS) analysis in NKPOC-DT-(I")Me showed new N 1s (N*

-CH,I, 402.44 eV) and I 3d signals (629.39 eV for I 3d;, and
617.94 eV for 1 3ds,,) (Figure $9).”! These results thus confirm
the ionic functional sites were successfully grafted onto
NKPOC-DT. Energy-dispersive X-ray spectroscopy (EDS)
mapping showed the uniform distribution of I element in
NKPOC-DT-(I")Me (Figure S10). Elementary analysis and
TOF-MS results (Figure S11) imply that ~33 % triazole was
modified to form ionic sites in NKPOC-DT-(I")Me.

Gas adsorption-desorption isotherms studies indicated that
the installation of ionic sites onto NKPOC-DT led to a
significant decrease of BET surface area from 1003 m?g ' for
NKPOC-DT to 96m’g™ for NKPOC-DT-(I")Me (Fig-
ure S12). TGA demonstrated that NKPOC-DT-(I")Me exhib-
ited thermal stability up to 200°C (Figure S13), which can
meet the requirements for industrial nuclear waste treatment
(i.e., 150°C). Following treatment in acidic solution (pH=1)
and boiling water (100°C), NKPOC-DT-(I"')Me retained
consistent PXRD and FT-IR patterns when compared to the
as-prepared sample (Figure S14-S15), indicating good acid and
hydrothermal stability. Such high thermal/chemical stabilities
are the key to industrially capturing radioactive L.
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Figure 3. (a) PXRD patterns; (b) FT-IR spectra and (c) solid >C NMR spectra of NKPOC-DT and NKPOC-DT-(I")Me.
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lodine Capture Performance

Todine capture experiments were conducted under simulated
industrial conditions (150°C, 150 ppmv of I,). Typically, as-
prepared samples (~5 mg) were placed into a thermo gravi-
metric analyzer, followed by passing 150 ppmv of I, steam with
N, as a carrier gas. The adsorption amount was monitored by
recording sample mass as a function of time. The NKPOC-
DT-(I")Me can absorb 48.35 wt % I, under industry-relevant
condition (150°C and 150 ppmv of 1), a 3.2 times higher than
the original NKPOC-DT with an uptake of 15.12 wt % under
the same condition (Figure 4a and 4b). The I, capture perform-
ance of NKPOC-DT-(I")Me also significantly surpasses all
reported porous materials (Figure 4a-4c), including HISL
(highest I, adsorption capacity among metal-free zeolites,
0.16 wt %),i PAF-1 (a porous organic polymer with an ultra-
high surface area, 0.82 wt %),?”! HPOC-101 (a porous organic
cage with an ultra-high adsorption capacity of aqueous I;~,
0.09 wt %),?*! ZIF-8 (a chemically stable MOF, 1.76 wt %),
MFU-Cu(I) (a MOF with Cu(I) Sites, 20 wt%),””) Ag@MOR
(a commonly used commercial adsorbent, 14 wt%),*! JUC-
561 (a sulfur functionalized COF with redox  sites,
20.03 wt %),"*! iCOF-AB-50 (an ionic COF, 827 wt %),
TGDM (a 2D guanidinium COF, 29.24 wt %), 4F-iCOF-
TpBpy-1I" (a 2D COF with both ionic and Lewis base sites,
37 wt %)."! Additionally, the iodine loading NKPOC-DT-
(INMe (LL@NKPOC-DT-(I")Me) can retain 78.9% 1, after
nitrogen purging at 150°C (Figure S16). And the retained I, is
considered as being chemically bond to framework.!'*"!
According to the experimental results, each ionic site of
NKPOC-DT-(I")Me adsorbs ~ 1.62 I, molecules at 150°C,
which is 3.7 and 2.1 times higher than the 2D ionic COFs of
TGDM (0.44 I, molecules per ionic site) and 4F-iCOF-TpBpy-
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I" (0.76 I, molecules per ionic site) under the same conditions
(Figure 4d). The lower I, uptakes for 2D ionic COFs in
contrast to NKPOC-DT-(I")Me may be attributed to the
underutilized functional sites in confined space when adsorp-
tion, which thus results in the limitation of iodine adsorption
ability for each binding sites. In contrast, NKPOC-DT-(I")Me
exhibits a highly dispersed ionic sites and sufficient space to
efficiently bind and accommodate more I, molecules around
functional adsorption sites thereby affording high adsorption
performance.

Furthermore, adsorption kinetic is another crucial aspect
for evaluating a sorbent’s performance metrics in real-world
applications. NKPOC-DT-(I")Me demonstrated the remark-
able adsorption rate of 0.013 min~', which is 1.2 and 1.6 times
faster than that of benchmark materials (TGDM and 4F-
iCOF-TpBpy-I") under the same condition (Figure 4c, Fig-
ure S17). The remarkable adsorption kinetics of NKPOC-DT-
(I)Me can be attributed to the presence of strong ionic binding
sites for capturing I, and the exsitence of accessible pores (7.6
A), which is large enough to allow entrance of I, molecules
with a molecular size of 3.96x3.96x6.62 A (Figure S18).
Together with the record-high uptake capacity, NKPOC-DT-
(I')Me thus sets a new benchmark for radioactive I,
adsorbents under practical conditions (Figure 4c). These results
thus highlight the advantages to develop new types of radio-
active I, adsorbents with the features of highly dispersed/
exposed functional sites and large accommodating space for
guests.

NKPOC-DT-(I")Me after I, adsorption can be recycled for
five cycles by ionic exchange, which was demonstrated by the
remained PXRD pattern, FT-IR spectra, XPS spectra, and
uptake capacity (Figure S19-S22). Furthermore, the break-
through curves demonstrate that the iodine vapor can be fully

50 1.NKPOC-DT-(I'yMe
2.4F-iCOF-TpBpy-1-
3.TGDM

\’: 40 4.JUC-561
i S.NKPOC-DT
z 30 6.Ag@MOR
=~ 7.iCOF-AB-50
2 8.ZIF-§

S 204 9.PAF-1

S

=% 10.HISL

= 11LHPOC-101
= 104

I
1 2 3 4 5 6 7 8 9 1011
Sorbents

Ii] ) o

NKPOC-DT-(I)Me  4F-iCOF-TpBpy-I" TGDM

Adsorption capacity of unit ionic site

Figure 4. (a) Gravimetric measurements of |, adsorption on NKPOC-DT, NKPOC-DT-(I")Me, TGDM, 4F-iCOF-TpBpy-I~, JUC-561, iCOF-AB-50, ZIF-
8, HPOC-101, PAF-1, and HISL as a function of time at 150°C and 150 ppmv of 1,; (b) The comparison of the I, adsorption capacities of various
high-performance adsorbents at 150 °C and 150 ppmv of |,; (c) The comparison of I, saturation uptake amount and k; value for NKPOC-DT-(I")Me
at 150°C and 150 ppmv of |, with other benchmark porous materials, including iCOF-AB-50, NKPOC-DT, JUC-561, TGDM, 4F-ICOF-TpBpy-I~; (d)
The comparison of the number of iodine molecules adsorbed per ionic site for NKPOC-DT-(I")Me at 150°C and 150 ppmv of |, with benchmark

materials of TGDM and 4F-iCOF-TpBpy-I~.
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absorbed by NKPOC-DT-(I")Me reaching an extraordinary
adsorption capacity (49.2wt% and 48.0 wt%) under both
simulated dry and relative humidity (RH) of 50 % measure-
ment conditions (50 mg of NKPOC-DT-(I'Me, 150 °C,
150 ppmv L, in N, with a flow rate of 1.23 mg h'), which
highlights its feasibility in the practical iodine capture under
industry-relevant conditions (Scheme S1, Figure 5). Regulatory
standards for nuclear processing facilities require a “decon-
tamination factors” (DF) of >100-1000 (removal of 99.953 %
of active species) for I, reprocessing, defined as the ratio of
radioactivity before and after decontamination procedures.””
NKPOC-DT-(I")Me achieves very high decontamination fac-
tors, ranging from 2170 to 9346 (Figure S23), corresponding to
the removal of approximately 99.954-99.989 % I,, which is
significantly higher than the regulatory requirements for
reprocessing facilities.® These results indicate the high
effectiveness of NKPOC-DT-(I")Me in capturing radioactive I,
from off-gas mixtures of nuclear waste. In addition, NKPOC-

1.0 ——RrH=0%
—e— RH=50%

0.8
0.6

0.4

cic,

0.2

0.0

T T T T T T

0 4 8 12 16 20 24 28
Time (hr)

Figure 5. |, breakthrough profiles of NKPOC-DT-(I")Me at 150°C and
150 ppmv of dry (RH=09%, black) and humid (RH=509%, red) I,.
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DT can be prepared in large-scale (20.9 g of NKPOC-DT
within 10 min) by a high pressure homogenization (HPH)
method™ under room temperature (Figure S24-S27), which
suggests its great potential for industrialization.

Adsorption Mechanism

The adsorption mechanism was validated by characterizing
NKPOC-DT-(I")Me before and after iodine saturation at
150°C. The successful capture of I, can be observed by EDS
mapping with a uniform distribution of I element (Figure S28).
The PXRD pattern showed that the diffraction peaks of
NKPOC-DT-(I")Me completely disappeared after saturated
with I,, indicating the loss of structural order due to the
installation of I, into the porous organic cages. No diffraction
peaks of I, were observed, excluding the possibility that the
high adsorption capacity was caused by the recrystallization of
I, around the adsorbent (Figure S29)."*! Raman spectroscopy
studies of NKPOC-DT-(I")Me revealed new peaks of I;~ (116,
137.9, and 147.5 cm ') and 15~ (161.2, and 171.6 cm ") following
I, loading, as compared to NKPOC-DT (Figure 6a), indicating
the ionic modification of NKPOC-DT promotes the formation
of polyiodides and thereby enhances the I, adsorption
capacity.'*?* 3 Furthermore, raman spectroscopy analysis
revealed that iodine adsorption on NKPOC-DT-(I')Me was
calculated to be 1.62 iodine molecules per ionic site, based on
the uptake results obtained after nitrogen purging at 150 °C
(Figure S16, Figure S30), thus confirming predominant role of
Coulombic interactions during the iodine adsorption process.
The FT-IR spectra showed that the chemical shift of C-N (N
—CH;l") reached up to 155cm™' after I, loading. This is
significantly higher than the shifts of C-N (N—CHs, 4.0 cm™),
indicating that Coulomb interactions play a crucial role in

000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
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(d) CN (9882 ot _ C-N (N-CH,, 399.89 ev)
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Figure 6. (a) Raman spectra of |, @ NKPOC-DT-(I)Me and I,@NKPOC-DT; (b) FT-IR spectra; (c) '>°C CP-MAS NMR spectra; and (d) N1s spectra of
NKPOC-DT-(I")Me and I,@ NKPOC-DT-(I")Me after nitrogen purging at 150°C.
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adsorption process (Figure 6b). Such result is also evidenced
by a larger shift of m (N"—CHsl", 1.0 ppm) compare to 1
(N—CH,, 0.2 ppm) carbon atom in the solid-state *C NMR
spectra (Figure 6¢).** Furthermore, the N 1s spectra (Fig-
ure 6d, Figure S31) showed that N in N*-CH;I™ shifted from
402.44 ev to 400.69 ev after I, saturation. The chemical shift is
much higher than that in C-—N and C=N, indicating the
importance of Coulomb interactions during adsorption process.
The preferred adsorption configuration of I, at the ionic sites
(I") than Lewis base sites (N) was explored by density
functional theory (DFT) calculations, which was evidenced by
the calculated binding energies for I, nearby ionic sites (I7) (—
1.14 ev) is 2.5 times higher than that of Lewis base sites I,
nearby (N) (—0.46 ev) (Figure S32). In short, these finding
strongly suggest that Coulomb interactions significantly con-
tribute to the adsorption process under high temperature
conditions.

Conclusion

In summary, we developed herein POC as an efficient
platform for highly effective radioactive iodine capture under
industrial conditions (typically >150°C, <150 ppmv of I,).
Due to highly dispersed/exposed binding sites and sufficient
accommodating space for I, in POC, the constructed NKPOC-
DT-(I")Me exhibits a record-high I, uptake capacity of
48.35 wt %. It outperforms industrial silver-based adsorbents of
Ag@MOR and the benchmark materials of TGDM and 4F-
iCOF-TpBpy-I" by 3.5, 1.6, and 1.3 times under the same
conditions. In addition, each ionic site in NKPOC-DT-(I")Me
can adsorb ~1.62 I, under industrial conditions, which is the
highest value among all porous adsorbents reported to date.
Our work thus provides a new insight for effectively enhancing
the adsorption ability of unit ion sites. Furthermore, NKPOC-
DT-(I")Me exhibits ultrafast adsorption kinetics (k=
0.013 min"'), which is 1.2 and 1.6 times higher than the
benchmark materials of TGDM and 4F-iCOF-TpBpy-I" under
identical conditions. NKPOC-DT-(I")Me thus set a new
benchmark for high-temperature radioactive I, adsorbents.
This work may inspire the development of sorts of POCs for
high-efficient radioiodine capture under industrial operating
conditions.
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