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Abstract

The effective adsorption capture of iodine produced in the spent fuel reprocessing is an effective way to avoid the harm of
iodine to the ecological environment and human health. In the investigation described herein, a new kind of shaped silicalite-1
all-silica zeolite with a binder which was for direct industrial application other than power was synthesized and tested for iodine
adsorption performance. Although the existence of binder in shaped silicalite-1 all-silica zeolite, it still exhibited high iodine
adsorption capacities of 507 mg g-1, which was superior to inorganic adsorbents such as silver-containing zeolite mainly used
currently, and was comparable with that of power silicalite-1 reported previously. Moreover, the shaped silicalite-1 all-silica
zeolite could be cyclic utilization due to its reversible adsorption. All these show that the shaped silicalite-1 all-silica zeolite

provides the possibility for the application of iodine adsorption in industrial post-processing condition
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Abstract: Nuclear energy is one of the most promising clean energy sources in the future. The effective
adsorption capture of iodine produced in the spent fuel reprocessing is an effective way to avoid the harm
of iodine to the ecological environment and human health. Efforts have been made to devise materials,
which can effectively capture radioactive iodine without being damaged by moisture and nitric acid. In the
investigation described herein, a new kind of shaped silicalite-1 all-silica zeolite with a binder which was for
direct industrial application other than power was synthesized and tested for iodine adsorption performance.
Although the existence of binder in shaped silicalite-1 all-silica zeolite, it still exhibited high iodine adsorption
capacities of 507 mg g™!, which was superior to inorganic adsorbents such as silver-containing zeolite mainly
used currently, and was comparable with that of power silicalite-1 reported previously. Moreover, the shaped
silicalite-1 all-silica zeolite could be cyclic utilization due to its reversible adsorption. All these show that
the shaped silicalite-1 all-silica zeolite provides the possibility for the application of iodine adsorption in
industrial post-processing conditions.
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1. Introduction



Nuclear energy is one of the most promising clean energy sources for mankind in the future, and spent fuel
contains a large amount of raw material uranium, solid and gaseous radioactive elements produced by fission
as well. During spent fuel reprocessing, processes such as shearing and dissolving, nitric acid recovery, process
solution and liquid waste evaporation, waste calcination and melting, etc. will all produce process tail gas.
The capture of the fission product'?I in the nuclear fuel cycle is a growing priority for nuclear wasteform
research and development. Due to its long half-life (t;/5-1.57x 107 year) and high mobility in most geological
environments, its removal is a difficult problem. '2°I is of concern for spent nuclear fuel reprocessing facilities
and in this regard a review of'2°I immobilization has recently been published'. Therefore, the capture and
storage of gaseous iodine in off-gas has become the most important issue in the treatment of radioactive
waste gas in the world?.

In the current PUREX process, radioiodine can be eliminated from the gaseous waste streams by counter-
current scrubbing of the off-gas, including alkaline washing method, Mercurex method and Iodox method,
etc®. But it has shortcomings such as high corrosivity, high fluidity, difficult storage, and secondary pollution?.
Therefore, solid adsorption has been widely developed on iodine adsorption with the advantages of economi-
cal, convenient and highly effective. Moreover, using solid adsorbents to remove gaseous iodine can avoid the
complication in system designing and high maintenance costs. The solid adsorbents mainly include activa-
ted carbon, inorganic porous materials, metal-organic frameworks, and porous organic materials. Although
organic adsorption materials like metal-organic frameworks and porous organic materials have large adsorp-
tion capacity, they are not stable enough under water vapor conditions and are prone to adhesion, which
are not suitable under actual working conditions. In addition, their manufacturing process is cumbersome.
For these reasons, the currently promising solid adsorbents for gaseous iodine adsorption are mainly inor-
ganic adsorbents, including activated carbon®?®, silver-loaded silica gel®!2, silver-loaded alumina!®!® and
silver-exchanged zeolite'5-22. Among them, the silver-exchanged zeolites are most commonly used for iodine
capture, being considered as a benchmark sorbent.

Domestic and foreign scholars found that zeolites with silver nitrate can capture molecular iodine and iodine
alkyl compounds, with decontamination factors higher than 10323-2%, The saturated adsorption capacity was
196.6 mg g™! for elemental iodine and the average utilization rate of silver atoms was greater than 86.5%2°.
But one important disadvantage of Ag-based zeolites is that only a portion of silver species participate
in the Iy and CHg3l capturing processes, but all of the spent solid sorbents need to be discarded after
the adsorption process®’. Although Agl and AglOs in the spent adsorbents can be converted back to Ag’
nanoparticles by the treatment with molecular hydrogen at high temperatures (ca. 773 K), the regenerated Ag
nanoparticles undergo gradual sintering during the regeneration process, which leads to a significant decrease
in their activity. Due to this deleterious feature, the expensive adsorbents are typically discarded after being
recycled several times®?. In addition, previous studies showed that the iodine adsorption performances of
silver-containing zeolites were readily influenced by nitrogen oxides, which was due to the oxidation of
metallic silver??31-33 And increasing the maximum iodine adsorption capacity of the adsorbent can reduce
the amount of secondary solid waste after the adsorption of radioactive iodine. There is an urgent need to
find a zeolite adsorbent that is cheap, recyclable, especially suitable for industrial application.

All-silica zeolite has good hydrophobicity, acid resistance and thermal stability, which is suitable under actual
spent fuel reprocessing conditions3?:343%. More importantly, it is cheap than Ag-loaded zeolite which shows a
potential for iodine adsorption. Currently, the all-silica zeolites tested for iodine adsorption are poorly docu-
mented. A.Hijazi et.al studied the iodine adsorption on polyethyleneimine impregnated nanosilica sorbents.
Several nanoporous silica of SBA-15 and Aerosil types were impregnated with branched polyethyleneimine
with the aim to evaluate their iodine adsorption performance. The adsorption capacities of the adsorbents
increased almost linearly with the N content provided by polyethyleneimine below certain threshold3®. Tung
Cao Thanh Pham et. al discussed power silicalite-1 all-silica zeolite on iodine adsorption performance. They
observed silicalite-1 were stable in 5 M nitric acid and adsorbed iodine from highly acidic off-gas mixtures to
much greater extents than does activated carbon. The iodine adsorption capacity for silicalite-1 was 480 mg
g!, and after hydrophobicity intensification, it performed better up to 530 mg g '3°. However, in practical
engineering applications, the adsorbent needs to be formed into spherical or strip-shaped materials with a



size of micrometers or millimeters through a molding process, because powder materials can not be directly
used in engineering applications. In the molding process, it is generally necessary to mix inorganic binders
and adsorbent powders. High-temperature calcination is performed to enhance the mechanical strength of
the spherical or strip-shaped materials and ensure that no pulverization occurs under actual application con-
ditions after preliminary molding. Generally, inorganic materials used as binders do not have gas molecule
adsorption capacity, thus the maximum adsorption capacity of the adsorbent after molding is generally lower
than the maximum adsorption capacity of the adsorbent powder.

In this work, a new kind of shaped silicalite-1 all-silica zeolite was synthesized by a novel method with
aluminum oxide as a binder which could be directly used in industrial applications. It was strip-shaped with
a diameter of 3 mm and a length of about lcm with a topological structure of MFI molecular sieve. The
adsorption properties for iodine were investigated under the condition of reprocessing temperature about
348 K subsequently 36.

2. Experiments
2.1 Materials

Preparation of shaped silicalite-1 silica zeolite: A certain amount of TAPOH and silica sol were mixed and
stirred at room temperature for 2 hours. The solution was moved into a stainless steel reactor lined with
polytetrafluoroethylene and the reactor was placed in an oven at 423 K for 24 hours. Then the product
was centrifuged, washed, and dried overnight at 353 K. The obtained powder sample was placed in a muffle
furnace and calcined at 823 K for 3 hours to obtain the powdered silicalite-1. After that, the powdered
silicalite-1 and pseudoboehmite were mixed evenly according to the ratio of 86:14 with water. Extruded
them with an extruder and dried in an oven at 373 K. The obtained shaped sample was placed in a muffle
furnace and calcined at 823 K for 2 hours to obtain the final product shaped silicalite-1. Its appearance was
columnar with a diameter of 3 mm and a length of about 10 mm.

2.2 JTodine adsorption/desorption experiments and iodine adsorption kinetic

Both iodine adsorption and desorption experiments conductedmainly used the gravimetric method in this
study. The Iy capture was conducted under typical fuel reprocessing conditions (348 K and ambient pressure
with an I, vapor pressure of 0.014 atm®7). For each measurement, the dried adsorbent was placed in a
pre-weighted glass vial. The vial and excess solid iodine were put together in a closed system at 348 K and
ambient pressure. The iodine-loaded adsorbent was recovered after different exposure times and allowed to
cool in an inert environment, and the mass change was recorded.

The iodine adsorption curve at 348 K was simulated for adsorption kinetics, the adsorption kinetic model
was investigated and the adsorption kinetic fitting parameters were calculated.

To examine the iodine retention capacity of adsorbent, the iodine desorption experiments were evaluated.
Removed the adsorbent that has adsorbed iodine out of the iodine vapor environment and leaved it open,
continued to investigate iodine desorption at 398 K. The iodine-desorbed adsorbent was recovered after
different exposure times and allowed to cool in an inert environment, and the mass change was recorded.

2.3 Characterization of adsorbents before and after iodine adsorption

The pore parameters of the adsorbents were characterized by Ny adsorption/desorption isotherm at 77 K
using the ASAP 2460. Powder X-ray diffraction(XRD) patterns were collected with a BRUKER D8 Advance
using Cu ka radiation at room temperature with a step size of 0.02°, a scan time of 1 s per step, and 20
ranging from 5 to 70°. The generator setting was 40kV and 40 mA. Scanning electron microscopy(SEM)
used JSM-7800F and energy dispersive spectroscopy(EDS) was carried out using a Tescan Vega3. X-ray
Photoelectron Spectrometer(XPS) studies were performed using an Kratos AXIS Supra equipped with a
monochromatic Al Ka X-ray source.

3. Results and discussions



3.1 Characterization of adsorbents before iodine adsorption

The nitrogen adsorption/desorption isotherm and pore size distribution of the adsorbent are shown in Figure
1 and Figure 2 below. It can be seen that it basically conformed to the type-I adsorption isotherm, indicating
that the pores in the adsorbent were mainly micropores. The specific surface area of the adsorbent was 312.2
mg g!, and total pore volume was 0.27 mL g'. The pore size was mainly concentrated at 0.59 nm.

Figure 1 Nitrogen adsorption-desorption isotherm measured at 77 K
Figure 2 Pore size distribution of silicalite-1
3.2 Todine adsorption experiments

The iodine adsorption curve of shaped silicalite-1 at 348 K is shown in Figure 3. At first 15 hours of the
adsorption experiment, the amount of adsorption on shaped silicalite-1 was proportional to the adsorption
time. After that, the adsorption speed slowed down, finally reached the adsorption platform after about
23 h. After the adsorption completed, the color of shaped silicalite-1 changed from white to red-brown, as
shown in Figure 4. The saturated adsorption capacity for shaped silicalite-1 was 507 mg g™!, between those
of power silicalite-1 and hydrophobicity-intensified silicalite-13°, manifesting the molding process of shaped
silicalite-1 was successful. In addition, this iodine adsorption capacity was also higher than other inorganic
adsorbents reported previously, demonstrating huge application potential in iodine adsorption. The results
of iodine adsorption capacity in previous studies and this work are shown in Table 1.

Figure 3 Todine uptake curves for silicalite-1 at 348 K
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Figure 4 Color of (a) silicalite-1 and (b) silicalite-1 after iodine adsorption

Table 1 Comparison of iodine adsorption capacity of various inorganic adsorbents

adsorbent Temperature/K  Iodine adsorption capacity/ mg g!  reference
activated carbon 348 300 38
Ag@silica gel 403 200 B
Ag@Al,O3 _ 230 3
Ag@Qzeolite 403 196 2
Power silicalite-1 298 480 30
Power silicalite-1 (hydrophobicity-intensified) 298 530 30
Shaped silicalite-1 348 507 this work

3.3 Iodine adsorption kinetic

In order to further explore the kinetic performance of the adsorption process, the adsorption process curve was
fitted as shown in Figure 5-6. The kinetic model constants and correlation coefficients of iodine adsorption
are shown in Table 2. The results showed that the adsorption process for shaped silicalite-1 conformed to the
pseudo first-order adsorption kinetic equation, q;=642.6x (1-e™-9%*)(R2=0.988). The adsorption processes for
shaped silicalite-1 was controlled by the diffusion steps, manifesting the adsorption rate was proportional to
the difference between the equilibrium adsorption capacity and the adsorption capacity at certain time.



Figure 5 Todine uptake curves for shaped silicalite-1 using pseudo- first-order adsorption kinetic equation

Figure 6 Iodine uptake curves for shaped silicalite-1 using pseudo-second-order adsorption kinetic equation

Table 2 The kinetic model constants and correlation coefficients of iodine adsorption by shaped Silicalite-1

adsorbent

Kinetics model Kinetics model

Kinetics model

Pseudo-first-order
k1 (h_l )
0.05

Pseudo-first-order

ge(mg/g)
642.6

Pseudo-second-
k2 (g mg! ht)
3.02x105

Pseudo-second-order

ge(mg/g)
992.38

Pseudo-first-order Pseudo-second-order
R? R?
0.988 0.988

3.4 Todine adsorption mechanism

The adsorbents before and after iodine adsorption were measured by SEM-EDS, XRD to study the iodine

adsorption mechanism.

The SEM result and EDS result for shaped silicalite-1 are shown in Figure 7 and Figure 8 respectively. As
the existed of the binder of aluminum oxide, the shaped silicalite-1 contained aluminum element. Although
iodine did exist on shaped silicalite-1 after adsorption, no significant change in the morphology of adsorbent

was observed.

H20,000

3.0kW UED



Figure7 SEM images of (a) silicalite-1 and (b) silicalite-1 after iodine adsorption
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(b) EDS spectrum of silicalite-1 after iodine adsorption
Figure 8 EDS Spectra of (a) silicalite-1 and (b) silicalite-1after iodine adsorption

For studying the phase structure changes of the adsorbent after iodine adsorption, the X-ray diffraction
analysis results of shaped silicalite-1 before and after iodine adsorption are shown in Figure 9. After iodine
adsorption, the diffraction peaks of the two crystal planes [101] and [200] became smaller, indicating that
shaped silicalite-1 adsorbed iodine and affected the long range order of the two crystal planes. It might
be caused by the blocked pores of adsorbed iodine. Meanwhile, there was no new phase produced after
adsorption, indicating probably that the mechanism was physical adsorption, which was proved by subse-
quent desorption experiment. In addition, there was no obvious diffraction peak of elemental iodine on the
adsorbent after adsorption. It might be due to the elemental iodine had better dispersion on the adsorbent
or the peak was weaker and annihilated, thus no obvious diffraction peak could be formed.

Figure 9 XRD patterns of silicalite-1

To investigate the existing form of iodine on the adsorbent after adsorption, the results measured by XPS are
shown in Figure 10. The scan of Isq showed that binding energy were 618.7eV and 630.3eV, which confirmed
the iodine existed in a neutral state3®.

Figure 10 XPS Spectrum of silicalite-1 after iodine adsorption
3.4 Iodine desorption experiments

To examine the reusable possibility of shaped silicalite-1, the iodine desorption experiments after iodine



adsorption on shaped silicalite-1 were tested at 348 K,373 K and 398 K. The iodine desorption curves are
shown in Figure 11. The EDS spectrum and XRD pattern on shaped silicalite-1 after iodine desorption
are shown in Figure 12 and Figure 13 respectively. The results showed that the combination of adsorbent
and iodine was reversible, and followed a physical combination. Moreover, the higher the temperature, the
faster the desorption rate of iodine. Iodine adsorbed under the saturated vapor pressure of iodine at 348
K could be desorbed completely after 6 hours proved by EDS spectrum when the temperature increased at
398 K in Figure 12. Moreover, the structure of shaped silicalite-1 had no change after iodine desorption,
manifesting the stability of adsorbent. It can be considered that the shaped silicalite-1 all-silica zeolite could
be recycled repeatedly and continued to be used for iodine adsorption, providing the possibility for iodine
removal industrial applications.

Figure 11 Iodine desorption curves for silicalite-1 at different temperatures

Figure 12 XRD patterns of silicalite-1
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Figure 13 EDS Spectrum of shaped silicalite-1after iodine desorption
4. Conclusions

In this paper, a new kind of shaped silicalite-1 all-silica zeolite with a binder which was for directly industrial
application other than power was synthesized and tested for iodine adsorption performance. Although the
existence of binder in shaped silicalite-1 all-silica zeolite, it still exhibited high iodine adsorption capaci-
ties up to 507 mg g!, attributed to the appropriate micropore which had stronger adsorption potential
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and hydrophobic surface. This iodine adsorption capacity was superior to inorganic adsorbents such as
silver-containing zeolite mainly used currently, and was also comparable with that of power silicalite-1 re-
ported previously, demonstrating the molding process of shaped silicalite-1 with binder was successful. The
adsorption results indicated that the mechanisms of adsorption followed physical combination. Moreover,
the shaped silicalite-1 all-silica zeolite could be cyclic utilization due to its reversible adsorption, and the
structure of shaped silicalite-1 was still stable after iodine desorption. The static iodine adsorption capacity
obtained on all-silica zeolites at the certain temperature of off-gas during spent fuel reprocessing is filling
the gap which has not been reported yet at 348 K. Instead of high price of silver-containing adsorbents,
this lower cost of shaped silicalite-1 all-silica zeolite which can be directly applied in industry provides the
feasible path in iodine removal aspects.
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