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Molten salt consisting primarily of eutectic LiCI-KCl is currently being used in electrorefiners in the Fuel Conditioning Facil-

ity at Idaho National Laboratory. Options are currently being evaluated for storing this salt outside of the argon atmosphere

hot cell. The hygroscopic nature of eutectic LiCl-KCl makes is susceptible to deliquescence in air followed by extreme cor-

rosion of metallic cannisters. In this study, the effect of occluding the salt into a zeolite on water sorption/desorption was

tested. Two zeolites were investigated: Na-Y and zeolite 4A. Na-Y was ineffective at occluding a high percentage of the

salt at either 10 or 20wt% loading. Zeolite-4A was effective at occluding the salt with high efficiency at both loading levels.
Weight gain in salt occluded zeolite-4A (SOZ) from water sorption at 20% relative humidity and 40°C was 17wt% for 10%

SOZ and 10wt% for 20% SOZ. In both cases, neither deliquescence nor corrosion occurred over a period of 31 days. After

hydration, most of the water could be driven off by heating the hydrated salt occluded zeolite to 530°C. However, some HCI

forms during dehydration due to salt hydrolysis. Over a wide range of temperatures (320-700°C) and ramp rates (5, 10, and

20°C min"), HCI formation was no more than 0.6% of the CI” in the original salt.
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1. Introduction

Electrorefiners currently operating in the Fuel Condi-
tioning Facility (FCF) of Idaho National Laboratory (INL)
are being used to electrochemically process sodium bonded
Experimental Breeder Reactor-II fuel using an electrolyte
consisting of molten eutectic LiCI-KCl (58mol% LiCl,
42mol% KCI) with 5-10wt% UCI, [1-3]. These electrore-
finers recover uranium metal from other elements present
in the spent fuel (cladding, alloying zirconium, bond so-
dium, and fission products), allowing the uranium to be re-
used for fabricating new. As processing of sodium-bonded
metal fuel occurs, the salt becomes increasingly concen-
trated with fission products, and it becomes necessary to
either purify or dispose of the salt [3, 4].

Selectively removing fission products and sodium from
the salt may prolong the useful lifetime of the salt. Means
by which to accomplish this separation within reasonable
cost are necessary for a sustainable electrorefining opera-
tion [oxygen bubbling, Li addition, Li,0 addition, phos-
phate addition, liquid cadmium cathode, etc.]. At times,
operation conditions call for the retirement of the fraction
or whole of the contaminated salt. Therefore, means by
which to prepare contaminated salt for disposal or long-
term storage are needed. Simply packaging the salt in
sealed canisters and placing it in underground storage is
unacceptable due to the hygroscopic behavior of the salt
and accompanying enhanced corrosivity. The primary
electrorefiner (ER) salt constituent, eutectic LiCI-KCl, ab-
sorbs water from the atmosphere readily to the point where
it deliquesces [5]. The saline solution formed from such
deliquescence is highly corrosive to steel alloys, typical
canister materials storing the salt. Should the storage can-
ister incur any leakage, the salt has the potential to hydrate
and cause severe corrosion of the canister. This could lead
to containment breech of radioactive fission products and
actinides. While thermal processing of hydrated salt can
return it to an anhydrous state, these processes require a

chlorine potential to prevent the formation of oxychlorides
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which causes the formation of HCI [6].

One alternative to direct disposal of the ER salt is
to first immobilize it in a ceramic waste form consisting
of a composite of sodalite and borosilicate glass. Such a
ceramic waste form (CWF) and a process for producing
it were developed by Argonne National Laboratory and
Idaho National Laboratory first under the Integral Fast
Reactor program and then under the EBR-II spent fuel
treatment program [7-11]. In this process, the salt is first
occluded into dehydrated zeolite-4A and then undergoes
pressureless consolidation with borosilicate glass frit [7-
11]. Zeolite-4A is capable of absorbing chloride salt mol-
ecules within the available cavities of each unit cell due to
the microporous channels created by the extra-framework
cations and AlO, tetrahedra in the structure [12-15]. The
zeolite structure is thermally stable above the melting tem-
perature for the salt, making it suitable for the occlusion
of salts as an immobilization measure [14, 16]. While the
CWEF process has been demonstrated at engineering scale,
none of the needed equipment is currently installed in a
hot cell at INL. The space needed in the hot cell for this
process and time required for processing each batch are
both very high [11].

To address placing ER salt into temporary storage, an
option exists to simply occlude it in zeolite-4A and delay
formation of final waste forms. This processing could be
accomplished in the FCF with minimal new equipment.
The purpose of performing this process would be to render
the salt safe from deliquescence and prevent corrosion of
the storage canisters. While zeolite-4A is the primary can-
didate for occluding the salt because of the extensive test-
ing performed in development of the ceramic waste form,
exploring alternative zeolites, whose capacity for salt oc-
clusion may be greater, may be beneficial. Na-Y zeolite, of
the faujasite family, was identified as one alternative zeolite
to occlude the salt due to the large pore diameter (0.74 nm)
and Si/Al ratio of 2.4, which should lower the affinity for
water absorption [13, 14]. In comparison, the pore diam-
eter of zeolite-4A is 0.4 nm and has a Si/Al ratio of 1. The
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Fig. 1. Dehydration testing tube furnace set-up (a) photo and (b) drawing with the thermocouple and off-gas line routed through the end. The argon and
HCI off-gas flows into the auto-titrator vessel to measure rate of HCI flow out of the tube furnace.

H-exchanged variant of the ultra-stable Y zeolite (USHY)
has been reported to be effective at absorbing simulant
waste salt and generating HCI off-gas as a reaction product
[17-19]. While the USHY ion exchange reaction with ER
salt is a feasible approach to immobilize the salt for perma-
nent disposal, this project sought treatment options avoid-
ing off-gas handling to minimize operation complications.
In this project, sorption/desorption behavior of water
in LiCI-KCl eutectic salt occluded zeolites (zeolite-4A and
Na-Y) was studied to understand the benefit of using zeo-
lites to enable storage of the salt in an environment which
may involve contact with water vapor. The equilibrium up-
take of water in salt occluded zeolite was measured, and
the thermal desorption process was studied. Emphasis was
placed on the minimization of HCI production during water

desorption.

2. Materials and Methods
2.1 Materials
Zeolite-4A and Na-Y zeolite pellets (Riogen) were

crushed and sieved to a size distribution of 45-250 um (—60
+325 mesh). Salt composed of eutectic LiCI-KCl (58mol%

JNFCWT Vol.20 No.3 pp.259-268, September 2022

LiCl, 42mol% KCI) was used to represent ER salt. The LiCl
and KCI powders (reagent-grade, anhydrous; Fisher Scien-
tific) were mixed into 40-g batches in an argon-atmosphere
glove box with H,O and O, levels kept at less than 10 ppm.
The salt mixtures were loaded into glassy carbon crucibles
(HTW Germany - Thierhaupten, Germany; H: 6.75”, OD:
1.75”), inside of the glove box the salts were heated at 10°C
min!, held at 450°C for 60 minutes, and then left to cool
slowly inside of the furnace. After cooling and remov-
al from the crucibles, the salt was crushed and sieved to

< 250-pm particle sizes in the glovebox.

2.2 Equipment

The hydration testing of salt occluded zeolite and
dried zeolite-4A and Na-Y zeolite powders was done us-
ing an atmospheric humidity chamber (Test Equity Model
TE-101H-F). Dry atmosphere work was done in a glovebox
(Inert Technologies PureLab HE).

Dehydration testing was performed by loading 5-g
samples of hydrated SOZ-4A into a quartz weigh boat and
placed into a stationary tube furnace. Argon gas flowed
through the inlet, and HCI gas produced during the experi-
ments flowed through the outlet and into an auto-titrator

vessel where the pH change was measured over time. This
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set up is pictured in Fig. 1(a) and illustrated in Fig. 1(b).

2.3 Procedures

Hydration experiments were performed with 1.50 +
0.00 g zeolite samples and 40.00 £ 0.01 g salt occluded
zeolite (SOZ) samples placed in petri dishes and glass bea-
kers, respectively. Samples were exposed to 20 + 3% rela-
tive humidity (RH) at 40 + 0.5°C, and mass measurements
were recorded to determine water uptake as a function of
time. To characterize the effects of salt-occluded zeolite
on stainless steel, 5 £ 0.05 g samples were held in 10-mL
stainless steel crucibles during hydration, and photos were
taken over time to document any visible degradation to the
crucible.

Prior to salt occlusion, batches of 60 to 70 g of each
zeolite 4A and Na-Y were loaded into alumina crucibles
and dehydrated by heating at 5°C min~!to 500°C in a fur-
nace located in the glovebox. Batches were combined and
characterized to provide a consistent source of dried zeolite
to be used for preparing salt-occluded zeolite and support-
ing further experimentation.

Salt occlusion was performed by mixing LiCI-KCl
powder with the dried zeolites in 10-g batches (duplicate
batches were loaded to 10 and 20 mass% salt). Occlusion
reactions were run by loading a pre-mixed batch into an
alumina crucible, heating to 500°C (zeolite-4A) or 625°C
(zeolite Na-Y) at 5°C min ™' and holding for 24 h. The higher
temperature for occlusion in Na-Y was used based on work
previously published by Wasnik et. al [18]. The zeolite-salt
mixtures were periodically removed from the furnace and
stirred for 60 s. This procedure was completed four times
for each batch. The mixture was then cooled inside the fur-
nace for five hours. This procedure was performed inside
of the glove box.

Dehydration experiments were performed to determine
the extent of HCI production. Hydrated SOZ samples were
loaded into a quartz weigh boat and placed into the center

of the horizontal tube furnace. Argon gas flowed through
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Table 1. List of dehydration experiments with conditions. All tests were
run with a batch of SOZ containing 20.0 g of LiCI-KCl and 80.0 g of
dehydrated zeolite-4A. Target hold temperature was 510—-520°C. Actual
observed maximum temperatures are given for most runs in the table

Sample ID  Sample Mass ~ Ramp Rate Maximum T (°C)
© (°C min™)
5C1 5.50 5 528
5C2 5.51 528
5C3 5.51 526
10C1 5.54 10 532
10C2 5.52 534
10C3 5.51 not available
20C1 5.57 20 537
20C2 5.54 536
20C3 5.49 not available

the furnace at a rate of 67 cm® min™!. A thermocouple was
inserted into the tube and placed close to the sample for ac-
curate temperature readings. Effluent gas was routed to the
auto-titrator cell where any HCI was titrated with measured
volumes of 0.05 M NaOH to maintain a constant pH of 10.
Table 1 outlines the sample matrix used for these experi-

ments.

2.4 Material Characterization

The moisture content within zeolite and SOZ samples
was measured using a simultaneous thermal analyzer (STA)
(TA Instruments Model SDT-650). Samples were prepared
in the argon atmosphere glovebox. To minimize contact
with air the samples were loaded into alumina sample pans
inside of the glove box and loaded into sealed glass vials.
The vials were transferred out of the glovebox and moved
to the STA when it was ready to receive the sample. The
vials were open, and the pans containing the samples were
quickly loaded into the STA, which was closed quickly

with flowing ultra-high purity argon gas at 50 ml min".

JNFCWT Vol.20 No.3 pp.259-268, September 2022
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The STA was programmed to heat the samples to 600°C at
10°C min™!, under ultra-high-purity argon gas (50 cm® min™").
The weight loss of the sample is assumed to be water off-
gassing from the sample.

Free chloride analysis was conducted on each sample to
assess the degree of occlusion achieved in each batch. This
process involved mixing 0.5 g of SOZ with 25 mL of puri-
fied, deionized water. This mixture was agitated by hand for
60 s and immediately filtered through a 0.45 um filter. An
ion-selective probe (Thermo Scientific Orion 9617BNWP)
was used to measure the resulting free Cl” concentration in
the solution.

X-ray diffraction (XRD) (Rigaku Miniflex600) was
performed at ambient temperature (approximately 20°C)
on SOZ powders following dehydration to ensure that the
crystallinity was maintained. Measurements were run over
a range of 2-70° 20 with a step size of 0.02° and at a scan

rate of 3° min".

3. Results and Discussion

3.1 Zeolite Hydration

Mass loss and gain experiments were performed to
determine the water sorption characteristics in zeolites-
4A and Na-Y absent of occluded salt in order to compare
the affinity of these zeolites for water. It is understood that
water uptake in a salt occluded zeolite can be affected by
properties of both the salt and the zeolite. An ideal sor-
bent for protecting the salt from uptake of water would
have a high affinity for salt but a low affinity for water.
Fig. 2 shows the mass loss due to thermal dehydration of
samples of zeolite-4A and Na-Y that had been saturated in
the humidity chamber (see section 2.3) after receipt from
the supplier. As can be seen in Fig. 2, a greater weight loss
was observed for zeolite-4A (20.15wt%) than zeolite Na-Y
(17.0wt%) during heating to 600°C. Next, samples of zeo-
lites 4A and Na-Y that had been dehydrated at 500°C were

JNFCWT Vol.20 No.3 pp.259-268, September 2022
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Fig. 2. Thermal dehydration curves for zeolites-4A (20.15wt%
maximum loss at 600°C) and Na-Y (16.98wt% maximum loss at 600°C)
as measured via STA (10°C min™" to 600°C). Both materials were
initially equilibrated with water vapor at 20% RH, 40°C.
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Fig. 3. Water uptake curves for zeolites previously dried at 500°C
(zeolite-4A) and 625°C (zeolite Na-Y). Replicates of zeolite 4A are seen
as the top curve which equilibrates at 23.82 + 0.04wt% and zeolite Na-Y

replicates as the bottom curve which equilibrates at 3.81 £ 0.22wt%.

placed in the humidity chamber, and their masses were re-
corded over the time needed to reach equilibrium. Fig. 3
shows the relative mass gain for these two zeolites over a
period of about 43 h. While Fig. 2 also showed that zeo-
lite 4A absorbs more water than zeolite Na-Y, the amount
of water sorption of zeolite Na-Y was much less than the
amount of water desorption. The weight loss of hydrated
zeolite Na-Y was 17.0%, while the weight gain was only
3.81%. The weight gain number can be used to calculate
an equilibrium water content in zeolite Na-Y of 3.7wt%.

Published values of equilibrium uptake of H,O in zeolite
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Table 2. 10 and 20wt% LiCI-KCl was occluded into dehydrated zeolites
4A and Na-Y, the percent of salt successfully occluded into each zeolite
is listed

wt% LiCI-KCl in % Occlusion into % Occlusion into

Mixture Zeolite-4A Zeolite Na-Y
10.0 99.4 69.2
20.0 99.3 17.1

Na-Y are actually comparable to that of zeolite-4A [14],
lending more credence to the results shown in Fig. 2. One
possible explanation is that the Na-Y was overheated, and
some thermal degradation occurred which prevented the

normal rehydration of water.

3.2 Occlusion of LiCI-KCI in Zeolite-4A and
Na-Y

The two zeolite options for stabilizing the salt for
long term storage were dehydrated and tested for occlu-
sion by LiCI-KCl eutectic to determine occlusion capac-
ity. Two salt occlusion levels (10 and 20wt%) were used
in tests. The lower level was selected based on specified
electrorefiner salt loading in zeolite-4A in the baseline
glass-bonded sodalite waste process developed by Argonne
National Laboratory [11]. The higher level was based on
the theoretical occlusion limit of 12 CI™ per pseudo unit
cell (Na,»(Si0,),,(Al0,),,) in zeolite-4A [9]. Occlusion
tests were run as described in section 2.3. The free chloride
analyses [5] were used to calculate the percentage of salt
that was occluded (i.e., resists dissolution in a quick rinse
in water), and those results are shown in Table 2. Zeolite 4A
occludes over 99% of the salt both at 10 and 20wt% load-
ing, while zeolite Na-Y occludes no higher than 69% of the
salt. It was concluded that dehydrated zeolite Na-Y has a
much lower retention capability of LiCl-KCI than zeolite
4A. We recall that dehydration of zeolite Na-Y manifested
a much-lowered water uptake capacity, hinting structural
damage. Though salt occlusion capability of zeolite Na-Y

is inconclusive, zeolite Na-Y was eliminated as a candidate
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Fig. 4. Hydration curves for 10% SOZ-4A and 20% SOZ, alongside the
dried and un-occluded counterpart, zeolite-4A, for reference.
Duplicates of 10% SOZ are seen as the middle curve which equilibrates
at 17.0 and 16.9wt% and 20% SOZ duplicates as the bottom curve which
equilibrates at 10.4 and 10.2wt%.

zeolite for this application and is not further analyzed or

discussed in this paper.

3.3 Hydration of LiCI-KCI Occluded
Zeolite-4A

With the focus on zeolite-4A as the prime candidate
to occlude ER salt, a series of hydration tests were per-
formed in the humidity chamber. The hydration curve
for 10 and 20wt% SOZ-4A is plotted alongside the un-
occluded zeolite counterpart in Fig. 4. Fig. 4 gives the
percentage mass increase, starting with dehydrated sam-
ples. This plot shows that the salt occlusion process re-
duces the affinity of the zeolite for water, likely due to
the available zeolite pore space becoming partially filled
with LiCI-KCI salt. This data was used to calculate the
fraction of water in the equilibrated, water-hydrated sam-
ples. The equilibrium water content in the zeolite 4A was
reduced from 19.4 to 8.3wt% as a result of occlusion of
20wt% LiCl-KCI. Another important consideration is the
effect of occlusion by the zeolite on hydration of the salt.
Water absorbed in SOZ could be assigned to the zeolite
or the salt. Mass change measurements cannot differenti-

ate between the two. In a recent publication, our group

JNFCWT Vol.20 No.3 pp.259-268, September 2022
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10wt% SOZ-4A
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10wt% SOZ-4A
(2/2)

Initial

31 days

20wt% SOZ-4A
(1/2)

20wt% SOZ-4A

(2/2) Reference

Fig. 5. Images of SOZ-4A before and after hydration.

Table 3. Total wt% gain of three samples from a 20% SOZ-4A batch were prepared in the HC alongside the wt% loss during TGA of each respective

subsample
Sample 1 Sample 2 Sample 3 Average
wt% gain (HC) 9.82 9.56 9.74 9.71+0.14
wt% loss (TGA) 9.08 9.05 9.16 9.10£0.058

reported that hydrated eutectic LiCI-KCl contained
40wt% H,0O at 40°C, 20% RH [5]. Hydration was tested
in SOZ and reported in Fig. 4 with the same conditions.
Based on 8.3wt% water in SOZ with 20wt% salt and all
of the water being associated with the salt, the salt would
contain 31wt% H,O. Therefore, the effect of occluding
the salt into zeolite 4A on its hydration capacity is a small
reduction. Fig. 6 shows photos of SOZ-4A samples taken
before and after hydration. Even after equilibrating with
water vapor for nearly 200 h, there was no visual evidence
of deliquescence or stainless-steel container corrosion.
This shows that SOZ-4A can be stored in a stainless-steel
container under humid atmosphere without severe conse-
quences. Our team previously reported that deliquescence
was observed on eutectic LiCI-KCl under the same condi-
tions within 17 h [5].

JNFCWT Vol.20 No.3 pp.259-268, September 2022

3.4 Dehydration of Hydrated, LiCI-KCI
Occluded Zeolite-4A (SOZ-4A)

Table 3 gives the percentage weight gained by SOZ-4A
samples in the humidity chamber (HC) and the percentage
weight loss as measured via STA. The average gain in the
HC was 9.7%. The complicating factor is that mass loss can
be due to H,O desorption and/or HCI off-gas. If the entirety
of the weight gain was attributed to water, that corresponds
to the hydrated SOZ-4A having a water content of 8.8wt%.
However, the average weight loss measured by TGA was
9.1wt%. Assuming that the residual water after running a
dehydration cycle is fixed, the difference in these two num-
bers suggests that some HCI may be produced during ther-
mal dehydration. Ideally, the weight percentage lost would

equal the weight percentage of water. But it does insinuate
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Fig. 6. Moles of HCI generated per mole of Cl™ at ramp rates 5, 10, and
20°C min™" (held at 530°C) is plotted versus time. Samples used for
dehydration were 20% SOZ-4A previously hydrated by ~11wt%.

additional weight loss due to C1” ions in the salt. Up to two
moles of HCI could be off gassed in lieu of one mole of
water, as shown below. The small difference in estimated
water content and weight loss suggests that this should be
a minor reaction. The HCI generation question is further
investigated below.

The following reactions of salts with water could poten-

tially result in formation of volatile HCI during dehydration.

H,0 + 2LiCl = Li,O + 2HCI
H,O + LiCl = LiOH + HCI
H,0 + KCl =K,0 + 2HCI
H,0 + KCl = KOH + HCI

In order to detect/measure HCI generation, experi-
ments were run in which 5 g samples of ~10% hydrated
20%-SOZ-4A were heated in a tube furnace with the car-
rier gas directed into an auto-titrator that reacted any HCl
injected into the cell with equimolar amounts of NaOH
to automatically keep the pH at 10. As shown in Fig. 6,
HCI was consistently measured based on the auto-titrator
output in every dehydration experiment with maximum
temperature ranging from 320 to 700°C. Fig. 6 shows the
effect of temperature ramp rate on the HCI production ver-
sus time and Fig. 7 includes the temperature profile each

run followed. In each experiment, the maximum tempera-
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Fig. 7. The same HCI generation data in Fig. 7 is plotted with their
respective temperature profiles, seen as the red dotted lines with the
arrow pointing towards the temperature axis. Each run for ramp rates 5,
10, and 20°C min" are plotted in (a), (b), and (c), respectively.

ture was ~530°C. It was expected that increasing the ramp
rate would increase HCI production. Higher ramp rates did

cause the HCI to be produced quicker, but there was no
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Fig. 8. XRD patterns for dehydrated SOZ-4A samples in addition to
zeolite-4A and SOZ-4A not subjected to hydration and dehydration.
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Fig. 9. XRD patterns for dehydrated 20% SOZ-4A samples from tests with
varying ramp rates (5°C min™!, 10°C min™!, and 20°C min™") to 530°C.

consistent trend for total HCI versus ramp rate. The least
HC1 was produced at the highest ramp rate (20°C min™).
XRD patterns of zeolite samples heated to as high as
600°C to reverse the hydration are shown in Figs. 8 and
9, alongside a reference pattern for zeolite-4A and SOZ
4A. Both figures indicate that the zeolite structure remains
stable under ramp rates up to 20°C min™' and hold tem-
peratures up to 600°C. Given that free-flowing powder is
unattractive for final disposal, it is desirable to be able to
further process the SOZ later into a solid, durable waste
form such as the glass bonded sodalite waste form [11].
The data shown here indicates that the SOZ 4A can be
completely dehydrated after some period of storage and

slow sorption of water and then be consolidated at high
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temperature with glass frit into waste forms.

5. Conclusions

This work shows a feasible pathway for storing of ER
waste salt outside of an inert atmosphere temporarily. Ze-
olite-4A and zeolite Na-Y were tested for occluding up to
20wt% eutectic LiCl-KCl. Na-Y was found to be ineffective
at occluding the salt at target levels of either 10 or 20wt%.
Zeolite-4A was found to be a suitable material to occlude
the salt and prevent it from deliquescing in water and caus-
ing corrosion of stainless metal cannisters used for storage.
Equilibrium water content in 20wt% LiCI-KCl occluded
zeolite-4A is significantly reduced compared to zeolite-4A
without any salt occluded. By comparing the results of this
study to our previous work on water vapor sorption in eu-
tectic LiCI-KCI, we can conclude that occlusion by zeolite
reduces the capacity for the salt to hydrate. Water absorbed
by the SOZ can be thermally dehydrated by heating at a
range of 5 to 20°C min™' to 600°C. Less than 0.6% of the
salt is hydrolyzed to form HCI from this thermal treatment.
While previous work showed that LiCI-KCl1 deliquesced at
40°C, 20% RH in 17 h, neither deliquescence nor corro-
sion occurs with LiCI-KCl occluded zeolite-4A samples
under these conditions for upwards of 31 days. The zeolite
maintains a crystalline structure during dehydration below
600°C, supporting the idea that the waste material could

later be converted into a glass bonded sodalite waste form.
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