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Title: Application of silver-exchanged zeolite for radioxenon mitigation at fission-based medical isotope
production facilities

Abstract

Atmospheric radioxenon releases from fission-based medical isotope production facilities are the main
contributors to the radioxenon background being observed in the International Monitoring System (IMS)
for the verification of the Comprehensive Nuclear-Test-Ban Treaty. This background is impacting the
detection capability of the IMS network for potential nuclear explosions. Reducing the radioxenon
emissions from these facilities requires the optimization of the corresponding filtration process. The
investigation of more efficient Xe adsorption materials than Activated Carbon (AC), which is currently used
for this application, can play an important role for such an optimization. In this work, the Xe adsorption
capacity of silver-exchanged zeolites (AgZs) is compared to the one of ACs in relevant conditions for
fission-based medical isotope production facilities. The most promising AgZ candidate, a silver-exchanged
titanosilicate (Ag-ETS-10), is investigated in more detail for its application to further reduce radioxenon
releases. As operational conditions depend on the production and off-gas treatment processes, the effect of
Xe concentration, flow rate, temperature and moisture on the Xe adsorption in Ag-ETS-10 is reported.
Furthermore, since AgZs are far more expensive than ACs, it is crucial to be able to regenerate the material,
whilst maintaining its full Xe adsorption properties for successive reuse. Accordingly, the durability of Ag-
ETS-10 is investigated with regard to desorption and adsorption cycles but also with regard to gamma
irradiation.

Keywords: Xenon adsorption, Regeneration, Silver-exchanged zeolite, Activated carbon, CTBT
verification, Medical isotope production facilities

1. Introduction

During the past two decades, the Comprehensive Nuclear-Test Ban Treaty Organization (CTBTO) has been
deploying a network, the International Monitoring System (IMS), with four types of monitoring
technologies (seismic, infrasound, hydroacoustic and radionuclide), around the globe, designed to detect
possible violations of the CTBT (Comprehensive Nuclear-Test-Ban Treaty, 1996). Among all these
monitoring sensors, half of the eighty radionuclide sensors are foreseen to contain Noble Gas (NG)
monitoring systems. Currently 31 of the planned 40 systems have been installed (CTBTO, 2021). The NG
monitoring systems are designed to measure four radioxenon isotopes of relevance for CTBT monitoring:
Xe-131m, Xe-133m, Xe-133 and Xe-135, with half-lives of 11.9 days, 2.19 days, 5.24 days and 9.14 h,
respectively. These Xe isotopes are particularly relevant for CTBT verification due to their inert nature,
fission yield, and half-life.

It became clear in the previous two decades that a worldwide radioxenon background, coming from civilian
sources, is being observed in the NG monitoring systems (Achim et al., 2021; Auer et al., 2004; Hoffman
etal., 2009; Saey et al., 2010b; Saey et al., 2006). The researchers in this field have collected a large amount
of data on the inventory of radioxenon released to the atmosphere by different civilian nuclear installations
and their potential impact on the IMS (Achim et al., 2016; Gueibe et al., 2017; Kalinowski and Tatlisu,
2020; Saey, 2009; Wotawa et al., 2010; Zahringer et al., 2009). This radioxenon release information is being
refined by the use of high resolution stack monitoring at some installations (Goodwin et al., 2021; Ringbom
et al., 2020). The main sources of radioxenon releases to the atmosphere were determined to be a limited



number of fission-based Medical Isotope Production Facilities (MIPFs) around the globe. Nuclear Power
Plants (NPPs) can also contribute to some of the radioxenon observations particularly for NG monitoring
systems nearby NPPs (De Meutter et al., 2016; Ringbom et al., 2020). Even though these radioxenon
releases are well below national regulations for the protection of the public and environment, they are still
high enough to be detected by the very sensitive IMS NG systems (Doll et al., 2014).

The current knowledge on civilian radioxenon releases is not sufficient to understand all observations in the
IMS NG network, which would be required to be able to confidently discriminate between possible
detections from a nuclear explosion and the normal background observations (Bowyer, 2020; Goodwin et
al., 2020). When multiple Xe isotopes are observed, Xe isotopic ratios can be used to discriminate between
civilian sources and nuclear tests (Kalinowski et al., 2010). However, as shown by the likely radioxenon
detections from four of the six nuclear tests performed by the Democratic People’s Republic of Korea (De
Meutter et al., 2017; Gaebler et al., 2019; Ringbom et al., 2014; Saey et al., 2007), the samples were
containing only one or two Xe isotopes which is not sufficient for isotopic discrimination. Furthermore, the
continuous background at some locations can shift the observed isotopic ratio of a potential nuclear
explosion away from its expected isotopic signature (Bowyer, 2020). Finally, the fission-based MIPFs have
a radioxenon signature that is close to the one that would be expected from a nuclear explosion (Saey et al.,
2010a).

In order to minimize the impact of these civilian sources on the IMS NG network, Bowyer et al. (2013)
proposed an upper level of 5 GBg/day for radioxenon releases from fission-based MIPFs. The worldwide
radioxenon background is expected to become even more complex in the near future due to new emerging
fission-based MIPFs (NEA, 2019). It will thus be increasingly critical to reduce the radioxenon releases
from these facilities (Bowyer et al., 2014). The Xe-133 releases from the largest fission-based MIPFs are
estimated to be on average in a range from 1 to 10 TBq per day (Gueibe et al., 2017), which would thus
need an additional decay period of 40 to 57 days to reach the proposed upper level. The fission-based MIPFs
are producing radioisotopes, mainly Mo-99 and its daughter product Tc-99m, for medical applications
through the dissolution of irradiated uranium targets. The main Xe release, in the ventilation system, is
directly the result of the target dissolution, where the off-gases are driven out of the dissolver by an He or
N flow for their subsequent treatment (Sameh, 2013). The typical flow rate used is in the order of 1000
cm3/min for a duration of about one hour (Faga et al., 2018; Metz et al., 2014; PNNL, 2018).

The current method used for mitigating radioxenon releases in fission-based MIPFs, and in nuclear
installations in general, is through the adsorption of Xe on Activated Carbons (AC), possibly with the
combination of gas storage tanks, as this is a well-proven technique and is the most convenient method for
such applications (Doll et al., 2014; Kepak, 1990; Moeller and Underhill, 1981; Munakata et al., 1999;
Underhill, 1981; Zhou et al., 2011). The adsorbed Xe is trapped in AC for a certain period of time to allow
sufficient decay before being released to the atmosphere. The Xe adsorption on AC requires either a large
volume of AC or a cooling system to operate the AC at low temperatures for an efficient Xe adsorption (Lee
et al., 2016). ACs have also the disadvantage of increasing the risk of fire (Doll et al., 2014). Furthermore,
there is a preference for passive systems that do not require an active cooling system as this could lead to
uncontrolled radioxenon releases in case of failure. Existing facilities have an additional challenge to further
decrease their radioxenon emissions as they have limited space/footprint available to implement a more
efficient radioxenon mitigation system.



Due to the ignition risk with AC, researchers have been investigating the use of zeolites, as they are non-
combustible. Several studies demonstrated that zeolites had a lower Xe adsorption capacity than AC at room
temperature (lanovski et al., 2002; Kitani and Takada, 1965; Munakata et al., 1999). However, it has been
demonstrated that silver-exchanged zeolites (AgZs) offer a significantly higher Xe adsorption capacity at
room temperature compared to AC at low Xe partial pressures (Byun and Hahm, 2020; Deliere et al., 2016;
Monpezat et al., 2019; Munakata et al., 2003). To the best of our knowledge, the application of silver-
exchanged zeolites for radioxenon mitigation at fission-based MIPFs has not yet been specifically reported
in the literature. More recently, a new class of porous materials, called Metal-Organic Frameworks, have
been investigated for Xe/Kr separation and showed promising results for this specific separation (Banerjee
et al., 2018). However, these materials have currently a Xe adsorption capacity at room temperature that is
in the same range as the one from AC (Banerjee et al., 2018) and would thus currently not improve the
efficiency of radioxenon mitigation with regard to the volume and footprint required.

In this work, the authors investigated the use of AgZs for the capture of radioxenon releases from the
dissolution process of fission-based MIPFs to provide a potential solution to further reduce the emissions
while maintaining the same volume and footprint for the system. First, different AgZs are compared to
typical ACs used in the nuclear industry. Based on this comparison, the most promising AgZ, a silver-
exchanged titanosilicate zeolite (Ag-ETS-10), is further investigated for its use and durability in this specific
context.

2. Materials and methods

Two types of Xe adsorbents were selected for this study, namely: ACs (as reference adsorbent) and AgZs
(section 2.1). In order to investigate the Xe adsorption properties of the different adsorbents, an experimental
system was designed to perform Xe breakthrough measurements (section 2.2) in varying conditions of Xe
concentration, flow rate, temperature and moisture content. Finally, the durability of one of the AgZs against
gamma irradiation was investigated in a gamma irradiation facility at the Belgian Nuclear Research Centre
(section 2.3).

2.1. Adsorbents

Three ACs and five AgZs were investigated. Their supplier, type, and commercial name together with their
density, mesh size and silver content, as provided by the supplier with the acquired sample, are presented in
Table 1.

Table 1. Overview of the adsorbents studied in this work with their density, mesh size, and, when applicable, silver

content.

. Type of - Density Mesh size Ag
Supplier adsorbent Material name (glemd) (mm) (wt. %)
capot Norit Nederland AC Norit RKJ 1 0.52 0.707-4.76 NA
NUCON International AC Nusorb® GXK 0.50 1.68-3.36 NA
Chemviron Carbon AC Nuclearcarb® 203C 0.57 1.68-3.36 NA
Sigma Aldrich Co. AgZ Ag-Mordenite 1.07 1.68-4.76 10-15
Extraordinary Adsorbents AgZ AQ-ETS-10_1 0.90 0.297-0.841 25-30
Extraordinary Adsorbents AgZ Ag-ETS-10_2 1.10 0.297-0.841 25-30
Extraordinary Adsorbents AgZ Ag-Chabazite_1 0.57 0.297-0.841 10-15

Extraordinary Adsorbents AgZ Ag-Chabazite_2 0.63 0.297-0.841 25-30




The selected ACs are commercially available adsorbents especially developed for the capture of radioactive
gases in the nuclear industry. Both the Nuclearcarb® 203C and Nusorb® GXK samples are coconut based
granular ACs specifically designed for noble gas adsorption. The Nuclearcarb® 203C material was used for
xenon retention in a transportable Xe monitoring system (Larson et al., 2011). Chemviron Carbon (2005)
reported a Xe Henry’s adsorption constant for this AC of 1.17 m?/kg at Standard Temperature and Pressure
(STP). The Xe Henry’s adsorption constant for the Nusorb® GXK material has been reported to be 1.39
m3/kg at room temperature and 5% Relative Humidity (R.H.) (Nucon International Inc., 2002). For both
ACs, the Xe partial pressure and the gas composition at which these Xe Henry’s adsorption constants were
obtained were not reported. The Norit RKJ 1 material is a potassium iodide impregnated and extruded AC,
which has specifically been designed for iodine trapping. This material has been investigated for iodine
adsorption (Sokolenko et al., 2015), but not yet for Xe adsorption.

The selected silver-exchanged Mordenite is also commercially available. Munakata et al. (2003) showed
that this type of AgZ had a higher Xe adsorption capacity than a reference AC at Xe partial pressures lower
than 1000 Pa and at 0 °C. The two samples of silver-exchanged Chabazite, with different silver loadings
(10-15 wt. % and 25-30 wt. % for Ag-Chabazite_1 and Ag-Chabazite_2 respectively), were prepared, as
reported by Kuznicki et al. (2007b), on request by Extraordinary Adsorbents (2021) for the purpose of this
work. Such a silver-exchanged Chabazite was reported to have a Xe adsorption capacity ranging from 0.79
to 0.88 mol/kg, depending on the synthesis process, at 1 kPa and 25 °C (Hirano et al., 2019). The Ag-ETS-
10 is a commercially available AgZ. This AgZ was developed and investigated by Kuznicki et al. (2007a),
who demonstrated a steep Xe adsorption isotherm reaching 0.46 mol/kg at 67 Pa and 25 °C. A sample of
this AgZ was obtained for the current work; this sample is called Ag-ETS-10_1 in the following sections.
The synthesis method of the Ag-ETS-10 was further developed to improve its adsorption properties, as
reported by Shi et al. (2013), leading to the development of the Ag-ETS-10_2 sample, which is also
investigated in this work. It has to be noted that Shi et al. (2013) reported a higher bulk density, i.e. 1.45
g/cm?®, by using two different particle sizes, which is not the case for the sample used in the current work.

Kuznicki et al. (2007a); Kuznicki et al. (2007b) demonstrated the presence of silver nanoparticles on the
surface of the Ag-ETS-10 and the Ag-Chabazite after synthesis. Daniel et al. (2013) showed that the
observed experimental Xe adsorption isotherms on various AgZs contained two clear adsorption steps and
could be represented by the sum of two independent Langmuir isotherms. The strong Xe adsorption at low
Xe partial pressure in a particular silver-exchanged Pentasil, Ag-ZSM-5, was demonstrated to be likely due
to the presence of silver nanoparticles on the external surface of the zeolite (Deliere et al., 2014). However,
the adsorption mechanism is currently not determined (Deliere et al., 2014).

2.2. Xe breakthrough measurements

An experimental set-up was developed to measure the breakthrough of stable xenon in different adsorbents.
In comparison with typical volumetric or gravimetric gas adsorption instruments, used to measure
adsorption isotherms, the experimental system used in this work allows to determine dynamic properties
based on the Xe breakthrough curves. The set-up, presented in Figure 1, is composed of three main parts:
the gas management system, the adsorption test bed, and the detection and acquisition system.

In the gas management system, the different high purity gases (He BIP®, N, BIP®, 99.9% He / 0.1% Xe
BIP® and 99% N,/ 1% Xe BIP®) used in the experiments were obtained from Air Products. The necessary
Xe in a carrier gas mixture for an experiment is controlled by two mass-flow controllers (Voégtlin, red-y



smart series). The Xe concentrations used in this work are ranging from 50 ppm to 1000 ppm in the carrier
gas for a total pressure of 120 to 180 kPa depending on the experiments. The xenon concentration during
the dissolution at fission-based MIPFs is in the range of 200 ppm, when assuming a constant release rate
over one hour. This corresponds to a typical flow rate of 1000 cm3/min at Standard Ambient Temperature
and Pressure and a Xe-133 activity of 4.4 10'* Bq as reported by Braekers et al. (2010). A gas humidifier
system can be connected in the gas management system when necessary. The humidifier consists of a
double-walled concentric tube with the central pipe being a specific semi-permeable membrane (PermaPure,
Nafion®), which is fed by a deionized water column. The necessary humidity level is obtained by adjusting
the fraction of the flow rate passing over the humidifier as the water column height and temperature are
fixed. The two relative humidity (R.H.) levels used in this work, 5 and 50%, corresponded to a dew point
of -18 + 3 °C and 10 £ 3 °C respectively, for a column temperature of 21 °C. A pressure sensor (General
Electric, UNIK 5000) is monitoring the pressure just after the mass flow controllers.
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Figure 1. Schematic representation of the experimental system for the measurement of Xe breakthrough curves. The
xenon in the carrier gas mixture is obtained in the gas management system (highlighted by the blue rectangle), with the
use of two mass flow controllers, fed by high purity gases, and when necessary the humidifier can be connected. The gas
mixture is then sent to the adsorption test bed (highlighted by the green rectangle). Finally, the outlet of the adsorption

test bed is monitored by a detector as well as a dew point meter (highlighted by the orange rectangle).

The adsorption test bed is a stainless steel column, with a stainless steel sintered wire mesh on both ends,
filled with the adsorbent to be investigated. The adsorption column is positioned vertically and the gas is
fed through the upper part of the column. In this work, three different adsorption columns with different
geometries were used and their characteristics are summarized in Table 2. During the filling of the
adsorption column with the adsorbent, mechanical vibrations are applied on the external surface of the
column to ensure a good packing of the material. For adsorbent fillings that were not fully filling the
adsorption columns, glass wool is used on both ends of the column to have the adsorbent in the middle of
the column and to ensure a good packing. A differential pressure sensor (KELLER, PD-23 series) is



monitoring the pressure drop across the adsorption column. The temperature of the adsorbent is continuously
monitored with a thermocouple (type K) connected to a digital indicating controller (CHINO, LT300 series).

Table 2 — Internal diameter and length of the three adsorption columns used in this work.

Column# Internal diameter Internal length

(mm) (mm)
Cc1 30 45
C2 20 80
C3 20 200

The detector system is either a Thermal Conductivity Detector (SRI Instruments, 110 GC TCD), where the
carrier gas is used as reference, or a Mass Spectrometer (Hiden Analytical, HPR-20 R&D) depending on
the experiments. The detector system is calibrated for Xe at least every week in the range of Xe
concentrations in the corresponding carrier gas, necessary for the experiments. The dew point sensor
(Michell, Easidew Online) is monitoring the dew point in parallel of the detector system.

Before each breakthrough experiment, the adsorbent is regenerated at the desired temperature, typically 200
°C, under a helium or nitrogen flow, depending on the carrier gas used for the following experiment. For
the Ag-Chabazite 2 sample specifically, a temperature of 160 °C was used, as a decrease in Xe adsorption
capacity during successive adsorption/desorption cycles was observed at a regeneration temperature of 200
°C. The process is controlled by a temperature controller (West Control Solutions, KS20) in combination
with a thermocouple (type K) on the external surface of the column. The temperature set point was
maintained until no xenon could be observed in the detector. The heating system is either a 180 W e-glass
textile heating wire (Eltherm, ELK-HS) wrapped around the column or a 1200 W infrared lamp (Heraeus,
SW/1200W), with a gold reflector, directed towards the column.

The following parameters are continuously recorded on a PC: flow rate on both mass flow controllers, inlet
pressure, pressure drop across the adsorption column, temperature of the test bed and dew point. All values
reported in this work correspond to the median value over the duration of the experiments.

From the experiments, two parameters were directly extracted: the Xe adsorption capacity and retention
time. The adsorption capacity (q) corresponds to the amount of xenon retained in the material until full
breakthrough (ty), as shown in Equation 1. It is determined based on calibrations made on beforehand with
the relevant xenon concentrations (C). The mass of adsorbent (M) is measured with a mass balance
(METTLER, AE240) after the set of experiments performed in the adsorption column, which always ended
by a desorption. The median flow rate (F) over the duration of the experiment is used in Equation 1. For the
measurement of Xe adsorption isotherms, the Xe adsorption capacity at each Xe partial pressure is measured
successively. The retention time (txxs), which can be defined at any percentage of the breakthrough curve
(XX%), is corresponding to the time required to have a certain percentage of breakthrough of xenon (i.e.
percentage of the inlet concentration).

_ Ffotb(cinlet_coutlet) dat Equation 1
M

In addition, the notion of Mass Transfer Zone (MTZ) is used to quantify the overall mass transfer kinetics
(diffusion, dispersion and adsorption-desorption) of Xe during each experiment, which is in the current work
defined as the zone going from 10% to 90% breakthrough (ti% and teow). This is the percentage of the



adsorbent bed where active adsorption occurs. The relative length of this zone is calculated based on the
definition in Zhou et al. (2011). The definition of the MTZ percentage used in the current work is given in
Equation 2.

MTZ (%) = 2wt . q00 g Equation 2
(to09%+t10%)

The uncertainty on the Xe adsorption capacity and retention time at 10% of the overall experimental system
was evaluated through ten successive measurements of breakthrough curves on a sample of Nusorb® GXK
in the same conditions, which are given in Supplementary material Table S1. The average adsorption
capacity in these conditions was 1.2 102 mol/kg and the minimum and maximum values were 1.1 10
mol/kg (-8.3%) and 1.3 102 mol/kg (+8.3%) respectively. The average retention time at 10% was 36 minutes
and the minimum and maximum values were 35 (-2.8%) and 39 minutes (+8.3%) respectively. The average
MTZ percentage was 66% and the minimum and maximum values were 63% (-4.0%) and 70% (+6.6%)
respectively. This can be considered as a worst-case uncertainty as the same sample was used throughout
the ten breakthrough curves and a desorption step was performed in between the adsorption runs so that a
potential degradation of the material cannot be excluded. An uncertainty of + 10% is used for the reported
Xe adsorption capacities, retention times at 10%, and MTZ percentages.

2.3. Gamma irradiation

A sample of Ag-ETS-10 2 was irradiated in the BRIGITTE (Big Radius Installation under Gamma
Irradiation for Tailoring and Testing Experiments) gamma irradiation facility at SCK CEN. The BRIGITTE
irradiation facility is described in Fernandez et al. (2002). The sample, with a mass of 22 g, was irradiated
for 50 hours in this facility under a constant and homogeneous gamma absorbed dose rate of 20 kGy/h,
resulting in a total gamma absorbed dose of 1 MGy.

3. Results and discussion

The comparison of the Xe adsorption capacity of the studied adsorbents is presented and discussed in
subsection 3.1. In the same subsection, the effect of moisture on the Xe adsorption capacity and a specific
comparison of the two Ag-ETS-10 samples is given as well. In subsection 3.2, the applicability of the Ag-
ETS-10 material in conditions relevant for radioxenon mitigation in fission-based medical isotope
production facilities is discussed.

3.1. Comparison of Xe adsorption on the different adsorbents

Xe adsorption capacities at about 6.5, 13, 65 and 130 Pa at room temperature, in Xe/He and Xe/N, mixtures,
were measured on the different AC and AgZ adsorbents, except on the Ag-ETS-10_1 that is discussed
separately hereafter. The detailed experimental conditions can be found in Supplementary material Table
S2A for helium and in Table S2B for nitrogen. The resulting Xe adsorption capacities are presented in
Figure 2a for ACs and in Figure 2b for AgZs. Assuming a linear adsorption isotherm for the three ACs, the
Xe Henry’s adsorption constant is 1.15, 0.947 and 0.725 m3/kg in He, and 0.688, 0.635 and 0.781 m¥kg in
N, for Nusorb® GXK, Nuclearcarb® 203C and Norit RKJ1 respectively. For Nusorb® GXK and
Nuclearcarb® 203C, there is a clear decrease in Xe adsorption when going from He to N, whereas for Norit
RKJ1 the difference is within the uncertainties. These results indicate that there is no significant Xe/N»
adsorption competition at room temperature in the range of partial pressures investigated for Norit RKJ1



whereas there is a significant Xe/N, adsorption competition in the two other ACs. When He is used as carrier
gas, Nusorb® GXK clearly offers the highest Xe adsorption capacity whereas when nitrogen is used as
carrier gas, the three ACs offer a similar Xe adsorption capacity. The highest Xe Henry’s adsorption constant
for Nusorb® GXK is about 17% lower than the one reported at room temperature by Nucon International
Inc. (2002) for which the carrier gas and Xe partial pressure were not reported. The highest Xe Henry’s
adsorption constant for Nuclearcarb® 203C is about 20% lower than the one reported at STP by the producer
with, again, an unknown gas composition and Xe partial pressure (Chemviron Carbon, 2005). For this AC,
the difference in temperature could explain the lower Xe Henry’s adsorption constant.

For all AgZs, there is a significant Xe/N; adsorption competition as all Xe adsorption capacities measured
in nitrogen were lower than the ones measured with helium. The order, with regard to the highest Xe
adsorption capacity, on each AgZ is Ag-ETS-10_2 > Ag-Chabazite 2 > Ag-Chabazite 1 > Ag-Mordenite.
The Xe adsorption capacity at about 65 Pa on the Ag-ETS-10_2 sample is 0.48 mol/kg at room temperature,
which is very similar to the 0.46 mol/kg reported by Kuznicki et al. (2007a) in the same conditions on an
Ag-ETS-10 sample. However, as shown in the following paragraphs, the Ag-ETS-10_2 sample has a higher
Xe adsorption capacity, by about 20%, than the Ag-ETS-10_1 sample. The latter corresponds to a similar
sample as the one reported in Kuznicki et al. (2007a). The highest Xe adsorption capacity measured on the
Ag-Chabazite samples was 0.24 mol/kg at about 130 Pa on the Ag-Chabazite 2 sample. Assuming a
Langmuir type adsorption isotherm, the extrapolated Xe adsorption capacity at 1 kPa on this sample would
be 0.53 mol/kg, which is lower than the reported values of 0.79 to 0.88 mol/kg at 1 kPa by Hirano et al.
(2019). Differences in the isotypic chabazite structure, the activation temperature and silver exchange likely
explain the difference (Fujie et al., 2010; Saxton et al., 2010). The ratio of the Xe adsorption capacity of
Ag-Chabazite_2 to Ag-Chabazite_1 ranged from 1.5 to 2.0 for Xe/He - and from 2.0 to 2.4 for Xe/N>
mixtures. The results on both Ag-Chabazite samples clearly indicate that the Xe adsorption capacity is a
function of silver loading. This is in agreement with the observations made by Daniel et al. (2013) on
Pentasil-type zeolites. Finally, the Ag-Mordenite had the lowest Xe adsorption capacity of all adsorbents
investigated. The Xe adsorption capacity in He at about 130 Pa and room temperature was 4.3 10-3 mol/kg
for this sample, which is well below the Xe adsorption capacity measured by Munakata et al. (2003) of
about 0.3 mol/kg at about 100 Pa and 0 °C on a Ag-Mordenite. The difference in temperature is clearly part
of the explanation for this difference. However, it is unlikely that the Xe adsorption capacity would increase
by about two orders of magnitude when going from room temperature to 0 °C. Beyer and Jacobs (1982)
showed that silver nanoparticles are only formed on Ag-Mordenites under an external reducing agent and
at a sufficiently high temperature. As no information on the synthesis process of the Ag-Mordenite, studied
in this work, is available, it is possible that the used synthesis process did not efficiently result in silver
nanoparticles and could be part of the cause for the observed difference.
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Figure 2. Overview of the measured Xe adsorption capacity gxe (mol/kg), at 50, 100, 500 and 1000 ppm Xe in helium and
nitrogen, on the different adsorbent materials: a) ACs and b) AgZs.

The benefit of using the Ag-ETS-10_2 sample over a nuclear grade AC such as Nusorb® GXK for Xe
adsorption, both in He and N, is clear from Figure 2. The Xe adsorption capacity at 6.5 and 130 Pa in Xe/He
increases by a factor 81 and 8.5 respectively; whereas in Xe/N; it increases by a factor 31 and 10
respectively. As the available space for a Xe trapping system in an existing facility could be limited, the Xe
adsorption capacity per unit of volume is in this case a more crucial factor. As shown in Table 1, the density
of the Ag-ETS-10_2 sample is about twice the density of Nusorb® GXK, which, in terms of volume, further
increases the adsorbed amount of Xe by a factor two. The comparison in terms of volume on the amount of
Xe retained in the material, the Xe retention time at 10 and 90%, and the MTZ percentage is highlighted by
the ratio of these quantities in Table 3 for two Xe concentrations in both Xe/He and Xe/N. mixtures. The
detailed experimental conditions for the underlying breakthrough curves can be found in Supplementary
material Table S3. As can be seen in Table 3, the ratio for the adsorbed amount of Xe ranges from 17.9 up
to 185 depending on the Xe concentration and carrier gas. More importantly, the ratio for the retention time
at 10% is even higher with values ranging from 20.2 up to 211. In practice at 50 ppm Xe in He, the same
volume of adsorbent can be used for a time period that is 211 times longer. The lower MTZ percentage in
the Ag-ETS-10_2 sample compared to Nusorb® GXK indicates a faster overall mass transfer kinetic and
thus a relatively sharper breakthrough.

Table 3 — Ratio of the adsorbed amount of Xe (nxe), Xe retention time at 10 and 90% and MTZ percentage of the Ag-ETS-
10_2 sample on the Nusorb® GXK sample with He and N2 at two Xe concentrations.

Ratio Ag-ETS-10_2/Nusorb® GXK
Nxe tww tww MTZ percentage
50 He 185 211 155 0.6

Xe con. (ppm) Carrier gas




1000 He 182 20.2 158 0.6
100 N2 434 499 394 0.7
1000 N2 179 237 140 0.2

The Xe breakthrough curves of Ag-ETS-10_1 and Ag-ETS-10_2 were compared, with a gas mixture of
1000 ppm Xe/He at room temperature, to determine the improvement in Xe adsorption of the new sample,
produced with a new synthesis method. The detailed experimental conditions can be found in
Supplementary material Table S4. The resulting average Xe adsorption capacity was 0.61 mol/kg for the
Ag-ETS-10_1 sample and 0.72 mol/kg for the Ag-ETS-10_2 sample, corresponding to a relative increase
of 18%. In addition, it has to be noted that the density of the Ag-ETS-10_2 sample increased by 22.2 %
compared to the Ag-ETS-10_1 sample, which further increases the Xe adsorption capacity per unit volume
of adsorbent. The resulting average Xe retention time at 10% per unit mass of adsorbent was 21 min/g for
the Ag-ETS-10_1 sample and 26 min/g for the Ag-ETS-10_2 sample, corresponding to a relative increase
of 24%. These increases are significant compared to the 10% uncertainty on these measurements. Shi et al.
(2013) reported a relative increased retention time per unit mass of material of 28 % for Ar for a high density
Ag-ETS-10 compared to the regular Ag-ETS-10. This is in agreement with the results obtained in the current
work for Xe. In Figure 3, for each sample, one of the obtained breakthrough curves is presented, normalized
with regard to the Xe inlet concentration. For this comparison, the x-axis is rescaled by dividing the time by
the mass of each sample, as the masses were not exactly the same (25.9 g and 26.8 g for the Ag-ETS-10_1
and Ag-ETS-10_2 samples respectively). The average MTZ percentage corresponded to 38% and 20% of
the bed length for the Ag-ETS-10 1 and Ag-ETS-10_2 samples respectively indicating a significantly
smaller MTZ percentage in the Ag-ETS-10_2 sample. The Xe breakthrough curve on the Ag-ETS-10_2
sample follows a logistic function (‘S” shape profile) around the retention time at 50% as expected for ideal
breakthrough curves, whereas the breakthrough curve on the Ag-ETS-10_1 sample does clearly not follow
a logistic function. The lower slope at the beginning of the breakthrough curve on the Ag-ETS-10_1 sample
is due to a slower overall mass transfer kinetic, which is likely the result of the different binder. Even more
interesting is the sharper breakthrough at the end of the curve for the Ag-ETS-10_1 sample, which would
indicate a preferential channel with less adsorbent encountered by the gas at the end of the adsorbent bed.
This could be due to an imperfect packing of the Ag-ETS-10_1 sample, with an inhomogeneous packing
density along the adsorbent bed, as highlighted during other experiments and discussed in Section 3.2.7.
The higher Xe adsorption capacity and retention time at 10% clearly demonstrate that it is still possible to
further optimize the adsorption materials for the capture of xenon and thus decrease the volume of material
required for a defined amount of xenon to be captured.
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Figure 3. Normalized Xe breakthrough curves obtained on the Ag-ETS-10_1 (m) and the Ag-ETS-10_2 (+) samples. The x-
axis is rescaled with the mass of adsorbent, as these were slightly different.

As moisture can still be present in the gas stream going from the production process to a potential radioxenon
mitigation system, the effect of moisture on the Xe adsorption capacity for the different materials was
investigated. The adverse impact of moisture on iodine adsorption in AgZs has been shown in the past (Nan,
2017). However, the effect of moisture content in the gas stream on the Xe adsorption in AgZs, has to the
best of our knowledge, not yet been reported. For this purpose, two moisture contents were investigated:
5% and 50% Relative Humidity (R.H.). These are compared with a run in dry conditions. Before the
experiment, the sample was fully regenerated and then the chosen moisture content was maintained until
the full Xe breakthrough was observed. The obtained Xe adsorption capacity, for a mixture of 250 ppm
Xe/N; at room temperature, for all adsorbents, except for Ag-ETS-10_1, with these three moisture levels in
the inlet gas stream is shown in Figure 4. The detailed experimental conditions can be found in
Supplementary material Table S5. As can be seen in Figure 4, a significant decrease in Xe adsorption
capacity was observed for the Ag-ETS-10_2 and Ag-Chabazite_2 samples at 50% R.H. The Xe adsorption
capacity decreased by a factor 31 when going from dry conditions to 50% R.H. on Ag-ETS-10_2 whereas
it decreased by a factor 6.6 on Ag-Chabazite_2. A decrease in Xe adsorption coefficient on coconut-based
AC was demonstrated by Underhill et al. (1986) when the AC was equilibrated with the moisture content in
advance. This is clearly different from the methodology used in the current work, as it is here considered
that the adsorbent is fully desorbed before each use. In this case, the water uptake is clearly not sufficient to
decrease the Xe adsorption capacity on the ACs investigated.
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Figure 4 - Evolution of the Xe adsorption capacity as a function of the moisture content in the gas stream, for a mixture of
250 ppm Xe in nitrogen at room temperature, for each material.

The effect on the Xe retention time at 10%, for the Ag-ETS-10_2 sample, was much more limited than on
the Xe adsorption capacity as it decreased only by a factor 2.3. This is highlighted in Figure 5, where the
normalized Xe breakthrough is shown for the three moisture contents on the Ag-ETS-10_2 sample. As can
be seen in the figure, the Xe breakthrough at 10% is occurring significantly faster at 50% R.H. but the main
loss in Xe adsorption capacity is in fact due to the strong roll-up of Xe, as Xe is displaced from the adsorption
sites by water molecules (Carter and Husain, 1974). During the roll-up, 92% of the adsorbed Xe is released
from the material. Such a roll-up of Xe was also observed on the Ag-Chabazite 2 sample at 50% R.H., for
which the retention time decreased by a factor 1.3. A Xe roll-up is critical for radioxenon mitigation systems,
as this would lead to a large Xe release. The moisture content when using these AgZs should thus be well
controlled to avoid this situation.
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Figure 5 — Comparison of the normalized Xe breakthrough curves obtained on the Ag-ETS-10_2 sample in dry conditions,
and at 5% and 50% R.H.



3.2.  Applicability of Ag-ETS-10 for radioxenon mitigation

As shown in the previous section, Ag-ETS-10 is a promising adsorbent to support the reduction of
radioxenon emissions of fission-based MIPFs by providing a more efficient Xe adsorption per unit of
volume of adsorbent compared to all ACs and all other AgZs considered in this work. The applicability of
Ag-ETS-10 for this specific industrial setting is further considered in this section. The effect of inlet
concentration, column geometry, flow rate and temperature on the Xe breakthrough curves was investigated.
In addition, the durability of Ag-ETS-10_2 against gamma irradiation was explored. Finally, the
regeneration of the material and its durability against desorption/adsorption cycles were investigated.

3.2.1. Effect of inlet concentration

The effect of the inlet concentration on the Xe adsorption capacity of Ag-ETS-10_2 was shown in Section
3.1. The Xe adsorption isotherm of this sample (Figure 2) clearly indicated a Langmuir type adsorption
isotherm, as the material started to get saturated with Xe at the highest Xe partial pressures. In comparison,
Nusorb had a linear adsorption isotherm in the Xe partial pressure range investigated. In Figure 6a for Ag-
ETS-10 2 and in Figure 6b for Nusorb, one of the measured Xe breakthrough curves after desorption,
resulting in Figure 2, is shown for both 100 - and 1000 ppm Xe in N, at room temperature The detailed
experimental conditions for these breakthrough curves can be found in Supplementary material Table S6.
For Nusorb, both breakthrough curves (Figure 6b) are overlapping each other within the 10% uncertainty
as expected from the linear adsorption isotherm.

For the Ag-ETS-10_2 sample however, the Xe adsorption capacity increased by a factor 3.5 when going
from 100 ppm to 1000 ppm Xe in N> at room temperature. From Figure 6a, it can clearly be observed that
the slope of the curve is very different depending on the Xe concentration. On average, the MTZ percentage
represented 50 % and 16 % of the bed length at 100 and 1000 ppm Xe respectively. The Xe breakthrough
at 1000 ppm Xe has a very sharp breakthrough profile, which indicates a very fast overall mass transfer
kinetic. Whereas the Xe breakthrough at 100 ppm Xe has a significantly flatter slope compared to the one
at 1000 ppm Xe, which in turn indicates a slower overall mass transfer kinetic. As the breakthrough curves
were obtained on the same amount of material, geometry, flow rate and other experimental conditions, it
can only be concluded that the overall mass transfer kinetic has a concentration dependency in this material.
Such an observation was also made by Puertolas et al. (2010) with propene breakthrough curves on a ZSM-
5 zeolite, having a Langmuir type adsorption isotherm, where the slope increased with increasing
concentrations. The “trough” in the Xe breakthrough curve at 100 ppm could be due to some imperfections
in the packing of the adsorbent in the test bed. Such imperfections are discussed further in Section 3.2.7.
The results are clearly highlighting that the design of a Xe adsorbent bed, with adsorbents having a Langmuir
adsorption isotherm, should take into consideration the specific Xe concentration of the process, to assess
the dimensions of the adsorbent bed correctly.
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Figure 6 - Normalized Xe breakthrough curve for a) a 100 ppm Xe in N2 mixture (m) and a 1000 ppm Xe in N2 mixture (+)
at room temperature in the Ag-ETS-10_2 adsorbent and b) a 100 ppm Xe in N2 mixture (m) and a 1000 ppm Xe in N2
mixture (+) at room temperature in the Nusorb adsorbent.

3.2.2. Effect of column geometry

The effect of the Length to Diameter ratio (L/D) of the adsorption column on Xe adsorption was investigated
by measuring Xe breakthrough for two different ratios, 1.1 and 3.8, in a mixture of 1000 ppm Xe in He at
room temperature and for the same mass of adsorbent. In practice, the same Ag-ETS-10_2 sample was used
in adsorption columns C1 (L/D 1.1) and C2 (L/D 3.8). Detailed experimental conditions can be found in
Supplementary material Table S7. The resulting Xe breakthrough curves are shown in Figure 7. The Xe
adsorption capacity obtained with C1 was 0.69 mol/kg and with C2 it was 0.72 mol/kg. These values are
within the uncertainties of the measurement and are in agreement with the expectations. As the adsorption
capacity is measured at equilibrium, the geometry of the adsorption column should not affect the adsorption
capacity. The difference between both breakthrough curves is thus on the Xe adsorption kinetic which is, as
can be seen in the figure, significantly different. The MTZ percentage represented 90 % and 27 % of the
bed length for C1 and C2 respectively. The retention time at 10% went from 5.4 hours in C1 to 9.4 hours in
C2. The increase due to the larger L/D ratio is thus 72% and provides a significant difference in volume
required for a certain retention time. The smaller slope for the smaller L/D ratio indicates a slower overall
mass transfer kinetic, whereas the steeper slope for the higher L/D ratio indicates in turn a faster overall
mass transfer kinetic. The decrease in bed diameter going from C1 to C2 gives a higher superficial velocity,
and thus a shorter contact time with the adsorbent. The MTZ percentage is expected to increase with
increasing superficial velocity as discussed in Section 3.2.3. The current results indicate however an
opposite trend; this is likely due to a better flow distribution in C2 compared to C1. This is explained by the
use of the same inlet-pipe diameter for both columns, which gives rise to a smaller velocity gradient in the
transverse direction in C2 compared to C1. The earlier breakthrough in C1 is due to a smaller volume of
adsorbent in the region where the velocity is the highest whereas the longer time required to reach
equilibrium is due to the lower velocity in the region along the column wall. The flow distribution in the
adsorbent is an aspect that should be considered with care in the design of Xe trapping systems. The effect
of flow rate in a fixed column geometry is further discussed in the following section. The steeper slope at



the end of the Xe breakthrough curve in C1 could be due to some imperfections in the packing of the material
in the adsorption column as discussed further in 3.2.7.
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Figure 7 —Normalized Xe breakthrough curves, with 1000 ppm Xe in He at room temperature, obtained with column C1
(m) and C2 (+) filled with the same Ag-ETS-10_2 sample.

3.2.3. Effect of flow rate

The effect of the flow rate on Xe adsorption in the Ag-ETS-10_2 sample was investigated by measuring the
Xe breakthrough at four flow rates, i.e. 280, 400, 1400 and 2800 cm3/min, in the same column. All other
conditions were kept constant. The detailed experimental conditions can be found in Supplementary material
Table S8. The Xe adsorption capacity varied between 0.46 and 0.55 mol/kg, which is perfectly within the
10% uncertainty on the average value obtained in Figure 2 for this Xe partial pressure. There is thus no
significant effect on the Xe adsorption capacity, indicating that equilibrium was reached within the material
for all flow rates. The Xe breakthrough curves obtained at these flow rates are shown in Figure 8a, where
the x-axis has been rescaled with the flow rate for visualisation purposes and is thus representing the volume
of gas processed in the adsorbent bed. The retention volume at 10% breakthrough was 0.190, 0.183, 0.165
and 0.161 m3 for 280, 400, 1400 and 2800 cm?/min respectively, which indicates a slower overall mass
transfer kinetic when the flow rate increases. For this aspect, the superficial velocity of the gas inside the
adsorption column is a critical factor. The superficial velocity was 1.5, 2.1, 7.4 and 15 cm/s for a flow of
280, 400, 1400 and 2800 cm3/min respectively. As the adsorbent filling in the column was kept constant,
this increased velocity resulted in a shorter contact time with the adsorbent inside the column. The results
clearly show that the adsorption sites are much more difficult to reach at a high superficial velocity resulting
in a longer time duration, and a larger MTZ percentage, to reach equilibrium. The MTZ percentage of the
bed length as a function of superficial velocity is shown in Figure 8b. In this figure, a linear equation was
fitted. The resulting R-squared is 0.85 indicating indeed a linear correlation in this range of superficial
velocity. Such a linear relationship was shown numerically by Rezaei and Webley (2009) for CO./N;
separation on different adsorbent structures. More surprising is the change of slope in each breakthrough
curve occurring at about 40-50% breakthrough. This could again be due to an inhomogeneous packing of
the material in the adsorption test bed as will be discussed in Section 3.2.7. Another possible cause for this



change in slope could be related to the two distinct adsorption sites in these AgZs, one adsorption site for
the zeolite and a second one for the silver nanoparticles (Deliere et al., 2014), which could have different
mass transfer properties.
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Figure 8 — a) Normalized Xe breakthrough curves, in function of volume of gas processed, obtained on the Ag-ETS-10_2
sample with a flow rate of 280, 400, 1400 and 2800 cm3/min and b) Mass Transfer Zone percentage with regard to the bed
length as a function of superficial velocity together with the linear fit.

3.2.4. Durability against gamma irradiation

Xe adsorption capacity, retention time at 10%, and MTZ percentage, were measured during a 1000 ppm Xe
in He adsorption run at room temperature before and after a gamma irradiation of 1 MGy on the Ag-ETS-
10_2 sample. Xe breakthrough curves before and after irradiation are compared in Figure 9. The detailed
experimental conditions can be found in Supplementary material Table S9. The average Xe adsorption
capacity, measured after irradiation, was 0.63 mol/kg, which is 6% lower than the average Xe adsorption
capacity before irradiation. The average Xe retention time at 10% measured after irradiation was 8.8 h,
which is 6% higher than before irradiation. The values are thus clearly within the uncertainties and no
significant effect on Xe adsorption was observed. On the other hand, the MTZ percentage represented 27%
of the adsorbent after irradiation whereas it represented 39% before irradiation. The decrease in MTZ
percentage is clearly significant. However, as will be discussed in Section 3.2.7., this is likely related to the
packing density of the material inside the adsorption column, resulting in an inhomogeneity of the packing,
having a significant effect on the MTZ percentage, which was observed before irradiation as well as shown
further in Figure 11b. Accordingly, no effect on the Xe adsorption properties could be observed after the 1
MGy gamma irradiation. To the best of our knowledge, this study is the first investigation on the durability
of this AgZ against gamma irradiation.

As shown by Saey et al. (2010a) and Lee et al. (2016), the major contributor to the radioxenon releases from
fission-based MIPFs is Xe-133 and the typical Xe-133 activity released after the dissolution of irradiated
targets is in the range of 10 Bq. By considering the isotopic power of 2.14 10"** W/Bq from beta - and 7.39
10> W/Bq from gamma decay for Xe-133 (JEFF-3.1 Nuclear Data Library), this would yield a power of
2.14 - and 0.739 J/s from beta and gamma decay respectively. The exploration of the durability of the Ag-



ETS-10_2 sample was performed on a sample of 21.6 g. Considering this mass and that all beta and gamma
radiation would be absorbed in the material, this would yield in turn an absorbed dose of 0.36 - and 0.12
MGy/h or about 1 MGy for 3 - and 8 hours of operation for beta and gamma radiation respectively. This
means that the current exploration of the durability of the material would need to be extended not only to
consider beta radiation but also to a higher absorbed dose in the future to ensure its durability to radiation
in operational conditions at fission-based MIPFs.

2 1 1 1 1
104 = Before Irradiation
+ After irradiation

0.8

0.6 4

0.4+

Normalized Xe outlet (-)

0.2

0.0 o2k & 4 % kL2 L % 4% b T & °

Time (h)

Figure 9. Normalized Xe breakthrough curves, for a mixture of 1000 ppm Xe in He at room temperature, obtained before
(w) and after (+) the gamma irradiation with an absorbed dose of 1 MGy on the Ag-ETS-10_2 sample.

3.2.5. Xe adsorption at 60 °C

Radioactive decay of the different Xe isotopes could result in a heat build-up in the material. If not
sufficiently dissipated, this could decrease the adsorption capacity as adsorption is an exothermal process
where the adsorption capacity decreases with increasing temperature following a van ’t Hoff equation
(Ruthven, 1984). In order to assess this potential decrease, Xe breakthrough curves with 1000 ppm Xe in
He at 60 °C were evaluated and compared to these obtained at room temperature. 60 °C is considered as the
upper level for operation without dedicated cooling during adsorption. The detailed experimental conditions
can be found in Supplementary material Table S10. The obtained average Xe adsorption capacity, retention
time at 10% and MTZ percentage are shown in Table 4. Xe adsorption capacity decreased by a factor 2.5
from room temperature to 60 °C, whereas Xe retention time decreased by a factor 1.3. The MTZ percentage
did not change between the different experiments, which were performed with the same filling and thus the
same packing. The reduction in adsorption capacity and retention time could thus have a significant effect
and could potentially cause an earlier breakthrough if the radioactive decay would result in an increase in
temperature during operation.

Table 4 — Comparison of the average temperature, inlet pressure, Xe adsorption capacity and retention time at 10%, and
MTZ percentage on the Ag-ETS-10_2 sample at room temperature and at 60 °C for the experiments with 1000 ppm Xe in
He.

T(°C) P(kPa) qxe(mol/kg) tiow(h) MTZ (%)
23 174 0.61 9.1 20%
60 173 0.25 7.1 20%




3.2.6. Regeneration conditions

The regeneration of AgZs without any loss of Xe adsorption capacity is crucial, as these materials are far
more expensive than typical ACs. In addition, an efficient regeneration process is needed to minimize the
operational cost of a Xe trapping system. Accordingly, the regeneration of the Ag-ETS-10_2 sample was
investigated at three desorption temperature set points, i.e. 150 °C (internal temperature: 136 °C), 200 °C
(internal temperature: 171 °C) and 250 °C (internal temperature: 221 °C), under a continuous helium flow.
The detailed experimental conditions of these desorption runs, together with their subsequent adsorptions,
are given in Supplementary material Table S11. The desorption curves, normalized to the maximum Xe
concentration obtained at 250 °C, for these experiments are shown in Figure 10. A heating ramp of 2 °C/min
was used and once the temperature set point was reached, it was maintained for 3 hours before shutting
down the heating element. As can be seen in the figure for the desorption run at 250 °C, the maximum of
the desorption was reached before getting at 250 °C (at about 200 °C) and a back-fall to 1% of the maximum
was obtained 0.6 hours after reaching the temperature plateau. For the run at 200 °C, the maximum was
reached at the set point, as could have been expected from the run at 250 °C, the desorption peak is however
wider and falls back to 1% of the maximum only after 2.3 hours. Finally, for the run at 150 °C, the maximum
is reached at the set point temperature, it would most likely have increased further if the temperature set
point was higher as shown in the previous runs, and the peak is again broader and does not fall back to 1%
of its maximum before the end of the temperature plateau. This could, of course, be improved by a longer
heating duration or eventually a higher flow rate.

Xe adsorption capacities during the subsequent adsorptions with 1000 ppm Xe in He at room temperature
were 0.73, 0.73 and 0.70 mol/kg after the desorption at 250, 200 and 150 °C respectively. The Xe retention
time at 10% during these adsorptions was 9.4, 9.5 and 9.2 hours in the same order. Finally, the MTZ
percentage represented 29, 27 and 24% of the bed length, again in the same order. According to the
uncertainties, there are no significant variations in these parameters. This is indicating that, even though the
desorption at 150 °C did not fall back to 1% of its maximum during the temperature plateau, the desorption
was still sufficient to recover the Xe adsorption capacity.
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Figure 10. Normalized Xe desorption curves on the Ag-ETS-10_2 sample under a helium flow at a temperature of 150 (—- -
=), 200 (seseeee- ) and 250 °C (—) on the external surface of the adsorption column. The temperature curves for the
experiments at 150 (e), 200 («) and 250 °C (m) are also presented.

The choice on the temperature, duration and flow rate will depend on the particular conditions at a facility
and can be optimised in function of potential limitations. The use of a higher temperature allows to limit the
amount of gas to be used for the desorption and could be an important aspect in the operation of such a
system. In addition, a desorption with nitrogen was also investigated at 250 °C (internal temperature of 212
°C) and indicated that the subsequent adsorption with 1000 ppm Xe in He at room temperature remained
within the uncertainties of previous adsorption runs. The detailed experimental conditions for these
experiments can be found in Supplementary material Table S12. This is highlighted in Table 5 where the
Xe adsorption capacity, retention time at 10%, and MTZ percentage during a subsequent adsorption run
after a desorption with helium and nitrogen are given. As can be seen in the table, the results obtained during
the subsequent adsorption of Xe in He are very similar and within the uncertainties. This indicates that in
this heating configuration (temperature, flow rate and duration), helium can be replaced by nitrogen and still
provides the same subsequent adsorption efficiency.

Table 5 — Desorption conditions for the runs with He and N2 and the results obtained during the subsequent adsorption.

Desorption Subsequent adsorption
Carrier gas  Tsetpoint (°C)  Tinternal (°C)  tsetpoint (h) | gxe (MOl/Kg)  tio% (h) MTZ (%)
He 250 211 3 0.59 8.4 20%
N2 250 212 3 0.61 8.9 15%

3.2.7. Durability against desorption/adsorption cycles

Another key aspect of the cost of such a xenon trapping system is the durability of the adsorption material
against desorption/adsorption cycles. In total, 20 desorption/adsorption cycles were performed on the same
Ag-ETS-10_2 sample, the detailed experimental conditions can be found in the Supplementary material
Table S13. During these cycles, Xe adsorption capacity, retention time at 10%, and MTZ percentage during
adsorptions at 1000 ppm Xe in He at room temperature were compared. These parameters are compared in
Figure 11 for the relevant cycles. Cycles 9, 10 and 17 corresponded to pulsed experiments and could thus
not be compared based on the previous indicators. Also, cycles 18 and 19, corresponding to adsorption
experiments at 60 °C, could not be compared based on the previous indicators. Furthermore, cycles 5 and
6, highlighted in red in the figure, corresponded to adsorption runs that occurred after desorption under
nitrogen at temperatures about 130 °C, which was clearly not enough to fully desorb xenon with the defined
flow rate and duration as can be seen in the figure with the significantly lower adsorption indicators. For the
remaining cycles, i.e. 1 - 4,7 -8, 11 — 16 and 20, called hereafter ‘relevant cycles’, the above mentioned
indicators were compared to investigate the durability of the material. It has to be noted that the gamma
irradiation mentioned in Section 3.2.4 was done in-between cycle 12 and 13, as indicated by the blue line
in Figure 11a. In this figure, the relative deviation for these indicators from the average obtained on the
relevant cycles is shown. As can be seen in the figure, Xe adsorption capacity and retention time at 10% are
remaining within the 10% uncertainty. Accordingly, no significant effect on Xe adsorption was observed
based on these indicators. The average Xe adsorption capacity and retention time at 10% of these relevant
cycles was 0.67 mol/g and 9.0 hours respectively for an average Xe partial pressure of 180 Pa and a
temperature of 18 °C. On the other hand, as can be seen in Figure 11b, the MTZ percentage is varying much
more compared to the two previous indicators, with values ranging from 15% up to 40%. Interestingly, there



are regular steps in the MTZ percentage, occurring between cycle 10 and 11, 12 and 13, 14 and 15, and, 17
and 18, which are corresponding to moments where the adsorbent was removed from the adsorption column,
stored for a certain time and then poured back in the column. This is thus likely a consequence of a different
packing in the adsorbent test bed and not of a degradation of the material itself as the equilibrium adsorption
capacity is still reached.
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Figure 11. a) Relative deviation, to the average from the cycles in black, of the Xe adsorption capacity (0) and retention
time at 10% (®) during the 20 desorption/adsorption cycles on the Ag-ETS-10_2 sample. The blue vertical line indicates
the moment the sample was irradiated. The points indicated in red were obtained after a low temperature desorption. b)

MTZ percentage during the 20 desorption/adsorption cycles on the Ag-ETS-10_2 sample. The green vertical lines indicate
the moment the sample was removed from the adsorption test bed and was after a certain time poured back in the test
bed. The dotted line corresponds to the average value for each period without consideration of the points indicated in red.

This is highlighted in Figure 12b, where one breakthrough curve after each filling of the adsorption test bed,
i.e. cycle 1, 11, 13, 15 and 20, is shown. As could be expected from the MTZ percentages, the shape and
slope of the breakthrough curves are very different. This could be explained by a difference in packing after
the different fillings, which gave rise to preferential channels for xenon where it encountered less adsorbent
material at some locations within the adsorbent bed. This difference in packing was not observed on the
measured pressure drop, as the pressure drop along the column, about 100 hPa, was driven by the stainless
steel sintered wire mesh and remained at this value for all experiments with the Ag-ETS-10_2 sample. This
could potentially be improved by using a less restrictive wire mesh or a more sensitive pressure drop sensor
than the ones used in this work. The uniformity of the packing density could also potentially be improved
by using different Ag-ETS-10_2 particle sizes, which could better fill-in the gaps in the test bed. Shi et al.
(2013) demonstrated that by using two different Ag-ETS-10_2 particle sizes within the same adsorbent bed,
a significant increase in packing density could be achieved.



In comparison, breakthrough curves measured during the first filling of the column, except for cycles 5 and
6 for the previously mentioned reasons, are shown in Figure 12a. It is clear from the figure that the shape is
very similar for all these breakthrough curves and the differences are within the uncertainties.
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Figure 12. a) Normalized Xe breakthrough curves, with 1000 ppm Xe in He at room temperature, on the Ag-ETS-10_2
sample obtained during the first filling of the adsorption test bed. b) Normalized Xe breakthrough curves, with 1000 ppm
Xe in He at room temperature, on the Ag-ETS-10_2 sample obtained just after a filling of the adsorption test bed.

In view of reducing the operational cost, the reuse of Ag-ETS-10 for successive adsorptions is a key aspect.
As it was shown in the previous figures, Ag-ETS-10 can be reused for at least 20 times without significant
effect on Xe adsorption properties. According to the obtained results, the packing of the material inside the
adsorption column should be carefully executed and controled in order to eliminate void spaces in between
the adsorbent particles, which could cause a faster Xe breakthrough.

4, Conclusions

In this work, Xe adsorption capacities of five silver-exchanged zeolites (AgZs) and three activated carbons
(ACs) were compared at room temperature. A silver-exchanged titanosilicate, Ag-ETS-10, showed a much
higher Xe adsorption capacity than all other materials, investigated in a range of Xe partial pressures relevant
for fission-based medical isotope production facilities. Xe adsorption capacity and Xe retention time at 10%
of this AgZ were demonstrated to be a factor 18 to 210 higher than these of a typical nuclear grade AC,
depending on the Xe partial pressure and carrier gas. However, a decrease of Xe adsorption capacity was
observed at 50% R.H. for this specific AgZ as well as for a Ag-Chabazite sample. Accordingly, the moisture
content of the gas stream is a critical aspect for their use for radioxenon mitigation. For all other adsorbents,
no significant effect on the Xe adsorption could be observed due to moisture. It was shown that the Xe
adsorption Kinetics in Ag-ETS-10 could be optimized by adjusting the column geometry and the flow rate
of the inlet gas stream. This AgZ was shown to be resistant to a 1 MGy gamma irradiation as well as to 20
desorption/adsorption cycles, allowing the material to be reused for successive Xe adsorptions. Furthermore,



Xe adsorption properties of Ag-ETS-10 were recovered after a desorption at a temperature as low as 150 °C
under a helium flow. Such an efficient Xe adsorption material could be used to further decrease radioxenon
emissions from these facilities, which in turn would decrease their impact on the IMS network for the CTBT
verification.
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