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ABSTRACT

A purification method that uses ion-selective ceramics to
electrochemically filter waste products from a molten salt.
The electrochemical method uses ion-conducting ceramics
that are selective for the molten salt cations desired in the final
purified melt, and selective against any contaminant ions. The
method can be integrated into a slightly modified version of
the electrochemical framework currently used in pyropro-
cessing of nuclear wastes.
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FIG. 3B

FIG. 3A
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FIG. 4
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FIG. 5B
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ELECTROCHEMICAL ION SEPARATION IN
MOLTEN SALTS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/955,347, filed Mar. 19, 2014,
which is incorporated herein by reference.

STATEMENT OF GOVERNMENT INTEREST

[0002] This invention was made with Government support
under contract no. DE-AC04-94 A1.85000 awarded by the U.
S. Department of Energy to Sandia Corporation. The Gov-
ernment has certain rights in the invention.

FIELD OF THE INVENTION

[0003] The present invention relates to pyroprocessing and,
in particular, to a method and materials for electrochemical
ion separation in molten salts. Although the method can be
applied to molten salt purification generally, described herein
is an example of the electrochemical purification of molten
metal chloride salts used for nuclear waste remediation.

BACKGROUND OF THE INVENTION

[0004] Nuclear reprocessing technology has been devel-
oped to chemically separate and recover plutonium, uranium,
and other actinides from irradiated nuclear fuel. As shown in
FIG. 1, pyroprocessing is a high-temperature method that
involves introducing spent nuclear fuel into a large scale
electrochemical cell, where uranium is first electrochemi-
cally dissolved into a molten salt electrolyte and then reduc-
tively plated at the cell cathode where it can be collected and
ultimately recovered as pure uranium. See H. Lee et al., Sci.
and Tech. Nuc. Install. 1 (2013). Left behind in the molten salt
electrolyte (e.g., LiCI—KCl), however, are residual fission
products, transuranics, and other contaminants in the molten
salt electrolyte that can degrade the electrochemical effi-
ciency of the system and pose significant challenges to ulti-
mate waste packaging and disposal. Developing a method to
efficiently remove the contaminants would facilitate molten
salt recycling and reduce the volume of hazardous waste to be
packaged for disposal.

[0005] Currently there are several methods under develop-
ment to recapture and purify the molten salts including zeo-
lite-based ion exchange and melt crystallization. See H. Lee
et al., Sci. and Tech. Nuc. Install., 1 (2013); D. Lexa and 1.
Johnson, Mettalurq. and Mater. Trans. B 32B, 429, (2001);
M. Shaltry et al., Micropor. Mesopor. Mater. 152,185 (2012);
and A. Williams et al., Chem. Eng. Sci. 89,258 (2013). In the
ion-exchange process, contaminated molten salt is run
through a column containing an alumino-silicate zeolite (e.g.,
Zeolite-4A), which extracts contaminants such as Sr** or Cs*
from the salt. These zeolites can then be sintered into waste
forms for disposal. In contrast, melt crystallization purifies
the salts by taking advantage of the increased solubility of
contaminants in lower temperature eutectic melts. Contami-
nated salt is melted, and then slowly cooled from the top
down, concentrating the contaminants in the liquid melt
phase. Once the salt has completely resolidified, the impuri-
ties are concentrated in the lowest portion of the solid, which
can be removed and prepared for disposal.

[0006] The method of the present invention can facilitate
the rapid removal of contaminants, and could potentially be
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integrated into the existing electrochemical system currently
used for pyroprocessing of nuclear waste.

SUMMARY OF THE INVENTION

[0007] The present invention is directed to a purification
method that uses ion-selective ceramics to electrochemically
filter waste products from a molten salt. This invention can be
used in collaboration with other methods as part of a multi-
stage purification process or it can be used in place of these
approaches as a stand-alone purification process. Further, the
electrochemical method can be integrated into a slightly
modified version of the electrochemical framework currently
used in pyroprocessing. Central to this concept is the use of
ion-conducting ceramics that are selective for the molten salt
cations desired in the final purified melt, and selective against
any contaminant ions. Because these ceramics are typically
selective for only cationic transport, charge compensation of
ions transported through the ceramic may be necessary. This
charge compensation can be achieved either through oxida-
tion or reduction of gases, or addition of sacrificial cation or
anion-donors in anodic or cathodic salts. In the particular
example described below, the ion-selective ceramics of the
invention can be used to electrochemically remove contami-
nants such as Cs* from LiCl-—KCl molten salts. The chemi-
cally and thermally stable ion-conducting ceramics are
capable of high rate, selective ion transport. Described herein
are the syntheses of ion-conducting ceramics KSICON,
LLTO, and LBLTO, though the process may include the use
of any ion conducting ceramic (including glasses) or combi-
nations of ceramics with the chemical stability, thermal sta-
bility, and selective ion conductivity appropriate for the mol-
ten salt and contaminants of a given process. The syntheses of
these materials can be tailored to modify critical properties
such as ionic conductivity, stability, and ionic selectivity, and
these particular ceramics have shown meaningful ionic con-
ductivity (particularly at elevated temperatures) of Li* and/or
K™, relevant to this example. Further, the ion conducting
ceramics show selectivity against Cs™ transport, both under
passive conditions and under DC bias at elevated tempera-
tures (up to 500° C.). The ceramics also show selectivity
against divalent cations (e.g., Cu®*). Both KSICON and
LBLTO show chemical and structural stability against LiCl—
KCl molten salts up to 500° C. Further, the rapid, macro-
scopic dissolution of Cu metal anodes, and the cathodic plat-
ing of Cu and Li metals during galvanostatic discharge
experiments (at 100 mA/cm?) indicate that this method can
support the rapid mass transport needed to provide a scalable
salt purification process.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The detailed description will refer to the following
drawings, wherein like elements are referred to by like num-
bers.

[0009] FIG. 1 is a schematic illustration of pyroprocessing
nuclear waste recycling technology.

[0010] FIG. 2isaschematicillustration of an electrochemi-
cal cell for electrochemical removal of Cs* from LiCl—KCl
molten salt. Chloride ions in the molten salt have been omit-
ted for clarity.

[0011] FIG. 3A is an illustration of the molecular structure
of NaZr,P,0, , showing zirconia octahedra, phosphate tetra-
hedra, oxygen (small spheres), and sodium (large spheres).
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FIG. 3B is a schematic view of the NaSICON structure show-
ing a pathway for ion conduction.

[0012] FIG. 4is anillustration of the molecular structure of
KSICON (KZr,(PO,),) showing zirconia octahedra, phos-
phate tetrahedra, oxygen (small spheres), and potassium
(large spheres). Substitution of K* for Na* in the lattice pro-
duces an expansion of the c-axis and a contraction of the
a-axis.

[0013] FIGS. 5A and 5B are illustrations of the molecular
structure of LisLa;Ta,O, , showing Ta octahedra, oxygen, La,
and Li. The structure in FIG. 5A shows Li in octahedral
coordination, while the structure in FIG. 5B shows tetrahe-
drally-coordinated Li.

[0014] FIG. 6A is a side-view schematic illustration of an
assembled electrochemical pellet stack. An ion conducting
membrane separates two different molten salt electrolyte
binder pellets. A copper anode and stainless steel current
collectors cap the assembly. FIG. 6B is a photograph of the
pellets. FIG. 6C is a top-view photograph of the assembled
device, sandwiched between two pieces of mica, that is con-
nected to electrical leads before placed between heated plat-
ens and tested electrochemically.

[0015] FIG. 7. is a photograph of a high temperature elec-
trochemical test platform (inside Ar glove box). Current col-
lectors attached to the molten salt/ceramic pellet stacks (not
shown) were connected to 4 electrical leads, and the assembly
was inserted between two platens heated to 500° C.

[0016] FIG.8isagraph ofthe X-ray diffraction patterns for
NaSICON (NaZr,P,0,,) and KSICON (KZr,P,0,,). (h k1)
indices are provided for the major peaks. Lattice shifts show
c-axis expansion and a-axis contraction in the KSICON mate-
rial.

[0017] FIG.9A -9C show EDXS spectral maps of KSICON
ceramic, infiltrated with LiCl—KCl—CsCl molten salt. FIG.
9A is a map showing overlaid Cs signal from CsCl and Zr
signal from KSICON. FIG. 9B is a map showing Cs signal
only. FIG. 9C is a map showing Zr signal only.

[0018] FIG. 10 is a graph of imaginary versus real imped-
ance collected from KSICON at room temperature.

[0019] FIG. 11A is a graph of the X-ray diffraction spec-
trum for LBLTO compared against the calculated pattern for
LLTO (LisLa;Ta,0,,). FIG. 11B is a graph showing the
variation of lattice parameter with Ba-substitution into LL.TO.
The green dot corresponds to composition of LBLTO shown
in FIG. 11A.

[0020] FIG.12A is a photograph comparing LLTO ceramic
pellets before and after exposure to LiCl—KCl molten salt at
500° C. for 30 minutes. FIG. 12B is a graph of the X-ray
diffraction of exposed pellet, indicating no changes in crystal
structure during 30 minute exposure (compared with FIG.
11A above). *There is a small amount of residual KCl evident
in the diffraction spectrum.

[0021] FIG. 13 show EDXS maps of LBLTO pellets as
made (above) and after immersion in molten LiCl at 650° C.
for 4 hours (variation in sample texture is due to sample
preparation). As made, La (magenta), Ta (green), and Ba
(yellow) appear uniformly distributed throughout the grain
structure of the ceramic. After LiCl treatment, La and Ta
remain uniformly distributed, but segregated regions of high
Ba content appear.

[0022] FIG.14A is an SEM micrograph of LBLTO ceramic
microstructure. FIG. 14B is an EDXS spectrum from LBLTO
after exposure to LiCl—KCl—CsCl molten salt for 60 min-
utes at 400° C.
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[0023] FIG. 15 is a graph of imaginary versus real imped-
ance collected from LBLTO at room temperature.

[0024] FIG.16A is a schematic illustration of electroreduc-
tion of copper in a pellet stack using electrolyte binder pellets
and an ion-conducting separator. FIG. 16B is a schematic
illustration or electroreduction of lithium in a pellet stack
using electrolyte binder pellets and an ion-conducting sepa-
rator.

[0025] FIG. 17 is a graph of real versus imaginary imped-
ance for KSICON at 500° C. between two LK-EB pellets.
Inset is the equivalent circuit used to fit the data.

[0026] FIG. 18 is a graph of galvanostatic discharge curves
for the electroreduction of copper and lithium using KSICON
and LBLTO separators at 100° C. Curves were obtained at a
constant current density of 100 mA/cm?.

[0027] FIG.19A-19D are photographs showing the forma-
tion of electroreduced copper metal (FIG. 19A) in tested
pellet stacks (with KSICON separator). Reduced copper at
the cathode and the dissolved copper anode are also visible in
the dissected cell (FIG. 19B). Formation of lithium metal
(evident as beads in FIG. 19C) after lithium electroreduction
using LBLTO as a separator. In the dissected cell (FIG. 19D)
reduced lithium is visible on the cathode and the cathode-side
of'the LK-EB pellet. Again, the copper anode has been clearly
dissolved.

[0028] FIG. 20A shows EDXS spectra and inset SEM
micrographs from CsLK-EB cross sections and FIG. 20B
shows EDXS spectra from CuLK-EB pellet cross-sections
after copper electroreduction at 500° C. with a KSICON
separator. The presence of Cu in the CsLK-EB pellet indi-
cates solubility of the oxidized copper anode. Absence of Cs
in the CuLK-EB pellet indicates ion transport selectivity
against Cs™.

[0029] FIG. 21A shows EDXS spectra and inset SEM
micrographs from CsLK-EB cross section and FIG. 21B
shows LK-EB pellet cross-sections after lithium electrore-
duction at 500° C. with a KSICON separator. The presence of
Cuin the CsLK-EB pellet indicates solubility of the oxidized
copper anode. Absence of Cs and Cu in the LK-EB pellet
indicates ion transport selectivity against Cs* and Cu**.

[0030] FIG. 22 shows a process to chemically reduce trace
CuCl,.
[0031] FIG. 23A is a side-view schematic illustration of

“concentric reactor” for molten salt purification using closed-
end ceramic tubes as the ion-conducting separator. FIG. 23B
shows the concentric reactor after purification of molten salt.
[0032] FIG. 24A is a schematic illustration of a VCR
assembly. FIG. 24B shows the VCR assembly installed in a
VCR reactor.

[0033] FIG. 25A is a side-view photograph of a VCR-type
reactor with copper anode extending from the reactor internal
volume. FIG. 25B is a top-view photograph of a reactor
assembled in testing apparatus after cooling from an electro-
chemical test.

[0034] FIG. 26 is a graph of the current response over time
for a VCR-type reactor cell configured with an LLTO
ceramic. Constant applied potential was —200 mV across the
cell. Charge balance was maintained using Cu redox chem-
istry.

[0035] FIG. 27A is a graph of the evolution of Cs:Li cation
ratio in anodic and cathodic salts and FI1G. 27B is a graph of
the evolution of Cs:K cation ratio in anodic and cathodic salts,
indicating selective transport of Li* and K*, but not Cs*
through LLTO during molten salt purification.
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[0036] FIG. 28 is a schematic illustration of a closed-loop
pipe-based reactor design incorporating the VCR-type reac-
tor for gas-mediated salt purification.

DETAILED DESCRIPTION OF THE INVENTION

[0037] Pyroprocessing has emerged as a promising
approach to electrochemically separate recyclable actinides
from waste fission products. However, further segregation of
select fission products (FPs) is still needed for efficient and
cost effective waste disposal. The present invention uses ion-
conducting ceramics as selective ion filters in the electro-
chemical segregation of waste FP constituents, specifically
the segregation of cesium from molten LiCI-KC] eutectic
electrolytes. Removal of short-lived, high heat-generating
FPs is an important objective in the consolidation of radioac-
tive waste and is key to recycling the LiCl—KC] molten salt
electrolyte used in pyroprocessing.

[0038] The method for electrochemical ion separation of
the present invention uses ion-selective ceramics for mixed
waste separations. The method can use modified potassium-
substituted NaSICON (KSICON) and garnet-structured
lithium lanthanum tantalate (LLTO) ceramics, including a
barium-modified LLTO (LBLTO). Additional ceramics or
ceramic glasses can also be used, including LiSICON,
LIPON, lithium lanthanum zironates, 3"-alumina, and others.
Inthe present case, both the KSICON and LI.TO-based forms
of ion-conducting ceramics exhibit stability against LiCl—
KCl eutectic molten salts at elevated temperatures (e.g., 500°
C.). Critically, based on impedance spectroscopy and gal-
vanostatic electroreduction experiments, both ceramics also
show effective conductivity of lithium and/or potassium ions,
while selecting against the transport of contaminant cesium
ions. Therefore, the ion-selective ceramics can be used to
electrochemically purify LiCl—KCl-based molten salts.
Although the examples described below focus on the removal
of Cs™ from LiCl-—KCl molten salt, the system can be used to
remove other monovalent and multivalent cations from the
system as well.

[0039] FIG. 2 schematically illustrates an exemplary elec-
trochemical cell 10 for separating the contaminant Cs* from
a LiCl-—KCI molten salt. The cell 10 uses an electric field to
move cations in a molten salt through an ion-selective
ceramic membrane 11. Based on characteristics such as ionic
radius or valence charge, the ceramic will selectively filter out
the contaminants, allowing only purified cations of Li* or K*
to pass through. This example relies primarily on size exclu-
sion to separate Cs* from the Li* and K*. To achieve this
electrochemical separation, Cs*-contaminated LiCl—KCl
salt 12 is placed opposite purified LiCl—KClI electrolyte 13
and separated therefrom by the ion-selective ceramic mem-
brane 11. Under an electrical bias applied between an anode
14 immersed in the contaminated salt 12 and a cathode 15
immersed in the purified salt 13, Li* and K* ions are trans-
ported across the ion-conducting ceramic membrane 11,
while larger Cs™ cations are excluded, effectively filtered and
ultimately concentrated in the contaminated salt 12 on the
anode-side of the cell 10. Ultimately, the resulting heavily
Cs™-enriched salt can be processed for disposal, but the vol-
ume of salt waste is dramatically reduced. This exemplary
method takes specific advantage of the fact that the ionic
radius of Cs™ is significantly larger than either Li* or K* (i.e.,
r;7~0.090 A, r,=1.52 A, r,~1.81 A). To maintain charge
balance on the anodic side of the cell, “excess” chloride ions
in the molten salt can be electrochemically oxidized at the
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anode to form chlorine gas. Meanwhile, chlorine gas (Cl,),
ideally that produced at the anode, is bubbled into the cathode
where it is reduced to chloride ions, balancing the influx of K*
and Li* coming through the ceramic membrane.

[0040] Naturally, the properties of the ceramic separator
will strongly influence the effectiveness of this method. In
particular, the ceramic material preferably serves as a stable
physical barrier between contaminated and purified salts at
500° C., is resistant to radiation exposure, is electrical insu-
lating, and enables efficient, selective ion transport of Li* and
K™*. The higher the ionic conductivity through the ceramic,
the greater the ionic current through the cell and the faster the
salt can be purified. The greater the selectivity of the ceramic,
the higher the purity of the recycled salts. As described below,
NaSICON-type ceramics and garnet-structured lithium lan-
thanum tantalates are especially attractive ceramics that can
provide both efficiency and selectivity.

NaSICON-Type Ceramics

[0041] The term NaSICON (Na Super Ion CONductor)
commonly refers to the ion-conducting ceramic Na,,
*Zr,51 P, O,,, but more generally belongs to a family of
compounds with the basic formula [M7,[[M7,][A"S][B75]
O, , (most often designated as M, Zr,(PO,,),, where M is typi-
cally an alkali cation). As shown in FIG. 3 A, these materials
form a rigid hexagonal framework of corner-linked ZrOgq
octahedra and PO, tetrahedra and containing so-called M1
and M2 interstitial positions, typically filled with alkali cat-
ions such as sodium. See M. Cretin et al., Sensors and Actua-
tors B43,224 (1997). As shown in FI1G. 3B, the conduction of
alkali cations through NaSICON-type materials is based on
the movement of the ion from site to site through the crystal
lattice via channels (bottlenecks) constricted by zirconia
octahedra and phosphate tetrahedra. As a result, ion conduc-
tivity through this matrix depends strongly on both the size of
these conduction channels and the size of the mobile cation.
See D. Bykov et al., Sol. St. Ionics 182, 47 (2011).

[0042] As shown in FIG. 4, the present invention provides
as an example material a potassium-substituted NaSICON
variant, KSICON (KZr,(PO,),). Because K* is larger than
Na* (r,=1.52 A, r,,,=1.16 A), forcing transport of K* ions
through a sodium-based NaSICON structure would have
required a lattice expansion “in situ,” a process that could be
detrimental to the structure and integrity of the ceramic. By
synthesizing the lattice with potassium already in place, the
lattice is created “ready” to accommodate K* for ion trans-
port. Transport of the much smaller Li* does not pose any
steric problems in this lattice. In contrast, steric hindrance can
severely limit transport of the larger Cs* cation (r.=1.81 A)
through the lattice. Ultimately, this ceramic ion conductor
allows facile ion transport of Li* and K*, but prevents trans-
port of Cs™, providing the ion selectivity desired to realize the
electrochemical ion separation scheme shown in FIG. 2.

[0043] In addition to alkali cation substitution to create
KSICON, ion selectivity can be further tuned through modi-
fications to the zirconia octahedra and the phosphorus tetra-
hedra to vary the shape of the ion transport pathways. For
example, partial substitution of silicon for phosphorus in
NaSICON produces a notable increase in sodium conductiv-
ity, in large part by changing the shape of the tetrahedral side
of the ion channel bottleneck. See O. Bohnke et al., Sol. St.
Ionics 122,127 (1999).
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LLTO-Type Ceramics

[0044] Garnet-structured lithium lanthanum tantalate
ceramics (Lithium Lanthanum Tantalate or LL.TO), shown in
FIGS. 5A and 5B, have recently been shown to possess high
ionic conductivities with stability against facile reduction of
the constituent ions. See J. Awaka et al., Sol. St. Ionics 180,
602 (2009); J. Thlefeld et al., Adv. Mater. 23,5663 (2011); and
V. Thangadurai and W. Weppner, Adv. Funct. Mater. 15, 107
(2005). Lithium ions in LisLa;Ta,0O,, and related materials
move within a three-dimensional network of energetically
equivalent partially occupied sites. Lithium is both octahe-
drally and tetrahedrally coordinated in this lattice, and ion
conduction is possible along both sites, though it is believed
that transport along the octahedral sites is more favorable.
[0045] As a known lithium ion conductor, this material is
naturally suitable for Li* transport. According to the present
invention, the crystal growth can be modified to accommo-
date K* transport as well (while excluding Cs™ transport). As
in the NaSICON modification described above, this involves
expansion ofthe crystal lattice and, consequently, ion channel
size via substitution of lanthanum with combinations of alkali
and alkali-earth ions. It has been shown that by expanding the
lattice parameter (e.g., through substitution of Ba®* (r=1.49
A) for La** (r=1.174 A)) the polyhedra expand and conduc-
tion via tetragonal sites as well as octahedral sites becomes
more favorable. See J. Thlefeld et al., Adv. Mater. 23, 5663
(2011); and V. Thangadurai and W. Weppner, Adv. Funct.
Mater. 15, 107 (2005). The low occupation of lithium in the
polyhedra means that a hop to a neighboring site has greater
than 50% probability of occurring.

Material Syntheses and Processing

[0046] To demonstrate the invention, ion-conducting
ceramics were synthesized utilizing primarily solid-state syn-
thetic techniques, tailoring the chemistry to accommodate
variations in material composition and crystal structure. All
chemistries described below utilize surrogate ions.

NaSICON-Type Ceramics

[0047] The reagents used for solid state synthesis of a vari-
ety of NaSICON-type powders included sodium phosphates
(NaH,PO,or Na,HPO,) potassium phosphate salts
(KH,PO,0r K,HPO,) zirconium oxide (ZrO,), and phospho-
rus pentoxide (P,Os). Stoichiometric quantities of target
reagents were combined in a mortar and pestle with hexanes,
limiting or eliminating exposure to moisture. Solvent was
allowed to evaporate and the resulting powder was calcined at
500-800° C. inan alumina crucible. The resulting hard, glassy
solid was removed from the crucible and ball-milled with
ZrO, media in hexanes overnight. The milled powder was
collected, dried at 60° C., and then combined with 2.5 wt %
propylene carbonate binder in acetone before uniaxial press-
ing at 10,000 psiina 0.25 inch diameter steel die. Pellets were
placed on a bed of mother powder and fired to 1000-1100° C.
for 12 hours in static air (ramp rate of 5° C./min). During
heating, a 4 hour hold at 400° C. was used to ensure effective
binder burnout before reaching the elevated sintering tem-
peratures. Pellets were slowly cooled to room temperature.
Powder samples were similarly prepared, but were not mixed
with binder or pressed into pellets.

LLTO-Type Ceramics

[0048] Ceramic test specimens of LLTO-based garnet
phases were prepared using solid-state ceramic synthesis

Sep. 24, 2015

techniques. Starting materials were lithium carbonate, lantha-
num oxide, tantalum oxide, and barium carbonate. The pow-
ders were combined and mixed by ball milling with ZrO,
media in hexane for 24 hours. The hexane was then evapo-
rated from the combined powders using a rotary evaporator to
minimize segregation. Powders were then calcined in closed
crucibles at 1000° C. for 6 hours to decompose the carbonate
precursors and to react the oxides to form the LBL.TO com-
pounds. The calcined powders were subsequently milled in
hexane for 24 hours to break-up sintered and agglomerated
particles. After evaporating the hexane liquid, the powders
were combined with 3 wt % poly vinyl butyrol and ethanol
binder and pressed into 0.5 inch diameter pellets under a
uniaxial pressure of 10,000 psi. The pellets were then isos-
tatically pressed under a pressure of 22,000 psi. Pellets were
sintered into ceramic monoliths by burying in the mother
powder to minimize lithium volatilization and firing to 1050°
C. in air for 6 hours using 5° C./min temperature ramps. A
500° C., 3 hour rest was utilized on the increasing temperature
ramp to remove the binder from the samples prior to densifi-
cation.

Materials Characterization

[0049] The morphology, chemistry, and crystal structure of
synthesized materials, both in powder form and as sintered
pellets, were characterized before evaluating the ion-trans-
port and molten salt stability of these compounds.

Structural Characterization

[0050] To investigate ceramic microstructure, morphology
and qualitative chemical composition, platinum-coated
samples were examined in a Zeiss Supra™ 55VP scanning
electron microscope (SEM) at 10 keV, fitted with an Oxford
X-Max energy dispersive x-ray spectroscopy (EDXS) detec-
tor and AZtec® software. Crystallography of ion-conducting
materials was evaluated by x-ray diffraction (XRD), per-
formed on both powder samples and ceramic pellets using a
Panalytical X’Pert Pro powder diftfractometer or a Siemens
D500 theta/theta diffractometer (Cu Ka radiation).

Molten Salt Stability

[0051] Sintered ceramic pellets of NaSICON, KSICON
and LBLTO were prewarmed and immersed in eutectic mol-
ten salts of KCI—LiCl (56-44 wt %) and KC1—LiCl—CsCl
(18-25-57 wt %) to evaluate ceramic stability. The binary
KCl—LiCl melt temperature is ~355° C., but that tempera-
ture decreases with increasing CsCl content, becoming as low
as 260° C. with 29 mol % (57 wt %) CsCL

[0052] Initial stability tests were performed in an Ar glove
box, immersing test pellets into eutectic KCI—LiCl molten
salt for 30 minutes at 500° C. The eutectic salts were melted
in a glass test tube and heated in a custom resistive heater.
Temperature in the molten salt was monitored using a pyrex-
coated type K thermocouple. After 30 minutes of exposure,
the samples were cooled and the molten salt was removed
either manually or with aqueous washing.

[0053] Theternary immersion tests were performedin adry
N, purged glove box. Inside this glove box, glass vials con-
taining the salts of a desired salt composition were fitted into
a chambered aluminum block that was heated on a hot plate.
A type ] thermocouple, inserted into the block, was used to
monitor temperature and maintain a temperature of 400° C.
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inside the aluminum block (400° C. was the maximum tem-
perature achievable with this heating configuration).

[0054] At specific intervals, samples were allowed to cool
and the pellets were removed from the solidified molten salt
either manually or with aqueous washing. Select pellets were
either examined by XRD to determine any changes in the
crystal structure during molten salt exposure. Other pellets
were fractured after exposure to reveal cross-sections of the
ceramic interior for SEM and EDXS analysis of ceramic
morphology and chemistry.

[0055] Higher temperature testing for stability in LiCl mol-
ten salts was performed by burying LBLTO ceramics in LiCl
powder inside a glass container (vial). The sample was heated
t0 650° C. under flowing N, and held for 4 hours. After slowly
cooling to room temperature, the pellet was removed from the
molten salt and examined by SEM/EDXS.

Impedance Spectroscopy

[0056] Gold blocking electrodes were sputter deposited
onto the parallel faces of the 0.25-inch diameter KSICON
pellets to enable impedance measurements. Impedance data
were collected using an Agilent 4284 A instrument at room
temperature. An oscillator voltage of 20 mV rms was applied
over a frequency range from 1 kHz to 1 MHz and the absolute
impedance and phase angle measured.

High Temperature Electrochemical Characterization

[0057] The high temperature electrochemical behavior of
the ceramics was determined using “pellet stacks,” config-
ured as shown schematically in FIG. 6A. These stacks were
composed of molten salt pellets, an ion-conducting ceramic,
a copper anode, and stainless steel current collectors. FIGS.
6B and 6C show the molten salt pellets, also known as elec-
trolyte binder (EB) pellets, and an assembled device struc-
ture, respectively. Molten salt pellets were 11 mm diameter,
while KSICON pellets were typically 13.3 mm in diameter
and 2.9 mm thick, and LBLTO pellets were typically 15.6 mm
in diameter and 3.2 mm thick. The assembled structures were
sandwiched between carefully stapled sheets of mica to help
hold the stacks together (until heated) and to electrically
insulate the structure from the platens used to heat the stacks.

[0058] To protect the integrity of the molten salt pellets,
stack assembly was performed in a dry room and placed in an
Ar-glove box for electrochemical evaluation. Inside the glove
box, the four current-collector tabs were connected to a Solar-
tron SI 1287 electrochemical interface for 4-point electro-
chemical measurements, and the pellet stack was placed
between two platens heated to 500° C., as shown in FIG. 7.
Platen temperature was monitored by thermocouples built
into the platens. Once the EB pellets were molten, ensuring
good contact between the layers of the stacks, high tempera-
ture impedance measurements and galvanostatic discharge
experiments were performed to evaluate the preliminary ion-
transport properties of these systems.

[0059] Table 1 identifies several phases that were targeted
for synthesis and briefly summarizes the results of the syn-
thesis. In particular, KZr,P;0,, (KSICON) and
Li;Bala,Ta,0,, (LBLTO) ceramics were readily synthe-
sized and exhibited the crystal chemistry preferred for
removal of Cs* from LiCl-—KCI molten salts. Refinement of
the chemistry and processing of the other phases, however, is
possible and may provide improved ceramic properties. In
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addition, commercially-available NaSICON-based ceramics,
such as those produced by Ceramatec, Inc., may be suitable
for this application.

TABLE 1

Compositions of targeted ion conducting ceramics and
the results of attempted syntheses.

Target Compound Synthetic Outcome*

NaZr,P;0,, Single phase
NaSICON
Na3Zr,Si,PO» NaSICON with minor

ZrO, contaminant
Single phase KSICON
Single phase LLTO
LBLTO with minor
Ba,LaTaO, phase
Multiple phases
Multiple phases
Multiple phases
Multiple phases

KZr,P30,,
LisLa;TayO5
LigBala,Ta,0,»

KsLasTa, 045

NasLa;Ta,0,5
K;3Zr,81,P0 5
K3Zr,8i,P0 5

*“Single phase” indicates a single phase evident by x-ray diffraction

KSICON

Crystallography

[0060] Solid-state synthesis of both KSICON and NaSI-
CON at 1100° C. produced white ceramic powders (or pel-
lets) that appeared as single phase by x-ray diffraction, as
shown in FIG. 8. Comparing the diffraction pattern for KSI-
CON with that of the sodium-version of this crystal structure
reveals a significant difference in lattice parameters between
these two materials. There is a notable expansion of the crys-
tallographic c-axis, coincident with a slightly less significant
contraction of the a-axis (i.e., Cpuszcon=22.746 A, Cror
con=23.890 A; an,s7con=8-815 A, agereon=8.710 A). If the
standard sodium-filled NaSICON were used to conduct
potassium ions from the molten salt, these data indicate that
the lattice would have to undergo considerable rearrangement
in situ to accommodate the K*. Either resistance to this rear-
rangement would prevent K* transport, or the rearrangement
itself would degrade the integrity of the bulk ceramic separa-
tor. Furthermore, it is reasonable to infer that a similar in situ
lattice expansion to accommodate the still larger Cs™ ions
would provide an even greater energetic deterrent to Cs*
transport, thus providing the desired ion selectivity.

KSICON Stability in Molten Salt

[0061] Theuse ofthese ceramics in electrochemically puri-
fying molten salts requires ceramic stability against molten
salts at elevated temperatures. To verify this stability, KSI-
CON ceramic pellets (preheated) were immersed in a LiCl—
KCl—CsCl eutectic molten salt at 400° C. for 30 and 60
minute exposures. Relatively low density pellets (~60% theo-
retical density) were used to most effectively probe the inter-
actions between the salt and the ceramic matrix (i.e., by
providing higher ceramic surface area exposure to molten
salt). Visually, the pellets were unchanged during their
immersion (with some bubbling as the molten salt infused the
pellet), and they remained physically intact after cooling and
removal of the molten salt caked around the pellet. X-ray
diffraction data confirmed retention of the KSICON phase,
though there was significant evidence of chloride salts present
in the material. In agreement with these data, EDXS data
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collected from pellet cross-sections in the SEM qualitatively
indicated that the crystal chemistry remained unchanged, and
further revealed significant molten salt infiltration as sug-
gested by the XRD data. The ceramic microstructure
appeared otherwise unaftected by the interaction with the
molten salt. The effective infiltration of the molten salt also
indicates good interfacial wetting at the ceramic-salt inter-
face, an important consideration for efficient ion transport in
the purification cell.

Passive KSICON Ion Selectivity

[0062] The EDXS data also provides insight into the selec-
tivity of these ion conductors against Cs* ions. FIGS. 9A-9C
show elemental mappings of a local region of salt-infiltrated
KSICON. The composite map in FIG. 9A overlays the spec-
tral map for Cs in the molten salt and Zr in the KSICON while
FIGS. 9B and 9C show these spectra separately. The maps
show KSICON domains surrounded by domains of salt, but
the interfaces between these different phases remain sharp;
there is no indication of Cs diffusion into the KSICON
domains. These data represent evidence that the KSICON
ceramic is stable in the LiCl-—KCl—CsCl molten salt at
elevated temperatures, and that the ion conductor is selective
against significant Cs transport.

Room Temperature Impedance Spectroscopy of
KSICON

[0063] KSICON pellets were coated with gold electrodes to
determine room temperature ionic conductivity using elec-
trochemical impedance spectroscopy (EIS). FIG. 10 is a plot
of the imaginary versus real impedance for KSICON col-
lected at room temperature. The high frequency (1 MHz) real
portion of impedance was attributed to potassium-ion con-
ductivity within the grains of the material. See R. W. Powers
and S. P. Mitoff, J. Electrochem. Soc. 122,226 (1975). This
value was used to calculate an approximate grain conductiv-
ity of 2x10~* S/cm (three samples tested), a value comparable
to lattice sodium conductivity values in comparable NaSI-
CON materials. See O. Bohnke et al., Sol. St. Ionics 122,127
(1999). Ultimately, however, these room temperature block-
ing electrode measurements provide only limited insight into
the ion transport properties desired for electrochemical waste
separation. They account for only potassium conductivity,
and they cannot account for changes in ionic mobility of the
system at higher temperature. The high temperature EIS and
galvanic discharge experiments described below provide a
better picture of the ionic conductivity.

LBLTO

Crystallography

[0064] Solid-state synthesis of the LBLTO garnet phase at
1050° C. produced white ceramic pellets with geometric den-
sities of ~84% of theoretical density. X-ray diffraction
revealed the expected LBLTO garnet phase with a minor
Ba,l.aTaO, second phase, likely produced because of lithium
deficiency (either through volatility during sintering or batch-
ing deficiency of hygroscopic precursors). Thermogravimet-
ric analysis of the starting powders was used to identify the
actual starting masses of the constituent powders to correct
this problem in subsequent batches. Comparison of the lattice
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parameters of the Ba-containing and non-Ba-containing com-
positions revealed that the inclusion of Ba** did result in an
increased lattice parameter.

[0065] FIG. 11A shows the x-ray diffraction pattern for
LBLTO, compared with the calculated pattern for the non-
barium containing LisLa,Ta,O, , phase. These data show that
the partial substitution of the larger Ba** for La** did increase
the lattice parameter from 12.829 A to 12.936 A. FIG. 11B
shows the predicted variation of lattice parameter as a func-
tion of Ba®* substitution, with the partially Ba-substituted
compound (Lis (Ba, ;La, ,Ta,0,,) indicated by the green
data point. The evident expansion of the crystal lattice not
only stands to increase the conductivity of Li* in these mate-
rials, but may accommodate the transport of K* ions as well.
Importantly, FIG. 11B shows that the lattice can be tuned as a
function of Ba** content, allowing for refinement and opti-
mization of ion selectivity.

LBLTO Behavior in Molten Salt

[0066] The stability of LBLTO ceramic pellets was evalu-
ated by immersing preheated pellets in LiCl—KCI eutectic
molten salt at 500° C. for 30 minutes, LiCl—KCl—CsCl
eutectic molten salt at 400° C. for 60 minutes, and molten
LiCl at 650° C. for 4 hours. Visually, the pellets were
unchanged both during their immersion and after removal
from each of these salt treatments, as shown in FIG. 12A.
[0067] Comparison of x-ray diffraction patterns collected
from the pellets before and after exposure to the eutectic salt
compositions revealed no measureable change in the lattice
parameters or crystal phase, as shown in FIG. 12B. In addi-
tion, EDXS data collected from pellet cross-sections in the
SEM qualitatively indicate that the crystal chemistry
remained unchanged. These tests indicate stability of the
LBLTO ceramic against [LiCl—KCl molten salts at 500° C. or
LiCl—KCl—CsCl eutectic molten salt at 400° C.

[0068] When cross-sections of samples exposed to LiCl at
650° C. for 4 hours were examined in the SEM, EDXS data
indicated the formation of minor BaCl, inclusions within the
structure. As seen in the elemental maps in FIG. 13, LBLTO
examined before high temperature exposure to LiCl showed
uniform distribution of La, Ta, and Ba. After exposure, how-
ever, La and Ta remained uniformly distributed, but there was
evidence of Ba segregation (likely as BaCl,), indicated by the
emergence of bright yellow spots in the lower right map of
FIG. 13. These data suggest that at this elevated temperature,
a fraction of Ba®* cations become sufficiently mobile to
escape the LLTO lattice, forming secondary inclusions in the
material. The remainder of the ceramic composition appeared
unchanged.

[0069] For purification of LiCl—KCI molten salts, the
addition of Ba** to the LLTO lattice is intended to keep the
crystal structure sufficiently expanded to allow for K* trans-
port as well as Li* transport. At the lower temperatures (e.g.,
500° C.), required for this process, the Ba®* appears to be
much more stable, based on XRD data (above) and EDXS
analysis (not shown). For purification of LiCl, however, the
mobility of Ba®* at elevated temperatures (650° C.) suggests
that unmodified LLTO (no Ba®*) may be a more appropriate
ion conductor. Since there is no need to transport K* in such
a system, the absence of the lattice expanding Ba®*is not
expected to pose a problem.

Passive Ion Selectivity in LBLTO

[0070] LBLTO samples were also immersed in LiCl—
KCI—CsCl eutectic molten salt for 60 minutes at 400° C. to
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probe both stability and passive ion selectivity (against Cs™).
FIG. 14A shows an electron micrograph and FIG. 14B shows
an EDXS spectrum from a cross-section of a pellet after salt
exposure. The microstructure appears intact and the EDXS
data show, qualitatively, that the LBLTO chemical composi-
tion was preserved. Importantly, there is no evidence of Cs* in
the EDXS spectrum, suggesting that not only is the material
stable against the molten salt, but it is selective against Cs*
transport.

Room Temperature Impedance of LBLTO

[0071] As with the KSICON pellets above, LBLTO pellets
were coated with gold electrodes for room temperature EIS.
FIG. 15 plots the imaginary versus real impedance for
LBLTO collected at room temperature. The higher density of
these ceramic pellets allowed for a more complete impedance
measurement. After fitting the data to a circuit model (Z-plot),
the room temperature Li-ion conductivity in these materials
was determined to be ~3x107> S/cm, a value consistent with
literature reports of similar materials. See V. Thangadurai and
W. Weppner, Adv. Funct. Mater. 15, 107 (2005).

High Temperature Electrochemical Behavior

[0072] High temperature electrochemical testing of the
KSICON and LBLTO ceramics in contact with molten salts
provided information about the stability, ionic conductivity,
and ionic selectivity of these ceramic materials under more
relevant conditions. Both KSICON and LBLTO ceramics
were tested under identical conditions, and for the sake of
simplicity, the results from both materials types are described
together below.

[0073] Ideally, these tests would have been conducted
according to the scheme shown in FIG. 2, in which charge
balance is maintained through the oxidation and reduction of
chlorine. However, an alternative scheme was devised to
more safely and immediately assess the selective ion-trans-
port properties of the KSICON and LBLTO ceramics at 500°
C. This alternative scheme utilized stacks of molten salt pel-
lets, separated by ceramic ion conductors, all sandwiched by
a copper anode and a stainless steel cathode (a stainless steel
current collector was also placed in contact with the copper
anode). In this system, shown in FIGS. 16 A and 16B, charge
balance is maintained not through the oxidation and reduction
of chlorine, but through the oxidation of copper metal at the
anode and the reduction of either copper or lithium at the
cathode.

[0074] Key to this process was the development of molten
salt pellets (as shown in FIG. 6B), which are similar to those
used in thermal battery systems. These pellets were pressed
from mixtures of target salts, as shown in Table 2, and an
electrochemically inert, inorganic electrolyte binder that
allowed the pellets to maintain their shape and integrity
within the assembled testing stacks at 500° C., even after
melting of the molten salt.

TABLE 2

Compositions of electrolyte binder pellets used for
electroreduction studies. All values are weight percents.

LiCl KcCl CsCl CuCl,
LK-EB 44 56 0 0
CsLK-EB 40.1 48.7 11.2 0
CulLK-EB 32.7 41.6 0 25.7
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Electrochemical Impedance

[0075] Impedance measurements were conducted prior to
any galvanic discharge studies, which tended to produce irre-
versible changes to the stacks. FIG. 17 plots the imaginary
versus real impedance for KSICON measured at 500° C.
between two LK-EB pellets. Complete interpretation of these
data is complicated by numerous interfaces, multiple trans-
port species, and several ion-transporting phases in these
systems. However, by fitting the data to the equivalent circuit,
shown as an inset in FIG. 17, analysis suggests a total ionic
conductivity through the ceramic membrane on the order of
~3x107> S/cm, an increase of several orders of magnitude
relative to the room temperature results described earlier.
Similar analysis of the LBLTO samples indicated conductivi-
ties on the order of ~2x1072 S/cm, again significantly higher
than the room temperature values above.

Galvanostatic Electroreduction

[0076] The practical value of the conductivity in these
materials, however, is better illustrated by the galvanostatic
electroreduction experiments. Discharge curves generated
during the cathodic electroreduction of both Cu** and Li*
using both LBLTO and KSICON ion-conductors are shown
in FIG. 18. Discharges were performed at a relatively high
constant current density of 100 mA/cm?. Electroreduction of
copper was tested according to the scheme shown in FIG.
16A, in which the ionic conductors were sandwiched between
CsLK-EB and CulLLK-EB pellets with a copper anode and a
stainless steel cathode. Current flowing through the device
during discharge was expected to oxidize the copper at the
anode and reduce Cu** at the cathode, theoretically a 0-volt
net reaction. The discharge potential for the electroreduction
of copper was a consistent 0.3V, and was similar for both
LBLTO and KSICON. This small overpotential (relative to
0V) likely represents a small activation energy required to
drive ionic transport across interfaces or through the ion-
conducting ceramics.

[0077] Similar discharge experiments were performed in
which LBLTO or KSICON ceramics were sandwiched
between CsLK-EB and L.K-EB pellets, again using a copper
anode and a stainless steel cathode, as shown in FIG. 16B. In
this case, the anodic half-reaction involved dissolving the Cu
metal into the CsLK-EB pellet, and the cathodic reaction
involved reduction of Li* in the LK-EB pellet to Li metal. The
discharge curves seen in FIG. 18 show an increase in the
discharge potential to slightly greater than 6V. This value is
considerably higher voltage than the ~3.4V expected for the
sum of the half reactions for lithium reduction and copper
oxidation, indicating a significant overpotential, likely asso-
ciated with the formation of lithium metal at the LK-EB/
Stainless steel interface. There is also a notable intermediate
voltage plateau in the LBLTO case. This plateau may be due
to secondary reactions in the LBLTO pellets. This observa-
tion suggests that in the development of a larger-scale system,
the reduced voltages of an electrochemically symmetrical
system (such as the reduction/oxidation of chlorine) may
offer benefits to the stability of the ceramics.

[0078] For both of these electroreduction demonstrations,
and with both ceramic conductors, the electroreductions
resulted in macroscopic changes in the device structure.
FIGS. 19A and 19B show the copper reduction using KSI-
CON, while FIGS. 19C and 19D show lithium reduction
using LBLTO (the same results were observed for copper






