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Background: The efficient capture of iodine and the reduction of COy emissions has become increasingly
important in recent years due to their potential threats to human health and the environment. Hypercrosslinked
Porous Organic Polymers (HPPs) are considered excellent adsorbent materials for these purposes due to their

fe:lmtc:k": high surface areas, controllable structures, and thermal/chemical stabilities.
Szupeprcapacitors Methods: This work aimed to produce Fe-Bi HPP and An-Bi HPP materials for use in I uptake and supercapacitors

applications. The preparation of these materials involved utilizing the Friedel-Crafts reaction of Fe-Di imidazole
and An-Di imidazole with 4,4-bis(chloromethyl)-1,1"-biphenyl (Bi-2Cl) in the presence of anhydrous FeCls.

Significant findings: These materials exhibited a narrow range of pore sizes in the micropore range and had a high
specific surface area of approximately 850 m? g 1. According to the results of the electrochemical analysis, the
Fe-Bi HPP demonstrated an energy density of 21 Wh Kg™! and capacitance of 147 F/g. The adsorption experi-
ments demonstrated the effectiveness of both materials in capturing iodine. The Fe-Bi HPP has superior efficiency
compared to the An-Bi HPP, which can be attributed to its larger surface area and the presence of the ferrocene

unit. It exhibits an impressive I, adsorption uptake of 112.84 mg g _.

1. Introduction

The excessive burning of petroleum products has resulted in
contamination of the environment, increased CO5 emissions, and the
discharge of hazardous particles from vehicle exhaust [1-10]. Scientists
have focused on discovering new and effective alternatives for storing
renewable energy to address this issue [10-15]. Electrochemical energy
storage has emerged as one of the most practical approaches to
addressing energy shortages [15-20]. Several electrochemistry-based
devices are developed, ranging from batteries to conventional capaci-
tors and supercapacitors (SCs) [21-25]. These devices possess desirable
features such as safety, suitable capacity intensity, fast charge/discharge
rates, and high cycle reliability [21-30]. Among these devices, SCs are
the most advanced and promising type for this application, with

additional benefits including low cost, exceptional longevity, and
high-rate efficiency [31-35]. Supercapacitors (SCs) store energy
through two different mechanisms, non-faradaic and faradaic. In the
non-faradic mechanism, ionic charges are generated electrostatically
between the electrodes and electrolytes, whereas in the faradic mecha-
nism, reversible redox reactions occur on a solid surface [35-40].
Consequently, the electrode material is one of the primary criteria that
influence the effectiveness of SCs. Electrode materials for SCs have been
widely explored using a variety of organic and inorganic materials.
[41-45]. Despite their numerous advantages, inorganic materials
feature a few disadvantages that create environmental concerns
[41-45], such as depletion of resources and pollution. Since
organo-electrodes have greater qualities, such as excellent efficiency,
low energy consumption, and environmental friendliness, there has
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Fig. 1. Schematic synthesis route for (a) Fe-Di imidazole and (b) An-
Di imidazole.

been an increase in interest in using them [41-45]. POPs are a kind of
porous material that has become popular in a number of applications,
including the removal of pollutants, sensing, the storage and separation
of COg, battery technology, and medication delivery [45-53]. Among
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the different types of POPs, Hypercrosslinked Porous Organic Polymers
(HPPs) have gained significant attention in the field of supercapacitors
due to their unique properties, including structural flexibility, vari-
ability in pore structures, and high physicochemical stability [54-55].
HPPs possess large pore structures, making them ideal as organic elec-
trode materials for supercapacitors [55-59]. Additionally, the specific
conjugated structure of HPPs, which features redox activity, results in
excellent electrochemical properties [55-59]. Currently, the most effi-
cient method for incorporating strong binding sites into amorphous
materials is by introducing moieties with a high affinity into the
framework. Lewis acidic iodine molecules are known to specifically bind
with nitrogen (N) and sulfur (S) atoms, as well as molecular building
blocks that are rich in n-bonds. However, there is a strong desire to
develop access to molecular building blocks with even higher electron
density than those found in typical n-bond-rich groups such as triple
bonds and phenyl rings. Such building units would create a framework
with a stronger binding capacity for I5. Ferrocene (Fe) is a building block
that is highly sought after due to its high electron density and its
effectiveness as an electron donor has been demonstrated in previous
studies [60,61]. The stable sandwich structure and redox capability of
ferrocene have generated significant interest in the field of organome-
tallic chemistry [60-64]. Incorporating the ferrocene moiety into poly-
mer structures is known to impart unique properties, including
exceptional magnetic, catalytic, electrical, sensing, and optical charac-
teristics [60-65]. This has made ferrocene an attractive building block
for designing novel polymers. Polymer materials based on ferrocene
exhibit potential for a wide range of applications, including memory
devices, redox batteries, catalysis, and energy storage [65-67]. These
exceptional properties make ferrocene a promising and novel option for
capturing iodine.

Iodine (I) serves as a typical radioactive pollutant. It presents a
significant worry for the atmosphere, surface water, and subsurface
water, whether in solid or fluid states. The gaseous form of iodine is
particularly concerning due to its rapid dispersion. Iodine can manifest
in the environment in different chemical forms: organic (CHgsl),
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Fig. 2. Schematic synthesis route for (a) Fe-Bi HPP and (b) An-Bi HPP.
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Table 1
Summarized TGA, BET, and capacitance data of Fe-Bi HPP and An-Bi HPP.
Sample  Tgs Ta10 Char Surface Pore Pore Capacity
( (°Q) Yield Area Volume Size at0.5A¢g
°C) (wt. (m%*/g)  (em’/g)  (nm) !
%) Fg™H
Fe-Bi 365 469 72 898 0.99 1.40 147
HPP
An-Bi 462 534 74 844 0.79 1.07 106
HPP

inorganic (I, 103, and I03), and elemental iodine (I2). This variability is
primarily attributed to its volatility and mobility. The radioactivity of
1291 poses a grave hazard to both human life and the environment, owing
to its extended half-life (1.57 x 107 years). Consequently, it accumulates
and endures in the environment while easily mingling with surface
water. Concerning '3'I, two primary issues arise: (i) the accidental
emission of radiation, which can harm living organisms due to its high
activity and half-life of 8.04 days, and (ii) its potential incorporation into
the respiratory and food processing systems of humans. To address these
radioactive iodine isotopes and associated problems, it is imperative to
develop suitable adsorbents and uptake mechanisms. The development

of a convenient method for the effective management of nuclear waste
aims to achieve controlled release and recycling of iodine while
considering environmental concerns. Two prevalent methods for
capturing iodine are solid and wet processes. In the wet process, a sol-
vent undergoes a reaction with iodine species and removes them as a
compound from either the gas or liquid phase. On the other hand, the
solid adsorption process involves the use of solid materials that possess
the ability to attract vapor or aqueous iodine to their surface upon
contact. Previous studies focused on adsorbing I, in a closed system,
utilizing saturated I, vapor at 75 °C, and measuring the subsequent in-
crease in mass under room temperature conditions to determine
adsorption capacity. However, radioactive iodine (*?°1 and 3'1) origi-
nating from nuclear waste has a propensity to enter water bodies due to
its volatility. While many porous materials are extensively used for
capturing iodine vapor, there is limited research on the uptake of iodine
from water. Therefore, it is crucial to remove iodine molecules from
aqueous solutions, where iodine typically exists in the form of I3. The
diameter of I3 is 5.3 A [68], making it easily loadable into porous ma-
terials. To address this, we conducted iodine adsorption experiments in
aqueous solutions using UV-vis absorption spectra.

In this study, we prepared two new HPPs materials, namely Fe-Bi and
An-Bi HPPs, through the reaction of Bi-2Cl with Fe-Di imidazole and An-
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Fig. 4. Ny sorption (a, b) and pore size distribution (c, d) profiles of Fe-Bi HPP (a, c¢), and An-Bi HPP (b, d), were recorded at 77 K.

Di imidazole in 1,2-dichlorobenzene and methanesulfonic acid, in the
presence of FeCls. We carefully examined and discussed the molecular
structures, porosity, morphology, thermal stability, and crystallinity of
these materials using FTIR, ssNMR, SEM, TEM, BET, XRD, and TGA
measurements. The BET analysis revealed that both Bi-HPPs showed
surface areas of up to 850 m? g~!, featuring meso and microporous
structures. Based on our findings, we anticipate that Fe-Bi and An-Bi
HPPs hold great potential as promising precursors for energy storage
applications and the adsorption of I5.

2. Experimental
2.1. Materials

Benzil (98%), ferrocenecarboxaldehyde (Fe-CHO, 98%), 9-anthrace-
necarboxaldehyde (An-CHO, 97%), ammonium acetate (CH3COONHy,
99.99%), 4,4"-bis(chloromethyl)—1,1"-biphenyl (Bi-2Cl, 95%) Ferric
chloride (FeCl3, 99.9%), methanesulfonic acid (CHsSOsH, 99%), acetic
acid (AcOH, 99%) and 1,2-dichlorobenzene were purchased from Sig-
ma-Aldrich. Tetrahydrofuran (THF), dichloromethane (DCM), meth-
anol (MeOH), and acetone were purchased from Acros.

2.2. Synthesis of 2-(ferrocen-9-yl)—4,5-diphenyl-1H-imidazole (Fe-Di
imidagzole)

To prepare Fe-Diimidazole, we mixed 1 g of benzil (4.76 mmol), 1.23
g of Fe-CHO (5.75 mmol), 1.83 g of CH3COONH4 (23.74 mmol), and 10
mL of AcOH in a Schlenk tube that had been dried using a flame. The
mixture was kept at 95 °C for 24 h. Afterward, we filtered the resulting
solid and washed it with different organic solvents to eliminate any
residual reagents. Finally, we dried the solid at 60 °C overnight, yielding
Fe-Di imidazole in the form of a black powder (3 g, yield: 63%).

2.3. Synthesis of 2-(anthracen-9-yl)—4,5-diphenyl-1H-imidazole (An-Di
imidazole)

To prepare An-Diimidazole, we introduced 1 g of benzil (4.76 mmol),
1.18 g of An-CHO (5.72 mmol), 1.83 g of CH3COONH,4 (23.74 mmol),
and 10 mL of AcOH into a Schlenk tube that had been dried over a flame.
The mixture was kept at 95 °C for 24 h. Afterward, we filtered the
resulting solid and washed it with different organic solvents to eliminate
any residual reagents. Finally, we dried the solid at 60 °C overnight,
yielding An-Di imidazole as a brown powder (3.3 g, yield: 69%).
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Fig. 5. SEM (a, b) and TEM (c, d) images of Fe-Bi HPP (a, c), and An-Bi HPP (b, d).

2.4. Synthesis of Fe-Bi HPP

To synthesize Fe-Bi HPP, Fe-Di imidazole (0.5 g, 1.24 mmol), Bi-2Cl
(1.855 g, 7.42 mmol), FeCl3 (1.204 g, 7.42 mmol), CHsSOsH (1.45 mL),
and 1,2-dichlorobenzene (30 mL). The mixture was refluxed at 140 °C
under nitrogen flow for 2 days. After the reaction was complete, the
resulting solid and washed with different organic solvents to eliminate
any residual reagents. Finally, we dried the solid at 60 °C overnight, to
obtain Fe-Bi HPP as a black powder with a yield of 0.24 g (yield: 48%).

2.5. Synthesis of An-Bi HPP

A mixture of An-Di imidazole (0.5 g, 1.26 mmol), Bi-2Cl (1.892 g,
7.57 mmol), FeCl3 (1.227 g, 7.56 mmol), CHsSOzH (1.47 mL), and 1,2-
dichlorobenzene (30 mL) in a round-bottom flask at 140 °C for 2 days.
After the reaction was complete, the resulting solid and washed with
different organic solvents to eliminate any residual reagents. Finally, we
dried the solid at 60 °C overnight, to obtain a brown powder of a brown
powder of An-Bi HCP (0.3 g, yield: 60%).

2.6. Preparation of Bi-HPPs materials for I, iodine uptake measurements

In order to investigate the iodine capture capacities of the Bi-HPPs
materials in a solution, we conducted the following procedure. First,
we established a calibration plot using a solution of iodine in cyclo-
hexane without any samples. Subsequently, we immersed 10 mg of each
sample in a sealed glass bottle containing an iodine/cyclohexane solu-
tion (0.2 mg mLfl, 10 mL). The solution was stirred for a period of time
and then subjected to centrifugation before measuring the UV-Visible
absorption spectroscopy. To assess the efficiency of iodine removal from
the solution by Bi-HPPs samples, we recorded the UV-vis spectra of the
iodine aqueous solutions at different time intervals, maintaining a
temperature of 25 °C.

3. Results and discussion

3.1. Synthesis and characterization of Fe-Di imidazole, an-Di imidazole,
Fe-Bi HPP and An-Bi HPP

The Fe-Di imidazole was synthesized by reacting Fe-CHO and benzil
with CH3COONHy in the presence of AcOH, as shown in Fig. 1(a). An-Di
imidazole was obtained by reacting benzil with CH;COONH4 and An-
CHO in AcOH, as shown in Fig. 1(b). The molecular structures of both
Fe-Di imidazole and An-Di imidazole were confirmed using FTIR and
NMR measurements, as depicted in Figs. S1-86. The absorption peaks
corresponding to C = C, C-H aromatic, and NH units were observed at
1593, 3044, and 3204 cm ™}, respectively for Fe-Di imidazole [Fig. S11,
while for An-Diimidazole, they were centered at 1596 and

3049, and 3162 cm’l, respectively [Fig. S2] [69,70]. The 11 and 3¢
NMR spectra of both Fe-Di imidazole and An-Di imidazole were recor-
ded in diluted DMSO-dg, as shown in Figs. $3-S6. The THNMR spectrum
of Fe-Di imidazole featured signals at 12.18 ppm for N-H units,
7.93-7.18 ppm for the phenyl rings, and the peaks at 4.94, 4.35, and
4.14 ppm for the ferrocene unit [Fig. $3]. The H NMR spectrum of
An-Di imidazole featured signals at 12.94 ppm for N-H units, and
8.20-7.24 ppm for the aromatic carbons [Fig. S4]. The '3C NMR spec-
trum of Fe-Di imidazole featured bands in the range of 137.01-126.94
ppm for the carbon nuclei of the aromatic ring, and 76.13, 69.57, and
66.66 ppm for the ferrocene unit, as shown in Fig. S5. The 1°C NMR
pattern of An-Di imidazole featured bands in the range of
137.71-126.30 ppm for aromatic carbons, as depicted in Fig. S6. Fig. 2
outlines the step-by-step process for synthesizing Fe-Bi HPP and An-Bi
HPP. In Fig. 2(a) and (b), the initial reaction involves combining Fe-Di
imidazole or An-Di imidazole with anhydrous FeCls and Bi-2Cl in the
presence of 1,2-dichlorobenzene and CHsSOsH. This reaction produces
Fe-Bi HCP, which is a black powder, and An-Bi HCP, which appears as a
brown powder. The FTIR spectra of Fe-Bi HPP and An-Bi HPP were
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Fig. 6. CV (a, b) and GCD (c, d) profiles of Fe-Bi HPP (a, c¢) and An-Bi HPP (b, d).

recorded at room temperature and presented in Fig. 3(a). In the spectra
of Fe-BiHCP, the C=C aromatic groups were represented by FTIR signals
in the range of 1489-1608 cm™’, while the C-H aliphatic groups were
indicated by a signal at 2924 cm™. The FTIR signals of An-BiHPP in the
range of 1486-1609 cm™' due to their C=C aromatic groups, while the
signal at 2918 cm™! was associated with the C-H aliphatic groups. The
vanishing of the C-Cl bond and the appearance of signals of C-H
aliphatic groups in both Fe-Bi HPP and An-Bi HPP suggest the formation
of cross-linked networks. Fig. 3(b) shows that the chemical compositions
of Fe-Bi HPP and An-Bi HPP were verified using solid-state 13C NMR
measurement (SSNMR). The phenyl groups in Fe-Bi and An-Bi HPPs were
identified by the appearance of characteristic signals at 145.06-118.25
ppm and 146.09-118.63 ppm, respectively. The peaks observed in the
sSNMR spectrum of Fe-Bi HPP from 79.56 to 88.69 ppm provide strong
evidence for the presence of ferrocene units in Fe-Bi HPP. This finding
agrees with the data reported by Okada et al. [71] further confirming the
existence of ferrocene units in Fe-Bi HPP. The weight reduction in the
descending thermal curves depicted in Fig. 3(c) indicates that the Fe-Bi
HPP and An-Bi HPP undergo thermal degradation. TGA measurements
reveal that Fe-Bi HPP exhibits Tys, Tq41¢, and char yield values of 365 °C,
469 °C, and 72%, respectively, while An-Bi HPP displays Tgs, T410, and
char yield values of 462 °C, 534 °C, and 74%. These values, along with
those for other Bi-HPPs materials, are summarized in Table 1,

demonstrating the excellent thermal stability of our porous materials.
The XRD profile of both Fe-Bi HPP and An-Bi HPP in Fig. 3(d) indicates
that these materials possess semicrystalline properties.

N adsorption/desorption measurements were used to confirm the
porosity properties of the Fe-Bi HPP and An-Bi HPP at 77 K, as shown in
Fig. 4 and Table 1. Prior to the analyses, the Bi-HPPs samples underwent
vacuum degassing for 12 h (at 150 °C). Based on the IUPAC system, the
adsorption profile indicates that the Fe-Bi HPP had IV adsorption iso-
therms (Fig. 4(a)), while the An-Bi HPP had type IV (Fig. 4(b)). More-
over, the Fe-Bi HPP displayed an improved N uptake capacity at both
low and high-pressure regions in its BET profile, which suggests that
meso and micropores are present within the framework of Fe-Bi HPP. On
the other hand, the An-Bi HPP showed a hysteresis loop due to the
presence of ink-bottle-type pores. The specific surface areas of Fe-Bi HPP
and An-Bi HPP were 898 and 844 m? g™}, respectively. Using nonlocal
density functional theory (NLDFT), the pore size distributions of Fe-Bi
HPP and An-Bi HPP were estimated, yielding micropore diameters of
1.40 and 1.07 nm, respectively (Fig. 4(c) and (d)). The pore volume was
0.99 cm® g1 for Fe-Bi HPP and 0.79 cm® g~! for An-Bi HPP.

To examine the ordering and morphology characteristics of Fe-Bi
HPP and An-Bi HPP, SEM, and HR-TEM techniques were used, as illus-
trated in Fig. 5. The SEM images demonstrate that Fe-Bi HPP is
composed mainly of aggregated nanospheres in clusters, while An-Bi
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materials with other reported porous polymer materials.

HPP forms irregular rock-like clusters [Fig. 5(a) and (b)]. The findings
from HR-TEM images suggest that both HPPs possess a porous structure
characterized by a uniform pore diameter, but no long-range ordering
was detected [Fig. 5(c) and (d)].

3.2. Supercapacitor performance of Fe-Bi HPP and An-Bi HPP materials

The unique structure of ferrocene, resembling a sandwich, and its
high electron density make it capable of exhibiting remarkable redox
performance, thus allowing it to function effectively as an electron
donor. These characteristics combine features of both organic and
metallic compounds [60,61,67]. To study the electrochemical properties
of Bi-HPPs, cyclic voltammetry (CV) and galvanostatic charge-discharge
(GCD) measurements were carried out in a three-electrode system
comprising glassy carbon, platinum, and Hg/HgO electrodes, respec-
tively. The measurements were performed in an aqueous solution of 1.0
M KOH. To analyze the electrochemical properties of Fe-Bi HPP and
An-Bi HPP, their CV curves [shown in Fig. 6(a) and (b)] were recorded
by sweeping the potential over a range of —1.0 to 0.0 V (vs Hg/HgO) at
different scan rates varying from 5 to 200 mV s~l. The observed

rectangle-like humped shape of the curves is a characteristic feature of
electric double-layer capacitance (EDLC), which suggests that the pre-
pared HPPs remained stable during the current sweep. While the shape
of the curves remained unchanged, the peak current density showed an
increase with an increase in the CV scan rate, indicating good
electron-transporting properties and facile kinetics. The GCD profiles of
Fe-Bi HPP and An-Bi HCP [Fig. 6(c) and (g)] show triangular shapes,
which are typical features of pseudocapacitance behavior. The Fe-Bi
HPP material had a longer discharge time and bigger discharge area
than the An-Bi HPP material at all current densities, indicating that Fe-Bi
HPP had higher specific capacities than the An-Bi HPP.

Measurements of the specific capacitance of the Bi-HPPs electrodes
were taken at different current densities. It was observed that at a cur-
rent density of 0.5 A g~*, the capacitance values for Fe-Bi HPP and An-Bi
HPP were found to be 147 and 106 F g’l, respectively [Fig. 7(a)]. Fe-Bi
HPP exhibits better electrochemical performance than An-Bi HPP
because it contains a ferrocene moiety and has a larger surface area [31,
67,72]. The cycling stability of the Bi-HPPs electrodes was evaluated at
10 A g1, and after 2000 cycles of charge and discharge, the retention
values were found to be 95.24% and 83.33% for Fe-Bi HPP and An-Bi
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HPP, respectively [Fig. 7(b)]. These results suggested that Bi-HPPs
materials had good cycling stability and were suitable for super-
capacitor applications. Moreover, the Fe-Bi HPP material had a higher
energy density value (21 Wh kg™1) than the An-Bi HPP material (15 Wh
kg’l) [Fig. 7(c)], indicating that Fe-Bi HPP exhibited superior specific
capacitance in comparison to other porous polymer electrodes [Fig. 7
(d)]. Overall, these findings suggest that the Fe-Bi HPP material is a
promising candidate for use in supercapacitor applications.

3.3. Iodine capture and release for Fe-Bi HPP and An-Bi HPP materials

The water contact angle (WAC) data indicates that our Fe-Bi and An-
Bi HPPs demonstrate superior water compatibility and adsorption ca-
pabilities [contact angle below 40° for Fe-Bi and An-Bi HPPs, Fig. S71.
This can be attributed to the combined impact of their increased surface
areas and improved hydrophilic surfaces, making them promising can-
didates for I adsorption. We initially generated a calibration plot using
an iodine/cyclohexane solution that did not contain any samples, as
depicted in Fig. S8. To assess their capacity for adsorbing iodine from
solution, we immersed 10 mg of each sample in an iodine/cyclohexane
solution (200 mg L_l, 10 mL) in a sealed glass bottle, stirred for a
specified period, and then centrifuged the solution before analyzing it
using UV-Visible absorption spectroscopy [Fig. 8(a) and (b)]. Our

results showed that the initial adsorption of iodine was rapid and was
adsorbed faster in the initial 24 h [Fig. 8(c)], reaching equilibrium after
72 h. The maximum iodine removal efficiency values for Fe-Bi HPP and
An-Bi HPP were 53.47% and 37.01%, respectively. Fe-Bi HPP exhibited
higher removal efficiency than An-Bi HPP in cyclohexane solution,
which could be attributed to its larger pore volume and pore size, as well
as the synergistic effects of its ferrocene units, nitrogen heteroatoms, and
the conjugated n-electron-rich aromatic system. To evaluate the
desorption efficiency of the iodine-loaded samples (Io@Bi-HPPs), we
measured the weight of I,@Bi-HPPs samples at different time intervals
in the air at 130 °C [Fig. 8(d)]. The iodine release efficiency was up to
85.03% and 88.56%. Our findings clearly indicate that Fe-Bi HPP has a
higher adsorption capacity compared to An-Bi HPP.

Fig. 9(a) presents the adsorption isotherms of I on the Fe-Bi and An-
Bi HPPs. It is evident from the figure that as the initial concentration of I
increases, the adsorption capacity also increases. The maximum I
adsorption values achieved for Fe-Bi and An-Bi HPPs were 112.83 mg/g
and 76.43 mg/g, respectively. The observed adsorption behavior of Fe-
Bi and An-Bi HPPs can be attributed to the enhanced attraction between
the I, ions and the adsorption sites on the adsorbent, resulting in a
stronger driving force for adsorption.

The Langmuir isotherm model and the Freundlich isotherm model
[shown in Fig. 9(b) and (c)] were utilized to correlate the observed Iy
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Fig. 9. (a) Adsorption isotherms of I, (b) Linear fittings of the adsorption isotherm data of I, to Langmuir and Freundlich isotherm models using Fe-Bi and An-

Bi HPPs.
Table 2
Isotherm parameters for adsorption of I onto Fe-Bi and An-Bi HPPs.
Adsorbent Langmuir Freundlich
Qexp Gumax Ky, R? Ky i/m R
(mgg A/ (mg'™
e mg) L"/g)
Fe-Bi HPP 112.83 128.2 0.039 0.994 14.746 0.411 0.981
An-Bi HPP 76.43 78.92 0.142 0.998 22.599 0.263 0.908

adsorption data. These isotherm models are widely employed and offer
clear equations to describe the adsorption process. Eqs. (1) and (2) de-
pict the simplified forms of the Langmuir and Freundlich models,
respectively, and the corresponding parameters are listed in Table 2.

Ce 1 Ce
e T 2 (€))
9 Gmax X Kb Qax
1
logq, = logKy + HlogCe ()]

Ce represents the concentration of I in the liquid phase (measured in
mg/L). qe represents the amount of I, adsorbed at equilibrium
(measured in mg/g), and qmax indicates the maximum adsorption ca-
pacity of Fe-Bi and An-Bi HPPs (measured in mg/g). The Langmuir
constant (Kp, measured in L/mg) and the Freundlich constant (Kg,
measured in mg! ™" L"/g) are associated with the adsorption energy and

adsorption capacity, respectively. The Fe-Bi and An-Bi HPPs exhibited
higher correlation coefficients (RZ, 0.994 and 0.998) for the Langmuir
isotherm model compared to the Freundlich isotherm (RZ, 0.981 and
0.908). This indicates that the adsorption of I, by Fe-Bi and An-Bi HPPs
predominantly occurs at a monolayer level, as shown in Fig. 9(b) and
(c). Utilizing the Langmuir equation, the maximum adsorption capac-
ities of I on Fe-Bi and An-Bi HPPs were estimated to be 128.2 and 78.92
mg/g, respectively. These estimates closely align with the experimental
measurements reported in Table 2, which are 112.83 and 76.43 mg/g,
respectively.

To understand the behavior of I adsorption on Fe-Bi HPP and An-Bi
HPP, we conducted kinetic studies [including the pseudo-first-order,
pseudo-second-order, and intraparticle diffusion models]. I adsorp-
tion data fitted with the pseudo-first-order model are shown in Fig. 10(a)
and (b), while the pseudo-second-order model is shown in Fig. 10(c) and
(d). The intraparticle diffusion model is shown in Fig. 10(e) and (f). The
kinetic characteristics of Iy adsorption on Fe-Bi HPP and An-Bi HPP are
listed in Table 3. The findings showed that for Fe-Bi HPP and An-Bi HPP,
respectively, the pseudo-first-order model exhibited a coefficient of
correlation (R?) of 0.98 and 0.86. For Fe-Bi HPP and An-Bi HPP,
respectively, the pseudo-second-order model showed greater co-
efficients of correlation of 0.99 and 0.99. These findings imply that the
pseudo-second-order kinetic model more accurately captures the I,
adsorption behavior on both materials, suggesting that chemisorption
takes place during I, adsorption on these materials [73]. Both Fe-Bi HPP
and An-Bi HPP were found to have adsorption capacities of 106.72 and
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Fig. 10. The adsorption kinetic of I, using Fe-Bi HPP and An-Bi HPP, representing pseudo-first-order (a and b) and pseudo-second-order kinetics (c and d) for Fe-Bi
HPP and An-Bi HPP, respectively, and (e and f) intraparticle diffusion for Fe-Bi HPP and An-Bi HPP, respectively. R? denotes the corresponding correlation coefficient

value obtained via the linear fitting method.

Table 3
Kinetic parameters for adsorption of I, onto Fe-Bi HPP and An-Bi HPP.

Adsorbent Pseudo-first-order Pseudo-second-order Intraparticle diffusion
Ge1 K R? Ge2 Ko R? K; c R?
(mgg ™" (min~") (mgg ™ (g mg ' min" "
Fe-Bi HPP 62.51 0.0008 0.98 106.72 0.00006 0.99 1.44 36.19 0.99
An-Bi HPP 51.45 0.0005 0.86 72.94 0.00005 0.99 117 16.86 0.92

72.94 mg g~ !, respectively. To analyze the diffusion process during Iy
adsorption, we employed the intraparticle diffusion model to fit the
kinetic data. Fig. 10(e) and (f) show the relationship between qt and to.s,
and the adsorption curve is divided into three stages. The initial linear
step represents external surface adsorption, the second step corresponds
to intraparticle diffusion, and the third stage is the equilibrium stage.
However, our results indicate that the intraparticle diffusion model was
not applicable because the plot of q; against %5 did not yield a straight
line passing through the origin. Therefore, intraparticle diffusion did not
control the rate of I, adsorption on Fe-Bi HPP and An-Bi HPP [74].
Table 3 presents the values of K; and C, which we calculated from the
slope and intercept of the second linear stage. Figure S9 shows the
schematic diagram of I, captures in the Fe-Bi HPP sample.

4. Conclusion

The study successfully prepared Fe-Bi HPP and An-Bi HPP materials
using the Friedel-Crafts reaction and analyzed their physical properties
such as specific surface area, pore size, thermal stability, and sorbent
properties. Fe-Bi HPP had a thermal degradation temperature of 469 °C
and a char yield of 72 wt%, while An-Bi HPP had a thermal degradation
temperature of 534 °C and a char yield of 74 wt%. Both materials had a
high specific surface area of around 850 m? g! and a narrow distribu-
tion of pore sizes in the micropore range, according to BET data. Elec-
trochemical analysis showed that Fe-Bi HPP and An-Bi HPP had a

10

capacitance of 147 and 105 F g~ ! with the energy density of 21 and 15
Wh Kg L. The I, capture performance of Fe-Bi HPP was found to be
superior to that of An-Bi HPP, which could be explained by the high
surface area and the presence of the ferrocene unit in Fe-Bi HPP,
resulting in a remarkable adsorption capacity of 112.84 mg g *. These
results hold significant importance in devising effective techniques to
minimize the possible risks linked with the waste produced by the nu-
clear industry.
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