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In this paper, novel hydrogen-bonded metal-complex frameworks MPM-1-TIFSIX and HOF-21 were selected as
adsorbents to adsorb iodine. MPM-1-TIFSIX and HOF-21 were prepared by layering method and mixed stirring
method, respectively. The structures of the two HOFs were characterized in detail by XRD, BET, TGA and FT-IR.
The adsorption behavior and adsorption capacity of MPM-1-TIFSIX and HOF-21 for iodine were investigated in
detail. The experimental data showed that the equilibrium adsorption amounts of MPM-1-TIFSIX and HOF-21

were 205.51 mg/g and 172.86 mg/g, respectively. The adsorption process of MPM-1-TIFSIX was conformed to
be pseudo-second-order kinetic, while the adsorption process of HOF-21 was conformed to be pseudo-first-order
kinetic. The results indicated that HOFs could be used as iodine capture and storage materials.

1. Introduction

As an important non-metallic element, iodine has a wide range of
applications in chemical, pharmaceutical and life sciences [1]. In the
chemical industry, the dehydrogenation of iodoalkanes is often used to
produce unsaturated hydrocarbons [2]. At high temperatures, by-product
hydrogen iodide continues to dehydrogenate to form iodine that is
released into the atmosphere with the plant's exhaust gases. In the nu-
clear industry, fission of heavy nuclear elements produces thermal en-
ergy while producing some radioactive elements, including iodine [3].
Radioactive iodine elements such as I'?° and I'®! are easily sublimated,
produce y-rays and remain in the environment for a long time, which are
very harmful to the human body and the environment [4]. At the same
time, radioisotopes of iodine are used to research diseases related to the
thyroid gland [5]. Once these radioactive iodine elements escape, they
will cause great harm to the environment and the human body [6]. With
the development of society and the advancement of technology, elec-
tronic products are becoming more and more popular, and at the same
time, electronic waste is increasing [7]. According to statistics, one-tenth
of the annual global gold production is used to produce electronic
products [8]. At present, a mixed solution of iodine and iodide is
commonly used as a leaching agent to recover gold in electronic waste
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[7a,9].

Currently used iodine adsorbents include silver-plated zeolite, acti-
vated carbon, graphene aerogel and chalcogen aerogel [10]. The treat-
ment processes include Mercurex, Iodox, electrolysis and lye elution
[10c]. These adsorbents and treatment processes are capable of effec-
tively treating iodine, but they have some disadvantages such as high
cost, high equipment requirements, and intractability after-products. The
emergence of new porous materials offers a variety of options for
capturing iodine [11.] Metal-organic frameworks (MOFs) and
covalent-organic frameworks (COFs) are novel porous materials [4b,12].
Due to their simple synthesis, high porosity, large specific surface area
and adjustable structure, they have a wide range of applications in
adsorption and separation [13]. Like MOFs and COFs, hydrogen-bonded
organic frameworks (HOFs) are also a new type of porous materials that
have been formed by hydrogen bonding in recent years [14]. HOFs are
framework materials in which organic units are connected to each other
by hydrogen bonding. The organic unit includes a pure organic monomer
and a metal-complex. The van der Waals force, n-n stacking, halogen
bond, etc. inside the HOF structure can strengthen the structure of the
material [15]. Although the specific surface area of HOFs is not large
compared with MOFs and COFs, which limits the application of HOFs,
the specific surface area of HOFs material has been further improved with
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the deepening of research. For instance, Oppel et al. successfully intro-
duced backbones into the materials to prepare HOFs with a specific
surface area of 2700 m> g’1 [16]. Compared with MOFs and COFs, HOFs
also show some advantages, such as solution processability and charac-
terization, easy purification and healing by simple recrystallization. This
is mainly because hydrogen bonds are weak, flexible, directional, and
reversible [17]. Therefore, HOFs have attractive research and application
prospects in gas storage, carbon dioxide capture, hydrocarbon separa-
tion, molecular recognition, and optical applications [18.].

Due to the inherent porosity of HOFs, it also has potential application
value in adsorption. Lin et al. synthesized the elastic Hydrogen-bonded
cross-linked organic framework (HcOF-1) and found that HcOF-1 had a
good adsorption effect on iodine with a maximum adsorption capacity of
2.1g/g [12b]. However, the structure of HcOF-1 was destroyed after
adsorption. Li et al. prepared n-stacked/H-bonded supramolecular
organic frameworks (JLUE-SOFs) with different morphologies, and
studied the adsorption properties of iodine [19]. The maximum adsorp-
tion capacity of JLUE-SOFs was 207 mg/g. Zaworotko and Chen greatly
improved the stability and porosity of HOFs by introducing
metal-complex inside HOFs [20]. This is advantageous for the progress of
adsorption. In general, HOFs have been rarely studied in terms of iodine
adsorption. So, we synthesized [Cuy(ade)s4(TiFg)2] (MPM-1-TIFSIX,
ade = adenine) according to previous reports [20a]. Different from the
layering method reported in the literature, we synthesized [Cua(a-
de)4(H20)s] - 2SiFg (HOF-21) more quickly and efficiently by stirring
method [20b]. The iodine adsorption capacity of these two HOFs was
further investigated (see Scheme 1). The experimental data showed that
MPM-1-TIFSIX and HOF-21 had good iodine adsorption performance,
and the equilibrium adsorption amounts were 205.51mg/g and
172.86 mg/g, respectively. At the same time, the relationship between
the structure and adsorption properties of these two HOFs was analyzed.
At the structural level, some strategies were proposed for the synthesis of
iodine adsorbents.

A‘r « + . + MPM- l\;TIFSIX
C
’ Cu2+ —
Adenine ¢ %
s * - HOF-21

SiFGZ'L

Scheme 1. The synthesis process of MPM-1-TIFSIX and HOF-21. Blue is a ni-
trogen atom; gray is a carbon atom; white is a hydrogen atom; green is a tita-
nium atom; orange is a silicon atom; and yellow is a fluorine atom; Purple is a
copper atom.
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2. Results and discussion

The synthesized MPM-1-TIFSIX and HOF-21 were immersed in
methanol and then dried under vacuum at 65 °C. The crystal structure
was tested by an X-ray diffractometer (Fig. 1). By comparison, we found
that the HOF-21 prepared by the stirring method was the same as the
structure prepared by the layering method. The main diffraction peaks
(260 =8.3°, 9.6°, 10.4°, 12.6°,13.3°, 19.5°, 21.6°, 29.3°) were observed
(Fig. 1a), indicating that we have successfully prepared HOF-21 using a
simpler and more efficient method. Similarly, the main characteristic
diffraction peaks of MPM-1-TIFSIX (20 =5.5°, 7.2°, 9°, 9.4°, 11°, 13°,
14.2°, 15.4°) have also appeared (Fig. 1b). At the same time, we found
that the structure of MPM-1-TIFSIX and HOF-21 after iodine adsorption
was still maintained. The result indicated that the entry of iodine mole-
cules did not destroy the molecular structure of both compounds.

To further understand the thermal stability of materials, thermogra-
vimetric analysis (TG) was used to characterize the thermal stability of
materials (Fig. 2). Due to the departure of the guest molecules in the
pores, MPM-1-TIFSIX and HOF-21 had a small weightless platform before
100 °C. Then the mass reduction of HOF-21 in the middle of 100-210 °C
was caused by the departure of water molecules in the molecular struc-
ture. However, MPM-1-TIFSIX had no weight loss platform between 100-
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Fig. 2. The TG curves of MPM-1-TIFSIX and HOF-21.
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Fig. 3. CO, adsorption curves of MPM-1-TIFSIX and HOF-21.
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Fig. 1. a HOF-21 XRD pattern; b MPM-1-TIFSIX XRD pattern.
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Fig. 4. Adsorption kinetic curve of MPM-1-TIFSIX and HOF-21. a and b are pseudo-first-order and pseudo-second-order curves of MPM-1-TIFSIX; ¢ and d are pseudo-

first-order and pseudo-second-order curves of HOF-21.

Table 1
Kinetics parameters of MPM-1-TIFSIX and HOF-21.

Sorbents Pseudo-first-order kinetics Pseudo-second-order kinetics
Ky qe (mg R? Ko (g mg’1 qe (mg R?
™ gh h™) g
MPM-1- 0.0211 154.91 0.964 2.25x107* 216.92 0.978
TIFSIX
HOF-21 0.0212 206.44 0933 1.79x107° 377.36 0.603

210 °C, because there were no coordinated water molecules in the mo-
lecular structure of MPM-1-TIFSIX. Above 210 °C, the adenine ligand
began to decompose. As a result, both HOFs had good thermal stability,
but the difference in structure caused a difference in their thermal
stability.

The porosity of the materials was confirmed by testing the CO
adsorption curve at 298 K (Fig. 3). Activated MPM-1-TIFSIX and HOF-21
obtained the reversible type-I CO, adsorption curve at 298 K. The
adsorption curve indicated that both HOFs belong to the microporous
material, indicating the porous structures of the both HOFs. At 298 K and
1 atm, the CO, adsorption capacity of MPM-1-TIFSIX was 67.6 ml/g,
which was slightly less than the reported values in the literature [20a].
This indicated that the specific surface area of MPM-1-TIFSIX herein was
close to that reported in the literature. The difference in specific surface
area and porosity affected the amount of CO, adsorbed. By comparing the
difference in CO, adsorption between HOF-21 and MPM-1-TIFSIX at
298K and 1 atm, it was not difficult to find that the specific surface of
HOF-21 was smaller than MPM-1-TIFSIX, which was consistent with the
reported in the literature [20b].

The adsorption behavior was preliminarily demonstrated by
dispersing 20 mg of the activated sample in 30 mL of a solution of iodine/
cyclohexane (3 x 1073 M). At the initial concentration, MPM-1-TIFSIX
and HOF-21 had the highest adsorption rate. With the increase of time,
the adsorption rate gradually decreases, and the adsorption equilibrium
was reached in 96h. The equilibrium adsorption amount was
205.51 mg/g and 172.86 mg/g, respectively. And as time goes on, the
amount of adsorption would continue to increase. The dynamics
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Fig. 5. The amount of adsorption of the two HOFs at different initial
concentrations.

simulation curves and parameters are shown in Fig. 4 and Table 1,
respectively. The R? of the MPM-1-TIFSIX adsorption iodine pseudo-first-
order kinetic model is 0.964, and the R? of the pseudo-second-order ki-
netic model is 0.978. The R? of the pseudo-first-order kinetic model is
slightly smaller than the R? of the pseudo-second-order kinetic model,
which indicates that the process of adsorbing iodine by MPM-1-TIFSIX is
more in line with the pseudo-second-order kinetic model. Also, the
equilibrium adsorption amount (216.92mg/g) calculated from the
pseudo-second-order kinetic model is closer to the experimental data
(205.51 mg/g). Interestingly, the R? (0.933) of the pseudo-first-order
dynamic model of HOF-21 is significantly larger than that of the
pseudo-second-order simulation (0.603), indicating that the process of
HOF-21 adsorption of iodine conforms to the pseudo-first-order kinetic
model. According to the pseudo-first-order and the pseudo-second-order
kinetic model, the equilibrium adsorption amounts were calculated to be
206.44mg/g and 377.36 mg/g, respectively. In contrast, the experi-
mental data (172.86mg/g) is closer to the equilibrium adsorption
amount calculated by the pseudo first-order kinetic model. It can be seen
that the adsorptions of iodine by MPM-1-TIFSIX and HOF-21 are two
different processes, which may be related to the structure of the pores of
the two HOFs. To investigate the effect of initial concentration on
adsorption, 10 mg activated sample was dispersed in 15 mL of different
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initial concentrations of iodine solution (1.5x107°M, 6 x 10™*M,
3x10°* M, 1.5 x 1074 M). As can be seen in Fig. 5, the iodine adsorption
of the two HOFs is small at low initial concentrations. As the initial
concentration increases, the amount of adsorption also increases.

According to previous reports, paddlewheels that formed by self-
assembly of central Cu2+, four adenine molecules and two TiFg’ mole-
cules constituted the network of MPM-1-TIFSIX by hydrogen bonding.
This network included hourglass channels of approximately 7 A and
small triangular channels [20a]. In HOF-21, SiF%Jr bridged the long band
composed of dinuclear paddlewheel by hydrogen bonding and forms a
two-dimensional layer. The two-dimensional layers were then further
joined by SiF2* to form a porous HOF in which there was a 3.6 A channel.
In the dinuclear paddlewheel, Cu>" was coordinated with four adenine
molecules and two HyO [20b]. Different intermolecular structures lead to
differences in porosity of different materials, further affecting the prop-
erties of the material. MPM-1-TIFSIX has a larger porosity than HOF-21,
so MPM-1-TIFSIX has a larger adsorption amount than HOF-21. The
difference in porosity and the material structure results in different
adsorption amounts of the two HOFs.

The PXRD of MPM-1-TIFSIX and HOF-21 with addition of iodine is
identical with the original HOFs, indicating that the structure of MPM-1-
TIFSIX and HOF-21 remained the same. At the same time, FT-IR was also
carried out to investigate the interaction between the two HOFs and
iodine (Fig. 6). The IR spectra of the two HOFs before and after
adsorption were consistent, conforming that there is no interaction be-
tween iodine and the HOFs. Based on the experimental data we measured
and combining the structure of the two HOFs, we hypothesized that the
adsorption mechanism of MPM-1-TIFSIX and HOF-21 was a weak elec-
trostatic interaction between the pyrimidine ring and the iodine
molecule.

3. Experimental section
3.1. Materials and general methods

Cu(NO3)2-2.5H,0 was provided by Wuxi Prospect Chemical Reagent
Co., Ltd. (Jiangsu, China). Adenine (ade) was provided by Sun Chemical
Technology (Shanghai) Co., Ltd. (Shanghai, China). (NH4)2SiF¢ and
(NH4)2TiFg was purchased from Shanghai Maclean Biochemical Tech-
nology Co., Ltd. (Shanghai, China). Iodine was purchased by Shanghai
Aladdin Biotechnology Co., Ltd. (Shanghai, China). Acetonitrile was
purchased from Tianjin Komi Chemical Reagent Co., Ltd. (Tianjin,
China). Methanol (MA) and Cyclohexane were supplied by Gaojing Fine
Chemical Co., Ltd. (Hangzhou, China). All the chemical reagents were
analytical grade and used without further purification.

The chemical structure of MPM-1-TIFSIX and HOF-21 were analyzed
by FT-IR spectrometer (Nicolet 5700, Thermo Electron Corp., USA). In
the range of 4000-400 cm 7, it was detected by the method of KBr disk at
a resolution of 4 cm™!. The specific surface area was analyzed by the
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Brunauer-Emmett-Teller (BET) method. The CO5 adsorption-desorption
isotherm at 298 K was measured on a Micrometrics ASAP 2010 system
to analyze their pore structure. The Crystal structures of MPM-1-TIFSIX
and HOF-21 were characterized by X-ray powder diffractometer (XRD,
ARL X'RA, Thermo Electron Corp) with monochromatic Cu Ka
(1.54056 f\) radiation (40kV, 40 mA) in the 20 range of 3-40° at a
scanning rate of 5°/min. The thermal stability of MPM-1-TIFSIX and
HOF-21 was analyzed by thermogravimetric analyzer (TGA, Pyris Dia-
mond I, PerkinElmer Corporation). A 3-8 mg sample was heated from 30
to 800 °C at a heating rate of 10 °C/min under a nitrogen atmosphere.

3.2. Synthesis

The preparation of MPM-1-TIFSIX and HOF-21 were based on pre-
vious reports with slight modifications [20]. The synthesis of
MPM-1-TIFSIX was as follows: at room temperature, 1.5mmol
(204.9mg) adenine was dissolved in 30mL 1:1 acetonitrile/H50,
recorded as solution A; 0.76 mmol (183.6mg) Cu(NOs3)2-3H,O and
0.76 mmol (150 mg) (NHy4),TiFe was dissolved in 30 mL water, recorded
as solution B; 10 mL 1:1 acetonitrile/H>0O was recorded as solution C.
Solution C was slowly added to the upper layer of solution A, solution B
was added to the upper layer of the mixed solution. The system was
allowed to stand for 4 days, and the precipitate is centrifugally dried to
obtain MPM-1-TIFSIX. The synthesis of HOF-21 was as follows: at room
temperature, 30 mL of adenine (1.5mmol) 1:1 acetonitrile/H>O was
added dropwise to 30 mL of an aqueous solution of Cu(NOs)3-3H20
(0.76 mmol) and (NH4),SiFg (0.76 mmol), and stirred for 3 h. Then, it
was centrifuged to obtain HOF-21.

3.3. Kinetics of iodine adsorption

The pseudo-first-order and the pseudo-second-order were used to
analyze the adsorption behavior of the MPM-1-TIFSIX and HOF-21 [21].
The adsorption rate constant is obtained from the pseudo-first-order
equation as shown below:

In(g, — q,) =Ing, — ky? @

where ¢, and q. are the adsorption capacities (mg/g) at time t and

equilibrium, and k; is the pseudo-first-order rate constant. From the

graph of In(q. — q;) versus t, the values of k; and g, are determined.
The pseudo second-order dynamics model expression was as follows:

d

I =g —a) @
1

The linear expression is as follows:
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Fig. 6. FT-IR image before and after iodine adsorption of MPM-1-TIFSIX and HOF-21.
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where ¢; and g, are the adsorption capacities (mg/g) at time t and
equilibrium, and k, is the pseudo second-order rate constant and is
determined from the linear plot of t/q; versus t.

4. Conclusion

In summary, we have tried to apply HOF materials to the capture and
storage of iodine, expanding the range of choices for iodine sorbents and
achieving ideal results. The different construction modes of MPM-1-
TIFSIX and HOF-21 result in different pore structures of the two mate-
rials, which in turn affect the adsorption capacity of the two materials.
The equilibrium adsorption capacities of MPM-1-TIFSIX and HOF-21 are
205.51 mg/g and 172.86 mg/g, respectively. And as time goes on, the
amount of adsorption will continue to increase. It is also recommended to
design large pores and high specific surface area materials to better
capture iodine molecules. Although the specific surface area of HOFs is
not as large as MOFs and COFs, the amount of adsorption of HOFs is
considerable. With reasonable design, the adsorption capacity of HOFs is
comparable to MOFs and COFs. In pace with the deepening of research,
HOFs can also occupy a place in the capture and storage of iodine like
other new porous materials, and gradually replace the existing backward
materials.
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