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Owing to their high porosity, open metal sites, and huge surface area, metal-organic framework (MOF)
materials are commonly employed in iodine adsorption processes. Bimetallic MOFs have drawn a lot of
attention since mono-metal MOFs have been unable to keep up with the demand. Bimetallic MOF
materials still have drawbacks, including limited adsorption capacity, extended adsorption time, poor
stability, and poor selectivity, despite their positive performance in radioactive iodine capture. It has been
therefore difficult to develop adsorbents with quick iodine adsorption rates and high iodine adsorption
efficiency. This study investigated the adsorption properties of a series of bimetallic MOF-74 materials
(Mn-Co-MOF-74, Mn-Zn-MOF-74, and Mn-Ni-MOF-74) for radioactive iodine, as well as their design
and synthesis utilizing the reflux approach. It was discovered that the adsorption performance of Mn—Ni-
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MOF-74 for radioiodine was superior to that of the other two bimetallic MOF-74 materials. Using the bi-
metallic MN—Ni-MOF-74 as a precursor, a variety of bimetallic MOF-74 derived carbon compounds (Mn—
Ni-CX) were prepared by high-temperature pyrolysis. Simultaneously, the structure of the material and

rsc.li/dalton the iodine adsorption characteristics have been thoroughly studied.
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1. Introduction

Growing levels of both natural and man-made contaminants
in air and water systems have resulted in a wide range of toxi-
cological hazards that have significant impacts on human
health."™ The public is particularly concerned about the large-
scale leakage of low-concentration radioactive iodine isotopes
(**°1 and ') from nuclear waste and accidents.® *°I is a
radioactive isotope of iodine with an exceptionally long half-
life of 15.7 x 10° years and long-lasting effects on the environ-
ment. Despite having a short half-life (about 8 days), **'I is
harmful to the thyroid and interferes with human
metabolism.®” To lessen the effects on the ecosystem and
human health, it is imperative to develop techniques for cap-
turing and storing iodine over the long term. The removal of
inorganic contaminants from wastewater has been documen-
ted using a variety of techniques in recent studies, including
filtration, membrane separation, ion exchange, electro-
chemistry, etc.®® The adsorption method is superior to the
other methods because it can be used to treat a wide range of
target pollutants in water and has fewer cost and energy
requirements. It can also be utilized in a wide range of pH
values. Activated carbon, zeolite, silica, and chalcogenide
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elements are currently the most prevalent adsorbents; never-
theless, their ability to adsorb iodine and organoiodides is
limited."*"* In contrast to conventional commercial adsor-
bents, emerging porous materials such as covalent organic
frameworks (COFs), porous organic polymers (POPs), and
metal-organic frameworks (MOFs) have highly customizable
pore topologies and abundant surface functionalities.">™**
Innovative adsorption methods can be used to collect mole-
cular iodine and organic iodides, opening up new possibilities
for the development of high-performing adsorbents.

The efficient structure of metal-organic framework (MOF)
materials—for example, MOF-74, which is one of the best
adsorption materials because of its large specific surface area,
uniform pore size, permanent porosity, structural diversity, re-
sistance to high-temperature decomposition, and open metal
sites—allows for a variety of applications, including liquid
purification, catalysis, gas storage and separation, and struc-
tural diversity. Sensing and electrochemical energy storage
MOFs have demonstrated promising capabilities in wastewater
purification by adsorption methods and have been widely uti-
lized to adsorb heavy metals and other inorganic contami-
nants from water due to their high porosity, utility, flexibility,
and superior crystallinity.”>>” An and co-workers prepared
fractionally porous Mg-MOF-74 rich in flaws, which had a
strong trapping effect and increased the adsorption capacity of
CO,.%®

But as scientists strive for ever-higher MOF performance,
these mono-metal MOFs have been unable to keep up with the

This journal is © The Royal Society of Chemistry 2024
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demand, and thus bimetallic MOFs have drawn a lot of
interest.”*> In order for a single metal MOF to form a central
bimetallic cluster and retain both the nature of the original
MOF and the physical and chemical properties of the second
metal, it is necessary to introduce a second metal into a single
metal MOF. This allows the MOFs to modify their framework
while also enhancing the performance diversity of each indi-
vidual MOF. For example, Cu and Zn bimetallic embedded
porous carbon (CuZn®@C) was prepared by carbonizing ZIF-8
pre-grown on CuO nanosheets. It possessed a good porous
structure, large specific surface area, uniform bimetallic active
site distribution, and strong adsorption capacity (60 mg g ')
for dibenzothiophene (DBT).>? Bimetallic FeCu-MOFs with
chlorine-containing functional groups have been designed and
synthesized by the hydrothermal method with the aid of ultra-
sound.** The prepared bimetallic FeCu-MOFs exhibited good
crystallinity, high elemental dispersion, and high removal
efficiency for gaseous element mercury (HgO). The mercury
equilibrium adsorption capacity of FeCu-MOFs could reach
12.27 mg g~ '. Bimetallic MOF materials have demonstrated
positive results in the capture of radioactive iodine; nonethe-
less, many drawbacks remain, including low adsorption
capacity, poor stability, and extended adsorption time. It is
therefore difficult to develop adsorbents with quick iodine
adsorption rates and high iodine adsorption efficiency.

Based on the above considerations, a series of bimetallic
MOF-74 materials (Mn-Co-MOF-74, Mn-Zn-MOF-74 and Mn-
Ni-MOF-74) were designed and prepared by the reflux method
using the Mn metal ion as the first metal ion and different
second metal ions. The adsorption performance of Mn-Ni-
MOF-74 for radioactive iodine was studied, and it was found
that Mn-Ni-MOF-74 had better adsorption performance than
the other two bimetallic MOF-74 materials (Scheme 1). A
series of bimetallic MOF-74 derived carbon materials (Mn-Ni-
CX) were prepared by pyrolysis at high temperature using the
bimetallic Mn-Ni-MOF-74 as a precursor. Mn-Ni-C400 had a
strong adsorption capacity of 219 mg g ' for radioactive
iodine. As a result, the bimetallic material formed from Mn-
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Scheme 1 Preparation of Mn—Ni-MOF-74 and Mn—Ni-C400.
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Ni-MOF-74 proved to be a viable material for trapping radio-
active iodine, and this study offered a workable technical
method for doing so.

2. Experimental section
2.1 Synthesis of bimetallic MOF-74

2.1.1 Synthesis of Mn-Co-MOF-74. A solid mixture of Mn
(NO;),-6H,0 (0.8418 g), Co(NO;),-6H,O (0.9725 g) and 2,5-
dihydroxyterephthalic acid (0.3968 g) was dissolved in 160 mL
of N,N'-dimethylformamide (DMF). After stirring for 10 min,
ensuring thorough mixing, a solvent mixture of ethanol and
deionized water (1:1, v/v) was added. The resulting solution
was transferred to a spherical bottle for condensation reflux at
120 °C for 6 h, followed by standing for 12 h. Then, the
product was collected by extraction and filtration, washed
three times with DMF and ethanol respectively, and dried in a
vacuum drying oven at 80 °C for 6 h.

2.1.2 Synthesis of Mn-Zn-MOF-74. The synthesis method
was the same as that of Mn—-Co-MOF-74 except that the reac-
tants were changed to Mn(NO;),-6H,O (1.4308 g), Co
(NO3),-6H,0 (1.7025 g), 2,5-dihydroxyterylene (0.7528 g) and
DMF (150 mL).

2.1.3 Synthesis of Mn-Ni-MOF-74. The synthesis method
was the same as that of Mn—-Co-MOF-74 except that the reac-
tants were changed to Mn(NO;),-6H,O (1.4308 g), Ni
(NO3),-6H,0 (1.6615 g), 2,5-dihydroxyterylene (0.7528 g) and
DMF (150 mL).

2.2 Synthesis of Mn-Ni-MOF-74 derivative materials (Mn-Ni-
CX)

2.2.1 Mn-Ni-C200. First, the above prepared Mn-Ni-
MOF-74 (100 mg) was placed in a quartz boat and kept in a
tube furnace. Subsequently, the furnace temperature was
raised to 200 °C within 20 min at a N, flow rate of 200 mL
min~" (purity 99.999%). The carbon-based material Mn-Ni-
C200 was then synthesized under nitrogen (200 mL min ") for
60 min. After the carbon-based material was synthesized, the
reactor was cooled to room temperature under the protection
of N, flow.

2.2.2 Mn-Ni-C400. The synthesis method is the same as
that of Mn-Ni-C200 except that the heating rate is changed to
40 min and the calcination temperature is changed to 400 °C.

2.2.3 Mn-Ni-C600. The synthesis method is the same as
that of Mn-Ni-C200 except that the heating rate is changed to
60 min and the calcination temperature is changed to 600 °C.

2.3 Synthesis of monometal MOF-74

2.3.1 Synthesis of Mn-MOF-74. A solid mixture of Mn
(NO3),-6H,O (1.390 g) and 2,5-dihydroxyterephthalic acid
(0.3968 g) was dissolved in 130 mL of DMF. After stirring for
10 min, ensuring thorough mixing, a solvent mixture of
ethanol and deionized water (1:1, v/v) was added. The result-
ing solution was transferred to a spherical bottle for conden-
sation reflux at 120 °C for 5 h, followed by standing for 4 h.
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Then, the product was collected by extraction and filtration,
washed three times with DMF and ethanol, respectively, and
dried in a vacuum drying oven at 80 °C for 6 h.

2.3.2 Synthesis of Ni-MOF-74. The synthesis method was
the same as that of Mn-MOF-74 except that the reactants were
changed to Ni(NO;),-6H,0 (1.6615 g), 2,5-dihydroxyterylene
(0.67 g) and DMF (130 mL).

2.4 Synthesis of Mn/Ni-MOF-C400 derivative materials

2.4.1 Mn-MOF-C400. First, the above prepared Mn-MOF-74
(100 mg) was placed in a quartz boat and kept in a tube
furnace. Subsequently, the furnace temperature was raised to
400 °C within 40 min at a N, flow rate of 400 mL min~" (purity
99.999%). The carbon-based material (Mn-MOF-C400) was
then synthesized under nitrogen (200 mL min™") for 60 min.
After the carbon-based material was synthesized, the reactor
was cooled to room temperature under the protection of N,
flow.

2.4.2 Ni-MOF-C400. The synthesis method is identical to
that of Mn-MOF-C400, except that the material is substituted
with Ni-MOF-74.

2.5 Characterization

Fourier transform infrared (FTIR) spectroscopy (potassium
bromide compression method) was performed using a Varian
6400-400-IR spectrometer. Powder X-ray diffraction (PXRD)
data were collected using a CuKa diffractometer. The mor-
phology and structure of Mn-Co-MOF-74, Mn-Zn-MOF-74,
Mn-Ni-MOF-74 and the derived Mn-Ni-CX materials were
characterized using a scanning electron microscope (SEM,
Nova Nano 430) and an energy dispersive X-ray (EDX) detector.
The thermal stability of Mn—-Co-MOF-74, Mn-Zn-MOF-74, Mn-
Ni-MOF-74 and the derived material Mn-Ni-CX was deter-
mined using a thermogravimetric analyzer (NETZSCH STA
449C). The UV-vis absorption spectrum was recorded using an
SP-1900 UV-vis spectrophotometer. X-ray photoelectron spec-
troscopy (XPS) measurements were performed using a Kratos
Axis 165 photoelectron spectrometer to assess the elemental
composition and bonding energy of fresh and negative iodine
samples. The Raman spectra of Mn-Ni-C400 and I@Mn-Ni-
C400 were recorded using a high-resolution confocal Raman
spectrometer (Horiba LabRAM HR800) with a 532 nm laser.
The metal contents of the materials were detected by ICP-AES
(Thermo ICAP PRO).

2.6 Adsorption experiment

Iodine with a purity of 99.8% was employed as the iodine
source in each of the experiment’s iodine solutions.
Cyclohexane was chosen as the non-polar solvent to prevent
polar solvent interference with the host—guest interaction
between the MOF and iodine. A predefined amount of iodine
was added to cyclohexane, and the mixture was subjected to
ultrasonic treatment for 30 min to prepare the iodine-cyclo-
hexane solution.

Initially, a 0.001 mol L™" jodine-cyclohexane solution was
prepared at ambient temperature and atmospheric pressure. A
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dry tiny glass bottle containing 5 mg of the sample was filled
with 5 mL of the iodized cyclohexane solution mentioned
above. The bottle was then placed on a stirring table and
stirred. Samples were collected every 24 h, at intervals of 0.5, 1,
2, 3, 4, 8, 12 and 24 h. An ultraviolet spectrophotometer was
used to detect the absorbance of iodine after samples were
taken at predetermined intervals and the solution in the bottle
was filtered. The adsorption capacity of the iodine solution
was calculated using formula (1):

W =[(Io—I)/Io x C x V]/m x 100 (1)

where I, is the initial absorbance, I, is the absorbance at time
t, C is the concentration of iodine solution, V is the volume of
iodine solution, and m is the weight of the sample.

3. Results and discussion

3.1 Structural characterization of Mn-Co-MOF-74, Mn-Zn-
MOF-74 and Mn-Ni-MOF-74

The PXRD patterns of Mn-Co-MOF-74, Mn-Zn-MOF-74 and
Mn-Ni-MOF-74 are shown in Fig. la-c. The characteristic
peaks of the three bimetallic MOF-74 materials at 26 = 6.8°
and 11.7° were consistent with the characteristic diffraction
peaks of the simulated PXRD pattern of MOF-74.>77
According to the results, the produced bimetallic MOF-74 pos-
sessed the typical MOF-74 structure. It is known that the first
metal is replaced by the second metal when the second metal
is added to the crystal, keeping the first metal’s position
unchanged. This shows that the second metal atom now
occupies the position previously occupied by the first metal in
the lattice.®®

The FTIR spectra of Mn-Co-MOF-74, Mn-Zn-MOF-74 and
Mn-Ni-MOF-74 were recorded in the frequency range of
4000-500 cm™* (Fig. 1d). First, the peaks at 3500-3300 cm™" of
the three bimetallic MOF-74 materials were found to be wide
and blunt, due to the stretching vibrations of the ~OH group.*’
Second, the characteristic peaks of the three materials at
2930 cm ™' were caused by the stretching vibration and
bending vibration of C-H groups.*® Third, the characteristic
peaks of the three materials at 1660 and 1550 cm™" were due
to the stretching vibrations of ~-COOH and C=0."' Fourth, the
characteristic peaks of the three materials at 1400 cm™" were
caused by the C=C stretching vibration of mononuclear aro-
matics, corresponding to the benzene ring skeleton vibration,
indicating that the organic ligand was retained in the target
product.*? Fifth, the characteristic peaks of the three materials
at 1200 cm™" were caused by the stretching vibration of the C-
O group.*?

The thermal stability of the three bimetallic Mn-Co-
MOF-74, Mn-Zn-MOF-74 and Mn-Ni-MOF-74 materials was
determined under a nitrogen atmosphere and in the tempera-
ture range of 20-800 °C (Fig. 1e). The TG curve made it evident
that there were three significant mass loss stages and that the
initial decomposition temperatures of the three bimetallic
MOF-74 materials were nearly the same. Furthermore, all of

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 The PXRD patterns of simulated and fresh samples of Mn—Co-MOF-74 (a), Mn—-Zn-MOF-74 (b), and Mn—Ni-MOF-74 (c). (d) FTIR spectra of

bimetallic MOF-74. (e) TG curves of bimetallic MOF-74.

the three materials lose weight at nearly the same rate in the
end. During the initial phase, the mass loss resulting from the
release of guest molecules in the sample channel caused the
sample to gradually lose weight. Mn-Co-MOF-74, Mn-Zn-
MOF-74, and Mn-Ni-MOF-74 exhibited weight loss rates of
11.10%, 9.50%, and 7.70%, respectively. Due to the release of
bound guest molecules in the sample and the mass loss result-
ing from partial pore collapse, the sample clearly lost weight
in the second stage. Mn-Co-MOF-74, Mn-Zn-MOF-74 and Mn-
Ni-MOF-74 exhibited weight loss rates of 37.70%, 46.70%, and
47.40%, respectively. The collapse of the majority of the pores
during the third stage caused mass loss and structural damage.

The morphology and elemental distribution of the three bi-
metallic materials, Mn—-Co-MOF-74, Mn-Zn-MOF-74 and Mn-
Ni-MOF-74, were characterized using SEM and EDX images. As
shown in Fig. S1 and S2,f Mn-Co-MOF-74 and Mn-Zn-MOF-74
exhibited a rod-like structure, and the EDX images revealed
that Mn and Co, and Mn and Zn elements were evenly distrib-
uted, indicating that the two metal elements were evenly dis-
tributed in the bimetallic MOF-74. Mn-Ni-MOF-74 had a petal-
like structure made up of agglomerated acicular crystals, as
shown in Fig. 2. EDX images revealed that Mn and Ni elements
were uniformly distributed, suggesting that the two metal
elements were uniformly dispersed in Mn-Ni-MOF-74. Mn-Ni-
MOF-74 had a distinct petal-like morphology because this
material system generated a unique heterogeneous structure
during phase transition. Macroscopic
resulted from different volume changes in various phases
during cooling. As a result of this strain differential, stress
eventually concentrated on the material’s surface, where it
took the shape of a fracture with petals. The petal-like shape
with a greater specific surface area and number of active sites

strain differences

This journal is © The Royal Society of Chemistry 2024

improved the material’s adsorption capacity.***> According to

the above characterization, it was found that the appearance of
MOF-74 was affected by the introduction of second metal ions,
and the differing morphologies of the three bimetallic
MOF-74 materials might be one of the reasons for their
different iodine adsorption properties.

3.2 Structural characterization of Mn-Ni-C200, Mn-Ni-C400
and Mn-Ni-C600

In order to further investigate the structural changes of Mn-
Ni-MOF-74 derived materials during carbonization, Mn-Ni-
C200, Mn-Ni-C400 and Mn-Ni-C600 were analyzed by PXRD,
as shown in Fig. 3a. When the calcination temperature
reached 600 °C, the small-angle diffraction peaks of MOF-74
(20 = 7.0° and 12.0°) disappeared, and the skeleton of the
material collapsed.*® The diffraction peaks at 20 = 35.1°, 40.6°
and 58.7° corresponded to the MnO structure,”” the diffraction
peaks at 20 = 44.4°, 51.8° and 76.3° corresponded to the metal
Ni structure,”® and the diffraction peak at 26 = 47.6° corre-
sponded to the Mn;0y structure.*’

The FTIR spectra of Mn-Ni-C200, Mn-Ni-C400 and Mn-Ni-
€600 were recorded in the frequency range of 4000-500 cm ™",
as shown in Fig. 3b. The characteristic peak of Mn-Ni-C200 at
2930 cm™ " was caused by the stretching vibration and bending
vibration of the C-H group.*® The characteristic peaks of Mn-
Ni-C200 at 1656 and 1556 cm™ ' were due to the stretching
vibrations of ~-COOH and C=0."" The characteristic peaks of
Mn-Ni-C400 and Mn-Ni-C600 at 1544 and 1630 cm™", respect-
ively, were due to the stretching vibration of C=0." The
characteristic peaks of Mn-Ni-C200 and Mn-Ni-C400 at 1405
and 1403 cm ™", respectively, were caused by the C=C stretch-
ing vibration of mononuclear aromatic hydrocarbons, corres-

Dalton Trans., 2024, 53,13370-13383 | 13373
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Fig. 2 (a) SEM image of Mn—Ni-MOF-74. (b—f) EDX elemental distribution mapping images of Mn—Ni-MOF-74.
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Fig. 3 (a) PXRD patterns of Mn—Ni-C200, Mn—Ni-C400 and Mn—Ni-C600. (b) FTIR spectra of Mn—Ni-C200, Mn—Ni-C400 and Mn-Ni-C600. (c) TG

curves of Mn—-Ni-C200, Mn-Ni-C400 and Mn-Ni-C600.

ponding to the benzene ring skeleton vibration, indicating
that the organic ligand was retained in the target product.*?

The thermal stability of Mn-Ni-C200, Mn-Ni-C400 and Mn-
Ni-C600 derived from Mn-Ni-MOF-74 was measured under a
nitrogen atmosphere in the temperature range of 20-800 °C
(Fig. 3c). It could be clearly seen that the three derived
materials began to decompose after about 200 °C and reached
a stable state after 400 °C. The final weight losses of Mn-Ni-
C200, Mn-Ni-C400 and Mn-Ni-C600 were 64.60%, 31.40% and
17.50%, respectively.

The morphology and elemental distribution of Mn-Ni-
C200, Mn-Ni-C400 and Mn-Ni-C600 materials derived from
Mn-Ni-MOF-74 were characterized using scanning electron
microscopy and EDX images, as shown in Fig. 4, S3 and S4.f
The EDX images of the three derived materials show that they
are all made of agglomerated acicular crystals and exhibit
petal-like shapes. The Mn and Ni elements are also uniformly
distributed. With the increase of calcination temperature, the
petal structure partially collapsed, and the petal size of Mn-Ni-
C600 was the smallest. The findings demonstrated that pyrol-

13374 | Dalton Trans., 2024, 53, 13370-13383

ysis at various temperatures had an impact on the morphology
of the materials derived from Mn-Ni-MOF-74 and that vari-
ation in morphology could account for some of the observed
differences in iodine adsorption characteristics.

The specific surface area and pore analysis results of Mn-
Ni-C200, Mn-Ni-C400 and Mn-Ni-C600 are shown in Fig. 5.
The specific surface areas of Mn-Ni-C200, Mn-Ni-C400 and
Mn-Ni-C600 were 136, 229 and 262 m” g™, respectively, and
the average pore radii were 1.2, 9.5 and 5.9 nm, respectively. It
was clear that when the calcination temperature increased, the
material made of Mn-Ni-MOF-74 had an increased specific
surface area. As the temperature increased, Mn-Ni-C400 trans-
formed into a macroporous structure. The material framework
disintegrated at around 600 °C, converting Mn-Ni-C600 into a
mesoporous structure. It was evident from our previous work™"
that the original Mn-MOF-74 had a BET surface area of up to
386 m> g', and the thermogravimetric study revealed that as
the temperature increased, the framework of Mn-MOF-74
started to disintegrate. It could be observed from the FTIR
spectrum (Fig. S57) that the position of the characteristic peak

This journal is © The Royal Society of Chemistry 2024
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Fig. 4

(a) SEM image of Mn—Ni-C200. (b—f) EDX elemental distribution mapping images of Mn—Ni-C200.
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Fig. 5 Specific surface area and pore analysis of Mn—Ni-C200 (a and d), Mn—Ni-C400 (b and e) and Mn—-Ni-C600 (c and f).

of monometallic Mn-MOF-74 was the same*®™*° as that of bi-
metallic Mn-MOF-74, which indicated that bimetallic Mn-
MOF-74 retained the structural characteristics of monometallic
Mn-MOF-74. Through comparison, it could be seen that the
surface area of the new material decreased during pyrolysis.
This might be due to the collapse of the frameworks, which
exposed more active sites, proving that the metals in the
material played an important role.

3.4 Iodine adsorption performance test

3.4.1 Iodine adsorption performance test of Mn-Co-
MOF-74, Mn-Zn-MOF-74 and Mn-Ni-MOF-74. Firstly, the

This journal is © The Royal Society of Chemistry 2024

adsorption properties of bimetallic Mn-Co-MOF-74, Mn-Zn-
MOF-74 and Mn-Ni-MOF-74 for iodine were studied (Fig. 6).
It could be observed that different secondary metal ions had
different adsorption effects on iodine. Among the three
materials, Mn-Ni-MOF-74 exhibited a strong adsorption
capacity for iodine-cyclohexane solution, and the removal
rate reached 65.36% (Table 1). Therefore, in this study, bi-
metallic Mn-Ni-MOF-74 was selected as the precursor, which
was treated at a high temperature by the pyrolysis method,
and a series of Mn-Ni-MOF-74 derived materials were
obtained which were explored for their iodine adsorption
properties.

Dalton Trans., 2024, 53,13370-13383 | 13375


https://doi.org/10.1039/d4dt01554a

Published on 22 jlijs 2024. Downloaded on 28.12.2024 02:54:16.

Paper
(@) Mn-Co-MOF-74
09}
0h
0.5h
- 1h
g 06} 2h
E 3h
4h
<03 8 h
12h
24 h
0.0
400 500 600 700
Wavelength (nm)
© Mn-Ni-MOF-74
09}
0h
0.5h
506 5.
2 ih
<03} 8 h
12h
j 24 h
0.0 e
400 500 600 700

Wavelength (nm)

View Article Online

Dalton Transactions

(b) Mn-Zn-MOF-74
09F
0h
0.5h
- 1h
S06F
g 2 h
3 .
o3} 8 h
12h
§ 24 h
0.0
400 500 600 700
Wavelength (nm)
(d)100F
—a— Mn-Co-MOF-74
) =& Mn-Zn-MOF-74
< 80f —o— Mn-Ni-MOF-74
>
(3]
[ =
2 60}
Q2
'S
(iT]
< 40}
>
g
o 20
14
0 [ : i A A A A A
0 4 8 12 16 20 24

Time (h)

Fig. 6 UV-vis spectra of Mn—Co-MOF-74 (a), Mn—Zn-MOF-74 (b), and Mn—Ni-MOF-74 (c) in iodine—cyclohexane solution at 0.001 mol L™ con-

centration at different times. (d) Removal rates of three bimetallic MOF-74

Table 1 Removal efficiencies of Mn-Co-MOF-74, Mn-Zn-MOF-74,
Mn-Ni-MOF-74 and Mn-Ni-CX

Materials Removal rate (%)
Mn-Co-MOF-74 21.69
Mn-Zn-MOF-74 16.89
Mn-Ni-MOF-74 65.36
Mn-Ni-C200 50.79
Mn-Ni-C400 86.56
Mn-Ni-C600 36.45

3.4.2 Test of the iodine adsorption properties of Mn-Ni-
CX. By pyrolyzing bimetallic Mn-Ni-MOF-74 as a precursor at
200, 400 and 600 °C, a series of derivative materials, Mn-Ni-
C200, Mn-Ni-C400 and Mn-Ni-C600, were produced. Their
iodine adsorption characteristics were then examined. As
shown in Fig. 7, different calcination temperatures change the
adsorption properties of Mn-Ni-MOF-74 derived materials for
iodine. Among them, Mn-Ni-C400 exhibited the best adsorp-
tion effect, possibly due to its larger porosity, which enhanced
its ability to adsorb iodine solution. It is worth mentioning
that after 24 h, the removal rate of Mn-Ni-C400 for iodine-
cyclohexane solution could reach 86.56%, and the iodine-
cyclohexane solution changed from purple to colorless
(Table 1). Therefore, the high temperature pyrolysis method
could improve the adsorption performance of MOFs.

Inductively coupled plasma atomic emission spectrometry
(ICP-AES) was used to examine the metal components of the
bimetallic MOF-74 and the pyrolyzed Mn-Ni-CX samples,

13376 | Dalton Trans., 2024, 53,13370-13383

materials for iodine solutions at different times.

which helped determine how the bimetallic system affected
the iodine adsorption performance. The data shown in
Table S1t indicate that there was a relatively high content of
additional secondary metals, such as Zn, Co, and Ni, and that
this content increased as the pyrolysis temperature increased.
Based on these experimental findings, it was hypothesized
that increasing the heat treatment temperature would enhance
the iodine adsorption capacity. On the other hand, the iodine
adsorption performance declined with excessive metal pres-
ence. Excessive metal accumulation might be the cause of this
phenomenon as it reduces the dispersion and impairs the
adsorption of iodine molecules.”?

The iodine adsorption experiment was conducted on
single-metal Mn-MOF-74 and Ni-MOF-74 (Fig. S61) in order to
investigate the role played by each metal in Mn-Ni-C400. It
could be seen that Mn-MOF-74 had a weaker adsorption
capacity for iodine than Ni-MOF-74, and their iodine removal
rates were 41.44% and 65.69%, respectively. The iodine
adsorption experiment was conducted using the derivative
materials of Mn-MOF-74 and Ni-MOF-74, which were devel-
oped at the optimal heat treatment temperature of 400 °C. As a
result, Ni-MOF-C400 had a considerable adsorption capacity
and a clearance rate of up to 79.69%. Therefore, it could be
inferred that the second metal Ni played an important role in
the iodine adsorption process.

3.4.3 Influence of reaction temperature on iodine removal
efficiency. In order to explore how the reaction temperature
affects the material’s iodine removal efficiency, Mn-Ni-C400
was taken as an example, and a cyclohexane solution of
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Fig. 7 UV-vis spectra of Mn—Ni-C200 (a), Mn—Ni-C400 (b), and Mn—Ni-C600 (c) in iodine—cyclohexane solution at 0.001 mol L™ concentration at
different times. (d) Removal rate of Mn—Ni-CX for iodine solution at different times.

0.015 mol L™" iodine was selected at 25, 40 and 60 °C for batch
experiments (Fig. S7a-S7ct). The adsorption capacity and
adsorption rate of Mn-Ni-C400 for iodine increased on
increasing the temperature. At 25, 40 and 60 °C, the removal
efficiencies of iodine after 24 h were 86.56%, 97.45% and
87.26%, respectively (Fig. 8a). It was obvious that the material
exhibited the best iodine removal efficiency at 40 °C.

3.4.4 Influence of iodine concentration on removal
efficiency. In order to explore the effect of the iodine concen-
tration on removal efficiency, three iodine-cyclohexane solu-
tions with concentrations of 0.0010, 0.0015 and 0.0020 mol
L™" were tested using the Mn-Ni-C400 material as the sample
at 40 °C. The result is shown in Fig. S8a-S8c.7 The removal
efficiencies of 0.0010, 0.0015 and 0.0020 mol L™" iodine-cyclo-
hexane solutions after 24 h were 97.45%, 59.16% and 37.26%,

respectively (Fig. 8b). Since the three concentrations of iodine
solution were treated with the same grade adsorbent, Mn-Ni-
C400, the occurrence might be explained by the fact that the
quality of the iodine in the solution was higher than the adsor-
bent’s saturation adsorption capacity, which led to a decrease
in the effectiveness of iodine removal.

3.4.5 Influence of interfering ions in solution on iodine
removal efficiency. Typically, other interfering ions are present
in radioactive waste produced during nuclear fission. In order
to explore the influence of interfering ions on iodine removal
efficiency in solution, iodine adsorption tests were carried out,
using Mn-Ni-C400 as an example, in iodine-cyclohexane solu-
tions containing CI~, CO;*~ or a mixture of Cl~ + CO;*”, and
the results are shown in Fig. S9a-S9c.{ The presence of inter-
fering ions in the solution affected the iodine adsorption

(@) 100 Mn-Ni-C400 0.00 Tmol/L (b) 100 Mn-Ni-C400 40 °C (c) 100
3; 80 € g0 g 80
g g 3
3 60 S 60 g 60
& IS &
5 40 5 40 Y0 |
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§ 20 £ 20 ——-0.001 mol L' £ 20 ——14CO.
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Fig. 8 (a) Removal rate of Mn—Ni-CX at 0.001 mol L™ concentration for iodine—cyclohexane solution at different times. (b) Removal efficiency of
Mn-Ni-CX at different adsorption temperatures. (c) Removal efficiency of Mn—Ni-C400 at 60 °C for iodine solutions with different concentrations.
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capacity of the adsorbent Mn-Ni-C400. When Cl~, CO;*~ and
their mixture (C1~ + CO;>7) were added to the iodine solution,
the iodine removal efficiencies after 24 h were 74.58%, 82.06%
and 64.45%, respectively (Fig. 8c), which were obviously lower
than that for the iodine solution (86.56%) without interfering
ions. The order of electronegativity of the elements contained
in the three anionic groups is I (1.85) < Cl (3.16) < O (3.44).
When CI~, CO;* or a mixture of CI~ + CO;> was added to
the iodine solution, the removal efficiency of the mixed solu-
tion followed the order I" > (I" + CI7) > (I” + CO;>7) > (I” +
Cl™ + CO3*7) because Cl and O are both more electronegative
than I

3.5 Kinetic analysis of iodine adsorption

The adsorption characteristics of Mn-Ni-C400 were investi-
gated further using the Freundlich and Langmuir models.>?
The Langmuir model assumed that the adsorption process
was homogeneous on the surface, while the Freundlich model
assumed that the adsorption process was heterogeneous on
the surface. The linear forms of the Langmuir model and the
Freundlich isotherm are expressed by eqn (2) and (3),
respectively:

C. 1 C.
= _ 2
qe qumax Gmax ( )

Ing. = InKg +% InC. (3)

where C. is the equilibrium concentration (mg L"), g. is the
equilibrium adsorption capacity (mg g7'), and gma is the
maximum theoretical adsorption capacity (mg g7).
Meanwhile, X, (L mg™) and Ki (mg g™*) (L mg™)"") are the
Langmuir constant and Freundlich constant, respectively, and
1/n is related to adsorption strength.

As shown in Fig. 9, the experimental trend described by the
Langmuir model was found to be slightly better than that
described by the Freundlich model, with R* values of 0.9769
and 0.9348, respectively. This suggested that the homogeneity
of the MOF surface resulted in the adsorption of iodine ions
in a monolayer manner.>* It could be clearly seen from Table 2
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Table 2 Dynamic model parameters of Mn—Ni-C400

Model Parameter Mn-Ni-C400
Langmuir Gmax (Mg g™ ) 326

Ky (L mg™) 0.0081

R 0.9769
Freundlich K (mg g™") (L mg™H)*" 1.69

n 2.83

R 0.9348

that for the Langmuir model, the g, generated by the Ce./ge
to C. curve was 326 mg g~ ' and the K value was 0.0081 L
mg~". A graph of log(g.) to log(C.) yielded a Kg value of 1.69

(mgg™") (L mg™)"".
3.6 Adsorption mechanism

3.6.1 Mn-Ni-C400@I characterization of samples after
iodine adsorption. First, as seen in Fig. 10b, the FTIR spectra
of Mn-Ni-C400 and Mn-Ni-C400@I were recorded in the
4000-500 cm™" frequency range. After iodine adsorption, it
was evident that there was no additional diffraction peak for
Mn-Ni-C400@]I, and the peak remained very similar to that of
Mn-Ni-C400. TG curves were used to test the thermal stability
of Mn-Ni-C400 and Mn-Ni-C400@] in a nitrogen environment
at 20-800 °C (Fig. 10c). It was clear that the two generated
materials undergo degradation at a temperature of approxi-
mately 250 °C and stabilized at 400 °C. It could be inferred
that the iodine carrying capacity of the Mn-Ni-C400@I
material was 10%.

In order to explore whether iodine adsorption would affect
the morphology of Mn-Ni-C400, the morphology and elemen-
tal distribution of Mn-Ni-C400 and Mn-Ni-C400@I were
characterized using SEM and EDX images (Fig. 11). It could be
clearly seen that the iodized sample Mn-Ni-C400@1 still main-
tained the original petal-like structure composed of agglomer-
ated acicular crystals, but particles were attached to the surface
of the acicular crystals. The EDX image showed the presence of
C, N, O, Mn, Ni and I, which were uniformly distributed on the
surface of the material.
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& 234}
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Fig. 9 Langmuir (a) and Freundlich (b) models of Mn—Ni-C400 at six different concentrations for Mn—Ni-C400.
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Fig. 10 (a) PXRD patterns of Mn—Ni-C400 and Mn—-Ni-C400a@l. (b) FTIR spectra of Mn—Ni-C400 and Mn-Ni-C400a@l. (c) TG curves of Mn—-Ni-
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Fig. 11 SEM (a) and EDX elemental distribution mapping (b—g) images of Mn—Ni-C400a@l.

The chemical state of iodine in Mn-Ni-C400@I after iodine
adsorption was investigated. First, the Raman spectra of Mn-
Ni-C400 and Mn-Ni-C400@1 before and after iodine adsorp-
tion were recorded. As shown in Fig. 12, there is no obvious
characteristic peak on the Raman spectra of Mn-Ni-C400, but
there are characteristic peaks at 110 and 168 cm™" on the
Raman curve of Mn-Ni-C400@I after iodine adsorption,
corresponding to the peaks of I’ and I°~, respectively.”® The

— Mn-Ni-C400

—— Mn-Ni-C400@! 110 cm™

W/}/V“\”

Transmittance (a.u.)

180 160 140 120 100 80
Raman shift (cm™)

Fig. 12 Raman curves for Mn—Ni-C400 and Mn—Ni-C400a@l.
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above analysis results showed that the iodine in Mn-Ni-
C400@1 mainly existed in the form of polyiodide anions, and
there was charge interaction with Mn-Ni-C400, which led to
the formation of I~ and I°~ complexes.>®

In order to further explore the iodine adsorption mecha-
nism, XPS analysis was performed on Mn-Ni-C400 and
Mn-Ni-C400@]I1. As shown in Fig. 13, the XPS spectrum of
Mn-Ni-C400, together with the 3d spectrum, shows 0.005
M (for clear peak intensity) iodine adsorption. After adsorp-
tion, I 3d peaks appeared in the range of 610.0 to 640.0 eV,
which were attributed to I 3ds,, and I 3djz, and adsorbed
on Mn-Ni-C400.>”°® According to the binding energies of
3ds,, and 3dj,, iodine was adsorbed on Mn-Ni-C400 in
the form of I, molecules at 631.0 eV and 619.6 eV,
respectively.>®

According to the above analysis, the adsorption perform-
ance of Mn-Ni-C400 for iodine might be related to the follow-
ing factors (Scheme 2). The first is the macroporous structure
of Mn-Ni-C400, whose pore size was 9.5 nm with a BET
specific surface area of 229 m”> g~'. One theory was that the
porosity of Mn-Ni-C400 contributed to its excellent iodine
adsorption performance. Secondly, according to the analysis of
XPS results, I was mainly adsorbed on Mn-Ni-C400 in the
form of simple substances, and 3d peaks of I appeared in the
range of 610.0 to 640.0 eV, which was due to the adsorption of
I 3d to Mn-Ni-C400. The Raman spectrum study indicated that
the iodine in Mn-Ni-C400@I was mostly present as polyiodide
anions and that charge interactions with Mn-Ni-C400 led to
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Fig. 13 (a) XPS spectra of Mn—Ni-C400 and Mn—Ni-C400al. (b) | 3d of Mn—Ni-C400a@l. (c) Mn 2p of Mn—Ni-C400al. (d) Ni 2p of Mn—Ni-C400a@l.

Scheme 2 Diagram depicting the iodine adsorption mechanism.

iodine adsorption by Mn-Ni-C400. The Mn 2p spectrum
(Fig. 13c) showed the diffraction peaks of Mn 2p,, and Mn
2pss» corresponding to the binding energies of 653.4 eV and
641.3 eV, respectively,’®> and the Ni 2p spectrum (Fig. 13d)
showed the diffraction peak of Ni 2p,,, corresponding to the
binding energy of 871.8 eV.®® Furthermore, the XPS analysis
revealed no chemical link between the metal and iodine, and

13380 | Dalton Trans., 2024, 53,13370-13383

the binding energies of 852.6 and 853.6 eV were ascribed to
the diffraction peak of Ni 2p;,,.>* As a result, Mn-Ni-C400 pri-
marily relies on physical adsorption to adsorb iodine.

Iodine vapor was investigated in order to learn more about
the adsorption characteristics of Mn-Ni-C400 (Fig. S10aft).
Iodine and 10 mg of Mn-Ni-C400 were heated to 75 °C for
24 h in a closed container for these studies. The amount of
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iodine vapor adsorbed reached 720 mg g~ once the adsorp-
tion approached saturation after 24 hours, as indicated by

eqn (4):
W = [(M; — My)/mq] x 100 (4)

where M, is the mass at time ¢ and m, is the initial mass.

This was because, despite initially having a lot of free
pores, the adsorption process proceeded more slowly as
iodine was adsorbed because fewer free pores were accessible.
Iodine vapor in cyclohexane solution exhibited a greater
adsorption capacity than iodine itself, likely because the
solvent molecules are co-encapsulated.®® The iodine adsorp-
tion capacity of Mn-Ni-C400 in cyclohexane was compared
with that of other materials reported in the literature.®®™¢®
The results showed that the iodine adsorption capacity of
Mn-Ni-C400 in cyclohexane was higher than that of some
other materials reported (Table S27). Therefore, Mn-Ni-C400
is a promising material for radioiodine capture. Similarly,
Mn-Ni-C400 that had adsorbed iodine solution was subjected
to a desorption experiment (Fig. S10b}). The Mn-Ni-C400
(5 mg) loaded with iodine solution was added to 5 mL of
ethanol. The absorption spectra of iodine released at
different times were measured by the UV-vis spectra of the
samples. The color of the solvent changed from colorless to
dark brown due to the absorption bands of polyiodide ions
and iodine molecules in ethanol, observed at 290 and
360 nm, respectively. A comparison of the PXRD patterns of
Mn-Ni-C400 and Mn-Ni-C400@]I (Fig. 10a) showed that the
framework of the material did not collapse after iodine
adsorption, indicating the good stability of the material, and
the position of the diffraction peak of the material did not
change significantly, indicating that the crystal structure of
the two materials did not change. Moreover, no diffraction
peak corresponding to iodine and metal coordination was
observed, further indicating that the adsorption was physical
adsorption. Recyclability is a prerequisite for developing
iodine-capturing adsorbents that would meet practical pro-
duction needs, achieve cost-effectiveness, and find useful
applications. The adsorption properties of the regenerated
adsorbent are shown in Fig. S10c.t After five cycles, the
adsorption capacity did not decrease significantly, indicating
that the synthetic material is reusable.

4. Conclusion

By using the reflux approach, a number of bimetallic
MOF-74 materials were effectively synthesized for the iodine
adsorption process. Mn-Ni-MOF-74 exhibited superior
adsorption capability for radioiodine. By pyrolyzing a series
of bimetallic materials at 400 °C, the Mn-Ni-C400 series
exhibited strong iodine adsorption capabilities. Experiments
were conducted consecutively in order to further investigate
the effects of varying reaction temperature, iodine solution
concentration, and interfering ions on removal efficiency.
Ultimately, further examination of the process suggested that

This journal is © The Royal Society of Chemistry 2024
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the porosity of Mn-Ni-C400 contributes to its high iodine
adsorption performance.
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