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lodine in nuclear waste can cause serious environment pollution and
health risks, and has thus driven more development of materials for
iodine capture. Herein, a novel porous pillar[6]larene-based polymer
(P-P6APs) was easily prepared as a supramolecular adsorbent for
iodine via a one-step crosslinking reaction between per-hydroxylated
pillar[6]larene and decafluorobiphenyl. Nitrogen adsorption tests
demonstrated that this material possessed a satisfactory surface area
(SgeT = 366 m? gfl) and pore diameter (3.8 nm), which was due to the
macrocyclic scaffolds. Compared with commercially available acti-
vated carbon, P-P6APs exhibited superior adsorption efficiency
toward volatile iodine not only in the solution phase (water and n-
hexane) but also in the gas phase. This outcome was mainly ascribed
to nonspecific adsorption by the pore structure of the crosslinked
material coupled with multiple intermolecular binding sites of the
macrocyclic scaffold. Moreover, this supramolecular absorbent was
recyclable and could be reused 5 times with no obvious loss of
performance.

Introduction

For the sustainable development of new energy sources, nuclear
power is being used to solve the problem of energy shortages in
more than thirty countries around the world.** However,
a series of hazardous events, including the Chernobyl disaster
and Fukushima accident occurred, producing a profound
impact on surrounding areas.>® The wastes involved (e.g. **°I,
137Cs, 2°Sr, ®°Co, etc.) are highly radioactive with extremely long
half-lives, which evokes an essential question as to how to
properly handle nuclear waste.”*® Iodine is a volatile product
from uranium fission that is particularly problematic due to its
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solubility. Different isotopes of iodine present different issues
for people and environment. '*°I has a half-life of 1.57 x 107
years and poses a long-term an environmental risk due to bio-
accumulation,'”*® while *'I has a shorter half-life of 8.02 days
and also poses serious harm to human health.">* Exposure to
these isotopes would induce leukopenia, hypothyroidism,
cancer and so forth.”>?* There is, therefore, an urgent need to
develop efficient adsorbents to capture ionic and neutral iodine
residues.

To date, many techniques have been developed to seques-
trate iodine such as wet scrubbing,*® mineral crystallisation,*®
glass sintering®” and physical adsorption.*® In particular, porous
solid material-based adsorption methods show great potential
for this specific task. Of these materials, the most representative
types include polymers, organic cages, metal-organic frame-
works, and covalent organic frameworks, although the uptake
capacity and structural stability are hard to balance in many
cases.”®** Macrocycles with distinctive pre-organized cavities
and excellent recognition properties provide an alternative
method for sequestering iodine.***® Huang et al. reported that
nonporous ethylated pillar[6]arene crystals, rather than the
cyclic pentamer or heptamer, had the ability and the best
performance for the capture of volatile iodine in the air or
solution phase. The crystallography results proved that one
molecule of pillar[6]arene could bind to an average of 2.2 iodine
atoms, mainly driven by typical charge-transfer interactions.*>*
Combined with the advantages of the above two types of
material, we hypothesized that the introduction of a pillar[6]
arene scaffold into a porous solid material would endow the
resultant product with superior iodine adsorption potency.

In the present study, we have designed and prepared pillar[6]
arene-based polymers (P-P6APs) via a one-step crosslinking
reaction between a per-hydroxylated pillar[6]arene using known
methods and commercially available decafluorobiphenyl
(Scheme 1).*>** The inherent cyclic structure is a key factor to
rendering P-P6APs porous. Compared to activated carbon with
a similar surface area, this supramolecular absorbent exhibited
superior adsorption efficiency toward volatile iodine, not only in
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Scheme 1 Pillar[6]larene-based polymer networks derived from
nucleophilic aromatic substitution reactions. Left: Synthesis of the
high-surface-area porous P-P6APs from P6A-OH and DFB. Right:
Schematic of the P-P6APs structure.

the air, but also in an organic solvent and aqueous solution, due
to nonspecific adsorption by the nanoscale pore structure
coupled with multiple intermolecular interactions between the
macrocyclic exterior and iodine molecule. The dynamic char-
acter of the noncovalent interactions and the insoluble nature
of these crosslinked polymers facilitate the simple regeneration
of P-P6APs, just by using washing and drying procedures.

Results and discussion

Firstly, per-hydroxylated pillar[6]arene (P6A-OH) was chosen as
the macrocyclic precursor to prepare the porous polymers. As
depicted in Scheme 1, P6A-OH was directly crosslinked with
decafluorobiphenyl (DFB) in a suspension of K,CO;3 in DMF at
100 °C. The crosslinking process involves a nucleophilic
substitution reaction of the phenolic hydroxyl groups of P6A-OH
to replace the fluoride on the DFB. After 72 h of heating, the
prepared pillar[6]arene-based polymers (P-P6APs) precipitated
out of the reaction liquid and then could be used following
filtration, washing and drying. For comparison in the following
experiments, monomer-containing polymers (MPs) were also
constructed using the same method. Subsequently, Fourier-
transform infrared (FT-IR) spectroscopy was employed to
verify the molecular structure of P-P6APs. As shown in Fig. 1a,
the C-F stretching bands of DFB at 1080 cm ™', 981 cm ™!
729 cm™ ", as well as the stretching vibrational absorption of the
phenolic hydroxyl groups of P6A-OH at 3346 cm ' could be
found in FT-IR spectrum of P-P6APs. Meanwhile, new charac-
teristic signals corresponding to the aromatic C-O-C stretching
vibration appeared at 1230 cm ™. These findings indicated that
the desired product was successfully synthesized via the cross-
linking reaction between P6A-OH and DFB. Additional FT-IR
experiment also proved the formation of the MPs (Fig. S1+).
Next, nitrogen adsorption tests were performed to investi-
gate the porosity of the prepared P-P6APs and MPs. A type IV
isotherm with a visible hysteresis cycle could be observed within
the relative pressure range of 0.5-1.0, and the Brunauer-
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Fig. 1 (a) FT-IR spectra of P6A-OH, P-P6APs and DFB. (b) Nitrogen
adsorption/desorption isotherm of P-P6APs. (c) The cumulative pore
volume (pore diameter) of P-P6APs obtained via a Barrett—Joyner—
Halenda analysis. (d) SEM image of P-P6APs.

Emmett-Teller (BET) specific surface area of P-P6APs was
calculated to be 366 m> g, revealing that the crosslinked
material has a relatively high porosity with mesopores in its
interior (Fig. 1b). The corresponding pore size distribution
curve of P-P6APs obtained from the nitrogen desorption data
further demonstrated that the pore diameter was about 3.8 nm
with a pore volume of 0.08 cm® g™ (Fig. 1c). MPs, in contrast,
exhibited almost no pore texture (Fig. S2 and S3t). These results
led us to suggest that the macrocyclic scaffold building block
was crucial for the porosity of P-P6APs. Moreover, the particles
of P-P6APs exhibited a medium size of about 2 um, as inferred
from the scanning electron microscopic studies (Fig. 1d). The
above surface area and aperture results led us to consider that P-
P6APs could be an ideal candidate for absorbent materials.

As mentioned above, the pillar[6]arene skeleton has good
ability to capture iodine molecules (I,) via charge transfer.
Hence we envisioned that the prepared absorbent P-P6APs
could effectively capture I,, in view of its porosity and exterior
binding potency. First, the I, adsorption ability of P-P6APs was
verified in I,/KI solution, a typical source of I, I, and I~ based
on dynamic equilibrium. As shown in Fig. 2a, 250 ppm of I,/KI
solution appeared brown and became almost colorless within
20 min after addition of P-P6APs. An appropriate curve was also
derived to quantitatively assess the absorption efficiency of P-
P6APs (Fig. S41). The characteristic UV/vis peaks of the I,/KI
solution decreased in a time-dependent manner (Fig. 2b), and
the uptake efficiency of P-P6APs could quickly reach 77.87% at
10 min after adding the absorbent (Fig. 2¢). In addition, MPs
and a commercially available activated carbon (AC) with
a similar BET value to P-P6APs were chosen as negative and
positive controls, respectively. Similar absorption could be
observed in these two groups, while the uptake efficiencies were
only 66.98% and 19.00% for AC and MPs, respectively (Fig. S5-
S8t). These results demonstrated that the cyclic building blocks
of P-P6APs were prerequisite to achieve its effective perfor-
mance. Aside from the effectiveness, the selectivity is another
requirement for an adsorbing material. To verify this,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Photograph showing solution color change when 6.0 mg of
P-P6APs was placed in I,/Kl (ag) (250 ppm). (b) Time-dependent UV/vis
absorption spectra of 1,/Kl (aqg) (250 ppm) upon addition of P-P6APs
(6.0 mg). (c) Time-dependent |, uptake efficiency based on the
absorption peak at 286 nm after adding P-P6APs, AC and MPs. (d)
lodine adsorption efficiency of P-P6APs after the same material is
recycled 5 times in 1,/KI (aq).

adsorption experiments in a binary mixture consisting of
a saturated iodine solution (250 ppm) and potassium salts of its
competing anions (10 equivalents) were performed. As shown in
Fig. S9,T the results proved that P-P6APs possessed specific
adsorption selectivity for iodine. The effectiveness and selec-
tivity of this supramolecular adsorbent were comparable to
other typical adsorbents reported in the literature under
conditions of capture from water (Table S1}). Furthermore, the
ability to regenerate an adsorbent is another important factor
affecting its practical application. When the absorption satu-
rated P-P6APs was immersed in methanol, the I, was completely
released. The resultant P-P6APs could be reused following
a simple drying process and 99% of the initial adsorption effi-
ciency was retained after five regeneration cycles (Fig. 2d).

Next, we utilized the I, removal application in organic
systems as technical storage to counteract complex scenarios.
As depicted in Fig. 3a, the purple I,/n-hexane (1 mM) solution
gradually faded and became colorless at about 8 h after addition
of P-P6APs. A calibration curve was derived to calculate the I,
concentration (Fig. S10t). Upon addition of P-P6APs to an I,/n-
hexane solution, the characteristic I, signal at 522 nm in n-
hexane decreased from 0.85 to 0.14 over the duration of the test
(Fig. 3b). The I, removal efficiency was calculated to be 83.51%
at 8 h (Fig. 3c). The AC exhibited quicker absorption perfor-
mance within the first 2 h, and the absorption amount soon
reached saturation with a removal efficiency of 68.02% (Fig. S11
and S12t). For the MPs, the accumulative absorption amount
was only 16.12% over the same measurement range (Fig. S13
and S14t). Similarly, we also confirmed that P-P6APs also could
maintain its capture potency without decreasing I, uptake
performance in n-hexane after being recycled five times
(Fig. 3d).

Apart from applications in the solution phase highlighted
above, we further wondered whether the supramolecular
absorbent P-P6APs was able to uptake I, vapor. First, we exposed

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

(a) (b)

Absorbance (a.u.)

(c)

1, uptake (%)
1, Adsorption efficiency (%)~

2 3
Time (h) Cycles

Fig. 3 (a) Photograph showing color change when 24.0 mg of P-
P6APs was placed in an iodine/n-hexane solution (1 mM). (b) Time-
dependent UV/vis absorption spectra of an iodine/n-hexane solution
(1 mM) upon addition of P-P6APs (24.0 mg). (c) Time-dependent I,
uptake efficiency based on the absorption peak at 520 nm after adding
P-P6APs, AC and MPs. (d) lodine adsorption efficiency of P-P6APs after
the same material was recycled 5 times in an iodine/n-hexane
solution.

P-P6APs to I, vapor for 11 h. The color of the powder changed
from black to brownish black (Fig. 4a and b), which could serve
as preliminary evidence of successful adsorption. Furthermore,
P-P6APs, AC and MPs were respectively placed in three pre-
weighed vials, which were then enclosed in iodine-containing
bottles and heated at 80 °C in an oven. By weighing at pre-
determined intervals, the time-dependent adsorption behaviors
of three groups were examined and the results are presented in
Fig. 4c. The I, vapor uptake of P-P6APs descended slowly as the
adsorption time was extended and reached equilibrium at
about 5 h with the uptake ratio found to be up to approximately
70 wt%. While under the same experimental conditions, the I,
uptake ratios of AC and MPs were respectively only 24.79 wt%
and 2.07 wt% within the same measurement range. Next,
powder X-ray diffraction (PXRD) and FT-IR were performed to
gain insight into the uptake process and the nature of the
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Fig. 4 Photos of P-P6APs (a) before and (b) after exposure to iodine
vapor for 11 h. (c) Time-dependent |, vapor uptake efficiency of P-
P6APs, AC and MPs at 80 °C. (d) lodine adsorption efficiency of P-
P6APs after the same material is recycled 5 times for iodine vapor
capture.
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adsorbed iodine. As shown in Fig. S15,7 the PXRD measure-
ments revealed that iodine was taken into the polymeric
networks in a non-crystalline form. The adsorption of iodine
caused the peaks in the FT-IR spectrum ascribed to the phenolic
hydroxyl group at 3346 cm™" to shift, and for the peaks of the
phenyl rings at 1638, 1488 cm™ "' and those of the C-F bond at
1080, 981 and 729 cm ™ to decrease in intensity (Fig. S167). The
results of the regeneration experiments proved that the I, vapor
adsorption capacity of P-P6APs might not decline obviously
after five cycles (Fig. 4d). Moreover, we have further investigated
the adsorption performance after the sixth recycle of the
material (Fig. S171) and the adsorption efficiencies of P-P6APs
could still reach 95% in three systems, revealing its good recy-
clability. On above basis, we have shown that macrocycle-based
crosslinked material P-P6APs can be employed to effectively
capture I, in both the solution phase (water and n-hexane) and
vapor phase, and can be reused many times with no decrease in
performance, mainly ascribed to non-covalent interactions. If
these favorable results translate into practical use, P-P6APs is
expected to provide a significant benefit for nuclear waste
management.

Conclusion

In conclusion, we have successfully developed a pillar[6]arene-
based crosslinked polymer as a supramolecular adsorbent for
iodine capture. Nitrogen adsorption tests demonstrated that
this material possessed satisfactory surface area and pore
diameters, which was due to the macrocyclic scaffolds.
Compared with two controls AC and MPs, P-P6APs could
effectively capture I, in not only the solution phase (water and n-
hexane), but also in the gas phase via intermolecular interac-
tions. Its regeneration only requires washing and drying
procedures, and it could be reused many times with no decrease
in performance. This porous macrocycle-based material is
poised for further development as a versatile tool for hazardous
substance treatment.
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