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High-capacity iodine adsorption from diverse
media using iron-based metal—organic copolymer
networks synthesized via a microwave-assisted
Buchwald—-Hartwig cross-coupling reactionf

@ Noorullah Baig, )2 Badvel Pallavi,?® Rupa Bargakshatriya,®
¢ and Bassam Alameddine (2 *@®

Suchetha Shetty,
Sumit Kumar Pramanik

Three-dimensional iron(i) clathrochelate-bridged secondary arylamine copolymers (TAC1-3) were synthe-
sized via a facile microwave-assisted Buchwald—Hartwig cross-coupling reaction, utilizing a custom-
designed diamine clathrochelate precursor along with a range of tribrominated aryl surrogates. The target
copolymers exhibited impressive iodine vapor adsorption capabilities, with TAC3 achieving an outstanding
uptake of 1500 wt% (15 g g 3. Kinetic analysis identified a predominant pseudo-2nd-order adsorption
model, whilst recyclability tests confirmed the materials’ durability, sustaining high efficiency albeit over
multiple adsorption—desorption cycles. The TAC1-3 copolymers demonstrated notable iodine uptake from
cyclohexane solutions with TAC3 achieving a maximum capacity of 1.11 g g~ at an initial iodine concen-
tration of 1000 mg L. Moreover, TAC1-3 demonstrated exceptional performance in aqueous systems,
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Introduction

Radioactive nuclides present an intricate challenge as they offer
the advantage of producing clean nuclear energy with greenhouse-
gas-free emissions, on the one hand, but they generate hazardous
waste that poses substantial health and environmental risks if left
untreated and released into the atmosphere, on the other hand."*
Among others, iodine nuclides are ominous byproducts resulting
from plutonium-239 and uranium-235 fission in nuclear reactors;
notably, iodine-129 is particularly dangerous due to its toxicity and
extremely long half-life of ~16 million years, in addition to its
capacity to easily pass through a wide variety of geological
environments.>* Meanwhile, despite the much shorter half-life
of iodine-131 estimated to be ~8 days, it poses an imminent
threat to human health by disrupting metabolic processes
through its severe radiation.” Therefore, managing nuclear waste

“ Department of Mathematics and Natural Sciences, Gulf University for Science and
Technology, Mubarak Al-Abdullah, Hawally 32093, Kuwait.
E-mail: alameddine.b@gust.edu.kw; Tel: +965 2530 7111
b Functional Materials Group, Gulf University for Science and Technology,
Mubarak Al-Abdullah, Hawally 32093, Kuwait
¢ CSIR-Central Salt and Marine Chemicals Research Institute, Gijubhai Badheka
Marg, Bhavnagar, Gujarat 364002, India
t Electronic supplementary information (ESI) available: Analysis of all com-
pounds, and spectral data of NMR, FTIR, XPS, N, adsorption, TGA, kinetic
studies, proposed I, adsorption mechanism and comparison of I, capture with
different adsorbent materials. See DOI: https://doi.org/10.1039/d5ma00061k

© 2025 The Author(s). Published by the Royal Society of Chemistry

achieving adsorption capacities up to 5.95 g gt in I, solutions and 5.34 g g% in 15~ (KI/I,) solutions.

is deemed crucial, especially when analyzing past nuclear acci-
dents like Chernobyl in 1986 and Fukushima in 2011, where large
amounts of radioactive iodine, including iodine-129 and iodine-
131, were released into the atmosphere as gaseous iodine (I,) or
into water bodies as I, and 1;7.° These incidents highlight the
urgent need for advanced materials that can efficiently and rapidly
capture and remediate iodine from various sources, namely,
aqueous effluents.

Several materials have been identified as potent iodine
adsorbents, including zeolites,” ceramics,® aerogels,”"® metal-
organic frameworks (MOFs),"*™** covalent organic frameworks
(COFs),"" activated carbon (AC),'® and porous organic
polymers.””'® Nonporous materials have also demonstrated
significant capture abilities.">*® Among these, porous organic
polymers have been of particular interest due to their promi-
nent adsorption capacity, high physicochemical stability, lower
synthesis costs, and robust linkages. In addition, organic poly-
mers offer an on-demand structural flexibility depending on
specific needs.>" It is noteworthy that there are several factors
which depict the iodine capture by porous materials, such
as their surface area and extended conjugation, and more
importantly, the presence of binding sites and/or heteroatoms
in the polymer’s structure.”>>*> Nevertheless, despite the high
performance that these materials display in capturing gaseous
iodine (I,), most of them exhibit limited iodine uptake in
aqueous environments, typically less than 1.0 g g~ ', namely
because of their interference with water.’*™° Only a select few
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materials have demonstrated a high iodine uptake capacity
from water.>'

Iron(u) clathrochelate-based materials are exploited to a
great extent across various applications owing to their structural
modularity, exceptional chemical and physical stability, straight-
forward synthesis and ease of isolation, as well as their potential
for post-functionalization.>**° Various Fe(n) clathrochelate deriva-
tives were synthesized and tested as adsorbents for different gases
and dyes revealing astounding uptake capacities.*'*® Recently, our
research group has developed a versatile synthetic methodology to
make polyimide materials bearing Fe(u) clathrochelate as inter-
calators, portraying an impressive iodine vapor uptake of
680 wt%."” In this study, we report the synthesis of a series of
three-dimensional polyarylamine copolymers incorporating iron(x)
clathrochelate building blocks through a conventional Buchwald-
Hartwig cross-coupling reaction. Iodine uptake tests reveal the
exceptional adsorption properties of these 3D copolymers reaching
15 g g ' in addition to the effective removal of iodine from
aqueous and cyclohexane solutions revealing prominent capacities
of 5.95 ¢ ¢ ' and 1.11 g g, respectively.

Experimental section

Synthesis

Synthesis of TAC1 (procedure A). The diamino Fe(u) clathro-
chelate monomer (DAC) was synthesized following a reported
procedure.”” In a microwave reactor, 1,3,5-tribromobenzene
(0.15 g, 0.48 mmol, 1 equivalent) and DAC (0.49 g, 0.71 mmol,
1.5 equivalents) were dissolved in 9.5 mL of degassed DMF
under a steady flow of argon. The reaction mixture was then
supplemented with Pd,(dba); (0.036 g, 0.038 mmol, 8 mol%),
XPhos (0.036 g, 0.076 mmol, 16 mol%), and sodium tert-
butoxide (0.137 g, 1.43 mmol, 3 equivalents). The reaction was
conducted under microwave irradiation at 180 °C for 2 hours
under nitrogen. The resulting mixture was precipitated in metha-
nol, filtered, and thoroughly washed with deionized water, metha-
nol, acetone, dichloromethane (DCM), and petroleum ether. After
drying under vacuum, a brown solid was obtained (330 mg, 92%)
3C-NMR (solid state, 125.8 MHz): § 152.11, 133.82, 128.53, 116.43,
22.67 and 16.93. FTIR (KBr pellet, cm™): 3357 (N-H stretching.),
2933 (aliphatic C-H stretching), 1591 (N-O stretching), 1488
(aliphatic C-H bending), 746 and 811 (aromatic C-H bending).

Synthesis of TAC2

TAC2 was synthesized using procedure A with tris(4-bromo-
phenyl)amine (0.2 g, 0.41 mmol, 1 equivalent), DAC (0.43 g,
0.62 mmol, 1.5 equivalents), Pd,(dba); (0.03 g, 0.033 mmol,
8 mol%), XPhos (0.03 g, 0.066 mmol, 16 mol%), and sodium
tert-butoxide (0.119 g, 1.24 mmol, 3 equivalents) dissolved in
8.3 mL of degassed DMF. The reaction yielded a brown solid
(356 mg, 93%). *C-NMR (solid state, 125.8 MHz): § 153.33,
148.41, 136.51, 129.12, 124.88, 117.07, 25.45 and 20.17. FTIR
(KBr pellet, cm™"): 3333 (N-H stretching), 2935 (aliphatic C-H
stretching), 1584 (N-O stretching), 1490 (aliphatic C-H bend-
ing), 770 and 810 (aromatic C-H bending).
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Synthesis of TAC3

TAC3 was synthesized using procedure A with 1,3,5-tris(4-
bromophenyl)benzene (0.2 g, 0.37 mmol, 1 equivalent), DAC
(0.38 g, 0.55 mmol, 1.5 equivalents), Pd,(dba); (0.027 g,
0.029 mmol, 8 mol%), XPhos (0.027 g, 0.058 mmol, 16 mol%),
and sodium tert-butoxide (0.106 g, 1.1 mmol, 3 equivalents)
dissolved in 7.4 mL of degassed DMF. This reaction produced a
brown solid (343 mg, 95%). "*C-NMR (solid state, 125.8 MHz): §
155.21, 150.14, 136.55, 128.21, 122.33, 117.09, 112.71, 21.09 and
14.88. FTIR (KBr pellet, cm™'): 3352 (N-H stretching), 2919
(aliphatic C-H stretching), 1591 (N-O stretching), 1488 (aliphatic
C-H bending), 747 and 811 (aromatic C-H bending).

Iodine adsorption studies

The iodine vapor adsorption of TAC1-3 was analyzed using gravi-
metric techniques with 10 mg of each sample being used as an
adsorbent by placing it in small weighing vials, which were then
deposited in a larger vial to avoid any direct surface contamination
during testing. The entire setup was tightly sealed in a container
having iodine pellets at its bottom and the temperature was
maintained at 353 K to promote adsorption. At various time
intervals, the vials with the adsorbents were weighed and the
percentage of I, uptake was calculated using the following formula:

0220 00wt (100wi% =1gg ™) (1)

wq

Iodine uptake =

where w; and w, denote the masses of the copolymer before and
after iodine adsorption, respectively.

Kinetics and adsorption equilibrium of iodine

The kinetics of iodine adsorption were quantitatively analyzed
using the pseudo-1st-order, pseudo-2nd-order, and intra-particle
diffusion models as represented by eqn (2)—(4), respectively:

In(ge — ¢q;) = Inge — kyt (2)
t t
—=—+1/k 3
qr de k2 G)
g = kpt™® + C (4)

where ¢, (mg ¢ ') and ¢. (mg g™ ') represent the amount of
iodine adsorbed per gram of adsorbent at time ¢ and at
equilibrium, respectively. The rate constants for the pseudo-
1st-order, pseudo-2nd-order, and intra-particle diffusion
models are denoted by k;, k, and k,, respectively.*®*’

Iodine uptake capability from cyclohexane

A 20 mL cyclohexane solution containing 100 mg L' of
iodine was introduced to a 10 mg sample of TAC1-3, placed
in a tightly closed glass vial, and kept in the dark for 24 hours.
Subsequently, 2 mL of the supernatant was extracted and trans-
ferred into a quartz cuvette to measure its absorbance and
determine the iodine concentration. This procedure was repeated
for each polymer using cyclohexane solutions with iodine con-
centrations of 300 mg L™, 500 mg L™ " and 1000 mg L~". The
iodine uptake by the TAC1-3 samples was calculated using the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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following formula:

(Co—CHV
m

=

(5)

In this formula, V represents the volume of the iodine-
cyclohexane solution (L), m is the mass of the TAC1-3 sample
(2), and C, is the initial iodine concentration in the cyclohexane
solution (mg L™"). The iodine concentration in cyclohexane
after 24 hours of adsorption is denoted as C,.

The following formula is used to calculate the efficiency of
iodine removal by the TAC1-3 samples:

Co—C,

W —
Co

x 100% (6)
where C, represents the initial iodine concentration in cyclo-
hexane, while C, denotes the iodine concentration after 24

hours of adsorption.>®

Iodine uptake capacity from water

TAC1-3 samples were immersed in an aqueous iodine solution,
either containing I, (3 mg of adsorbent in 100 mL of 1 mM
solution) or I;~ (5 mg of adsorbent in a solution of 300 mg KI
and 150 mg I, in 100 mL of water). The solution was analyzed
using UV-Vis spectroscopy, and the iodine absorbed by the
TAC1-3 samples was calculated using eqn (5), where V repre-
sents the volume of the aqueous iodine solution (L), m is the
mass of the TAC1-3 sample (g), and C, (g L™ ") and C, (g L™ ") are
the iodine concentrations in the solution before and after
adsorption, respectively.

View Article Online
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Results and discussion

It is worthwhile to mention that while our current work employed
the previously reported diamino iron(u) clathrochelate building
block, DAC," the latter was utilized as a surrogate for the
preparation of clathrochelate-based imide copolymers (ACP1-3)
through a cyclocondensation reaction under microwave heating,
as illustrated in Scheme 1. Copolymers ACP1-3 have demon-
strated remarkable iodine vapor uptake of 6.8 g g~ and exhibited
an uptake of up to 0.65 g g ' in cyclohexane solution. These
exceptional iodine adsorption capacities prompted us to design
new copolymers bearing DAC with the prospect of enhancing
iodine adsorption through the incorporating of secondary amino
groups into the polymer backbone. It is noteworthy that in
previous work, we synthesized linear secondary arylamine copo-
lymers containing iron(n) clathrochelate units CLP1-3® before we
had modified them into tertiary arylamine derivatives PCLP1-3
using a Buchwald-Hartwig cross-coupling reaction. Therefore,
this motivated us to develop three-dimensional secondary aryla-
mine copolymers as potential adsorbents of iodine.

In the current work secondary arylamine copolymers containing
clathrochelate units, TAC1-3, were synthesized via a Buchwald-
Hartwig amination cross-coupling reaction, which was performed
in DMF at 180 °C for 2 hours under microwave heating, utilizing
the diamine iron(u) clathrochelate synthon (DAC) in combination
with different tribrominated aryl derivatives, including 1,3,5-
tribromobenzene, tris(4-bromophenyl)amine, and 1,3,5-tris(4-bro-
mophenyl)benzene, as shown in Scheme 1. The resulting copoly-
mers were obtained in excellent yields and were purified using
simple filtration followed by extensive washing of the solid with

I, vapor capture 15g g~

I, capture from Cyclohexane 1.1 g g

I, capture from Water 5.95¢g g

Br
A
Br Br

NH,

3D Copolymers

(i) \2D Copolymers

NH, oo

DAC
o~ Ngn 0

Previous work

NTo

- &) ‘ *
H

TAC1-3

« N N*

ACP1-3 *

o o © 0

*—©—BI'O ’V‘F(‘N o —@— OZDP= . » @ 4
NV D

O=Ng. o 5 © o

HN
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Reaction conditions: (i) Pd,(dba)s;, Xphos, NaOtBu, DMF, MW, 180 °C, 2h; (ii) Imidazole, DMF, MW, 180 °C, 2h

Scheme 1 Synthesis of copolymers TAC1-3 and comparison with the previous work ACP1—3. Reaction conditions: (i) Pd,(dba)s, Xphos, NaO‘Bu, DMF,

MW, 180 °C, 2 h; (i) imidazole, DMF, MW, 180 °C, 2 h.
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Fig. 1 C-NMR spectrum (solid-state) of TAC1.

demineralized water, acetone, methanol (MeOH), dichloro-
methane, and naphtha (petroleum ether). The copolymers
TAC1-3 were found to be insoluble in various organic solvents,
such as dimethylformamide (DMF), DCM, chloroform, THF, and
methanol. Consequently, the formation and purity of the target
copolymers were confirmed by carrying out a careful structural
analysis using various solid-state techniques, such as *C-NMR
spectroscopy, Fourier-transform infrared spectroscopy (FTIR),
and X-ray photoelectron spectroscopy (XPS) (see Fig. 1-3 and
Fig. S1-S7 in the ESI¥).

Fig. 1 represents the ">C-NMR spectrum (solid-state) of the
target copolymer TAC1, clearly displaying all the expected peaks.
The peaks between 152.11 ppm to 116.43 ppm correspond to
the aromatic (sp”) carbons while the signals at 22.67 ppm and
16.93 ppm (Fig. 1, peaks a and b) are fingerprints of aliphatic sp®
carbon atoms of the cyclohexyl groups present in the clathroche-
late unit. Similarly, the solid-state ">*C-NMR spectra of TAC2 and
TAC3 display similar distinct chemical shifts, as can be noticed
in Fig. S1 and S2 of the ESL¥

As illustrated in Fig. 2, the relative FT-IR absorption spectra
of the two precursor materials TBB and DAC compared to the
target copolymer TAC3 exhibit all the expected differences
between the peaks of the starting materials and target com-
pound, thus confirming the successful synthesis of the latter.
The N-H stretching vibrations observed in DAC at 3412 cm ™!
are shifted to 3352 cm ™' along with a noticeable decrease in the
peak intensity in TAC3, which confirms the formation of
the secondary amine copolymers.”® On the other hand, the

3482 | Mater. Adv., 2025, 6, 3479-3494

fingerprint C-Br stretching vibrations observed in TBB at
695 cm " disappeared in the TAC3 spectrum, signifying the
total consumption of all the reactants, and confirming the
successful formation of the copolymers.®> Additionally, TAC3
reveals other distinctive aromatic C-H vibrations at 3032 cm ™"
(stretching), and at 811 cm " and 747 cm™ ' (vibrations).>®
Furthermore, the characteristic frequencies of the aliphatic
C-H groups are observed at 2919 cm ' (str) and 1488 cm™*
(ben).>* Likewise, the absorption band at 1591 em ™" is attrib-
uted to the stretching frequency of the N-O groups,> support-
ing further evidence of the effective formation of TAC3. It is
also worth mentioning that both TAC1 and TAC2 display their
distinctive FT-IR peaks, proving their efficacious formation as
well (Fig. S3 and S4 in the ESIf).

Survey-scan X-ray photoelectron spectroscopy (XPS) data of
TAC1-3 corroborate the existence of the desired elements. The
binding energies for C 1s, O 1s, and N 1s were determined
to range between 284.4-284.7 eV, 531.9-532.2 eV, and 399.3-
399.4 eV, correspondingly. Meanwhile, the B 1s and Fe 2p
binding energies were observed in the range of 190.6-
190.7 eV and 709.1-722.1 eV, respectively®® (Fig. 3 and Fig. S6,
S7 in the ESI¥).

BET surface area studies

The microporous nature of TAC1-3 was examined at low relative
pressure using N, adsorption tests conducted at 77 K (Fig. S8 in
the ESIt). The surface areas and pore volumes of the target
copolymers were determined from the Brunauer-Emmett-Teller

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(BET) theory based on the obtained isotherms. TAC1-3 demon-
strated BET surface areas of up to 69 m* g~ ' and pore volumes
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ranging from 0.096 cm® g~ to 0.6 cm® g~ (Table S1 in the ESIY).
The limited BET surface areas of TAC1-3 can be attributed to
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Fig. 4 Weight percentage (wt%) of iodine (I,) vapor capture (a) (inset: sample images showing a color change from brown to black due to iodine

adsorption prior and subsequently) and release (b) by TAC1-3.

kinetic restrictions at the cryogenic temperature of 77 K, which
impede molecular nitrogen diffusion into the micropores.*”*”

Iodine capture

Experimental gravimetric tests were carried out to investigate
the iodine vapor adsorption characteristics of TAC1-3. These
studies involved exposing a 10 mg sample of a particular
copolymer to excess I,(s) in a sealed container at 353 K under
atmospheric pressure. The amount of adsorbed iodine was
monitored at different intervals until saturation was reached
(Fig. 4). The results disclosed remarkable iodine uptakes,
namely for TAC3, which achieved an adsorption capacity of
1500 wt% (15 g g~ ') after 5 days of exposure (Table 1 and Fig. 4).
This exceptionally high iodine vapor absorption underscores
TAC3 as a prominent adsorbent, especially considering its
comparatively easy and adaptable production in comparison
to other materials documented in the literature (Table S2,
ESI+).>>%77%° Both TAC1 and TAC2 displayed very good iodine
capture capacities of 860 wt% and 490 wt%, respectively. The
extraordinary iodine adsorption values observed in TAC1-3,
ranging from 490 to 1500 wt%, are attributed to the complex
structural properties of the copolymers featuring numerous
adsorption sites,*"*”°7°® which allows for an efficient iodine
capture capacity that is not only influenced by the copolymers’
specific surface areas but also the existence of binding sites.
Moreover, the presence of terphenyl groups, which are known
to enhance the aromatic m interactions with iodine,* in the
TAC3 copolymer’s skeleton boosts its iodine capacity when
compared to TAC1 and TAC2.

As it can be perceived from the comparative thermograms
for the iodine-loaded samples, designated as TAC1-3@I,, and
those for the pure copolymers, there is a clear decline in the
10% weight loss temperatures in the range of 125-134 °C for

Table1l Overview of |, vapor sorption capabilities by copolymers TAC1-3

Entry Copolymer wt% I, capture % I, release”
1 TAC1 860” 100
2 TAC2 490 98
3 TAC3 1500° 99

Maximum capacity was reached. ¢ After 1 day.  After 2 days. © After 5 days.

3484 | Mater. Adv, 2025, 6, 3479-3494

the iodine-bearing copolymers from the initial 288-335 °C
temperature values recorded for the TAC1-3 (Fig. S9 and S10 in
the ESIt).”%”! Furthermore, FTIR spectroscopy was utilized to
analyze the characteristics of TAC1-3@I,, which were found to
exhibit conspicuous variations in their vibrational bands when
compared to their pure counterparts TAC1-3. As shown in Fig. 5,
the FTIR spectrum of TAC3@I, displays significant shifts attrib-
uted to iodine adsorption, particularly in the aliphatic C-H
stretching (~14 cm™ ") and bending bands (~5 cm™'), as well
as the aromatic C-H stretching (~68 cm™") and bending bands
(~31 em™"). Additionally, notable shifts are observed in the
stretching frequencies of the functional groups such as N-H
(~50 cm™") and N-O (~6 cm™ ) in the iodine adsorbed copoly-
mer TAC3@I,. These changes strongly indicate interactions
between the hitherto mentioned copolymer and iodine molecules,
especially involving the aromatic rings, amine groups, and N-O
units. These aforementioned binding interaction sites which
contain electron lone pairs can effectively interact with iodine to
form polyiodide anions, thus resulting in the observed shifts in
the corresponding groups®®”? (Fig. S14 in the ESIt). Furthermore,
the electrostatic potential of the amino groups decreases the
conjugation with the aromatic rings, which enhances their inter-
action with iodine molecules, consequently, further improving
their I, absorption capacity.” It is noteworthy that the observed
FTIR peak shifts confirm the presence of weak interactions
between the copolymers and I,, indicating a physisorption beha-
vior which occurs at the surface of TAC1-3.”

To gain more insight into the adsorption of iodine species
by TAC1-3, XPS analysis was performed after iodine adsorption
and the spectra were compared to those prior to adsorption
(Fig. 6 and Fig. S11, S12 in the ESI{). The XPS survey scan
spectrum of TAC3 (Fig. 6) lacks the characteristic binding energy
peaks corresponding to iodine’s 3d orbital, whereas that of
L@TAC3 discloses the effective adsorption of iodine moieties,
as evidenced by the existence of iodine 3d orbital signals in the
range of 619-634 eV.”>”® Two pronounced peaks, ascribed to the
13d,3/2 and 13d,5/2 energy levels, were also observed at 632.58 eV
and 621.02 eV, respectively. Additionally, the appearance of two
more peaks alongside the 13d,3/2 and 13d,5/2 peaks represents
the manifestation of polyiodide species (I” and I’~) along with
molecular iodine (I,).”” Furthermore, the slight shifts in the
binding energies of all the copolymers’ constituting elements

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FTIR spectra of TAC3 (top) and TAC3@l, (bottom).

after iodine adsorption suggest that the adsorption affinity of the
latter is prompted not only by the copolymers’ surface areas but
also by the presence of active binding sites.*'

Experimental tests were conducted to investigate the mecha-
nism of iodine adsorption by TAC1-3 through kinetic studies
using pseudo-1st-order, pseudo-2nd-order, and intra-particle
diffusion models, as outlined in eqn (2)-(4). Fig. 7 presents
the calculated equilibrium uptake capacity (geca) for the
pseudo-1st-order model, obtained by plotting In(g. — ¢,) against
time (¢). Conversely, the geca values for the pseudo-2nd-order

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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model were determined by plotting t/q, vs. time (¢) for TAC3.
Table 2 summarizes the iodine adsorption data for TAC3 based
on both models, clearly showing a higher correlation coeffi-
cient (R?) of 0.9784 for the pseudo-2nd-order model, compared
to 0.9595 for the pseudo-1st-order model. The correlation
coefficient obtained from the intra-particle diffusion model
for TAC3 (R* = 0.9595) appears to be lower than that of the
pseudo-2nd-order kinetic model (Fig. S15 in the ESI}). This
clearly indicates a better fit of the experimental data with the
pseudo-2nd-order model, especially when the experimental
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Fig. 6 XPS analysis spectra of TAC3 prior and post iodine capture (a) and high resolution (HR)-XPS spectra of 13d of TAC3a@l, (b).
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Fig. 7 Kinetic studies of TAC3@l,: (a) pseudo 1st order and (b) pseudo 2nd order models.

iodine adsorption capacity at equilibrium (ge exp) 0f 15 g g " is
benchmarked against the calculated value (e ) of 14.3 g g
from the pseudo-2nd-order model. These results strongly sug-
gest that iodine adsorption by TAC3 follows a pseudo-2nd-order
kinetic model. Likewise, the other copolymers, TAC1 and TAC2,
were also found to conform to the pseudo-2nd-order kinetic
model (Table 2 and Fig. S13-S15 in the ESIf). This finding
proposes an adsorption behavior that is strongly influenced by
the prerequisite for the adsorbate and adsorbent-free sites to
interact in order for the uptake to take place, thus leading to a
relatively longer time for the process, which affects the iodine
sorption overall rate.”®

Table 2 Summary of the kinetic parameters for TAC1-3@l,

Desorption trials were made by exposing the iodine-loaded
copolymers TAC1-3@]I, to heat (120 °C), as shown in Fig. 4 and
outlined in Table 1. This method lead to the release of ~98% of
the captured iodine in the very first 6 hours followed by
achieving quantitative desorption after 24 hours of continuous
heating. Further investigation into iodine desorption was con-
ducted by immersing the TAC3@I, copolymer in ethanol
(EtOH), a well-known solvent of I,, which released the latter
from TAC3@I, as proven from the UV-Vis spectra recorded for
ethanolic solution at various time periods (Fig. 8).”° Most of the
adsorbed iodine was released in the ethanol medium during
the first 40 minutes of immersion followed by a slower release

Pseudo 1st order model

Pseudo 2nd order model

Polymer e (2871 Gecal (€87 ki (h7) R Gecar (881 ky (W™ R
TAC1@I, 8.6 5.4 —57 x107* 9.49 x 107! 8.3 1.4 x 1074 9.93 x 107!
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Fig. 8 UV-Vis absorption graph of iodine release from TAC3@l, in ethanol.
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rate attaining equilibrium after 1 hour. These results empha-
size the ease with which TAC3 can be regenerated, either by
heating or immersion in ethanol, hence underscoring its
potential usage as a renewable material.

Investigation of TAC3 regeneration was examined by heating
the copolymer TAC3@I, to 120 °C for one day to completely
release the captured iodine and isolate the regenerated copoly-
mer TAC3(R), which was subsequently exposed to iodine vapors
before measuring its uptake capacity employing the previously
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described gravimetric method. This capture-release cyclic proce-
dure was repeated using the same copolymer sample for six
consecutive times showing only a minor drop of 3.8%, which has
proven the sturdy iodine capacity of TAC3 (Fig. 9).

The iodine adsorption efficiency of copolymers TAC1-3 in cyclo-
hexane mixtures was studied at various dilutions (100 mg L7,
300 mg L', 500 mg L~" and 1000 mg L") during 24 hours
(Fig. 10, 11, and Fig. S16 in the ESIt). The mother liquors’
absorbance was monitored with a UV spectrophotometer, to

-
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Fig. 10 UV-Vis absorption spectra of TAC3 were recorded after exposing it to iodine concentrations of 100 mg L™ (a), 300 mg L™ (b), 500 mg L™ (c)

and 1000 mg L™ (d) in cyclohexane solution for 24 hours.
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Table 3 Adsorption and removal rates of TAC1, TAC2, and TAC3 from
cyclohexane

Table 4 Summary of I, sorption capacities from aqueous solution by
TAC1-3

Initial concentration Adsorption capacity Removal
Polymer (mg L") (mgg™) efficiency (%)
TAC1 100 185 93
300 478 80
500 787 79
1000 762 38
TAC2 100 121 60
300 416 69
500 582 58
1000 555 28
TAC3 100 124 62
300 426 71
500 797 80
1000 1110 55

determine the amount of iodine absorbed by TAC1-3 against a
standardized absorption spectrum, as shown in Fig. 10(a)-(d).

Entry Polymer I, adsorption after 24 h (g g™ ")
1 TAC1 4.85
2 TAC2 4.58
3 TAC3 5.95

Fig. 11(a) depicts the quantity of iodine adsorbed for TAC1,
TAC2, and TAC3 from 100 mg L ' iodine in cyclohexane
preliminary concentration, revealing uptake capacities of
185 mg g%, 121 mg ¢ ', and 124 mg g™, respectively. When
testing the copolymers’ iodine adsorption capacity from 300 mg L™
of I, in cyclohexane, the adsorbed amounts were found to be
478 mg g ', 416 mg g ', and 426 mg g ' for TAC1, TAC2, and
TACS3, respectively. Similarly, when using an initial concentration of
500 mg L, the adsorption amounts were 787 mg g~ *, 582 mg g ',
and 797 mg g ' for TAC1, TAC2, and TAC3, respectively.
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Fig. 12 UV-Vis absorption spectra of an aqueous solution of iodine (1 mM) upon adding TAC1 (a), TAC2 (b) and TAC3 (c). Maximum |, adsorption capacity
measurements for all three copolymers TAC1-3 (d) (inset: images showing the color change of agueous I, solutions before and after adsorption by TACs).
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from aqueous Iz~ solution upon adding TAC1 (a), TAC2 (b) and TAC3 (c). Maximum I3~

adsorption capacity measurements for TAC1-3 (d) (inset: images showing the color change of aqueous I~ solutions before and after adsorption by

TACs).

Furthermore, when using a solution with an initial concentration of
1000 mg L™, the adsorption amounts were found to be 762 mg g%,
555 mg g !, and 1110 mg g ' for TAC1, TAC2, and TAC3,
respectively. Fig. 11(b) illustrates the iodine elimination efficacy of
TAC samples in the different iodine in cyclohexane solutions (ie.,
100 mg L, 300 mg L™ *,500 mg L' and 1000 mg L~ *), where TAC1
exhibited removal efficiencies of 93%, 80%,79% and 38% at
different dilutions, whereas TAC2 portrayed efficiencies of 60%,
69%, 58% and 28%. Likewise, TAC3 displayed exclusion efficiencies
of 62%, 71%, 80% and 55% for iodine in cyclohexane solutions
whose concentrations ranged from 100 mg L™" to 1000 mg L%, as
shown in Table 3. The differences in iodine adsorption and removal
rates among TAC1, TAC2, and TAC3 can be attributed to their
structural properties, the distribution of active sites, and the initial
iodine concentration. TAC3 appears to be the most efficient polymer
for iodine adsorption from cyclohexane solutions, especially at
higher concentrations, due to its superior structural characteristics
and higher number of active sites. However, beyond 1000 mg L~*
concentrations, the removal efficiency of TAC3 drops significantly,
indicating saturation of the active sites.”**® TAC3 showed the
maximum iodine uptake capacity of 1110 mg g~ " at a concentration
of 1000 mg L' (Fig. 11(a)), which highlights the copolymer’s
exceptional ability to remove iodine from cyclohexane solutions,
surpassing other adsorptive materials reported in the literature
(Table S3, ESI¥).">%%

The remarkable iodine adsorption performance of TAC1-3
from the vapor phase and cyclohexane prompted testing their
ability to capture I, from aqueous media. Therefore, the copo-
lymers were added to 1 mM solutions of iodine in water and
their uptake capacities were measured by UV/Vis spectroscopic
analysis (Fig. 12a-c), which revealed efficient iodine adsorption
within the first 30 minutes. It is worthwhile to note that the

© 2025 The Author(s). Published by the Royal Society of Chemistry

aqueous solution color changed from dark yellow to colorless
(inset of Fig. 12d). The iodine uptake reached equilibrium within
24 hours and the maximum I, uptake capacities recorded for
TAC1, TAC2, and TAC3 were found to be 4.85 g g™, 4.58 g g7,
and 5.95 g ¢!, respectively (Table 4 and Fig. 12). This excep-
tional iodine (I,) adsorption from aqueous solution for TAC3 is
very promising, especially when benchmarked against other
adsorbents reported in the literature (Table S4, ESI¥).>*%886788
In addition to neutral I, both iodide (I") and triiodide (I5~) are
two significant anionic iodine species. In aqueous media, I, tends
to form triiodide (I;7) species by the dynamic equilibrium
I, + I 2 L, especially when I is present. Therefore, the
adsorption of triiodide is crucial for effective iodine remediation.
To evaluate the effectiveness of the copolymers TAC1-3 in adsorb-
ing I;~ (also referred to as I,/I"), adsorption experiments were
conducted by immersing the copolymers in a KI; solution, which
was prepared by dissolving 300 mg KI and 150 mg I, in 100 mL of
water, for 48 hours and the iodine removal was monitored by UV-
Vis spectroscopy (Fig. 13a-c). Interestingly, the iodine uptake
capacities were found to be 4.89 g g~ " for TAC1, 3.90 g g~ ' for
TAC2, and 5.34 g g~ ' for TAC3 (Table 5 and Fig. 13d). These
results demonstrate the exceptional ability of copolymers TAC1-3
to adsorb I;~ from aqueous media, surpassing the performance of
other materials reported in the literature (Table S5, ESIT).%*

Table 5 Summary of |5~ sorption capacities from aqueous solution by

TAC1-3

Entry Copolymer I~ adsorption after 24 h (g g ")
1 TAC1 4.89

2 TAC2 3.90

3 TAC3 5.34
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Conclusion

In summary, we have successfully synthesized a novel class of 3D
metal-organic copolymers, TAC1-3, featuring Fe(u) clathrochelate
units with various secondary arylamine linkages, demonstrating
strong potential for sustainable applications. Iodine gas adsorp-
tion findings revealed an impressive sorption capacity of
1500 wt% and conformed to a pseudo-2nd-order kinetic model.
Additionally, these copolymers demonstrated significant iodine
uptake in cyclohexane, achieving an extreme adsorption capacity
of 1.11 g g " at an initial iodine concentration of 1000 mg L.
Regeneration tests confirmed the efficient recyclability of TAC3,
retaining high performance across six successive adsorption—
desorption cycles. In aqueous media, the copolymers also showed
promising iodine adsorption, with capacities reaching 5.95 g g~ *
in I, solutions and 5.34 g g ' in I;~ (KI/I;) solutions. These
conjugated copolymers offer multiple benefits, including ease of
synthesis, outstanding chemical and thermal stability, and sub-
stantial potential for environmental remediation, as evidenced by
their high iodine adsorption capacities.
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