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A thiophene-based hyper-crosslinked polymer (Bi-Thio HCP) was synthesized using commercially avail-
able 2,2'-bithiophene as a monomer via Friedel-Crafts alkylation reaction. The obtained Bi-Thio HCP
exhibits a high surface area, hierarchical porosity, and an abundance of electron-rich binding sites, facili-
tating efficient and rapid iodine uptake. The Bi-Thio HCP demonstrated a modest iodine capture capabili-
ties, with an adsorption capacity of 1.96 g g~* in the vapor phase at 350 K and a maximum uptake capacity
of 1.66 g g~* for triiodide (Is7) in aqueous phase at 298 K. The distribution coefficient (Kq) values greater
than 10° mL g’1 associated with I3~ capture indicate the high affinity of an adsorbent material towards the
adsorbate. The trapped iodine can be readily released by simple heating at an elevated temperature or by
soaking in an alcoholic solvent (such as methanol and ethanol) at room temperature. The Bi-Thio HCP
can be recycled for at least five cycles without any significant decrease in removal efficiency, enabling its
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use in sustainable applications. In this study, the adsorption capacities and mechanisms of iodine adsorp-
tion by Bi-Thio HCP material were examined using Density Functional Theory (DFT) computations.
Overall, the Bi-Thio HCP is a highly competitive adsorbent for iodine sequestration, thanks to its ease of
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1. Introduction

The use of nuclear energy to generate electricity is gaining
popularity worldwide." According to the “World Nuclear
Association”, more than four hundred nuclear power reactors
are operational worldwide, and these contribute to approxi-
mately 13% of the global electricity generation.>* Since electri-
city generated from nuclear energy has a significantly lower
carbon footprint than the thermal power plants,*” the contri-
bution of nuclear energy to global electricity production is
likely to experience substantial growth in the next few
decades.® However, on the flipside, electricity production from
nuclear power plants is associated with the generation of
radioactive waste.” Disposal of nuclear waste (having a high
level of radioactivity) safely and effectively remains a signifi-
cant challenge. During the processing of the spent nuclear
fuel (SNF) with concentrated HNOj;, substantial quantities of
the radioisotopes of iodine undergo oxidation to produce vola-
tile molecular iodine, which is released into off-gas streams
(0GS).®? In addition, nuclear reactor cooling systems are also
known to release radioactive iodine into water bodies, harming
aquatic ecosystems and posing significant health hazards.'® Of
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synthesis from readily available monomers and scalable reaction conditions.

the many radionuclides found in nuclear power plant waste,
iodine-129 (**°1) and iodine-131 (**'1) are particularly danger-
ous. A unique characteristic of iodine-129 is its exceptionally
long half-life of approximately 15.7 million years."" On the
other hand, iodine-131 (**'I) has a relatively much shorter
half-life of 8.02 days.'® **'I is used as a nuclear medicine for
the treatment of thyroid cancer or other thyroid problems
because it emits radiations of significantly higher energies."*"*
However, upon bioaccumulation of **'I in healthy cells (of the
thyroid), it can also cause cancer.

The release of radioactive iodine isotopes into water
bodies has far-reaching effects not only on aquatic ecosystems
but also on human health. As an example, the human
metabolic system has been exposed to radioactive iodine that
emerged from the chernobyl nuclear accident,">*® leading to a
rise in diseases such as thyroid cancer among the
human population in those regions.’” Therefore, it is essential
to ensure the selective capture and sequestration of radioactive
iodine-containing species from the environment."® In the
near future, it will also support the safer and sustainable
usage of nuclear energy over alternative power generation
sources.

The current method for capturing radioactive gases from
OGS is wet scrubbing.'® However, there are some practical
drawbacks, including high operating costs, ineffective separ-
ation, and the creation of secondary contaminants in the form
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of hazardous, corrosive, and carcinogenic liquid wastes. The
challenges associated with “wet scrubbing techniques” can be
resolved by the use of solid-state porous adsorbents.?® In this
context, several porous materials have been proposed as poten-
tial adsorbents,”® including metal-organic
(MOFs),*>**  Ag-exchanged zeolites,>® graphene-based aero-
gels,” activated carbons,”® and porous organic polymers
(POPs).>**” But every material has its own set of advantages
and disadvantages. For example, robust and simple-to-make
Ag-exchanged zeolites are costly, have a low potential for
adsorption, and are not highly recyclable.?®*° The yield of
radioactive Agl precipitate, a secondary pollutant, is another
concern. Since the dissolver solution in the SNF facility is
highly acidic, MOFs that are unstable at acidic pH are ineffec-
tive as adsorbent.>'* Compared to these materials, amor-
phous POPs such as Hyper-cross-linked Polymers (HCPs),
Conjugated Microporous Polymers (CMPs), Polymers of
Intrinsic  Microporosity (PIMs), and Porous Aromatic
Frameworks (PAFs) are more appropriate for real-world appli-
cations like reversible iodine capture because of their favour-
able properties, such as good thermal and physicochemical
stabilities.’®**%As a result, POPs have recently been devel-
oped and synthesized especially for energy storage, gas
capture, catalysis, drug delivery, and other various uses.**° In
the context of iodine capture, the affinity and the maximum
adsorption capacity of the POPs for the gaseous iodine mole-
cules may be significantly raised by incorporation of electron-
rich heteroatom groups [such as nitrogen (N), oxygen (O),
sulfur (S)] within the polymeric framework.’*"** Hyper-cross-
linked polymers (HCPs) are a unique class of POPs that were
first identified by Davankov and Tsyurupa in 1969.** To date, a
wide variety of HCPs have been synthesized that are decorated
with various structural motifs and heteroatoms in their poly-
meric network. While there are many reports of HCPs with N
or O as the heteroatoms, there are only a handful of HCPs that
contain softer Lewis basic S atoms incorporated in the poly-
meric backbone.*>*’

In this work, we design a thiophene-based hyper-cross-
linked polymer (HCP) using commercially available yet in-
expensive 2,2'-bithiophene as a monomer via the facile
Friedel-Crafts alkylation reaction. The obtained thiophene-
based adsorbent (Bi-Thio HCP) has an ample number of elec-
tron-rich sulphur heteroatoms. After complete characterization
using various techniques, we were curious to explore the per-
formance of this S-rich HCP as an improved adsorbent for
iodine species, including gaseous I,. The iodine adsorption
capability of Bi-Thio HCP was measured to be 1.96 wt%. The
mechanism of interaction between the trapped iodine and the
thiophene motifs is also examined in this work. Experimental
data obtained using various techniques were used to investi-
gate the chemical and physical interactions between iodine
molecules and the thiophene motif of Bi-Thio HCP.
Additionally, using DFT calculations, valuable insights related
to the corresponding structure-property interactions are pre-
sented. The ensuing sections provide a detailed description of
the experimental results.

frameworks
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2. Experimental section
2.1 Materials

2,2'-Bithiophene, formaldehyde dimethyl acetal (FDA), and
anhydrous ferric chloride (FeCl;) was purchased from Sigma-
Aldrich. 1,2-Dichloroethane, methanol, acetone, cyclohexane,
THF, and molecular iodine were purchased from commercial
sources such as Spectrochem, Finar, or CDH. All reagents and
solvents used in this work were of analytical grade and used
without further purification.

2.2 Synthesis of Bi-Thio HCP

Bi-Thio HCP was synthesized via the well-known Friedel-
Crafts alkylation reaction using 2,2-bithiophene as the
monomer  (Scheme 1). Concisely, 2,2"-bithiophene
(166.26 mg, 1.0 mmol) was added to a 50 mL round-bottom
flask under a nitrogen (N,) atmosphere and dissolved in
25 mL of 1,2-dichloroethane (DCE). 5 mL of formaldehyde
dimethylacetal (FDA) and anhydrous ferric chloride (811 mg,
5 mmol) were added in sequence. The reaction mixture was
refluxed at 85 °C for 24 h under an N, atmosphere.
Following the completion of the reaction, the obtained pre-
cipitate was filtered and thoroughly washed with methanol,
tetrahydrofuran (THF), and acetone to remove FeCl; from
the polymer matrix. Furthermore, the washed product was
suspended in methanol for 24 hours to remove any soluble
impurities using the Soxhlet extraction technique. The
desired product, Bi-Thio HCP, was obtained as a dark
brown powder by drying the purified material in a vacuum
oven at 100 °C for 12 hours.

2.3 Iodine capture experiment

2.3.1 Static iodine uptake by Bi-Thio HCP. The non-radio-
271 was used throughout the entire experiment as a sur-
rogate for radioactive iodine since all isotopes of iodine are
known to have similar chemical properties. In a typical iodine
adsorption experiment, 20 mg of Bi-Thio HCP was placed in a
pre-weighed open glass vial, which was kept inside a
larger vessel containing crystals of molecular iodine at the
bottom. To promote iodine sublimation and produce a steady
atmosphere of iodine vapour, the closed system was kept at
77 °C. Iodine uptake was monitored by recording the mass
change of the polymer at regular time intervals. The amount
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Scheme 1 Synthesis of Bi-Thio HCP via Friedel-Craft alkylation
reaction.
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of iodine uptake of the Bi-Thio HCP was calculated by using
eqn (1)

Mz—Ml

Iodine uptake(g g~ ') = M
1

(1)

Herein, M, is the weight of the Bi-Thio HCP before iodine
uptake, and M, is the weight of the Bi-Thio HCP after iodine
uptake.

To investigate the kinetics of the iodine capture by Bi-Thio
HCP and obtain mechanistic insights, the iodine adsorption
data were fitted with the following linear equations corres-
ponding to the pseudo-first-order (eqn (2)) and pseudo-
second-order (eqn (3)) rates.

In(Qe — Q) =In Qe — kit (2)

t 1 1, 3
o kQZ 0 )

Here, Q. and Q, are the iodine uptake capacity of Bi-Thio
HCP at equilibrium (e), and at a particular time (¢) interval,
respectively, while k; (h™") and &, (g mg™" h™") are rate con-
stants of the pseudofirst-order and second-order reaction,
respectively.

2.3.2 Jodide wuptake by Bi-Thio HCP from aqueous
medium. An I;~ solution was prepared by dissolving specified
quantities of I, and potassium iodide (KI) in water.
To measure the kinetics associated with I;~ removal from
water by Bi-Thio HCP, we first determined the absorbance of a
freshly prepared aqueous I3~ solution (50 ppm).
Subsequently, a measured dose of adsorbent (Bi-Thio HCP,
50 mg) was added to a 50 mL aqueous I;~ solution (50 ppm).
UV-visible spectra were recorded at regular time intervals by
drawing 2 mL of aliquots. Based on the UV-visible data, the
percentage of iodide removed from the water was estimated
using eqn (4), and the capture capacity was calculated using

eqn (5).

Co — C,
% removal = % x 100 (4)

0
. v
Uptake capacity (Q;) = (Co — C¢) X v (5)

Here, C, (ppm) and C, (ppm) represent the initial concen-
tration and concentrations of I;~ at a particular time (¢),
respectively. Q, represents the capture capacity (g g ') at time
(¢). V represents the volume of the I;~ solution, and M is the
weight of the Bi-Thio HCP polymer used in the adsorption
experiment.

In adsorption isotherm studies, I;~ solution concentrations
ranged from 50 to 2000 ppm. In these studies, 2.5 mg of adsor-
bent (Bi-Thio HCP) was soaked in 5 ml of the respective I~
solution for 12 hours. Later, 2 mL of the supernatant was
removed for UV-vis measurement. To gain insight into the
sorption mechanism, the I3~ sorption isotherm data
were fitted with the equations corresponding to the Freundlich

© 2026 The Author(s). Published by the Royal Society of Chemistry
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isotherm model (eqn (6)) and the Langmuir isotherm model
(eqn (7)).

1
In Q. =In K¢ + (ﬁ) In C. (6)

Ce 1 Ce

Qe - KLQm +@

Here, Q. (mg g™ ') is the quantity of I;~ adsorbed at equili-
brium, and C. (ppm) is the corresponding equilibrium con-
centration; Q,, (mg g™') is the maximum quantity of I3~
adsorbed to form a monolayer on the surface of the adsorbent.
Ky (L mg ") is the Langmuir constant, and K is the Freundlich
constant.

2.3.3 Iodine adsorption by Bi-Thio HCP from n-hexane
solution. The kinetics of the removal of I, from n-hexane were
examined. First, we recorded the absorbance of a freshly pre-
pared solution (100 ppm) of I, in n-hexane. Subsequently,
50 mg of Bi-Thio HCP polymer was added to 50 mL of I, in
n-hexane solution, and the mixture was stirred at room temp-
erature. At different time intervals, 2 mL of aliquots were
drawn from the mixture to record the corresponding UV-
visible spectra. Based on the UV-visible data, the percentage of
iodine removed from the n-hexane solution was estimated
using eqn (4). To calculate the maximum uptake capacity of
iodine from n-hexane solution, 5 mL solutions of various con-
centrations were exposed to 2.5 mg of Bi-Thio HCP. After
12 hours of continuous stirring, 2 mL of the supernatant was
removed for UV-vis measurement. Eqn (5) was used to deter-
mine the maximum uptake capacity.

2.3.4 Selectivity study of I;~ by Bi-Thio HCP. The I3~
removal efficiency of Bi-Thio HCP was also examined in the
presence of anions (such as Br~, NO;~, PO,*~ and $0O,*>”) that
are commonly found in wastewater. In these experiments, a
molar ratio of 1:1 was maintained between I;~ and another
anion to assess the performance of the adsorbent (Bi-Thio
HCP) in the presence of competing ions. The adsorbent
(2.5 mg) was suspended in 5 mL of the prepared 50 ppm solu-
tion, and the mixture was stirred for 3 hours. Subsequently,
2 mL of the supernatant was collected, and UV-vis spectra were
recorded to measure the residual concentration of I;~ anions
in the solution.

2.3.5 Recyclability and reusability of the iodine-loaded Bi-
Thio HCP. In the desorption experiments, a measured quantity
of the iodine-captured polymer (I,@Bi-Thio HCP) was placed
in 15 mL of colorless methanol solution and stirred for
6 hours. During that time, the solution color changed to
brown. The colored solution was decanted and refilled with
fresh methanol every hour until a clear solution was achieved.
The polymer was filtered, cleaned with copious quantities of
water and alcohol, air-dried, and then reused in a subsequent
cycle as an adsorbent.

2.3.6 Density functional theory (DFT) study. The density
functional theory (DFT) methodology was used with the B3LYP
function to optimize the interaction between a single repeating
unit of Bi-Thio HCP and I,, I;~ adsorbed structure of Bi-Thio
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HCP using a basis set of 6-311G(d,p) or SDD. The interaction
energy was calculated using the following equation and the
relative energies of Bi-Thio HCP, I,@Bi-Thio HCP, and I;~@Bi-
Thio HCP.

AE = E(Bi-Thio HCP-+iodine species) — E(Bi-Thio HCP) — E(iodine species)

Here, E(Bi-Thio HCP+iodine species) represents the Optimized
energy after adsorption of iodine species, Egi-hio ncp) denotes
optimized energy of Bi-Thio HCP alone, and Eogine species)
corresponds to the optimized energy of various iodine species
such as I, I;".

3. Results and discussion
3.1 Characterization of Bi-Thio HCP

POPs have emerged as a popular class of functional materials
due to their unique characteristics, such as facile synthesis
with high yields, adjustable porous structures, hierarchical
porosity with high surface areas, and ease of incorporating
various building blocks and functional groups. Using appro-
priately functionalized monomers, it might be feasible to
develop porous materials with numerous Lewis basic sites that
can interact with the electron-deficient iodine species. With
this objective, the Bi-Thio HCP was synthesized (Scheme 1) via
the well-known Friedel—Crafts alkylation reaction using 2,2’-
bithiophene as the monomer (detailed synthesis procedures
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are provided in the Experimental section). To obtain a pristine
polymer free from by-products and unreacted monomers, the
resulting crude product was washed with several solvents,
including methanol, THF, and acetone. Fourier transform
infrared (FTIR) spectrum of Bi-Thio HCP was recorded to
identify the distinct functional groups present. In the FT-IR
spectrum of the polymer, the appearance of new bands at
~2871 and ~2965 cm™ ' corresponds to the symmetric and
antisymmetric stretching vibrations of the methylene group,
which are absent in the monomer spectrum and thus confirm
the successful formation of the polymer network (Fig. 1a).*®
Furthermore, several bands appeared between 1620 cm™" and
1060 cm™", which correspond to the stretching and bending of
C=C and C=S bonds present in the thiophene units.*® In the
solid-state '*C CP-MAS NMR spectrum of Bi-Thio HCP, peaks
appearing in between 120 ppm and 140 ppm were attributed
to substituted and non-substituted aromatic carbon atoms.
Additionally, the resonance peak at 22 ppm corresponds to the
methylene carbons in the Bi-Thio HCP network that crosslink
one monomer unit with another (Fig. 1b).”° The powder X-ray
diffraction (PXRD) pattern of Bi-Thio HCP revealed broad peak
suggesting its amorphous nature (Fig. 1c). To investigate the
thermal stability of Bi-Thio HCP, a sample was subjected to
thermogravimetric analysis (TGA) by heating it between 30 and
800 °C under nitrogen environment (Fig. 1d). The TGA ther-
mogram of Bi-Thio HCP shows the polymeric material has
good thermal stability with the thermal degradation tempera-
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Fig. 1 (a) FT-IR spectra of 2,2'-Bithiophene (monomer) and Bi-Thio HCP
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ture (Tg = 10% weight loss) at around 316 °C. The nitrogen
sorption isotherm was recorded at 77 K to gather information
related to the pore structure and surface area. Before surface
area analysis, the Bi-Thio HCP sample was activated by heating
under vacuum at 120 °C for 12 hours. In the N, sorption iso-
therm curves (Fig. 1e), the Bi-Thio HCP demonstrated rapid N,
gas uptake at low relative pressures (P/P, < 0.01), suggesting
the presence of a significant number of micropores in the poly-
meric network. The BET surface area of Bi-Thio HCP was cal-
culated from the low-temperature nitrogen sorption isotherm
and was found to be 664.10 m* g~* (Fig. S1). Using nonlocal
density functional theory (NL-DFT), the pore size distribution
of Bi-Thio HCP was obtained, and it was concluded that the
material was microporous with an average pore size of around
1.61 nm (Fig. S2). Due to the inherent porosity in Bi-Thio HCP,
the CO, sorption capacity of Bi-Thio HCP was measured at two
temperatures and atmospheric pressure. The CO, uptake
capacities of Bi-Thio HCP were found to be 83 mg g~ at 273 K
(Fig. S3) and 42 mg g~ " at 298 K (Fig. S4). These data suggest
the effective CO, adsorption capabilities of the Bi-Thio HCP
polymer, and its performance is comparable to that of several
other previously reported polymers under identical conditions.
The Field Emission Scanning Electron Microscopy (FESEM)
data were used to gain insights into the morphology of Bi-Thio
HCP. The micrograph showed a highly porous and rough
surface texture with an interconnected network of aggregated
particles (Fig. 1f). The presence of carbon (C) and sulfur (S)
elements in the network of Bi-Thio HCP was confirmed by
energy dispersive X-ray spectroscopy (EDS) mapping analysis
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(Fig. S5). CHNS elemental analysis was performed to confirm
the composition of the synthesized Bi-Thio HCP. CHNS
elemental analysis showed that Bi-Thio HCP consists of
66.06% carbon, 3.26% hydrogen and 22.86% sulfur, respect-
ively (Fig. S6). The presence of ample heteroatoms and high
surface area (>650 m”> g~') due to the microporous nature of
Bi-Thio HCP motivated us to explore the polymeric material’s
suitability as an adsorbent for iodine sequestration
applications.

3.2 Iodine capture study

To perform iodine vapor adsorption studies, a pre-weighed
sample of Bi-Thio HCP was placed inside a small glass vial,
which was subsequently kept in a larger container (containing
a crystal of molecular iodine) that was capped securely and put
in an oven preheated to ~77 °C.”" Periodically, the inner glass
vial was brought out and weighed to measure the quantity of
iodine trapped by Bi-Thio HCP. For nearly complete saturation
of the adsorbent (Bi-Thio HCP) with the adsorbate (I,) and to
reach the equilibrium conditions, the material has to be
exposed to iodine vapors for nearly 48 hours. Upon iodine
uptake, a prominent color change was observed in Bi-Thio
HCP from dark brown to black (Fig. S7). Upon saturation of Bi-
Thio HCP with iodine (I,@Bi-Thio HCP), as evident from negli-
gible weight increment, the weight of the sample was noted to
calculate the maximum iodine uptake capacity using eqn (1).
Thus, the iodine uptake capacity of Bi-Thio HCP was found to
be 196 wt% (Fig. 2a) using the gravimetric analysis method.
The iodine uptake of Bi-Thio HCP is comparable to that of
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several previously reported adsorbents, which are considered
high-performing materials (Table S1). The efficiency of Bi-Thio
HCP as an adsorbent for iodine in the vapor phase might be
due to its aromatic backbone and heteroatom-rich polymer
network. Subsequently, the kinetics associated with iodine
capture were explored. Experimental data (Fig. S8) fitted well
with the pseudo-second-order kinetics rate equation, yielding
a correlation coefficient value of 0.998 (Fig. 2b). Iodine recovery
from I,@Bi-Thio HCP was thoroughly investigated by heating
the iodine-loaded sample or immersing it in methanol
solvent. In this context, a known quantity of I,@Bi-Thio HCP
sample was heated at 125 °C in an open glass vial, and the
weight loss was recorded periodically due to the gradual
release of the trapped iodine. Approximately 60% of the
adsorbed iodine was released in the first hour, and 86% of
iodine was released over the following six hours (Fig. S9).
Because of the irregular/non-uniform distribution of pore
sizes, some iodine molecules remained trapped in the poly-
meric network. To conduct an iodine desorption experiment
under wet conditions and without the application of heat, a
sample of I,@Bi-Thio HCP was immersed in 15 mL of neat
methanol placed inside a 20 mL glass vial. Periodically, the
UV-Vis spectra of the methanol solution were recorded. The
iodine release from I,@Bi-Thio HCP was monitored for
120 minutes using UV-vis spectroscopy (Fig. 2c). As more iodine
was released over time, the solvent’s color slowly changed from
colorless to light yellow and finally deep brown (Fig. S10).
Accordingly, the absorbance of the peaks with maxima at 290
and 358 nm continued to increase, indicating the presence of
iodine species in methanol.”> This confirmed the effective
release of iodine species present on the surface or trapped
within the pores of Bi-Thio HCP. This further confirmed the
presence of iodine on the surface and within the pores of Bi-
Thio HCP that was gradually released into the methanol solu-
tion. Reusability of the material is a desirable and essential
characteristic in any good adsorbent from the perspective of its
sustainable use. Experimental data showed that Bi-Thio HCP
could efficiently capture iodine (163 wt%) in the fifth cycle, indi-
cating a minor decrease in its performance as an adsorbent
(Fig. S11). Thus, Bi-Thio HCP performs effectively as an iodine
adsorbent since it can be easily regenerated while rapidly releas-
ing most of the trapped iodine under ambient conditions.

The performance of Bi-Thio HCP as an adsorbent of I3~
ions was examined by adding 50 mg of Bi-Thio HCP to a
50 mL solution of I3~ (50 ppm) and using UV-vis spectroscopy
to monitor the adsorption kinetics. With the gradual passage
of time, monitoring the changes in the absorbance of the
peaks centered at 352 and 287 nm provided valuable insights
into the gradual adsorption of triiodide from the aqueous
medium.”® The absorbance of these peaks gradually
decreased, indicating that Bi-Thio HCP was effective as an
adsorbent in removing triiodide from the aqueous solution
(Fig. 2d). Almost 90% adsorption of I;~ ions was trapped
within five minutes. More than 99% of triiodide were adsorbed
within twenty minutes (Fig. 2e and Fig. S12). The results were
fitted using pseudo-first-order (Fig. S13) and pseudo-second-
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order (Fig. S14) rate equations to gain a better understanding
of the kinetics associated with triiodide capture. A high corre-
lation coefficient (0.999) was obtained upon fitting the data to
the pseudo-second-order rate equation. Compared to the
Freundlich model (Fig. S15), a better fit of the adsorption iso-
therm data was obtained using the Langmuir model (Fig. 2f),
suggesting monolayer adsorption of adsorbate species (I;7) on
the surface of the adsorbent (Bi-Thio HCP). Using the
Langmuir isotherm model, the maximum iodide adsorption
capacity of Bi-Thio HCP from water was calculated to be
1663.34 mg g~ '. A comparison with previously reported adsor-
bents of iodide species from aqueous solution suggested that
Bi-Thio HCP has superior performance (Table S2). A variety of
anions, such as Br~, NO;~, OAc™, CO5*7, SO,>7, and PO,>”, are
commonly found in water samples in nature. Therefore, iodine
capture experiments were performed in the presence of other
ions to test whether Bi-Thio HCP selectivity traps iodide.
Experimental data (Fig. S16) clearly indicated that the adsorp-
tion of the iodide remained unaffected in the presence of
other competing anions that were present at a 1:1 molar ratio
in simulated samples of iodine-contaminated wastewater.
Thus, capture studies using a binary mixture of anions ratified
Bi-Thio HCP’s effectiveness in selective uptake of iodide. The
distribution coefficient (K4) is commonly used to assess the
affinity of a sorbent toward different sorbates. Adsorbent
materials with a Ky value above 10 mL g™ are considered
promising adsorbents. The K4 value of Bi-Thio HCP for I3~
removal was determined to be 4.4 x 10° mL g ™.

To measure the efficiency of Bi-Thio HCP as an adsorbent
of molecular iodine present in aqueous media, we performed
adsorption tests using saturated aqueous iodine solutions
(1 mM). In these experiments, 50 mg of Bi-Thio HCP was
added to iodine solution (50 mL, 1 mM). The color of the solu-
tion changed from yellow to colorless, which the unaided eye
could easily perceive. This change was quantified using UV-vis
spectral data, which showed a decrease in peak intensity at
461 nm (Fig. 3a).>® The Bi-Thio HCP was able to remove
almost 80% of the iodine from the aqueous solution in
8 minutes and more than 95% of the iodine in 20 minutes,
according to the time-dependent UV-vis data (Fig. S17).
Overall, the Bi-Thio HCP was able to remove 99% of iodine
from an aqueous solution. Both pseudo-first-order (Fig. S18)
and pseudo-second-order (Fig. 3b) kinetics models were used
to investigate the mechanism of iodine uptake from aqueous
solutions. The kinetics data of the iodine removal process
fitted well with the pseudo-second-order model (R* > 0.99). On
the other hand, the pseudo-first-order kinetics model showed
a lower correlation coefficient (R* = 0.954). Subsequently, the
maximum iodine uptake capacity from water was estimated
using iodine solutions with concentrations ranging from 50 to
250 ppm. The adsorption isotherm data showed an excellent
fit to the Langmuir isotherm model (Fig. 3c), with a high corre-
lation coefficient (R* = 0.995), compared to the Freundlich iso-
therm model (Fig. S19) indicating that the adsorption process
follows Langmuir isotherm model. Using the Langmuir iso-
therm model (Fig. 3c), the maximum adsorption capacity of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

(a) UV-vis adsorption spectra of |, adsorption from aqueous solution by Bi-Thio HCP. (b) Pseudo-second-order linear fit for iodine adsorp-

tion from aqueous solution by Bi-Thio HCP. (c) Langmuir isotherm model for iodine adsorption from aqueous solution by Bi-Thio HCP. (d) Time-
dependent UV-vis spectra of the gradual uptake of I, from n-hexane solution by Bi-Thio HCP. (e) Pseudo-second-order linear fit for iodine adsorp-
tion from n-hexane solution by Bi-Thio HCP. (f) Langmuir isotherm model for iodine adsorption from n-hexane solution by Bi-Thio HCP.

iodine from aqueous solutions was calculated to be 348.98 mg
g~'. Next, we were interested in assessing the performance of
Bi-Thio HCP as an adsorbent to trap iodine dissolved in
organic solvents, such as hexanes. A pristine sample of Bi-Thio
HCP was added to a purple-colored hexane solution of iodine.
The UV-vis spectra of the iodine n-hexane solution were
recorded at various time intervals to monitor the rate of iodine
uptake by Bi-Thio HCP (Fig. 3d). The decrease in the intensity
of the absorption maxima of the UV-vis spectra with the
gradual progress of time indicated that the Bi-Thio HCP was
successful in removing dissolved iodine from its n-hexane
solution. The UV-vis data showed that over 90% of the dis-
solved iodine was captured by Bi-Thio HCP within 60 minutes
(Fig. S20). The kinetics of iodine capture by Bi-Thio HCP from
n-hexane solution (Fig. 3e and Fig. S21) were calculated from
the spectral data. It was found that the data fitted more pre-
cisely with the pseudo-second-order model (correlation
coefficient of 0.995) than the pseudo-first-order equation.
Additionally, iodine capture experiments were performed
using solutions of varying concentration (100 to 1000 ppm) to
understand the mechanism of iodine adsorption by Bi-Thio
HCP from n-hexane solutions (Fig. 3f and Fig. S22). Using the
Langmuir model for data fitting (Fig. 3f), the maximal absorp-
tion capacity was determined to be 1049.31 mg g~'. The
appreciably high iodine absorption capacity of Bi-Thio HCP
suggests that several variables, including surface area, pore
size, and the presence of an electron-rich heteroatom in the

© 2026 The Author(s). Published by the Royal Society of Chemistry

framework, contribute to its performance. Iodine adsorption
in the Bi-Thio HCP is primarily driven by donor-acceptor and
charge-transfer interactions between sulfur lone pairs in the
bithiophene units and iodine species. Molecular iodine (I,) is
destabilized via electron donation to the o¢* antibonding
orbital of the I-I bond, while triiodide (I57) is non-covalently
stabilized through electron acceptance at terminal iodine
atoms. These interactions, together with chalcogen bonding
and w-electron delocalization within the conjugated network,
enhance iodine adsorption.

3.3 Post capture characterization

Iodine-loaded Bi-Thio HCP (I,@Bi-Thio HCP) samples were
examined using several analytical techniques, including FT-IR,
PXRD, Raman spectroscopy, EPR, and FESEM), to gain a better
understanding of the iodine adsorption mechanism. These
characterizations provide valuable information regarding the
chemical and morphological changes in the Bi-Thio HCP after
iodine adsorption, which in turn help understand the adsorp-
tion process. The FT-IR spectra of the Bi-Thio HCP before and
after iodine capture are compared in Fig. 4a, wherein notice-
able changes in the peak positions of interacting functional
groups are observed. For example, the bands corresponding to
the C=S and C=C stretching vibrations in the pristine
polymer (Bi-Thio HCP) shifted after iodine adsorption (I,@Bi-
Thio HCP). The observed spectral shift suggested that the
sulfur atoms and the arene rings serve as interaction or

RSC Appl. Polym.
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Fig. 4 (a) FT-IR spectra of I,@Bi-Thio HCP compared with pristine Bi-Thio HCP. (b) PXRD pattern of iodine-loaded Bi-Thio HCP (I,@Bi-Thio HCP).

(c) TGA plot of iodine-loaded Bi-Thio HCP (I,@Bi-Thio HCP). (d) Raman spectrum of I,@Bi-Thio HCP. (e) EPR spectrum of 1,@Bi-Thio HCP (f) FESEM

image of I,@Bi-Thio HCP.

binding sites for the molecular iodine. The PXRD pattern of
I,@Bi-Thio HCP showed that the polymer remained amor-
phous after iodine capture (Fig. 4b) and there were no diffrac-
tion peaks corresponding to crystalline iodine. The thermo-
gravimetric analysis (TGA) of L,@Bi-Thio HCP was performed
by heating the sample under a nitrogen atmosphere. The
corresponding TGA thermogram revealed a significant weight
loss between 80-400 °C due to the progressive release of
adsorbed iodine from the I,@Bi-Thio HCP (Fig. 4c). Raman
spectral data were further used to find out the nature of iodine
species present in I,@Bi-Thio HCP. The L,@Bi-Thio HCP
showed two distinct peaks at 105.6 and 168.9 cm™", which are
characteristic of polyiodide anions (Fig. 4d).>* These peaks rep-
resent the “V or L” shaped configurations of I5~, suggesting
that these polyiodide species were formed on the surface of
the Bi-Thio HCP after iodine adsorption.”>>> The presence of
charge transfer interactions in I,@Bi-Thio HCP was confirmed
by EPR analysis.’® The existence of radical species was evi-
dently revealed by a strong signal in a sample of I,@Bi-Thio
HCP (Fig. 4e). Radicals are generated because of facile electron
transfer between iodine and the electron-rich groups in the
HCP network of Bi-Thio HCP.”” While a comparison of the
FESEM images of pristine Bi-Thio HCP (Fig. 1f) and L,@Bi-
Thio HCP (Fig. 4f) revealed no noticeable morphological
changes, a significant iodine content in the I,@Bi-Thio HCP
sample was further confirmed by the elemental mapping data
and EDX analysis, with the latter suggesting a uniform distri-
bution of iodine inside the polymer network (Fig. S23).

RSC Appl. Polym.

3.4 DFT study

To better comprehend the experimental findings, theoretical
investigations using DFT were performed utilizing B3LYP
hybrid density functional with a 6-311G or SDD basis set
(details in section 4 of SI).>® Initially, DFT computations were
performed on the single repeating unit of Bi-Thio HCP to
understand the extent of iodine adsorption by aromatic hetero-
cyclic rings containing an S atom. Additionally, RDG (Reduced
Density Gradient) and QTAIM (Quantum Theory of Atoms in
Molecules) were employed for analysis, as these techniques are
frequently used to gain a deeper understanding of molecular
structure, chemical bonding and nonbonding interactions,
and reactivity. The model of the DFT-optimized structures of
Bi-Thio HCP, I,@Bi-Thio HCP, and I;”@Bi-Thio HCP is pre-
sented in Fig. S24. The calculated binding energies for I,@Bi-
Thio HCP and I;~@Bi-Thio HCP were found to be —15.7 and
—13.1 kJ mol™", respectively. These negative binding energy
values led us to conclude that a strong and favorable inter-
action exists between the iodine and the polymeric network.
The interactions between various iodine species are evident
from the HOMO and LUMO of the energy-minimized structure
of Bi-Thio HCP (Fig. S25). The electrostatic potential (ESP) dis-
tribution of Bi-Thio HCP and its iodine-loaded samples
(Fig. 5a-c) indicated that the thiophene pendant units pro-
duced high local polarization, which promotes electrostatic
interactions with the incoming iodine species. The Quantum
Theory of Atoms in Molecules (QTAIM) analysis was employed

© 2026 The Author(s). Published by the Royal Society of Chemistry
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further to investigate the nature and strength of these inter-
actions. The presence of non-covalent stabilizing interactions
is confirmed by the QTAIM plots (Fig. 5g-i), which display
unique bond critical points (BCPs) between iodine atoms and
the S-functional sites of Bi-Thio HCP. Areas of weak-to-moder-
ate overlap in electron density are highlighted by the blue and
green isosurfaces seen in the iodine-loaded Bi-Thio HCP.
Additionally, RDG analysis provided a more prominent
description of the halogen-bonding interaction. In the com-
parative RDG analysis of the Bi-Thio HCP and the iodine-
loaded Bi-Thio HCP (Fig. 5d-f), spikes appear in the blue and
green regions, indicating the presence of iodine nonbonding
interactions within the optimized polymeric network. These
theoretical results provide strong evidence that the thiophene-
rich environment of Bi-Thio HCP is essential for stabilizing
iodine species (I37, I,) via orbital polarizations, multi-point
noncovalent interactions, and electrostatic attractions.

4. Conclusions

Herein, we describe a facile one-step synthesis of a highly con-
jugated hyper-cross-linked polymer (HCP) using commercially
available yet inexpensive 2,2"-bithiophene as a monomer via
the well-known Friedel-Crafts alkylation reaction. After a
thorough characterization, the hyper-cross-linked polymer
(HCP) was investigated as a potential material for iodine
adsorption, which occurs in various phases. The iodine uptake

© 2026 The Author(s). Published by the Royal Society of Chemistry

capacities of Bi-Thio HCP are superior compared to those of
several previously reported porous polymers for similar appli-
cations. The adsorbent (Bi-Thio HCP) could be easily regener-
ated by solvent washing or mild heat treatment. In this
process, the Bi-Thio HCP can be recycled without any signifi-
cant decrease in removal efficiency in further sorption cycles.
Using additional experiments and theoretical calculations, the
mechanism of interaction between the polymeric network and
iodine was studied. Our results suggest that thiophene-functio-
nalized Bi-Thio HCP can be an excellent alternative material
for the efficient and selective capture of radioactive iodine
vapor during the reprocessing of nuclear fuel. In summary, the
porous polymer (Bi-Thio HCP) described here has the potential
to be used as an effective adsorbent for environmental reme-
diation applications. We believe our work will enhance the lit-
erature on HCP materials, offering improved performance for
iodine sequestration.
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