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Salt Purification for Pyroprocessing  

2 Science and Technology of Nuclear Installations
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Figure 1: Flow diagram of pyroprocessing (PRIDE at KAERI).

without rotation mode was tested. (e decladding e)ciency
was close to 100% for spent fuel with a burn-up less than
40,000MWd/tU when the oxidative decladding with rod-
cuts less than 30mm was performed at 500∘C for 10 h.
On the other hand, spent fuel with a burn-up higher than
50,000MWd/tU showed the low decladding e)ciency of
about 15% due to small fuel-to-clad gap and low oxidation
rate. An improved decladding e)ciency higher than 99%
for the high burn-up spent fuel required an oxidation time
longer than 20 h at 700∘C. (erefore, oxidative decladding
equipmentwith rotational devicewould be required to reduce
an oxidative decladding time and obtain the very high
decladding e)ciency.

Feed material forms such as granule and porous pellet
were considered to enhance the current e)ciency of elec-
trochemical processes. (e particles of U3O8 powder were
bonded together during thermal pretreatment and trans-
formed into aggregates above 1000∘C. In 2009, a laboratory
scale rotary voloxidizer (max. 1.5 kg U3O8 powder/batch) as
shown in Figure 2 was designed and manufactured to inves-
tigate particle size controllability for U3O8 powder.(e fabri-
cation characteristics of granule from 200 gU3O8 powderwas
investigated under the conditions of thermal pretreatment
temperature of 1150 to 1200∘C in argon atmosphere, treatment
time of 5 to 15 h, and rotational velocity of 1 to 3 rpm using
a rotary voloxidizer. Recovery rate of granule higher than
1mm with UO2+" (0.25 < ! < 0.67) composition (Figure 2)
signi0cantly increased with increasing temperature, rotation
velocity, and time of up to 10 h. Typical recovery rate of
granule showed about 89% (>1mm) and 98% (>0.5mm).
(e UO2 granule with density of 4.38 g/cm3(40% theoretical
density (TD)) was fabricated by reduction ofUO2+" at 1000∘C

for 5 h in 4% H2-Ar atmosphere. (e porous UO2 pellets
with density of 6.78–7.67 g/cm3 (60–70% TD) were fabri-
cated by traditional sequential process of compaction and
pretreatment (sintering) using the U3O8 powder obtained by
oxidation of UO2 pellets.

Engineering-scale rotary voloxidizer for feed form fabri-
cation was installed at air cell in PRIDE facility in July 2012.
Feed form fabrication technology will be demonstrated using
simulated fuel pellet from 2013.

An o3-gas treatment system for trapping 0ssion products
released fromoxide feed fabrication process is very important
for protecting release of nuclides to environment. In the
middle of 1990s, research on the trapping of cesium released
from the “Oxidation, REduction of enriched OXide fuel”
(OREOX) and sintering processes has started in fabricating
DUPIC fuel [2]. O3-gas treatment system for trapping both
volatile 0ssion gases such as H-3 and I in OREOX process
and Cs in sintering process has been established at “DUPIC
Fuel Development Facility” (DFDF) as shown in Figure 3(a).
It was demonstrated that released Cs from sintering process
was completely trapped by 4y ash 0lters. Figure 3(b) shows
that approximately 100% of each cesium isotope released was
trapped by using 4y ash 0lter.

2.2. Electrolytic Reduction. (e electrolytic reduction process
based on the electrochemical reduction in a LiCl-Li2O
electrolyte has been developed for the volume reduction
of PWR spent fuels and for the supply of metal feeds for
the electrore0ning process. During the electrolytic reduction
process, high heat load 0ssion products dissolve into the
chloride molten salt resulting in the decrease of heat load of
spent fuels. Additionally, the metallization of oxides to more

Pyroprocessing is a promising technology to electrochemically recycle nuclear fuel.   

Lee, H. et al. Current Status of Pyroprocessing 
Development at KAERI. Sci. and Tech. Nuc. 
Install. 2013, 1-11 (2013).  

Consider the Electrorefiner: 
 

Uranium is electrochemically 
oxidized (anode) and 
dissolved into a eutectic 
KCl-LiCl molten salt 56 wt% 
KCl, 44 wt% LiCl) .   
 
Uranium is then reduced at 
the cell cathode where it can 
be collected and processed 
into a purified product. 

This process is based on 
coordinated oxidation and 
reduction reactions to separate 
and extract target recyclable 
elements.   
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Motivation:  Recycling LiCl-KCl 
Molten Salts 

!  The accumulation of waste products (e.g., fission products, 
transuranics, etc.) in KCl-LiCl molten salt can impact the 
electrorefining process.   
–  Changes in ionic conductivity (important for efficiency uranium ion 

transport) 

–  Changes in eutectic melt properties 

!  Removing waste products from the salt:  
–  Key to recycling high conductivity salt electrolytes  

–  Stands to significantly reduce waste volume (reduction of HLW) 

!  There is significant interest in removing “short-lived” hot 
fission products such as Sr and Cs.   

29 April, 2014 Material Recovery and Waste Form Development Working 
Group Meeting 
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Current Molten Salt Purification 
Approaches 

5 
 

portion of the grown crystal is relatively pure LiCl-KCl and can be returned to the 
electrorefiner for further use.  KAERI has shown that up to 90% of the electrorefiner salt 

can be recycled via this method, thus reducing the waste by a factor of ten [5]. 

 

Figure 1.2: Schematic of zone freezing process. 

1.5 Organization of Thesis 
 Chapter 1 of this thesis provides the purpose, motivation, and background 
information of this work.  In Chapter 2, several melt crystallization models and their 

applicability to zone freezing are discussed.  Chapter 3 describes the experimental setup, 
conditions, equipment, and procedures.  In Chapter 4, the experimental results are 

presented, analyzed, and discussed.  In Chapter 5, the modeling results are presented and 
comparisons between the models and experimental data are discussed.  Chapter 6 

contains a summary and recommendations of this thesis work.   

We are exploring an alternative electrochemical approach to Cs+ from LiCl-KCl 
eutectic molten salts. 

Williams, A. Zone-Freezing Study for Pyrochemical Process 
Waste Minimization Master of Science thesis, University of 
Idaho/Idaho National Laboratory, (2012).  

www.molecularsieve.org/image/Zeolite_Molecular_Sieve_4A.gif 

Zone Freezing Ion extraction with 
alumino-silicate zeolites 
(e.g., Zeolite 4a) 

29 April, 2014 Material Recovery and Waste Form Development Working 
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Electrochemical Approach to Salt 
Purification 
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Ion Conducting Ceramic Selection 

!  Critical Criteria: 

–  High Li+ and K+ conductivity 

–  Selectivity against Cs+ transport 

–  Chemical, electrochemical, and structural stability in molten LiCl-KCl 

–  Temperature stability (> 500oC) 

–  Radiation resistant  

29 April, 2014 
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FY13 Progress Summary 

!  Electrochemical salt purification scheme developed. 
!  Successful synthesis of KSICON and LBLTO ion conductors. 
!  Both ceramics demonstrate promising stability against molten 

salts between 400oC to 500oC. 
!  Preliminary data indicate selectivity against Cs transport for 

both ceramics 
!  Initial impedance data show promising potassium conductivity 

in KSICON samples 
!  Prototype test equipment was identified to enable 

electrochemical testing of candidate ceramics. 

29 April, 2014 Material Recovery and Waste Form Development Working 
Group Meeting 
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Candidate Ion Transport Ceramics 

!  “NaSICONs” – Super Ion CONductors (e.g., 
KSICON:  KZr2P3O12) 
–  Lattice is chemically, structurally flexible 

–  High conductivity ~10-4 S/cm at room temperature 
(modified versions as high as 10-3) in NaSICON 

–  Expected to be stable against molten salts 

–  Designed to facilitate Li+ and K+ transport 

!  LLTO – Garnet structured Lithium Lanthanum 
Tantalates (A5La3Ta2O12) 
–  Chemically flexible lattice 

–  Favors Li+-transport; conductivity (~10-5-10-4 S/cm) 
at room temperature 

29 April, 2014 
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Ba-substitution: LBLTO 

mol fraction Ba added to formula
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!  LBLTO:  Li6BaLa2Ta2O12 

–  Substitution of Ba2+ (r =1.49Å ) for La3+ (r =1.174Å) expands the crystal 
polyhedra, and makes ion transport more favorable. 

–  Expanded lattice may also promote K+-transport. 

Material Recovery and Waste Form Development Working 
Group Meeting 
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Chlorine Chemistry at 500oC 
Poses Significant Materials 
Compatibility Challenges  
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Consider a “Safer” Alternative 

Pellet stacks with Cu-substitution for chloride charge 
balance equation. 
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Pellet Stack Test Configuration 
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Galvanostatic Discharge through 
KSICON and LBLTO Ceramics 
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Material Transfer on Galvanostatic 
Discharge 
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Macroscopic Material Transfer on 
Galvanostatic Discharge 

29 April, 2014 Material Recovery and Waste Form Development Working 
Group Meeting 

!"#$%&'(()!"''&)

*!+,-./0012-)

,(,&/*,&/0$,&)

,3,&4/*,&/0$,&)

!"#$!$!"%&$&$%'($

!"%&$&$%'($!$!"#$

*5)
0$5)

,677'8)
!"#$%&'(()!"''&)

!"#$%&'(()!"''&)

*!+,-./0012-)

,(,&/*,&/0$,&)

*,&/0$,&)

!"#$!$!"%&$&$%'($

%)*&$&%'($!$%)*#$

*3)
0$3)

,455'6)
!"#$%&'(()!"''&)

!"#$"%%&'
()**+%,-.'/0'
12+.-'

34")2%-**'34--%'
/0##-24'
/+%%-54+#*'

/0'6-4"%'#-.05-.'7#+6'/089:
;<'=-%%-4'>93?/@A'?/'=-%%-4'
"2.'/*89:;<'02.-#2-"4BC'

!"#$"%%&'
()**+%,-.'/0'
12+.-'

34")2%-**'
34--%'
/0##-24'
/+%%-54+#*'

6+7+8'+9'/*:;<=6'
>-%%-4'

=%-54#+#-.05-.'
:)'+2'33'5"4?+.-'
"2.'@+7+8'+9'
:;<=6'>-%%-4''

:6:AB'
C/'
>-%%-4'



17 

Molten Salt Analysis 
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Energy dispersive x-ray analysis of molten salts post-discharge 
reveals effective Cs+ ion-filtration. 
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ICP Confirmation of EDXS 
Selectivity 

          Ratios         

  Li K Cu Cs Li:K Cu:K Cs:K Cu:Li Cs:Li 

Water 
    <0.2      <10     <0.02  <0.0001 

          

                    

Lcu 740.00 2700.00 0.04 1.10 0.27 0.00 0.00 0.00 0.00 

  106.61 69.05 0.00 0.01 1.54 0.00 0.00 0.00 0.00 

LCs 630.00 2600.00 0.12 660.00 0.24 0.00 0.25 0.00 1.05 

  90.77 66.50 0.00 4.97 1.36 0.00 0.07 0.00 0.05 

Kcu 440.00 2000.00 0.13 3.00 0.22 0.00 0.00 0.00 0.01 

  63.39 51.15 0.00 0.02 1.24 0.00 0.00 0.00 0.00 

KCs 960.00 3800.00 0.13 860.00 0.25 0.00 0.23 0.00 0.90 

  138.31 97.19 0.00 6.47 1.42 0.00 0.07 0.00 0.05 
Original 
Ratios                   

Cs-Li-K-Cl Li:K Cs:Li Cs:K             

  1.46 0.07 0.10             

Cu-Li-K-Cl Li:K Cu:Li Cu:K             

  1.38 0.25 0.34             
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Ba-segregation in LBLTO is an 
issue! 

29 April, 2014 Material Recovery and Waste Form Development Working 
Group Meeting 

LBLTO as 
made 

LBLTO after 4 
hours at 650oC 
in LiCl 
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Optimizing LLTO 

29 April, 2014 Material Recovery and Waste Form Development Working 
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Specimens were “sealed” in Pt-crucibles and sintered to 98.4% relative 
density at 1300°C 

•  New processing route for LLTO processing developed (SNL SD# 13096, March, 2014). 
•  Pellets were pressed from ball milled mixed phase reaction products. 
•  Sealed crucible produced dense ceramic specimens with only trace minor phase. 
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Characterizing Dense LLTO 
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!  Impedance measured at room 
temperature using a HP 4192A 
instrument between 5Hz and 13 
MHz 

!  Two ZARCs + CPE used in fit to 
raw data 

!  Conductivities calculated from 
resistances of ZARC elements 

!  Conductivity values are 
significantly higher than any 
LLTO in the literature (~10X) 

–  Comparable to Ba-substituted 
compounds 

–  Density Issue in literature materials? 
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Scaling Up:  Volumetric Purification 

29 April, 2014 
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To make this process viable for larger scale purification, a modified 
purification scheme is needed! 
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Resolving residual CuCl2 
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Volumetric Reactor Assembly 
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Slip Cast Mold for Ceramic Tube 
Synthesis 
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Plaster mold will enable ceramic slip casting to produce 50mm OD (40-46mm ID) unsintered 
crucibles.  Sintered crucibles will be ~40mm OD with ~2-3mm thick walls. 

Calcined Powder Disperse in H2O Pour in Mold 

Remove Mold Dry Ceramic Sinter in Crucible 

50 vol. % De-Air 
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Green LLTO Ceramics 
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Unfired “Green” Ceramic Tubes 
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Fired LLTO Ceramic Tube 
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Initial “Fired” LLTO Ceramic 
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A Backup Alternative 

29 April, 2014 
Material Recovery and Waste Form Development Working 

Group Meeting 

In the event that the ceramic 
tube processing does not 
prove tractable within FY14, a 
secondary, pellet-based 
scheme will be employed to 
demonstrate volumetric salt 
purification. 
 
This approach will use a VCR 
fitting with a copper gasket to 
seal polished ceramic pellets 
into a steel tube. 

Ceramic 
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Paths Forward 

!  Continue efforts to produce ceramic tubes for volumetric 
testing 

–  LLTO 
–  KZr2P3O12 (Also consider:  K4Zr2Si3O12 and K3Zr2PSi2O12 

!  Begin volumetric testing using steel tube fixtures 
!  Evaluate testing of ceramic tubes in volumetric test 

configuration 
!  Characterize salt purification efficiency of electrochemical 

process 
!  Refine ceramic chemistry to optimize purification process.   

29 April, 2014 Material Recovery and Waste Form Development Working 
Group Meeting 
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Thanks! 

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia 
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of 

Energy's National Nuclear Security Administration under contract DE-AC04-94AL85000. 

Thanks to Stephen Kung, Mark Williamson, and Terry Todd for 
continued support of this effort.  

 
 

Thanks, also, to Kevin McMahon and Brad Couch for program and technical 
guidance.  

This work was funded by the United States Department of Energy Office of Nuclear 
Energy under the Fuel Cycle Research and Development Program  

29 April, 2014 Material Recovery and Waste Form Development Working 
Group Meeting 
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Comparison of LBLTO with other 
Li-ion conductors 

Backup Slides 

29 April, 2014 Material Recovery and Waste Form Development Working 
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EB Pellet Compositions 
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Potassium Conductivity 

Powers et al. J. Electrochem. Soc. (1975) 122, p226.  

The high frequency (1MHz) real portion of 
the impedance was attributed to K+ 

conductivity within the grains of the material. 
 
This value was used to approximate grain 
conductivity of ~2 x 10-4 S/cm.  (Consistent 
with values expected for Na-transport in 
NaSICON) 

Preliminary impedance spectroscopy data provide insight into potassium 
conductivity of KSICON. 

29 April, 2014 Material Recovery and Waste Form Development Working 
Group Meeting 
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Evaluating Cs-selectivity in 
eutectic salts 

!  Ternary KCl-LiCl-CsCl 
(18wt% - 25wt% - 57wt%) 
were prepared 

! Melting temperature 
reduced (~260oC vs 355oC) 

!  Samples were immersed in 
these salts at 400oC  for 
30-60 minutes to test 
stability and evaluate Cs+ 
diffusion into these 
structures. 

10 
 

 

Figure 2.3: Phase diagram of the ternary CsCl-LiCl-KCl salt system [35]. 

 Since the LiCl and KCl salts are at the eutectic composition, a pseudo binary 

phase diagram can be approximated for the ternary CsCl-LiCl-KCl salt.  Along the LiCl-
KCl eutectic line, three temperatures are specified; they are, 355°C at zero mol% CsCl, 

350°C at approximately 4 mol% CsCl, and 260°C at 29 mol% CsCl.  These three points 
were converted to mass fractions and plotted as shown in Figure 2.4.  The resulting line is 

an approximation to the  liquidus line of the pseudo binary phase diagram for CsCl.  
Sangster and Pelton [36] suggested a method (see Eqn. 2.2) for estimating the slope of 

the solidus line,   

! "2A,meltg

A,fusionA
s

A
l

TR
H

dT
d

dT
d #

$%&%                                         2.2 .Eqn  

where χ is the mol fraction of  pure A, superscript l is for liquidus, superscript s is for 

solidus, ΔHfusion,A is the heat of fusion of pure A, Rg is the univesal gas constant, and 

Tmelt,A is the melting temperature of pure A.  Using Eqn. 2.1, the slope (dχs
A/dT) of the 

solidus line was calculated to be zero.  In other words, all solid formed prior to the 

ternary eutectic at equilibrium conditions contains no CsCl (CS = 0); therefore,  k0 is zero 
for this system. 

Williams, A. Zone-Freezing Study for Pyrochemical Process 
Waste Minimization Master of Science thesis, University of 
Idaho/Idaho National Laboratory, (2012).  

29 April, 2014 Material Recovery and Waste Form Development Working 
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LLTO (Li5La3Ta2O12) Ion Conducting 
Ceramics 

Lithium ions in Li5La3Ta2O12 and related materials move within a 3-D network of 
octahedrally and tetrahedrally coordinated Li-sites in this lattice (though it is 

believed that transport along the octahedral sites is more favorable).  

29 April, 2014 Material Recovery and Waste Form Development Working 
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Comparison of LBLTO with other 
Li-ion conductors 
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0//!0%0.#! &( 0 $0-" 0$ $,! "&1 (%!23!.#I )-'! )355!)$) $,!
8"&#J-.5 &( $,! !"!#$%&'!) (&% $,! C&8-"! -&.) 9"-$,-3C:*DEKHELG

+08"! E "-)$) $,! -C/!'0.#! '0$0 0$ MM NO (&% A-P@A0M+0MQEM
9@RS%H T0:* +,! 5%0-.78&3.'0%I #&.$%-83$-&. '!#%!0)!) 1-$,
-.#%!0)-.5 $!C/!%0$3%!* @8&4! UV NOH -$ -) '-((-#3"$ $& )!/0%0$!
!0#, #&.$%-83$-&.W 0##&%'-.5"IH 1! ,04! #&.)-'!%!' $,! $&$0"
983"J X 5%0-.78&3.'0%I: #&.$%-83$-&. (&% '!$!%C-.-.5 $,! !"!#7
$%-#0" #&.'3#$-4-$I &4!% $,! $!C/!%0$3%! %0.5! -.4!)$-50$!'*

#$#$#$ %&'() *)+,'-.,() "&/01,'.2.'3

+,! @%%,!.-3) /"&$) (&% $,! $&$0" 983"J X 5%0-.78&3.'0%I:
!"!#$%-#0" #&.'3#$-4-$I &( A-P@A0M+0MQEM 9@RS%H T0: 0%!
),&1. -. Y-53%! K* +,! '0$0 &8$0-.!' (%&C $1& ,!0$-.5 0.'
#&&"-.5 #I#"!) (&""&1 $,! )0C! "-.! 1-$, 0#$-40$-&. !.!%5-!) &(
V*LV 0.' V*KV !? (&% A-PS%A0M+0MQEM 0.' A-PT0A0M+0MQEMH
%!)/!#$-4!"I* A-PT0A0M+0MQEM 9K*VZEV6L S#C6E: ![,-8-$) 0
,-5,!% $&$0" #&.'3#$-4-$I $,0. $,0$ &( A-PS%A0M+0MQEM
9U*VZEV6P S #C6E: 0$ MM NO 9+08"! E:* >$ C3)$ 8! C!.$-&.!' $,0$
$&$0" 0.' 83"J #&.'3#$-4-$-!) 0%! .!0%"I $,! )0C! C05.-$3'!
(&% $,! /%!)!.$"I -.4!)$-50$!' 50%.!$7$I/! C0$!%-0")* Y&% ![0C7
/"!H $,! )$%&.$-3C 0.' 80%-3C #&C/&3.') ![,-8-$ 83"J -&.-#

#&.'3#$-4-$-!) &( \*\K Z EV6P S #C6E 0.' L*F\ Z EV6L S #CH %!)/!#7
$-4!"I 0$ MM NO* +,-) (-.'-.5 -) 0 C&)$ 0$$%0#$-4! (!0$3%! &( $,!
-.4!)$-50$!' 50%.!$7$I/! &[-'!) #&C/0%!' $& &$,!% #!%0C-#
"-$,-3C -&. #&.'3#$&%)* Y&% #&C/0%-)&.H $,! 8!)$ "-$,-3C -&.
#&.'3#$&% 80)!' &. /!%&4)J-$! AA+ ![,-8-$) 0 $&$0" #&.'3#$-47
-$I 08&3$ $1& &%'!%) &( C05.-$3'! "&1!% $,0. $,0$ &( $,! 83"J
#&.'3#$-4-$I*DKHPG

Y-53%! L ),&1) 0 #&C/0%-)&. &( $,! "-$,-3C -&. #&.'3#7
$-4-$I &( A-PT0A0M+0MQEM 1-$, $,0$ &( &$,!% "-$,-3C -&. #&.7
'3#$&%) %!/&%$!' -. $,! "-$!%0$3%!* +,! #&.'3#$-4-$I -) ,-5,!%
$,0. -. $,! #0)! &( A-7!70"3C-.0HDEPG $,-. (-"C A-/&.
9A-M*]^QF*FBV*KP:HDEUG A-]S-@"Q\HDE\G A-> X KV C&" @"MQFHDE]G

A-_%M9^QK:FHDMVG A-F*LS-V*L^V*LQKHDMEG 0.' A-LA0F+0MQEMHDEVG 0.' -)
#&C/0%08"! $& $,0$ &( $,! %0$,!% 3.)$08"! A-FB 9V*KL ?: 0.'
A-F*LS-V*L^V*LQK 0$ ,-5, $!C/!%0$3%!H ,&1!4!%H 0$ %&&C $!C/!%7
0$3%! A-FB ,0) 0 #&.'3#$-4-$I 0. &%'!% &( C05.-$3'! ,-5,!%*DMHFG

+,! ,-5, -&.-# #&.'3#$-4-$I -. $,! /%!)!.$ #"0)) &( C0$!%-0") -)
8!"-!4!' $& 8! '3! $& $,! C-5%0$-&. &( "-$,-3C -&.) $,%&35, -.7
$!%)$-$-0" )-$!)* +,-) -) '-((!%!.$ (%&C C&)$ "-$,-3C -&. #&.'3#7
$&%)DEHF6LG J.&1. )& (0%* >. #&.$%0)$ $& A-7!70"3C-.0 0.' A-FBH
$,! 50%.!$ -) 0. -)&$%&/-# #&C/&3.' 0.' ,!.#! $,! #&.'3#$-4-$I
&##3%) -. $,%!! '-C!.)-&.)*

#$#$4$ 5+6678(9/+- :&)(-.;('.&/ <'103

>. Y-53%! PH 1! ),&1 $,! `!886a05.!% 9`a: /&"0%-b0$-&.
'0$0 0$ MMNO 0.' KK NOH &8$0-.!' 3)-.5 C!$0""-# "-$,-3C 0) $,!
%!(!%!.#! !"!#$%&'! 90#$-4-$I &( "-$,-3CH (A- R E: 0.' 0 5&"' "-$,-7
3C7-&.78"&#J-.5 !"!#$%&'!* @) $,! "-$,-3C -&.) 0%! 8"&#J!'H
$,! )$!0'I7)$0$! #3%%!.$ -) '3! $& !"!#$%&.) 0.' ,&"!) &."I*DMMHMFG

+,! )$!0'I7)$0$! !"!#$%&.-# #3%%!.$ 10) &( $,! &%'!% &( EV6U @*
?!%I -.$!%!)$-.5"IH 1! '-' .&$ )!! 0. ![/&.!.$-0" -.#%!0)! -.
#3%%!.$ 3/ $& P ?cA-H -.'-#0$-.5 $,0$ A-PT0A0M+0MQEM -) ,-5,"I
!"!#$%&#,!C-#0""I )$08"! 9.& '!#&C/&)-$-&.:* +,-) %!)3"$ -)

!"#$ %&'()$ *+),-$ !""#! ./! "#$ %! &'()'*+ $%%&'(()))*+,-./0123+4*56 , -../ 012345678 69*:'; <=>8 ? 7#$ @<'A! 09B(C9B= 7"8

9+:46 7* 1=D9E'(F9 E'G' #H 2BIA2'-J'-K%- LAM N*! O'P 'G -- Q7 B( 'B*$

7#=D#)(E 0>):R 1>):R 0;> 1;> 19: !G#G': 2'
SR!T SUT SR!T SUT SUT SN F=V%T S96T

2BIN*2'-J'-K%- %W$WX X$. Y%.5%% X$IW W$/ Y%.5Z /$[ Y%.5I [$. Y%.5I .$/.
2BIO'2'-J'-K%- X$\/ %$- Y%.5%. %$X\ %$X Y%.5[ %$- Y%.5I \$. Y%.5/ .$\.

;<=126 >* A**C9(B)] D:#G] H#* GC9 G#G': L>):R ^ ;*'B(5>#)(E'*+P :BGCB)= B#(
F#(E)FGB_BG+ #H 'P 2BIN*2'-J'-K%- '(E >P 2BIO'2'-J'-K%-$ JC9 E'G' `9*9
#>G'B(9E H*#= G`# C9'GB(; '(E F##:B(; F+F:9] '(E H#::#` GC9 ]'=9 :B(9$

;<=126 #* 7#=D'*B]#( #H G#G': L>):R ^ ;*'B(5>#)(E'*+P :BGCB)= B#( F#(E)F5
GB_BG+ #H 2BIO'2'-J'-K%- `BGC #GC9* :BGCB)= B#( F#(E)FG#*] *9D#*G9E B( GC9
:BG9*'G)*9$

!"
##

$
%
$
&'

3$ 45+'6+"&-+78 9$ 9,::',-a"#_9: <'*(9G52BR9 KbBE9] H#* U']G 2BGCB)= 1#( 7#(E)FGB#(

V. Thangadurai, et al. Adv. Funct. Mater. (2005) 15 (1), p107. 
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Consider KSICON 

KSICON is a potassium-substituted variant of NaSICON with an expanded c-axis 
and a contracted a-axis. 
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Confirming KSICON synthesis 

!"#$#%&#

!'#("#$&#

!'#("#)&#

!'#$#(%&#

!'#("#*&#

!)#("#%&#

!)#$#$&#

X-ray diffraction shows the 
synthesis of KSICON and 
illustrates anticipated 
changes in lattice parameter. 

cNaSICON = 22.746Å, 
cKSICON = 23.890Å;  
 
aNaSICON = 8.815Å, 
aKSICON = 8.710Å  
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NaSICON for Na-Removal From 
Aqueous Waste 

!

!
!

"#$%&'!()("!!#$%&'()*$!+,!(-!./&$)0+$%&'*$(/!10+$&22!32*-4!)%&!5(#6785!9&':0(-&!

;%&!5(<*+-!2&/&$)*=&!$&0('*$!'&':0(-&2!(0&!,0+'!(!,('*/>!+,!'()&0*(/2!?-+@-!*-!)%&!&/&$)0*$(/!
:())&0>!*-AB2)0>!(2!5(#6785"!!C-!*-*)*(/!*-=&2)*4()*+-!$+-AB$)&A!:>!7&0('()&$!*-!DEEF!A&'+-2)0()&A!)%&!
,&(2*:*/*)>!+,!B2*-4!'&':0(-&2!:(2&A!+-!)%&!$+'G+2*)*+-!5(HI0J#*J18DJ!,+0!2(/)!2G/*))*-4!K#B)*L(!&)!(/"!
DEEMN"!!O%*/&!5(!2&/&$)*=*)>!@(2!,+B-A!)+!:&!%*4%P!)%&!5(!$+-AB$)*=*)>!@(2!LBA4&A!)+!:&!)++!/+@!,+0!
$+''&0$*(/!(GG/*$()*+-"!!#B:2&QB&-)!'()&0*(/2!A&=&/+G'&-)!*-A*$()&A!)%()!$&0('*$2!:(2&A!+-!)%&!
$+'G+2*)*+-!5(RS.#*T8DJ!KS.<5(#6785NP!@%&0&!S.!*2!>))0*B'!+0!(!0(0&<&(0)%!&/&'&-)P!%(A!(!%*4%&0!
$+-AB$)*=*)>!(-A!0&2*2)(-$&!)+!$+00+2*+-"!!;%&!:&2)!S.<5(#6785!'()&0*(/2!A&=&/+G&A!)+!A()&!(0&!:(2&A!
+-!)%&!0(0&!&(0)%2!A>2G0+2*B'!(-A!-&+A>'*B'"!!C!-&@!,('*/>!+,!'()&0*(/2!%(2!:&&-!A&=&/+G&A!)%()!
&U%*:*)2!(AA*)*+-(/!*'G0+=&'&-)!*-!)%&!'&':0(-&!G0+G&0)*&2P!&2G&$*(//>!)%&!*+-*$!$+-AB$)*=*)>!(-A!)%&!
/*,&)*'&"!!;%*2!,('*/>!+,!'()&0*(/2!*2!A&2*4-()&A!5C#<VP!5C#<.P!5C#<WP!&)$"!(-A!'(>!*-$/BA&!(AA*-4!
A+G(-)2!)+!*-$0&(2&!)%&!$%&'*$(/!(-A!&/&$)0+$%&'*$(/!2)(:*/*)>!+,!)%&!'()&0*(/2"!O*)%*-!)%*2!-&@&0!,('*/>!
+,!5(#6785!'()&0*(/2P!*)!@(2!A*2$+=&0&A!)%()!5C#<.!(-A!5C#<W!)>G&2!@&0&!J"R!(-A!T"F!)*'&2!'+0&!
$+-AB$)*=&!)%(-!)%&!5C#<V!'()&0*(/2P!0&2G&$)*=&/>"!

;%&!5(#6785!$&0('*$2!(0&!G+/>$0>2)(//*-&!'()&0*(/2!)%()!G+22&22!$%(--&/2!@*)%*-!)%&!$0>2)(/!
2)0B$)B0&!,+0!5(!*+-!$+-AB$)*+-"!!;%&!S.<5(#6785!B-*)!$&//!2)0B$)B0&!K9(U*'+=!&)!(/"!DEXJN!*2!2%+@-!*-!
Y*4B0&!D"J"!!#*/*$(!)&)0(%&A0(!Z0*-42[!(-A!2+A*B'!(-A!%&(=>!'&)(/!*+-2!,+0'!)%&!2)0B$)B0&!(0+B-A!)%&2&!
$%(--&/2P!@%*$%!(0&!,*//&A!@*)%!%*4%/>!'+:*/&!5(!*+-2"!!;%&!$%(--&/!2*\&!*2!A&)&0'*-&A!:>!)%&!0(0&<&(0)%!
*+-"!!;%&2&!'()&0*(/2!(0&!B-*<A*'&-2*+-(/!*+-*$!$+-AB$)+02P!2+!)%&!40(*-!+0*&-)()*+-!(,,&$)2!)%&!*+-*$<
)0(-2G+0)!0()&2"!!;%&!-&@!5(#6785!'()&0*(/2!(0&!)%0&&<A*'&-2*+-(/!*+-*$!$+-AB$)+02"!!

D"H!

!

Schematic for removal of Na from 
aqueous waste streams.  

M.S. Fountain, et al. “Caustic Recycle from Hanford Tank Waste Using NaSICON Ceramic Membrane Salt Splitting Process.” 
PNNL-18216, prepared for the Department of Energy, Feb, 2009.   
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Reduction Potentials 

Reduction potentials:  
 

Cl2 + 2e- ! 2Cl-  +1.36 
 
Li+ + e-    ! Li(s)  -3.05 
K+ + e-    ! K(s)   -2.93 
Cs+ + e-  ! Cs(s)  -2.92 
 
La3+ + 3e-  ! La(s)  -2.52 
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