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In this paper, we report the preparation of a novel three-dimensional organic polymer synthesized via a one-step
substitution reaction utilizing dl-dithiothreitol and 2,4,6-tribromomethyltrimethylbenzene as raw materials. This
polymer features a straightforward preparation process, low synthesis cost, and potential for large-scale pro-
duction. The structural characterization of the polymer was conducted using various techniques, including solid-
state carbon-13 nuclear magnetic resonance (13C NMR), infrared spectroscopy (IR), thermogravimetric analysis
(TGA), and powder X-ray diffraction (PXRD). Building on its structural characteristics, we further investigated
the polymer’s adsorption capacity for both gaseous iodine and iodine in aqueous solutions. Experimental results
confirm that the polymer exhibits efficient and selective iodine adsorption with no structural alteration before
and after the capture process. The maximum adsorption capacity for iodine vapor reached 4.60 g g~*. For
aqueous solutions with concentrations of 0.12 mmol L™! and 0.30 mmol L™}, the maximum adsorption capacities

were determined to be 6.25 mg g~! and 24.58 mg g}, respectively.

Extensive density functional theory (DFT) calculations revealed that multiple noncovalent interactions,
including I-I---n, C—H:--I, and O—H---I bonding, as well as electrostatic interactions between the polymer and I/
I3 species, collectively account for its exceptional iodine trapping capacity.

1. Introduction

Driven by the increasing global energy demand and the pursuit of
carbon neutrality, the limitations and environmental impacts of tradi-
tional fossil fuels have become increasingly evident [1-3]. Nuclear en-
ergy, characterized by its high energy density and low carbon emissions,
has emerged as a crucial option for addressing the global energy crisis
and combating climate change [4,5]. However, during nuclear fission
processes, radioactive isotopes such as 12°I and 13'I are generated [6,7].
In the event of a nuclear accident, these radioactive elements may leak
into the environment in gaseous, liquid, or solid forms, posing signifi-
cant risks to both ecological systems and human health with
far-reaching and long-lasting consequences [8-10]. The gaseous and
liquid I, can cause damage to the ecological environment, such as ra-
diation damage, air pollution and climate change [11,12]. Therefore,
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the development of effective I, capture methods has recently aroused
strong interest.

Adsorption method has the advantages of simple operation, good
environmental sustainability and strong stability, and has become one of
the most effective methods for iodine capture [13]. Over the past few
decades, various materials for adsorbing iodine have been studied. Such
as covalent organic framework materials (COFs) [14], calixarene [15],
silica [16], activated carbon [17], zeolite [18], covalent organic porous
polymers (POPs) [19], metal-organic framework materials (MOFs) [20],
metal-organic polyhedral materials (MOPs) [21], and so on. Among
them, porous zeolite materials have high stability and renewability,
making them one of the most commonly used adsorbents for wastewater
treatment [22]. However, due to its relatively slow adsorption rate and
limited adsorption capacity for certain substances, its wide application
in nuclear waste treatment is restricted. MOFs are also applied in iodine
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capture [23]. They have the characteristics of high porosity, diverse
surface functions and large specific surface area [24]. Nevertheless, in
view of their low yield and high price, they still pose challenges in the
commercial application of iodine capture and treatment. COFs exhibit
excellent thermal stability, enabling efficient iodine capture at high
temperatures and in solution environments [25]. These materials hold
significant practical potential for addressing emergency releases of
radioactive or organic iodine during nuclear accidents. However, their
application is limited by relatively low removal efficiency. Therefore,
there is an urgent need to develop new materials for capturing gaseous
iodine and iodine in aqueous solutions. In particular, this material has
the advantages of simple preparation, excellent stability and low syn-
thesis cost.

Organic polymer materials offer several advantages, including
straightforward synthesis, cost-effectiveness, and the potential for large-
scale production [26]. To date, various organic polymer materials have
been developed for the removal of persistent organic pollutants [27].
Similarly, these materials demonstrate superior adsorption capacity for
iodine and have attracted increasing attention in the recent research.
Cao et al. designed and synthesized a pillar [5]arene based
three-dimensional polymer network for iodine capture from water [28].
It has a high adsorption efficiency and can remove over 90 % of iodine
within 30 min of shaking. Wang et al. developed a p-cyclodextrin-based
porous amorphous material CDPN with excellent gas-phase iodine
capture performance [29]. The strong interaction between the host
(CDPN) and the guest (I3) was promoted by using cyclodextrin cavities
and cross-linked polymer networks, and the iodine absorption capacity
of CDPN was 2.73 g g~ *. More studies on the adsorption of iodine by
organic polymers are provided in Table S1. However, to date, the ma-
jority of research on organic polymers has concentrated on the adsorp-
tion of iodine in aqueous solutions or gaseous iodine within a singular
environment. Few studies have explored the simultaneous application of
organic polymers for iodine capture in both gaseous and solution-based
environments.

In this paper, a new type of three-dimensional organic polymer
(DTTB3) was prepared by one-step substitution utilizing dl-
dithiothreitol and 2,4,6-tribromomethyltrimethylbenzene as raw mate-
rials. The hydroxyl groups (—OH) inherent in dl-dithiothreitol serve as
the core adsorption sites for iodine. Meanwhile, the three bromomethyl
groups (—CHyBr) in 2,4,6-tribromomethyltrimethylbenzene function as
highly reactive moieties. These bromomethyl groups can undergo sub-
stitution reactions with the sulfhydryl groups (—SH) of dl-dithiothreitol,
which facilitates the efficient construction of a three-dimensional (3D)
polymeric network. By exploring the adsorption performance of DTTB3
for iodine vapor and iodine solution, demonstrates superior iodine
adsorption capacity and reusability. Impressively, DTTB3 achieves a
record-high iodine uptake of 4.60 g g~* from iodine vapor, and exhibits
over 90 % removal efficiencies of iodine during iodide ion capture ex-
periments in an aqueous solution, which is more than twice that of
commercial activated carbon materials. Furthermore, the pore archi-
tecture and thermal stability of polymeric materials serve as pivotal
guarantees for the efficient adsorption of iodine in nuclear wastewater.
Extensive density functional theory (DFT) calculations demonstrated
that multiple noncovalent interactions, including I-I---n, C—H--I,
O—H---I bonds, and electrostatic interactions between DTTB3 and I,/13,
which contribute the high iodine trapping capacity.

2. Experiments
2.1. Materials and instruments

2,4,6-tribromomethyltrimethylbenzene, dl-dithiothreitol, KoCOs,
and KCI were purchased from Aladdin. Acetonitrile and hydrochloric
acid (wt. 38 %) were obtained from Yangzhou Huafu Chemical Co., LTD.
I, were purchased from Tianjin Fengchuan Chemical Reagent Co., LTD.
All chemicals are analytical reagent grade and can be used directly

Polymer Testing 154 (2026) 109056

without further purification. The instrument and parameter descriptions
related to this experiment are provided in the Supporting Information.

2.2. Synthesis of DTTB3

Firstly, dl-dithiothreitol (0.75 g, 4.80 mmol) and 2,4,6-tribromome-
thyltrimethylbenzene (0.48 g, 1.20 mmol) were introduced into a 50 mL
three-necked flask, followed by the addition of 25 mL of acetonitrile as
the solvent. Then, the mixture was stirred at room temperature for 30
min before adding KoCO3 (1.50 g, 10.80 mmol). Subsequently, the re-
action was continued under stirring at a temperature of 70 °C for 72 h in
a nitrogen atmosphere. The product was filtered by vacuum filtration,
and washed successively with acetonitrile, dilute hydrochloric acid,
distilled water and acetonitrile, and then naturally dried at room tem-
perature. Finally, the product was obtained with a yield of 95.30 %
(calculated based on 2,4,6-tribromomethyltrimethylbenzene). The syn-
thesis process of the polymer is shown in Scheme 1.

2.3. Adsorption and release of iodine vapor

Take DTTB3 (50 mg) and elemental iodine (900 mg) in 10 mL small
beaker, respectively. Subsequently, place the two small beakers together
in a sealed wide-mouthed bottle, and then put the wide-mouthed bottle
into an oven at 75 °C (simulating the reprocessing temperature of nu-
clear fuel). Take out the breaker of DTTB3 after time intervals of 0.5, 1,
2, 3,4,6,8and 12 h, respectively, and weigh them after cooling to room
temperature. Calculate the adsorption capacity of iodine based on the
increase in the mass of DTTB3. During the release process, the adsorbed
DTTB3 is soaked and rinsed with methanol until the solution is colorless.

2.4. Adsorption of iodine in aqueous solution

Prepare 100 mL of I3 (0.3 mM, [KI]/[Is] = 3/1) solution, and
perform gradient dilution to obtain six sets of iodine standard solutions
with concentrations of 0.27, 0.24, 0.21, 0.18, 0.15, and 0.12 mM,
respectively. These solutions should be stored in a dark environment for
future use. Take a 0.12 mM iodine solution (3 mL) into a cuvette and add
5 mg of DTTB3 to it, and mix thoroughly. At different time intervals, the
absorbance was measured by an ultraviolet-visible (UV-Vis) spectro-
photometer. The removal rate (E, %) and adsorption capacity (q., mg/g)
of iodine were calculated according to eq (1) and eq (2),

E=(Co—C.)/Co x 100% 1
gGe=(Co—C,)/ mxV (2)

where Cy and C, represent the initial concentration (mg mL~ 1) and the
remaining concentration (mg mL™Y) of iodine, respectively, m and V
stand for the mass of DTTB3 (mg) and the volume of the iodine solution
(mL), respectively. All experiments were conducted in pure water.

3. Results and discussion
3.1. Structural characterization

Fig. 1a and b presents the scanning electron microscope (SEM) im-
ages of the synthesized DTTB3. These images reveal that DTTB3 consists
of amorphous particles with irregular shapes and sizes, exhibiting a
loose and porous structure. Furthermore, to investigate the structure of
the 3D organic polymer, >C CP-MAS NMR was using to characterized
DTTB3 (Fig. 1c). A peak centered at § 12 ppm was assigned to the carbon
atoms of the methyl group on the benzene ring. The signals between 124
and 135 ppm corresponded to two types of carbon atoms on the benzene
of the polymer, and the two sets of peaks between 20 and 56 ppm
correspond to two types of carbon atoms connected with sulfur atoms,
which proves the successful synthesis of DTTB3. Meanwhile, the peak
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Fig. 1. SEM images (a, b), 3¢ NMR spectrum (c), FT-IR spectrum (d), PXRD pattern (e), N5 adsorption-desorption isotherm and pore size distribution curve (f)

of DTTB3.

centered at § 228 ppm was regarded as carbonyl carbon due to the
dehydration condensation of hydroxyl groups in the polymer. Fig. 3d
presents the FT-IR spectra of 2,4,6-tribromomethyltrimethylbenzene, dl-
dithiothreitol, and DTTB3, respectively. The spectrum of DTTB3 reveals
an absorption peak at 1051 cm™!, which can be attributed to the pres-
ence of C—S groups [30]. Additionally, two prominent absorption peaks
were observed at 1630 and 1410 cm ™ ?, corresponding to the stretching
vibration of the C=C skeleton in the benzene ring structure of DTTB3
[31]. The peak located at 3377 cm™! is associated with —OH groups
present in both DTTB3 and dl-dithiothreitol [32]. Furthermore, the
characteristic peak of —SH at 2555 cm ™! in dl-dithiothreitol and the
C—Br stretching peak at 575 cm™! in 2,4,6-tribromomethyltrimethyl-
benzene both disappeared, indicating successful reaction between the
two monomers and the formation of the polymer DTTB3 [33,34]. Fig. 3e
illustrates the PXRD pattern of DTTB3. An analysis of this figure reveals
prominent broad peak around 20°. This peak broadening may be
attributed to varying degrees of local order within the structure of
DTTB3 [35], resulting in diffuse diffraction peaks and suggesting that
DTTBS3 exhibits characteristics typical of an inhomogeneous amorphous
material [36]. To further investigate the specific surface area and pore
structure of DTTB3, a nitrogen adsorption-desorption isotherm was
performed at 77K. As illustrated in Fig. 3f and its inset, the initial
behavior in the low-pressure region (P/Py < 0.4) shows that the
adsorption and desorption curves basically overlapping. As the relative

pressure increases into the mid-pressure range (0.4 < P/Py < 0.8), a
modest increase in nitrogen uptake is observed. At high-pressure con-
dition (P/Py > 0.8), there is a pronounced increase in the amount
adsorbed. This observation indicates that the isotherm exhibits charac-
teristics of both type II and type IV behaviors [37]. Notably, a small H3
hysteresis loop is present within the isotherm [38], suggesting that
DTTB3 predominantly possesses mesoporous properties. Utilizing the
density functional theory (DFT) method, it was determined that the
average pore size of DTTB3 is 13.40 nm, with a specific surface area of
72.19 m? g~!. During the iodine adsorption process, iodine molecules
(with a molecular diameter of approximately 0.49 nm) must first diffuse
into the polymer pores before being retained via surface interactions.
The pore volume of DTTB3 reaches 0.45 cm®/g, significantly exceeding
that of conventional polymers with low pore volumes, indicating the
presence of abundant internal cavity structures. The thermogravimetric
analysis (TA) of DTTB3 was conducted in a nitrogen atmosphere over a
temperature range from 0 °C to 1000 °C (Fig. S1). DTTB3 remains
relatively stable up to 150 °C. Within the temperature range of
150 °C-345 °C, DTTB3 undergoes a weight loss of approximately 75 %.
The thermal stability of polymeric materials is a critical property for
their application in iodine vapor adsorption during nuclear fuel
reprocessing, as well as in iodine species adsorption from nuclear
wastewater.
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3.2. Iodine vapor adsorption

Iodine vapor adsorption research was initially conducted to assess
the iodine adsorption properties of DTTB3. The polymers were exposed
to an iodine vapor atmosphere at 75 °C under atmospheric pressure,
simulating conditions akin to nuclear fuel reprocessing. As illustrated in
Fig. 2a, the adsorption capacity of DTTB3 for iodine vapor increases
continuously over time. The iodine vapor adsorption curve indicates
that the initial adsorption rate is relatively rapid during the first 10.5 h,
achieving an adsorption capacity of 3.91 g g~!, which constitutes
approximately 85 % of total uptake. After a duration of 24.5 h, there was
negligible change in polymers weight, and the polymers’ iodine vapor
adsorption capacity reached 4.56 g g~ 1. The adsorption process was
completed after 36.5 h, and the maximum adsorption capacity of iodine
vapor reached 4.60 g g 1. To gain a comprehensive understanding of the
adsorption process, two well-established kinetic models were employed
for data simulation (Fig. 2b). A comparison of the fitting results reveals
that the experimental kinetic data exhibit a significantly better fit to the
pseudo-first-order model than to the pseudo-second-order model [39,
40]. This observation obviously reveals that physical was the predomi-
nant mechanism governing the adsorption process. Subsequently, to
evaluate the recyclability of DTTB3 to adsorb iodine vapor, five cycles of
adsorption experiments were conducted (Fig. 2c). It was observed that
after five cycles, the adsorption capacity for iodine decreased from 3.91
g g~ L in the first cycle to 3.45 g g ! in subsequent round, representing a
reduction of approximately 11.76 %. This indicates that DTTB3 exhibits
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good recyclability in adsorption of iodine vapor. Upon reaching equi-
librium, a noticeable color change occurred to DTTB3, transitioning
from light yellow to dark black (Fig. 2d-f), signifying that DTTB3 had
reached adsorption saturation. Ultimately, DTTB3 achieved an iodine
vapor adsorption capacity of 4.60 g g~ *. Furthermore, it can be observed
from the SEM image that the particle size of DTTB3 after completing
iodine vapor adsorption is larger than that of the original synthetic
DTTB3, and its loose and porous structure is filled and covered with
iodine (Fig. 2g). The EDS analysis and element mapping confirm that
iodine has been successfully adsorbed onto DTTB3, exhibiting a uniform
distribution throughout (Figures S2 and 2h-2k). Following the comple-
tion of desorption through methanol washing, a significant number of
pore structures were restored on the polymer surface (Fig. 21 and m). By
comparing the FT-IR and PXRD patterns of DTTB3 before adsorption
and after desorption iodine vapor, no obvious changes were detected,
thereby confirming both strong stability and recyclability of DTTB3 in
industrial applications (Figs. S3 and S4).

3.3. Iodine adsorption in static aqueous solutions

Currently, numerous new materials have been reported to demon-
strate exceptional performance in capturing gaseous iodine [41-43].
However, the iodine absorption capacity of these materials in aqueous
media remains significantly inadequate. Previous research has indicated
that DTTB3 exhibits favorable adsorption properties for gaseous iodine.
We further investigated its iodine absorption capabilities in aqueous
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Fig. 2. lodine vapor adsorption curve by DTTB3 (a). The pseudo-first and pseudo-second order linear fitting plots for iodine vapor capture (b). Cyclic iodine vapor
capture efficiency of DTTB3 (b). Photos of DTTB3 before adsorption (c), after adsorption (d) and desorption (e). SEM image of DTTB3 after adsorbing iodine vapor
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solutions. As illustrated in Fig. 3a, an increase in the concentration of the
iodine solution corresponds with a concomitant rise in absorbance,
indicating a positive correlation between absorbance (A) and concen-
tration (C). The linear fitting curve representing the absorbance versus
the concentration of standard aqueous iodine solutions is depicted in
Fig. 3b. The relationship can be expressed by equation A = 21.00 C —
0.49, with a linear correlation coefficient R? = 0.9974. It can be
observed from Fig. 3c that upon the addition of 5 mg of DTTB3 to a 0.12
mM iodine aqueous solution, the absorbance gradually decreased with
the increase of time. After 2 min, the removal efficiency reached 22.20 %
(Fig. 3c and d). When the same quantity of DTTB3 was introduced into a
0.30 mM iodine aqueous solution for 3 min, the removal efficiency
increased to 35.60 % (Fig. S5). As the reaction time extended, the
absorbance continued to decline. After 330 min, both systems
approached adsorption equilibrium, achieving removal efficiencies of
90.11 % and 95.15 %, with the maximum adsorption capacities were
6.25 and 24.58 mg g1, respectively. As illustrated in Fig. 3d, during the
adsorption process, the color of the iodine solution changed from yellow
to nearly colorless. Concurrently, the color of the adsorbent shifted from
light yellow to yellow.

To assess the stability of DTTB3, FT-IR spectra and XRD patterns

were analyzed before and after iodine adsorption from an aqueous so-
lution. The FT-IR spectra revealed a significant reduction in the hydroxyl
absorption peak within the range of 3300-3500 cm™! (Fig. S6) [44].
This observation may be attributed to the interactions between iodine
and the hydroxyl groups present in dithiothreitol components of DTTB3
following adsorption, resulting in diminished hydroxyl signal intensity.
In addition, the FT-IR spectrum of DTTB3 after iodine desorption was
also provided, which basically coincided with the spectrum of the
original DTTB3 (Fig. S7). Similarly, no significant changes were detec-
ted in PXRD patterns after iodine desorption (Fig. S8), suggesting that
the crystalline structure of DTTB3 remained largely intact throughout
this process. Furthermore, it was confirmed that when the pH value of
the aqueous solution ranged from 1 to 5, DTTB3 exhibited a removal
efficiency exceeding 88 % for a 0.12 mM iodine aqueous solution
(Fig. 3e). This finding indicates that DTTB3 can sustain high capacity for
capturing iodine under various pH conditions. Additionally, DTTB3
maintains decent iodine adsorption capacity even in high-concentration
competing anion environments. As shown in Fig. 3f, CI”, Br~, NO3, and
SO7 interfered with iodine adsorption to different extents. The C1~, Br™,
and SO%’ caused minimal interference (adsorption capacity >80 %),
while the NO3 leaded to increased interference, reducing DTTB3’s



F.-F. Wang et al.

iodine adsorption capacity to approximately 75 %.

3.4. Adsorption mechanism studies

In the X-ray photoelectron spectroscopy (XPS) spectrum of
I,@DTTB3 (Fig. 4a), characteristic signals attributable to I3 were
observed at binding energies of 629.6 and 618.1 eV, respectively.
Concurrently, signals detected at 630.9 and 619.4 eV are indicative of
the presence of I5 species [45]. The occurrence of I3 and I5 anions
proves the adsorption of iodine by DTTB3 in aqueous solution. The
Raman spectrum serves as a powerful analytical tool for examining the
state of I,. The Raman spectra of DTTB3, both before and after iodine
adsorption, are presented in Fig. 4b. It is evident that after the capture of
iodine, two distinct peaks at 110 cm ™! and 165 cm ™! corresponding to
I,@DTTB3 were observed. The peak at 110 em™! can be attributed to
the symmetric stretching vibration of I3 anions, while the peak at 165
cm ! is associated with the stretching vibration of polyiodide I5 [46].
Similarly, the XPS and Raman spectra of DTTB3 adsorbing iodine vapor
were also verified in a similar way. The 13d XPS spectrum of DTTB3
demonstrated two binding energies at 631.0 and 618.8 eV, respectively
(Fig. 4c). They correspond to the elemental iodine [47]. In Raman
spectra, two distinct peaks at 110 cm ™! and 168 cm ™! corresponding to
I, @DTTB3 were also appeared (Fig. 4d). The Raman spectra are clearly
consistent with the XPS results, indicating strong interactions between
the 3D organic polymers and iodine.

Density functional theory (DFT) calculations were performed to gain
deeper insights into the adsorption mechanism. Firstly, the structure of
DTTB3 was optimized (Fig. 5a), and the electrostatic potential (ESP)
diagram of its framework was computed (Fig. 5b). A high electrostatic
potential region means that moving a positive charge to that region
requires overcoming significant repulsive forces. On the contrary, the
low electrostatic potential region means that it is easy to move a positive
charge to this region, and the system energy will decrease. In order to
gain a deeper understanding of the adsorption mechanism. Based on the
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results of electrostatic potential, select three regions of high, medium,
and low electrostatic potential for comparison of adsorption energy.
Through an analysis of DFT results in conjunction with previous studies
[28,39,48,49], we deduced that the primary driving force for I5/I5 ab-
sorption arises from various non-covalent interactions, including
hydrogen bonds, I-I---n interactions, and electrostatic forces. The
presence of -CH3 and —OH groups, along with numerous benzene rings,
facilitates the adsorption of I/I3 molecules via O-H---I (3.6826 and
2.6923 A) bonds, C-H---1 (3.1897, 3.7846, 3.3493, 3.2054, 3.7087, and
3.1112 A) hydrogen bonds, Io/I5 -1 (3.4490 and 3.9455 A) bonds as
well as electrostatic interactions between I5/I3 molecules and the
polymer framework (Fig. 5c-h). Furthermore, by comparing the
adsorption energies at different sites (Tables S1 and S2), it is evident that
benzene rings exhibit the lowest adsorption energy for I/I3 molecules.
This indicates that benzene rings within the polymer structure possess a
superior capacity for Iy/I3 adsorption. In addition to the interactions
outlined above, the polymer’s high pore volume and extensive pore size
range provide sufficient spatial capacity for iodine molecules, thereby
facilitating the encapsulation of adsorbed iodine within its intrinsic
cavity structure. Such a structural attribute of the polymer plays an
indispensable role in the remediation of nuclear waste gases and liquids.

4. Conclusions

In summary, a novel type of three-dimensional organic polymer,
namely DTTB3, was synthesized through a substitution reaction utiliz-
ing dl-dithiothreitol and 2,4,6-tribromomethyltrimethylbenzene as raw
materials. The findings indicate that the polymer exhibits a strong
adsorption capacity for iodine vapor, with a maximum adsorption ca-
pacity reaching 4.60 g g~!. Notably, DTTB3 eluted after iodine vapor
adsorption can be reused in subsequent cycles of adsorption, demon-
strating DTTB3 shows excellent reusability. Furthermore, DTTB3 also
displays remarkable adsorption capacities in iodine aqueous solution,
and the maximum adsorption capacities for iodine in 0.12 mM and 0.30
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Fig. 4. XPS (a) and Raman spectra (b) of I,@DTTB3 for the adsorption of iodine in aqueous solution. XPS (c) and Raman spectra (d) of I,@DTTB3 for the adsorption

of iodine vapor.
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Fig. 5. The optimized computing model of DTTB3 (a); The electrostatic potential map calculations of DTTB3 (b); The adsorption interaction model between I, and
benzene ring (c), —CH3 (d) or —OH (e); The adsorption interaction model between I3 and benzene ring (f), —CH3 (g) or —OH (h).

mM aqueous solutions were measured at 6.25 and 24.58 mg g},
respectively. Results from interference experiments reveal that the
adsorption of iodine aqueous solutions under different pH conditions
and interfering ions were no signification. These studies confirmed that
DTTB3 possesses highly efficient selectivity for iodine uptake. The
organic polymer network developed in this study offers advantages such
as straightforward preparation methods and low cost, thereby estab-
lishing a foundation for its application in large-scale water treatment
processes. Concurrently, this work offers novel insights and viable av-
enues for addressing critical challenges associated with the recovery and
reuse of iodine.
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