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Abstract

We have tested for iodine sorption properties a variety of samples with ZIF-8 structure and
various Zn/Co ratios (100/0, 95/5, 75/25, 50/50 and 0/100 in mol%). For iodine saturation, an
excess of sublimated iodine crystals was used. We have observed that the prevailing trend for all
compositions is adsorption of most of the iodine molecules by the internal surface and retaining
them up to framework collapse. However, Co-doping results in a small decrease in the thermal
stability of the samples after iodine saturation. Moreover, in the samples with high cobalt
content, the part of iodine adsorbed by the external surface is higher than in zinc analogs.
Combination of TGA and FTIR data evaluated the impact of lower flexibility of Co-linker bonds
on the transfer of iodine molecules from the external surface of the crystals to internal pores.

Introduction

Nuclear power plant accidents and nuclear weapon tests lead to the contamination of the
environment by two radioactive iodine isotopes — *!1 and **| [1-3]. Both iodine isotopes are
absorbed by the body and preferentially concentrated in the thyroid. As radionuclides decay,
they may cause diseases associated with prolonged irradiation of the body from within, like
thyroid cancer [4, 5] (see Sl Section 1, Fig.S1). From this point of view, iodine capping is of
paramount importance. For this aim, different materials were tested. Part of them is based on the
physical sorption of the iodine gas by porous materials, and another one is based on chemical
interaction between iodine molecules and the surface of the sorbent (see SI Section 2) [6-12].
However, these materials have some disadvantages, like a low temperature of iodine release,
high cost, and low environmental friendliness.

Metal-organic frameworks (MOFs) are a rather new class of porous materials with high
specific surface area (SSA) and a great variety of possible functional groups in the structure and
pore geometry and size [13-18]. In this way, MOFs could be applied for iodine sorption. A
variety of MOFs was already tested for this application [19-26]. Some examples are provided in
SI Table S1. Two main points for a successful iodine decontamination are high iodine uptake
and a high temperature of iodine release. One of the best candidates for iodine sorption is ZIF-8.
It is constructed from Zn?* ions tetrahedrally coordinated by nitrogen atoms from imidazole rings
of linkers — 2-methylimidazole (MIm) (Fig S2). ZIF-8 demonstrates both high iodine uptake and
a high temperature of iodine release [27]. The ZIF-8 framework strongly binds I, molecules due
to an ideal geometry of the ZIF-8 pores: it allows to form two iodine—organic bonds per each I,



molecule while traditional iodine—organic complexes are restrained to iodine located on the
surface of ZIF-8. The small windows between pores combined with a strong l,-framework-
binding leads to a retention of I, up to framework collapse [28].

In the present work, we have investigated the effects of the metal sites composition on the
iodine sorption properties. For this aim, we have replaced zinc ions in ZIF-8 with cobalt ions. So,
we have tested for iodine sorption two mono-metal ZIFs — ZIF-8 and ZIF-67 and for the first-
time three bimetallic ZIFs, containing both metals in the structure in various ratios. It allowed us
to observe important trends caused by the metal sites composition.

Experimental section

All initial samples were obtained by slightly adopted MW assisted synthesis technique
(Section 4 in Sl) [29, 30]. In brief, a DMF solution of 2-methylimidazole (MIm) was mixed with
a DMF solution of Zn(NOg3), or/and Co(NO3),, and TEA was added dropwise. The resulting
mixture was placed into a hermetically sealed glass vessel and-heated in a MW oven for 15
minutes at 140 °C. After cooling down, the precipitate was separated using centrifugation,
washed three times with DMF. All molar ratios and sample designations are provided in Table 1.

Table 1 Molar ratios of the initial substances, used for the synthesis of ZIFs.

Sample Formula Molar ratio
designation Zn“ Co** MIm TEA DMF
ZIF-8 ZnCgH1oNy 1 4 2.6 289

95Zn5Co ZNp 95C00.05CsH10N4 095 0.05 4 2.6 289
75Zn25Co ZNg75C00.25CgH10N4 0.75 0.25 4 2.6 289
50Zn50Co ZNp 50C00.50CsH10N4 0.50 0.50 4 2.6 289
ZIF-67 CoCgH1pN4 - 1 4 2.6 289

For the iodine sorption experiments, the respective sample was pressed into a thin tablet
and activated for at least 4 hours at 200 °C. After this, the tablet on a metallic stand was placed
into a glass vessel with iodine crystals, closed with a glass cap and heated up to 110 °C (Sl Fig.
S4). After complete iodine sublimation, a sample was held in this atmosphere for one hour. Then
the vessel was opened, and excess of the iodine gas was evacuated. Obtained samples are
designated ‘as ZIF-8+l,, 95Zn5Co+l,, 75Zn25Co+l,, 50Zn50Co+l,, ZIF-67+l,. Part of each
sample was additionally heated at 250 °C for 2 hours in air. In this way we have obtained 5 more
samples: ZIF-8+1,+T, 95Zn5Co+1,+T, 75Zn25Co+1,+T, 50Zn50Co+I,+T, ZIF-67+1,+T. Two
additional experiments were carried out to trace the amorphization process during iodine
sorption. First, we have focused on the iodine amount. In this way, we have used the ZIF-8
sample with iodine crystals with ratios ZIF-8 per | by weight — 1:0.5, 1:1, 1:2. Obtained samples
were designated as ZIF-8+1,-1, ZIF-8+1,-2, ZIF-8+1,-3, respectively (SI Table S3). Secondly, we
have focused on the temperature of the iodine sorption. In this way, we have repeated iodine
sorption experiments with ZIF-8 and ZIF-67 at 60 °C. So, we have obtained samples ZIF-
8+l, 60 and ZIF-67+I,_60 (Sl Table S3).

Before the iodine sorption experiment, all obtained samples were comprehensively
characterized (Figure 1, Section 5 in SI) [30]. Observed properties were in good agreement with
those reported previously [31-33]. All obtained samples had ZIF-8 structure type, according to
XRPD (Figure 1a), and a specific surface area of more than 1450 m?%g (SI Table S4). Particle
size in all cases was about 30-50 nm, according to TEM images (Figure 1c). A uniform
distribution of Zn/Co ions was confirmed by EDX mapping (Figure 1b).
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Figure 1 (a) XRPD profiles of synthesized ZIF-samples. (b) SEM image of 75Zn25Co sample
with Zn/Co distribution: green dots represent Zn, red ones Co. (¢) TEM image of 75Zn25Co
sample.

After iodine sorption experiments, samples were characterized using XRPD, FTIR, TGA,
XRF, and other techniques. All samples after iodine saturation become amorphous according to
XRPD (Sl Fig.S6 a-d, Figure 2a). After additional heating, the initial crystal structure was not
observed anymore. As it was reported previously, ZIFs could form glasses, losing the long-range
order, and at the same time preserving the initial short-range order and porosity [34, 35].
Moreover, amorphization of ZIF-8 samples during iodine sorption was observed at elevated
temperatures [36], and it was claimed that amorphization prevents iodine release [37, 38]. To
trace the amorphization process, we have varied temperature and iodine concentration (SI Table
S3). According to these experiments, we could conclude that iodine concentration affects the
amorphization process more than temperature does (SI Fig.S6e,f). We have observed a dramatic
decrease of the specific surface area in the 75Zn25Co sample from 1523 m?/g to 14 m%/g after
iodine saturation (Figure 2c). This could be attributed to filling pores with iodine molecules, in
good agreement with EDX and XRF data revealing the presence of iodine (Figure 2b,d, Table 2,
Sl Fig.S7).
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Figure 2 (a) XRPD profiles of the samples 75Zn25Co (gray), 75Zn25Co+I;, (black), and
75Zn25Co (blue). Profiles are shifted along y-axes for better representation. EDX spectra of
75Zn25Co (b) and 75Zn25Co+1, samples (d); black triangles represent C peaks, green — N, red
— O, purple — Co, blue — Zn, orange — I. Insets represent SEM images of investigated samples.
(c) N2 adsorption-desorption isotherms of the samples 75Zn25Co (circle markers), 75Zn25Co+I,
(square markers), and 75Zn25Co+I,+T (triangular markers). Filled markers correspond to
adsorption branches of isotherms, empty— to desorption ones.



According to a careful analysis of FTIR spectra (Figure 3a, Sl section 7), we could
conclude that the most dramatic changes in the spectra after iodine saturation and after additional
heating are attributed to the modes of the -CH3; group of MIm. The intensity of the modes
assigned to the individual vibrations of the methyl group decreased, while modes associated with
the imidazole ring vibrations transformed from the “MIm-like” spectrum to the “Imidazole-like”
spectrum. Moreover, an increase of cobalt content in the sample results in more pronounced
changes in the spectra (Figure 3b,c, SI Fig. S7c). To highlight this trend, we have plotted
difference spectra using the initial spectra as starting point and spectra after iodine saturation
(Figure 3b) and after additional heating (Figure 3c), and we calculated the dependence the of
integral intensities of the differential spectra from Zn content (SI Fig. S7c). This trend could be
attributed to two steps of the iodine sorption process. The first step includes a “gate-opening”
effect when MIm linkers spine around o-bonds, and it enlarges windows into the pores. The
spinning of the linker leads to an enhanced ring-ring interaction of the ZIF-8 framework within
the unit cell. Higher stiffness of the Co-linker bonds in comparison with Zn-linker ones [39]
results in a less flexible structure [40, 41]. So, in the ZIF-8 structure after iodine saturation, all
MIm linkers are tilted, and methyl groups are not in the cavities, while in the less flexible ZIF-67
framework rotation of the linkers is obstructed and an interaction of the -CHj3 groups with the
large polarized iodine molecules leads to changes in the FTIR spectra.
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Figure 3 (@) FTIR spectra of all obtained samples: 1 — ZIF-67+1,+T, 2 — ZIF-67+l,, 3 — ZIF-67,
4 —50Zn50Co+I1,+T, 5 —50Zn50Co+1;, 6 — 50Zn50Co0, 7 — 75Zn25C0+I1,+T, 8 — 75Zn25Co+1,,
9 — 75Zn25Co, 10 — 95Zn5Co+I,+T, 11 — 95Zn5Co+I,, 12 — 95Zn5Co, 13 — ZIF-8+I1,+T, 14 —
ZIF-8+1,, 15 — ZIF-8. The black curve represents the MIm spectrum. Differential plot calculated
from the difference between spectra of initial ZIFs and the same samples after iodine saturation
(b) and additional heating (c).

According to the TGA data, most of the adsorbed iodine molecules are located inside
pores and could be evacuated only after decomposition of the framework (Figure 4). lodine
uptake increases with an increasing Zn?* content in the structure (Table 2). In the same way, with
an increasing zinc content, the temperature of iodine release increases as well.
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Figure 4 TGA curves of ZIF-8 and ZIF-8+1; (a), 75Zn25Co and 75Zn25Co+l; (b), 50Zn50Co
and 50Zn50Co+I; (¢), ZIF-67 and ZIF-67+1, (d) samples. Solid lines represent data for samples
after iodine saturation, while dotted curves —for initial ZIF samples. WLey, = Experimental
weight loss for samples after iodine saturation; WLy = Calculated weight loss according to
pure ZIF material (see details in section 8 of SI).

Table 2 lodine uptake according to TGA and XRF measurements

- Ratio Zn:Co
TGA data XRF iodine XRF,
atomic % .

Sample atomic %
designation Weight % l2 Mol % Temperature of| Before  After 2+ 2+

molecules o X . Zn“" Co

of I, I/ZIF 1, release (°C) |heating heating
per cage

ZIF-8+l; 23.6 0.84 42.3 485 39 40 100 O
95Zn5Co+l, 22.1 0.79 39.6 475 43 38 96 4
75Zn25Co+1, | 19.2 0.68 34.1 475 44 36 79 21
50Zn50Co+l, | 17.8 0.63 31.4 470 46 33 53 47
ZIF-67+l, 175 0.61 30.6 435 63 32 0 100

The external surface of the crystals could absorb a small part of the iodine molecules. We
have observed that cobalt doping increases the amount of external iodine. To demonstrate it, we
have measured the iodine content using XRF analysis just after the iodine sorption experiment
and after heating at 250 °C for 2 h (Table 2). At this temperature, only iodine from the external
surface could be removed. The difference in these two values for each sample increased with an
increasing Co content. Therefore, substitution of zinc ions with cobalt ones resulted in a decrease
of iodine uptake by the internal pores and at the same time in an increase of the part of iodine
adsorbed by the external surface. This could be caused by the higher stiffness of the Co-linker
bonds in comparison with Zn-linker ones [39] and as a result a less flexible structure [40, 41]. It
could obstruct the transfer of the iodine molecules into the internal volume, leaving them on the
external surface of the crystals. This hypothesis is in good agreement with results reported



previously [45]. Kwon et al. observed enhanced separating properties of ZIF-67 in comparison
with ZIF-8. More rigid Co-N bonds decreased the effective pore aperture due to a smaller degree
of the ligand flipping motion. The second trend observed in this work is a decrease in
temperature of iodine release with an increasing cobalt content. This phenomenon is in good
agreement with a small reduction of thermal stability of pure ZIF-67 in comparison with ZIF-8.
We also have observed a slight decrease of Co content in comparison with the quantity used for
synthesis (Table 2). Both aspects could be attributed to stronger coordination bonds between Zn
and linker than between Co and linker [46].

We have investigated the effect of Zn** substitution by Co?* in ZIF-8 on iodine capping
properties. It was shown that all bi- and mono-metallic ZIFs with ZIF-8 structure adsorb iodine
gas preferentially by internal pores and retain 1, molecules up to framework collapse at
temperatures higher than 400 °C. We have demonstrated that Co- doping of ZIF-8 structure
results in a decreasing iodine uptake by an internal pore volume and an increasing iodine uptake
by an external surface of the crystals. We have attributed this phenomenon to the higher stiffness
of the Co-MIm bonds in comparison with Zn-MIm bonds, which results in a less flexible
structure. A hindered “gate-opening” effect leads to obstructed iodine transport from the external
to the internal surface. FTIR measurements also confirmed the proposed explanation — modes
attributed to -CHs; groups were affected by iodine saturation much stronger in samples with high
Co concentration. It indicates a stronger interaction of the adsorbed iodine molecules with
methyl-groups of non-tilted MIm linkers. We also observed that higher cobalt content results in a
decrease of iodine release temperature in good agreement with stronger coordination bonds Zn-
linker compared to Co-linker. In this way, Co doping of the ZIF-8 structure allowed to tune the
iodine adsorption properties with respect to the part of the iodine adsorbed by internal and
external surfaces of the crystals and the temperature of iodine release.

VVB and EAB acknowledge ‘RFBR for financial support according to the project Nel8-33-
00584. The authors express their appreciation to the Deanship of Scientific Research at King
Khalid University for funding this work through research groups program under grant number
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The effect of Co?* doping of ZIF-8 on iodine adsorption was investigated
Co?* doping decreases iodine uptake by an internal pore volume

Co?* doping increases iodine uptake by an external surface of the crystals
Higher Co®* content decreases temperature of iodine release






