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요약(연구결과를 중심으로 개조식 500자 이내로 작성합니다) 보고서 면수: 133

   파이로프로세싱 공정 발생 고준위 폐기물의 부피저감화를 위해 전해공정 및 핵종분리공정을 통해
배출되는 두 종류의 방사성 폐기물에 대한 새로운 고화기술방안을 수립하고 다양한 실험을 통하여 
합성무기매질의 최적조성, 최적 고화공정 및 TRU함유 방사성 폐기물을 이용한 실증실험을 통하여 
새로운 고화기술을 검증하였음.

￭ 휘발성 LiCl-KCl 공용융염 폐기물의 고화에 단점을 극복하기 위해 탈염화 반응을 경유하는 고화개
념을 수립하고, 합성무기매질을 설계하여 솔젤법으로 제조, 반응특성 및 고화실험을 통하여 최적 무
기매질인 U-SAP (SiO2-Al2O3-P2O5-Fe2O3-B2O3)을 확보하였으며, 하나의 물질로 휘발성 공용융
염 폐기물을 안정화/고형화시킬 수 있는 최적공정을 수립하였음.

￭ 방사성 희토류 산화물의 고화를 위해 기존기술의 단점을 극복하고 높은 waste loading을 가지는 고
화체를 상대적으로 완화된 공정조건에서 monolithic wasteform을 제조할 수 있는 새로운 무기복합
체를 수립하였으며, 상온혼합 및 화학소결과 같은 단순공정으로 고건전성, 고밀도의 고화체를 제조
할 수 있는 고화공정을 수립하였음. 

￭ 새로운 고화기술 및 고화공정으로 제조된 두 종류의 고화체에 대한 물리화학적인 특성을 평가하여 
방사성 고화체로서의 기본성능요건을 만족함을 확인하였으며, LiCl-KCl 공용융염 폐기물의 경우, 
기존기술대비 약 4배의 최종처분부피의 감량효과를 확인하였으며, 희토류 폐기물의 경우, 기존기술
대비, 고온가압의 가혹한 조건 없이 기존 공정온도보다 200~300℃낮은 온도에서 건전성 고화체를 
제조할 수 있음을 확인함. 

색 인 어
(각 5개 이상)

한 글 사용후 금속핵연료, 파이로프로세싱, LiCl-KCl 공융염폐기물, 고화, SAP, ZIT
영 어 spent nuclear metal fuel, pyroprocessing, LiCl-KCl eutectic salt waste, 

solidification, SAP, ZIT
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Mixing/Reaction

Mixing and Heat-treatment

SAPs

Glass powder?

Salt waste 

LiCl-KCl, CsCl, SrCl2, RECl3

- Reaction ratio: SAP/Salt

- Stable products for high temperature process

- Monolithic wasteform
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Cs Ag K Cl P Si Al 
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Temp’
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950℃
25wt% 0.002 0.002 0.005 0.004 -

30wt% 0.001 0.001 0.001 0.003 -

35wt% 0.005 0.000 0.002 0.001 -

40wt% 0.001 0.001 0.003 0.002 -

1050℃
25wt% - 0.007 0.002 0.003 -

30wt% - 0.005 0.002 0.005 -

35wt% - 0.002 0.000 0.006 -

40wt% - 0.002 0.001 0.003 -

1150℃
25wt% - 0.001 - 0.007 0.004

30wt% 0.004 0.001 0.005 0.002 0.002

35wt% 0.003 0.000 0.003 0.004 0.003

40wt% 0.002 0.006 0.001 0.001 0.002
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제 4 장. 요약

  2차년도에는 기 설정된 기본물질계의 탈염화반응특성을 평가하여 반응온도에 따른 반

응율의 변화 등을 조사하여 장치 실험의 조건설정에 한 정보를 도출하 으며, 기본 물

질계의 waste loading의 증가 는 반응성의 증가를 해 구성성분의 조성을 조정하여 

보다 높은 반응성을 얻을 수 있는 정조성을 설정하 다. 한 공용융염폐기물에 존재하

는 요오드의 선택  제거  고정화를 할 수 있는 배가스처리 개념을 설정하여 탈할로겐

화 반응이 염내의 장반감기 핵종의 분리를 통한 심지층처분 부피를 감소시킬 수 있도록 

하 다. 한 소결실험을 통해 80종이상의 고화체를 제조하여 기본 인 특성과 각 원소간

의 향들을 평가함으로서 본 과제의 연구내용  목표를 완료하 다. 
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ATTACHMENT A 
 

I-NERI ANNUAL TECHNICAL PROGRESS REPORT 
 

Project Number and Title: 2007-004-K, Development and Characterization of New 
High-Level Waste Forms for Achieving Waste Minimization from Pyroprocessing 
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Task A3 – Setup of Experimental Equipment for Hot-Test (INL) 
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ABSTRACT 
 

 The current state-of-the-art for the immobilization of fission products that 
accumulate in electrorefiner (ER) electrolyte during the electrochemical processing of 
metallic spent nuclear fuel (MSNF) is to encapsulate the ER salt in a glass-bonded 
sodalite ceramic waste form (CWF).  This process was developed by Argonne 
National Laboratory in the USA and is currently performed at the Idaho National 
Laboratory (INL) for the treatment of Experimental Breeder Reactor-II (EBR-II) spent 
fuel.  This process utilizes a “once-through” option for the disposal of spent ER 
electrolyte; in which, once the rather limited inventory of fuel to be treated is 
processed, the ER electrolyte, containing the active fission products, is disposed of.  
The CWF produced will have low fission product loading of approximately 2 to 5 
weight percent due to the limited fuel inventory processed. 
 
 Future fuel-cycles with much greater inventories of MSNF to be processed by 
electrochemical means will require ER electrolyte clean-up methods.  This will be 
necessary for two primary reasons: 1) to separate and concentrate fission products 
from ER salt to produce higher fission product loaded waste forms, and thus minimize 
the volume of waste produced, and 2) would allow ER electrolyte recycle and reduce 
operating cost of the electrorefining process.   



The Korean Atomic Energy Research Institute and the Idaho National 
Laboratory have been collaborating on I-NERI research projects for a number of years 
to investigate both aspects of this goal of fission product separation and concentration 
from ER electrolyte and the development of advanced waste forms to safely 
immobilize the collected fission products.  The first joint KAERI/INL I-NERI 
project titled: 2006-002-K, Separation of Fission Products from Molten LiCl-KCl Salt 
Used for Electrorefining of Metal Fuels, was successfully completed in 2009 by 
concentrating and isolating fission products from actual ER salt that had treated EBR-
II MSNF.  Two methods were tested and from these tests were produced 
concentrated products that will be the feed material for development of advanced 
waste forms investigated in this proposal. 

 
The specific first year activities performed at the INL for this I-NERI project 

involved the following: 
 

• Isolation of radioactive fission-product materials from the Mk-IV 
electrorefiner at MFC to act a the feed material for advanced waste 
form development and characterization 

• Procure and modify equipment required for waste form development 
for hot cell application 

• Inventory existing HFEF hot cell equipment used for waste form 
development and testing. 

     
INTRODUCTION 

 
The three-year, joint KAERI/INL I-NERI project investigating fission product 

separation methods from ER electrolyte resulted in a number of feasible options to 
treat ER salt for recycle.  These options are illustrated in Figure 1.  Option A is a 
modification of the EBR-II spent fuel treatment process, where, instead of adding ER 
salt to zeolite and processing a low-loaded CWF; the zeolite is submerged in the salt 
and the cationic fission products ion exchange or occlude into the zeolite at high 
concentrations.  The primary component of options B, C and D is oxygen sparging in 
the molten ER salt to chemically react with the rare-earth fission productions to 
produce oxychloride and oxide precipitates that can be physically separated form the 
ER salt.  Other components of options B and C involve immobilizing the remaining 
group I and group II active fission products in a mineral form.  The second 
component of option D involves zone-freezing of the ER electrolyte to concentrate 
remaining fission products in a small volume of electrolyte for disposal.    



 
Fig. 1.  Separation options for the removal of fission products from electrorefiner salt. 

 
A major 3rd-year task for the INL involved with the Separation of Fission 

Products from Molten LiCl-KCl Salt Used for Electrorefining of Metal Fuel I-NERI 
was to demonstrate two aspects of the separation options using Mark-IV electrorefiner 
salt in the HFEF facility.  The two separation options demonstrated were salt/zeolite-
4A contacting indicated as option A, and oxygen sparging shown as the first 
component of options B, C, and D in Fig. 1.  Demonstration of the two separation 
methods at the INL first involved testing the methods and equipment using surrogate 
salts in a non-radiological facility, then performing the actual demonstration in the 
HFEF facility. 

 
Both the surrogate and the actual fission product material produced in the INL 

demonstration provide the starting materials for advanced waste form development 
being investigated in this I-NERI.  The first section of this report describes this 
fission product material and potential waste forms that can be derived from these 
products.  The second part of this report describes the equipment that will be 
required to pursue hot waste form development work and characterization in the 
HFEF hot cells.  

 
Production of High Fission Product Loaded CWR 
 

The CWF produced by the treatment of EBR-II spent fuel will have a low loading 
of fission products on the order 2 to 4 weight %.  It is possible to produce high-
loaded CWF with fission product loading on the order of 10 weight %, however, to 
achieve this level of fission product loading, the fission products must first be 
concentrated into the zeolite matrix.  A number of proposals to produce high-loaded 
zeolite have been suggested and in the joint KAERI/INL fission product separation I-
NERI, the method selected was immersion of zeolite into a molten salt bath and 
allowing the fission product cations to undergo equilibrium with the zeolite matrix.  



For the I-NERI investigations this was accomplished either by placing the zeolite 
pellets into a steel basket that allowed the molten salt flow through the basket and 
contact the zeolite; or using an inorganic binder, produce a porous monolithic zeolite. 

 
Surrogate salt/zeolite contacting tests were performed in an inert atmosphere 

glovebox by submerging monolithic zeolite into a molten LiCl-KCl salt bath 
containing 3 mole percent each of CsCl and NdCl3 at a temperature of 500° C for 24 
hours.  The resulting salt contacted zeolite was remove from the molten salt bath and 
cooled as shown in Fig. 2.            

 

 
Fig. 2.  Salt contacted zeolite after being submerged in molten salt and allowed to 
reach equilibrium with the cationic components of the salt.  This material was then 
used to produce a high-loaded CWF. 

 
The fission product loading of the binder monolithic zeolite was determined to be 

equivalent to the fission product loading of non-binder zeolite used in fission product 
loading equilibrium studies previously determined as illustrated in Fig. 3. 
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Fig. 3.  Mole equivalents of Cs and Nd in zeolite after contacting experiments using 
monolithic zeolite.  The comparison is made of quaternary Cs/Nd-LiCl-KCl salt 
mixtures used in equilibrium experiments and two monolithic zeolite samples with 
binder. 

 
Fabrication of the high-loaded CWF then involved first grinding the salt-coated 

zeolite to less than 125 µm powder, and then dry mixing an equal quantity 
(approximately 20 g) of dry, non-salt contacted zeolite powder (125 µm) to the salt 
contacted zeolite.  This mixture was the heated at 350° C for 3 hours to absorb 
excess salt. A borosilicate glass binder was then added to the mixture at 25 weight 
percent and dry mixed a second time.  This material was then poured into a 100 cc 
steel crucible and placed in a furnace at 925° C for 3 hours. 

 
During the pressureless consolidation of the zeolite and glass, the zeolite converts 

to sodalite and the liquid glass binds the now converted sodalite particles.  This 
glass-bonded sodalite is referred to as the Ceramic Waste Form produced during 
EBR-II spent fuel treatment. The sodalite unit-cell cage structure is smaller that 
zeolite and can not incorporate as much Cl- ion.  Thus excess Cl- combines with 
available cations, primarily Na+ to form halite inclusions in the glass region of the 
waste form.  The CWF produced from the salt contacted zeolite is shown in Fig. 4. 

 
X-ray diffraction (XRD) analysis was performed on the surrogate, high-loaded 

waste form and is shown in Fig. 5.  The XRD analysis shows the sodalite phase 
shifted to low d-spacings due to ion-exchange with Li and other cations that results in 
a lattice contraction of the sodalite crystal structure. 



Fig. 4.  CWF produced from surrogate high-loaded, salt contacted zeolite.   
 

Fig. 5.  XRD pattern of surrogate, high-loaded CWF.  Major phases identified are 
sodalite, shifted to low-d spacings and the NaCl and KCl salt phases. 
 

The INL demonstration test involving the salt/zeolite contacting method of 
fission product separation was performed in the Hot Fuel Dissolution Apparatus 
(HFDA) in the HFEF main cell.  The electrolyte used in both the salt/zeolite 
contacting and oxygen sparging demonstration experiments was a composite material 
that consisted of 758 grams of salt condensate retrieved from a cathode processor 
(CP). The CP’s primary function is to separate the adhering salt from the uranium 
dendrites produced by the Mark-IV and Mark-V electrorefiners through a high-
temperature vacuum-distillation process that discharges the salt as a composite 
condensate and the dendrites as a consolidated metal ingot. The 758 grams of the 
condensate salt used in this demonstration contained sodium, actinides, and fission 
products from processing spent driver fuels from EBR-II. Rare-earth chlorides, such 
as NdCl3, CeCl3, LaCl3, PrCl3, SmCl3, and YCl3, were purposely added to the salt to 
produced the high-loaded material.  The composition of the initial, high-loaded 
electrorefiner salt was: 

• LiCl-KCl: 88.8 wt% 



• Alkali elements (Na, Rb, Cs): 1.6 wt%   
• Alkaline earth elements (Sr, Ba): 0.8 wt% 
• Lanthanides (La, Ce, Pr, Nd, Sm) and Y: 5.5 wt% 
• Actinides (U, Np, Pu Am): 3.3 wt% 

   
The Hot Fuels Dissolution Apparatus, in which the fission product separation 

demonstration was performed, is located at window 9M in the HFEF main hot cell.  
The HFDA consists of two main components, the base assembly, and the head 
assembly.  The base assembly contains the heaters and the molten salt crucible.  
The head assembly is remotely removable from the base, and contains the access ports, 
the heat shield baffles, and equipment to hold and rotate experiments in the molten 
salt.    

 
The salt/zeolite contacting portion of the demonstration involved the addition of 

8.8 g of dried zeolite to the zeolite basket and submerging the basket into the HFDA 
salt bath.  The temperature of the salt bath was 500° C and the zeolite basket 
remained in the salt bath for 24 hours while being rotated.  After the 24 hour 
contacting period, the basket assembly was removed from the bath and allowed to 
cool.  The bottom end of the basket was cut off and the zeolite with adhering salt 
crushed out of the basket.  The collected salt contacted zeolite was stored for future 
use.  The basket and recovered salt covered zeolite is shown in Fig. 6. 

 

  
Fig. 6.  a) Cut zeolite basket showing salt coated zeolite pellets after salt/zeolite 
contacting in the HFDA, b) collected salt contacted zeolite, and c) zeolite basket after 
removal from salt bath in the HFDA. 
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Production of Rare-Earth Precipitates by Oxygen Sparging 
 



 The second demonstration method chosen for separation of fission products 
from ER salt was oxygen sparging.  As with the salt/zeolite contacting method, 
initial test were performed using surrogate, non-radioactive salt in a non-radiological 
facility.  The surrogate test were performed in a similar manner as the contacting 
experiments by using a quaternary salt mixture of Cs/Nd-LiCl-KCl salt containing 3 
mole percent each of CsCl and NdCl3.  Oxygen sparging was performed using a 
porous metal-frit with a precipitate collection tray attached.  The oxygen sparger was 
submerged into the molten salt with an applied oxygen flow rate of 100 cc/min for 8 
hours.  The temperature of the salt bath was 500° C.  Upon completion of the 
sparging period, the sparger/collection pan assembly was removed from the molten 
salt crucible and the salt/precipitate mixture collected as shown in Fig. 7 
  

 
Fig. 7.  a) Oxygen sparger with collection pan assembly prior to insertion into 
furnace containing the molten salt crucible.  b) Recovered salt/precipitation of 
oxygen sparing.  

ba

 
The surrogate RE fission-product, in this case neodymium, was recovered from 

the residual salt by dissolving the salt containing the precipitate in a dilute acidic 
solution (1% vol nitric acid in dematerialized water) and collecting the precipitate on 
filter paper after vacuum filtration.  X-ray diffraction was then performed on the 
filtrate and the precipitate identified as NdOCl as shown in Figures 8 and 9.  

 
The results for fission-product precipitation by oxygen sparging in the molten salt 

using the modified equipment and methods were deemed successful, and it was 
decided to proceed with experiments in the HFDA   
 
 



Fig. 8. Neodymium precipitate collected after surrogate oxygen sparging experiment. 
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Fig 9.  X-ray diffraction pattern of neodymium precipitate collected on filter paper.  
The precipitate was identified as the oxychloride NdOCl. 
 

Equipment for oxygen sparging in the HFDA was fabricated and is shown in Fig. 
10.  Prior to sparging, the HFDF cover lid was removed and the precipitation 
collection pan placed in the salt bath.  The cover lid was then placed back on the 
HFDA.  An oxygen flow rate of 120 cc/min was applied to the oxygen sparging 
apparatus and the sparger inserted through a penetration in the head of the HFDA and 
into the salt bath.  The temperature of the salt bath was maintained at 500° C. 
Oxygen sparging was performed continuously for 24 hours with a total of 173 L O2 
bubbled into the HFDA salt.  After 24 hours of continuous oxygen bubbling, the 
sparger apparatus was removed from the HFDA and the precipitate allowed to settle 
for another 24 hours into the collection pan while the HFDA remained at temperature.  
After precipitate settling, the head to the HFDA was removed and the collection pan 
slowly removed from the molten salt, allowed to cool, and the final salt sample was 
collected for analysis.  After the salt/precipitate from the collection pan had cooled, 
it was broken out of the pan and stored for future use.  The oxygen sparger assembly 
and collection pan with salt/precipitate product is shown in Fig. 11. 

 
 



 
Fig. 10. a) Oxygen sparging/gas supply feedthrough rod used for sparing in the HFDA. 

 

a 

b 
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b) Collection tray that was submerged in the molten salt bath to collect rare-earth 
precipitate after sparging.  c) Testing of the porous metal frit in water. 
 

 
Fig. 11. a) HFDA precipitation collection pan after oxygen sparging. b) Oxygen sparger. 
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ent options, as outlined in Fig. 1, of the 

ducts produced during the fission product separation demonstration. The salt 
contacted will be treated to produce a CWF.  However, a number of options to t
precipitates produced by oxygen sparging are available.  The first step in treatment of 
the fission product precipitates would be to remove excess salt.  This involves a salt 
distillation furnace.  After salt distillation, one of the SAP (silica, alumina, phosphate
treatment options developed by KAERI would be implemented as outlined in Fig. 12.  

 

Testing 
 

A critical component of advanced waste processing involves salt distillation.  In the 
cas

 
the desired waste form.  The most practical option to salt distillation in HFEF is to  

e of fission product precipitates, excess salt must be distilled of the product for ER 
recycle.  The product, now mostly free of excess salt can be further treated to produce



 
Fig. 12. Schematic solidification procedure for RE oxide waste salt 
 

odify the sample crucibles used in the DEOX furnace currently located in HFEF.  The 
EOX furnace was utilized for studies involving the decladding by oxidation of spent 

 
irst heat 

 
 

and testing is 
urrently in the HFEF main cell.  This includes: 

T  
• He pyconometer for density determination 

ng and microscopy preparation. 

 
m
D
oxide fuel material.  The DEOX furnace has a number of individual heat zones 
allowing treatment temperatures as high as 1200° C.  The proposal to utilize the DEOX
furnace for salt distillation involves modifying the sample crucible such that the f
zone crucible would be loaded with product containing excess salt.  The next vessel 
region would be outside of the furnace heat zones and contain and absorbent such as 
zeolite.  This would be the condenser/trap vessel where salt vapor would condense on
the absorbent material.  After salt distillation the product crucible would be unloaded
and the clean product material would be treated for immobilization. 
 

Much of the equipment required for waste form characterization 
c

 
• Constant temperature ovens for PC

• Sample preparation equipment for cutti
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ABSTRACT 
 

Radioactive chloride waste generated from pyroprocessing of metallic SNF composes 
of LiCl-KCl salt containing a series of fission product. For this kind of waste, current 
waste management is try to find possible waste minimization options by selectively 
removing fission products and recycling salt back to the electrorefiner because “one-
through” use of salt would generate relatively a large quantity of waste for final 
disposal. In a joint INL/KAERI INERI project, a series of separation technologies are 
under development to minimize final waste and consequently unique residual wastes, 
which have not been investigated on the suitable solidification or immobilization 
approach, will be generated. In an association with this separation project, this project 
is to find or develop an effective method to immobilize and solidify each residual 
waste generated from a series of separation technology options for final disposal.  
 
 
 
 
 
 
 



INTRODUCTION 
 
Generation of Electrorefiner Salt from Pyrochemical Process 
 

Electrorefiner for pyroprocessing of metallic SNF adapt a chloride media as a 
electrolyte which has a solubility for a series of fission products and is released as 
highly radioactive waste after some electrometallurgical steps. There are some 
separation approach to selectively remove fission products; reactive precipitation by 
chemical agent, sorption by a specific sorbent or physical operations 

In a three year of separation project between INL and KAERI, three kinds of 
separation schemes was chosen to remove fission products from molten salt. In the 
separation schemes, the rare earth chlorides are generated as oxide forms and some 
waste salts containing I/II fission products are exhausts. Particularly, the waste salts 
are highly soluble in water and contains a relatively high amount of volatile 
radioactive elements such as Cs. Thus, this waste salts should be stabilized and 
solidified to reduce its environmental risk before its final disposal. Also, the rare earth 
oxides are required to be immobilized as stable forms for final wasteforms because 
they are classified as high level wastes (HLWs). 
Possible residual wastes from a series of separation processes 
 

In a three year of a joint INL/KAERI project for the separation of fission 
products, four kinds of separation schemes was chosen and it will be determined 
which scheme is an optimal process by conducting some hot-cell experiments. The 
each separation process is shown in Fig. 1; a) use of only Zeolite-4A for all the FPs, b) 
use of oxygen sparging method for REE and Zeolite-4A for other FPs, c) use of 
oxygen sparging method for REE, analcime for Cs and Zeolite-4A for other FPs and 
d) use of oxygen sparging method for REE and zone-freezing method for other FPs.  

 

 



Fig. 1 Suggested four separation schemes for the removal of FPs from molten salt 
As reported elsewhere, zeolite-4A has an ability to selectively accommodate many 

kinds of FPs by the ion-exchanging or occlusion mechanism but the removal capacity 
and selectivity for each element is different from each other. It would make the 
separation process failed under a real process. For this reason, another sorbent or 
method being effective for some specific FPs was introduced. Oxygen sparging 
method can precipitate the rare earth elements as oxide or oxychloride forms almost 
perfectly. Analcime has a higher capacity for Cs than Zeolite-4A and it can be 
converted into pollucite as host matrix candidate for Cs. Different from these 
chemical approaches using a specific material or agent, the melt crystallization such 
as zone-freezing method can concentrate FPs in melt and obtain crystallite with much 
lower concentration of FPs.  

 
From these separation schemes, three kinds of waste for which the immobilization 

method should be found or developed are expected to be generated. 
 
- The first one is the eutectic waste salt itself, which might exist as free salt 

physically attached or included in precipitates or inorganic separation agent,  
generated as concentrated salt with FPs or released as aged salt by the 
continuous refining process (Salt) 

 
- The second one is the rare earth precipitates which might contain a minor 

quantity of actinides precipitates due to the limitations of actinide recovery. 
This waste is desirable to separate from other residual wastes because they 
have relatively long-half life, compared with other fission products. (REE) 

 
- The third one is the materials with a small amount of salt containing FPs. 

Salt-attached material generated from the removal options is zeolite, 
analcime or REE oxide/oxychlorides that are relatively stable compounds 
themselves and it is easy to solidify them into a monolithic wasteform if 
there’d be method to control the free or included salt. (Zeolite) 

 
Table 1. Classification of expected wastes and target waste category. 

 Expected waste Target waste category 
Option A Salt-attached(included) Zeolite-4A Salt, Zeolite 
Option B Salt-attached(included) Zeolite-4A

REE precipitates 
Salt, Zeolite, REE 

Option C Salt-attached(included) Zeolite-4A
Salt-attached(included) Analcime 
REE precipitates 

Salt, Zeolite, REE 

Option D Concentrated salt with FPs 
REE precipitates 

Salt, REE 

 
  From these considerations, it could be concluded that the immobilization 
technology for waste salt is essential to manage the residual waste from the separation 
process. Also, rare earth oxides /oxychlorides, if separated from other residues, should 
be immobilized another immobilization method using a specific host matrix for REE. 
For salt-attached materials, its immobilization technology is closely connected with 
that of waste salt.  
  



 
 

LITERATURE REVIEW of WASTE RESIDUE 
 
Immobilization of chloride wastes 
 
 The chloride-based waste, elecrtorefiner salt, is very different from other radioactive 
waste in that it is so volatile to immobilize them into some matrices via a conventional 
immobilization technology such as vitrification at high temperature. For this kind of 
salt, there are two approaches, a) use of Cl-containing phase as host matrix and b) use 
of dechlorination to obtain manageable product at high temperature.  
 

Use of Cl-containing mineral or glassy phase 
 
 This approach for the immobilization of waste salt is to use a mineral to 
accommodate Cl in a specific crystalline structure or a specific glass with high 
compatibility for chlorides. There are some natural minerals containing Cl that 
compose of silicates, vanadates, selenates, tungstates or other system (See Table 1) 
 

Table 1 Chorine-containing mineral phases in nature. 
Silicate Mineral name Clwt% 

Ca6Al5Si2O16Cl3 Wadalite 12.9 
(Na,K)6Ca2Al6Si6O24Cl2 Quadridavyne 12.2 

Na8Al6Si6O24Cl2 Sodalite 7.3 
Vanadate   

PbCu3VO4Cl2 Leningradite 12.2 
Pb5(VO4) 3Cl Vanadinite 2.5 

Selenates   
Zn2SeO3Cl2 Sophite 21.6 

Cu9O2 (SeO3)4Cl6 Chloromenite 16 
Tungstates   
Pb3WO5Cl2 Pinalite 7.4 

Others   
Ca5 (PO4) 3Cl apatiter 6.8 
Pb6As2O7Cl4 Eliophyllite 8.6 

Pb10(CrO4) 3 (SiO4) 3Cl2 Bellite 2.6 
 

Among these mineral phases, a few minerals have been studied for their synthetic 
methods and evaluated as host matrix for waste salt. Leturcq et al suggested a unique 
management method for electrometallurgical salt (LiCl-KCl) in which chlorine can be 
recovered as AlCl3 as a low volatile compound and it can be converted into wadalite 
by using CaO, SiO2 and Al2O3 [1]. Apatitic minerals have been considered as host 
matrix for alkali earth and rare earth element and chloroapatite has been recently 
reported to treat waste salt (CaCl2) by using aluminophosphates glass as a binder; its 
wasteform is a glass-encapsulated calcium phosphate wasteform [2]. However, up to 
now, there is no example to confirm its applicability as a radioactive wasteform for 
final disposal, except sodalite. Koyama and Tadafumi (1992) suggested a method to 
synthesize dense crystallized sodalite pellet for immobilizing radioactive waste salt, 
where NaAlO2, SiO and Al2O3 were used as network of sodalite [3]. Different from 



this method, Lewis et al (1994) developed a method of preparing sodalite from 
chloride salt occluded zeolite, where zeolite-4A as a network source was used [4]. By 
using a sodalite as host matrix for waste salt, ANL/INL has been developed a unique 
wasteform, glass-bonder sodalite, which has good physicochemical properties and 
high leach-resistance for radionuclides.   

 
Different from the method to use a mineral containing Cl, an approach to use 

compatible glass with metal chlorides has been studied by RIAR; sodium alumino-
phosphates glass with lower melting temperature has been considered as a base glass 
with NaPO4-AlF3-Al2O3 system. The glassy wasteform has relatively lower chemical 
durability but higher waste loading about 20~30wt% and simple process, compared 
with other immobilization technologies for waste salt.  

 
Table 2. Comparison of two wasteforms containing chlorine 

 
 

Immobilization of waste salt via dechlorination (1) 
 
Among some approaches to the Cl-containing wasteform, a use of phosphate glass 

or sodalite would be considered as a practical solution for the immobilization of waste 
salt. However, these approaches have some limitations on the waste loading or 
chemical durability that would be attributed to the intrinsic properties of metal 
chlorides. For this reason, some researchers have been considered the chemical 
conversion of metal chlorides into manageable products at high temperature for 
eliminating Cl-induced disadvantage such as limitation on the host matrix or volatility, 

 
Donze et al reported the thermal conversion of heavy metal chlorides into 

phosphate glass by using ammonium hydrogen phosphate as a precursor [5]. In this 
method chlorine was vaporized as NH4Cl, leaving the heavy metals vitrified 
wasteforms or phosphate salts that can be incorporated into silicate glass.  

 
2NH4H2PO4 +MCl2 MO•P2O5(glassy)+2NH4Cl↑ + 2H2O↑ 

 
A further method suggested by Ikeda et al. is oxidation by using boron oxide and 

thermal steam to produce borate glass and hydrogen chloride at 900~1000ºC. This 
product also can be vitrified into silicate glass [6].  

 
2MCl + B2O3+H2O M2O•B2O3(glassy)+2HCl↑  

 

 Phosphate glass tech. Sodalite tech. 
Composition NaPO4-AlF3-Al2O3-MCl Na2O-SiO2-Al2O2-MCl 
Target waste NaCl-KCl, (~80wt% CsCl) ~90wt% LiCl-KCl and FPs

Waste loading 20~30wt% 8~10wt% 
Process Vitrification Sintering process 

Property of wasteform Low High-leach resistance 



In a suggestion by Leturcq et al., an aqueous solution containing waste salt are 
treated with KOH to precipitate FPs as some metal hydroxide form and then, Cl are 
recovered as AlCl3 via thermal and electrolytic process.(See Fig.1) 

 

 
Figure 2. Flow sheet for the treatment of waste salt(LiCl-KCl system)-[ref-1] 

 
 

Immobilization of waste salt via dechlorination (2)-KAERI research for LiCl waste 
 

Different from the chemical conversion into simple compounds, Park et al. 
reported a method (GRSS, Gel-Route Stabilization/Solidification) to convert volatile 
wastes into non-volatile compounds via a sol-gel process, which is different from the 
conventional method using metal-alkoxides and organic solvents. The material system 
was designed with sodium silicate (Si) as a gelling agent, phosphoric acid (P) as a 
catalyst/stabilizer, aluminum nitrate (Al) as a property promoter and H2O as a solvent. 
By this material system, a unique structure named RPRM(reaction product in reaction 
moduel) is formed after heat treatment. In this method, metal chlorides are converted 
into metal aluminosilicates metal phosphate or other glassy phase; all the products are 
thermally stable and can be treated at high temperature process [7, 8].  

 
 

 
(a) conceptual structure model           (b) Possible real structure 

Figure 3. Illustration of chemical conversion by sol-gel process 
 



  With manageable products, the reaction product are consolidated with a 
borosilicate glass to obtain a monolithic wasteforms. As shown in Fig. 4, the P-rich 
products are encapsulated by a physical binder and Si-rich products are dissolved into 
glassy phase as chemical binder. The wasteform treat 20~25wt% waste loading in a 
basis of metal chloride.  

 

 
(a) Conversion in Si-P-Al network        (b) Consolidation of product  
Figure 4. Illustration of GRSS concept on the immobilization of waste salt 

 
The GRSS method was to establish a reliable reaction system and to obtain 

information on the compatibility between reaction products and borosilicate glass. 
Based on the results in the previous study, it was proposed a new approach to treat 
metal chloride wastes by using “a stabilizer, SAP,” that consisted of SiO2, Al2O3 and 
P2O5 and was prepared by a conventional sol-gel process [9]. (see Fig. 5) 

 
(a) Conceptual structure of SAP and its reactivity 

 
 

 
Figure 5. Schematic chemical structure of reactive material containing Si, Al and 

P; Al is intermediate element to connect the Si-O-Si and P-O-P chemical bond. 
 
The inorganic composite, SAP (SiO2-Al2O3-P2O5), synthesized by a conventional 

sol-gel process has three or four distinctive domains which are bonded sequentially, 



Si-O-Si-O-Al-O-P-O-P. The P-rich phase in the SAP composite is unstable for 
producing a series of reactive sites when in contact with a molten LiCl salt. After the 
reaction, metal aluminosilicate, metal aluminophosphate, metal phosphates and 
gaseous chlorines are generated. (see Fig. 6) 

 
LiCl+SAP→Li3PO4 + LixAlxSi1-xO2-x + Cl2 
LiCl+CsCl +SAP→Li3PO4+Cs2AlP3O10+ (Li, Cs)-alumniosilicate+Cl2 
LiCl+SrCl2+SAP→Li3PO4+LixAlxSi1-xO2-x + Sr5(PO4)3Cl+Cl2 

LiCl+CeCl3 +SAP→Li3PO4+LixAlxSi1-xO2-x + CePO4+Cl2  
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Figure 6. XRD patterns of reaction products of SAP 100 for each metal chloride (at 

650℃ for 4hrs). 
 

The inorganic composite, SAP (SiO2-Al2O3-P2O5), synthesized by a 
conventional sol-gel process has three or four distinctive domains which are bonded 
sequentially, Si-O-Si-O-Al-O-P-O-P. The P-rich phase in the SAP composite is 
unstable for producing a series of reactive sites when in contact with a molten LiCl 
salt. After the reaction, metal aluminosilicate, metal aluminophosphate, metal 
phosphates and gaseous chlorines are generated. (see Fig. 6) These reaction products 
are very thermally stable up to about 1200℃. Using the stable products and a 
borosilicate glass as an arbitrary choice, a monolithic wasteform could be successfully 
obtained.  

 

 
Figure 7. Photograph of a series of monolithic wasteform. 

 



(b) Morphology of wasteform 
 
The wasteform has domain-matrix structure, where the component is changed 

with the mixing ratio of glass. The grain with a size of few μm consists of nm scale 
sub-grain. Depending on a glass wt%, P-rich phase would be encapsulated by Si-rich 
phase or not. It would be affect the leach-resistance of wasteform. Based on the 
leaching results, the PCT-A test shows a little difference in chemical durability (leach 
rate of wasteform: 10-2g/m2day, Cs/Sr leach rate: 10-3/m2day). However, dynamic 
leaching test shows the distinctive results for leaching behavior and resistance. The P-
rich phase encapsulated by Si-rich phase is more favorable in chemical durability 
aspects. 

 

 
Figure 8. Morphology of wasteform with different mixing ratio of glass 

 

 
Figure 9. Leaching behavior of wasteforms by ISO dynamic leaching method 

 
 

Immobilization of rare earth wastes 
 

Based on several decades of research on crystalline ceramics for the 
immobilization of actinides, there are now a variety of different structure types and 
compositions that are suitable, in fact quite desirable, for the long-term 
“sequestration” of actinides. One can now select waste forms that satisfy several 



different criteria: (i) compatible with the disposal environment (e.g., silicates vs. 
phosphates), (ii) compatible with the waste stream composition (e.g., muratiate for 
high Fe-contents), (iii) chemically durable (e.g., zirconia or titanate and zirconate 
pyrochlores) and (iv) with a known response to the radiation field over time (e.g., 
zirconate and hafnate pyrochlores). For some waste forms, those that are derivatives 
of the isometric fluorite structure (e.g., zirconia, pyrochlore and muratiate), one may 
design materials for specific waste-loadings that are chemically durable and radiation 
“resistant” for specific periods of time [10].  

 
Due to the ease of waste immobilization process in glassy matrices (by melting 

and casting) and the high structural flexibility offered by such disordered materials, 
they are currently used (e.g. aluminoborosilicate glasses) to incorporate the broad 
range of HLWs. Nevertheless, because of both the higher chemical durability and the 
higher capacity of several single-phase ceramic matrices such as zirconates, titanates 
and phosphates (monazite) to incorporate specific nuclear wastes (corresponding 
either to a specific element or to a family of elements with similar chemical 
properties), ceramic waste forms have been proposed for the immobilization of long-
lived radionuclides [11-13].  

 
Oxide pyrochlores and the closely related fluorite phase are potential crystalline 

matrices to host actinide and rare earth elements in polyphase ceramic waste form. 
Zirconia ceramics (fluorite) are also being considered as promising matrices for 
actinide disposal. Gadolinium zirconate (Gd2Zr2O7) crystallizes in the cubic 
pyrochlore structure, and it has been found to be an excellent matrix to immobilize 
actinide elements, especially plutonium, in view of its remarkable resistance to 
amorphization under ion beam irradiation. Titanited-based ceramics, such as 
hollandite BaAl2Ti6O16, perovskite CaTiO3 and zirconolite or pyrochlore CaZr2Ti2O7, 
have been the most widely studied ceramics waste forms]. Zirconolite, CaZrTi2O7 is 
the phase that tends to host the actinide element]. Trivalent elements substitute in the 
Ca site of zirconolite while tetravalent substitute in the Zr site. Zircon, ZrSiO4 was 
also proposed by Ewing et al. for the immobilization of U and Pu [14-21].  

 
Apatitic phosphosilicates, generally called “britholite”, are isomorphous to 

phosphate apatites and resulted from the substitution of (La3+, SiO4
4-) for (Ca2+, PO4

3-). 
Moreover, the structure of some natural brotholite samples was found to remain stable, 
although it contains some radioactive elements or fission products. For this reason, 
britholites have been the object of a great interest because of their possible use as 
typical materials for the storage of nuclear wastes [36]. Several papers reported the 
thermal diffusion of rare earth elements (La, Dy, Nd, Eu…) in hydroxyphosphate 
apatites. Few reports dealt with the diffusion of actinides in such matrices [22-27]. 

 
Lathanide-containing glasses are also important in the vitrification of actinide-

bearing radioactive wastes. Because of the similarity in the chemical properties 
between lanthanides and actinides, some lathanides are used as surrogates for the 
actinides during the development of actinide-containing radioactive waste glasses to 
lower the cost of the development program as well as to limit the amount of 
radioactive materials being handled. The lanthanide-containing glasses had an apatite 
structure. Felshe has discussed, in detail, the apatite-structure lanthanide silicates have 
the mineral formula (Ln3.33□0.67)Ln6(SiO4)6O2 formular (Ln stands for lanthanide 
cations, □ stands for vacancy). Similar to the Ca1 site in apatite, the six lanthanide 



cations are coordinated to seven oxygen anions, and similar to Ca2 site in apatite, the 
3.33 lathanide cations and 0.67 vacancies are coordinated to nine oxygen anions [28-
31].  

 
As mentioned, ceramic types for solidification of actinides or lathanides are 

pyrochlore, zirconolite, apatite, zircon, monazite and so on. Among of them, Table 4 
shows actinide bearing phases that are candidates presently under consideration. In 
this study, Y, La, Ce and Nd were determined as target nuclides for solidification 
because the nuclides are very important from the standpoint of contents in the waste 
salts as well as heat generation and radiation level. Chemical formation of the target 
nuclides used in this study is oxide-based material as a reagent. And the chemical 
system type for solidification of the rare earth oxides is solid-solid reaction. Based on 
these factors, monazite, apatite and zircon as appropriate ceramic phases bearing 
actinide (or lanthanide) were selected in the phases listed in Table 4. The temperature 
to manufacture the three phases is higher than 1,000 oC (monazite: 900~1000 oC, 
apatite: ~1300 oC, zircon: 1500 oC~). In this project, new chemical agent and new 
chemical binder were synthesized and were used as solidification agents to reduce a 
manufacturing temperature and to produce a homogenous product as a final 
wasteform. 
 
 
Table 4. Actinide bearing phases that are candidates presently under consideration 
[32] 

244ZrO2Baddelyite

1711CePO4Monazite

8055ZrSiO4Zircon

5098Ca4-xREE6+x(SiO4)6-y(PO4)y(O,F)2Apatite

62CaZrTi2O7Zirconolite

494(Ca,REE)Ti2O7Pyrochlore

Geo Ref’ CitationIdeal formulaMineral name
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Summary on literature review 
 

There have been some suggestions and studies on the immobilization of waste 
salt generated from pyrochemical process. However, they have some problems such 
as low waste loading or low chemical durability. For these reasons, dechlorination 
approach for the immobilization of waste salt has been recently suggested to remove 
Cl-induced problems for minimization of final waste. Rare earth oxide waste is 
possible to be vitrified or ceramized into durable matrix by a conventional process but 
severe processing condition is required. Based on the literature review in world wide, 
this study was focused on the dechlorination approach for waste salt and the 
development of immobilization at milder processing condition for rare earth oxide 
waste. 



EXPERIMENTAL METHODS 
 
 

In the first year of I-NERI project at KAERI for 2009, a series of experiments was 
aimed to find an effective material system for the minimization final waste and setup 
the solidification procedure for each residual waste. This includes the following. 

 
• Design and synthesis of a new inorganic host matrix 
• Basic reactivity test of some reactive material for LiCl-KCl salt 
• Screening test to find appropriate material system for each waste 
• Setup the solidification procedure for each waste 
• Construction of solidification equipment and evaluation of its basic 

operating conditions 
• Fabrication of ceramic or vitrified waste forms by using a series of 

chemical processes 
• Basic evaluation of the ceramic or vitrified waste forms 

 
Design of inorganic composite 

 
It is well known that alkali metal chlorides can dissolve ionic compounds at a 

molten state due to their high electro-negativity difference. This causes some 
materials to be unstable in a molten salt and to decompose into alkali metal 
compounds. Under this situation, if a component in an unstable material is properly 
chosen, stable alkali compounds could be obtained, namely, the removal of the 
limitations on host matrix due to the volatility of metal chlorides or the compatibility 
with conventional silicate glass. The molten LiCl salt decomposed the zeolite-4A 
structure into Li-aluminosilicate. This is caused by the LiCl chemical reactivity, not 
the reaction temperature. When the zeolite-4A is applied to the LiCl waste, the 
possible route to a sodalite at about 900  might be as follows.℃  

 
Na12Al12Si12O48  +  12LiCl → Li12Al12Si12O48 +  12NaCl            (1-A) 
Na12Al12Si12O48  +  12LiCl → Li12Al12Si12O48 +  Na8Al6Si6O24Cl2     (1-B) 
Na12Al12Si12O48  +   4LiCl → 2Na6Li2 Na8Al6Si6O24Cl2              (1-C) 
 

(1-B) and (1-C) routes to a sodalite are the extreme cases where LiCl decomposes 
zeolite-4A or not. In a real situation, the property of the LiCl salt is gradually changed 
by the NaCl generated from the reaction 1-A, and then a metal chlorides-loaded 
zeolite-4A is proceeded to the 1-C route. At this point, it is noted that the molten LiCl 
does change zeolite-4A into LiAlSiO4, instead of being decomposed into SiO2 or 
Al2O3 as a main network of zeolite-4A; Li-metal aluminosilicate is well known as a 
stable material among the Li-related compounds. From this observation, it could be 
concluded that the Si-O-Al network is reactive to molten LiCl.  

  Phosphorus-based compounds are well known as a reactive or unstable material 
for metal chlorides. For example, a precipitation by metal phosphate in molten LiCl-
KCl or NaCl-KCl(16). This research indicated that the P-O-P or P-O-M (M=Li or Na) 
bond is very reactive to molten metal chlorides.  
 From these considerations, the chemical bond, Si-O-Al or P-O-P or P-O-M, could be 
a desirable component in reactive materials for molten metal chlorides. They are also 
very useful elements in a ceramized or vitrified wasteform. When this material 
contacts with a molten salt, the P-based domain is unstable, so that it breaks the link 



between Si-O-Al and P-O-Al, generating a series of reactive sites for metal chlorides. 
This conceptual approach can be realized by a conventional sol-gel process. This 
concept and synthetic method can be applied for the precipitates with included salt but 
the chemical element of composite is different. Considering the host matrix for REE, 
a CaO-P2O5-SiO2 system was chosen.  
 
Preparation of reactive materials for each waste 
 

 The composite, SiO2-Al2O3-P2O5(SAP), was prepared by a sol-gel process. 
Tetraethyl orthosilicate (TEOS, Aldrich, 98%), aluminum chlorides (AlCl3·6H2O, 
Junsei, 98%) and phosphoric acid (H3PO4, Junsei, 85%) were used as sources of Si, 
Al and P, respectively.  The molar ratio of Si/Al/P was adjusted. All reagents were 
dissolved in EtOH/H2O and the mixture was placed in an electric oven at 55~70℃ 
after being tightly sealed. After a gelling/aging for 3 days, the transparent hydrogels 
were dried at 110℃ for 2 days and then thermally treated at 600℃ for 2 hrs. A series 
of final products (SAPs) after pulverizing to about 100μm were used as a stabilizer for 
treating the waste salt. (See Fig 10) 

Also, for the immobilization of rare earth elements, NH4H2PO4(Junsei, 98%) was 
used to convert rare earth oxide/oxychloride into monazite and a CaO-P2O5-SiO2 
composite was prepared by sol-gel process by using TEOS, CaCl2 and phosphoric 
acid via the same procedure above.  

 
Figure 10. Synthetic procedure for SAP & CaPS 

 
 

Schematic solidification procedure for each waste 
 

In this study, waste salt and rare earth oxide precipitate were chosen as target 
wastes to be investigated for the minimization of final wastes. Figure 11 described the 
schematic solidification procedure for each waste. For waste salt, this study adapted a 
dechlorination method to remove limitations of Cl-induced problems. First, SAPs 
mixed with salt and reacted above molten temperature of salt. Second, the reaction 
products were mixed with a glass frit, heat-treating at a high temperature to 
consolidate them. For rare earth precipitates, the procedure is the same as the waste 
salt. In order to setup the solidification procedure, it is required to identify an effective 
composition of inorganic composite and to find the reaction and solidification 
condition. So, experiments were conducted by using a series of inorganic composite 
under different conditions. By using XRD and TGA analysis, the reactivity of 



composite was characterized. From these experiments, we tried to establish the 
immobilization technologies for residual waste from separation process.  

 

 
(a) For waste salt 

 
 

 
(b) for Rare earth oxide precipitates 

Figure 11. Schematic solidification procedure for waste salt 
 
 
The leach-resistance of some solidified products was evaluated by PCT-A leaching 

method (ASTM Standard C 1285-02, ref. 15). The concentration in leachate was 
measured by AAS and ICP-AES. The reaction products were characterized by X-ray 
powder diffraction (XRD, Rikaku, CuKα radiation) and TG/DTA (10℃/min, 200ml 
air/min, SEIKO 6300, Japan). 29Si, 27Al and 31P MAS NMR spectra for SAPs were 
recorded at ambient temperature with a Bruker DSX 400 multinuclear spectrometer. 
Spin speeds were 5.5 kHz for 29Si and 12 kHz for 27Al and 31P. The resonance 
frequencies observed were 79.5 MHz for 29Si, 104.2 kHz for 27Al and 161.9MHz for 
31P. Chemical shift were recorded with respect to TMS for 29Si, [Al(H2O)6]3+ for 27Al 
and H3PO4 for 31P. 

 
 
 
 
 
 



EXPERIMENTAL RESULTS 
 
Solidification of Waste Salt 
 
Description on Chemical Structure of SAPs 
 
 

Fig. 12 show the MAS-NMR spectra for a series of SAPs. It is noted that the 
synthesized SAPs are roughly amorphous, where a SiO2 crystalline phase was 
observed and no crystalline phases were detected.  

 
For the 29Si NMR spectra, resonances around -90~-110ppm are ascribed to 

tetrahedral silicon atoms bound via oxygen to aluminum atoms with 0~4, Si(4Al), 
Si(3Al), Si(2Al), Si(1Al) and Si(0Al). As shown in figure 12, the distribution of the 
chemical shift was not greatly changed with the P mole fraction. From the chemical 
shifts, the fraction of the tetrahedral silicon surrounded by the tetrahedral silicon (Si-
O-Si) is larger than the fraction of the tetrahedral silicon connected with the 
tetrahedral aluminum (Si-O-Al). This would mean that the silanol group (Si-OH) on 
the silicate chain formed at a highly acidic condition is subsequently connected with 
Al; Si-O-Si is the main chain and Si-O-Al exists as a side chain.  

 
The 27Al NMR spectra show a large resonance centered at 36ppm, where the 

chemical shifts, 36ppm, is ascribed to the tetrahedrally coordinated aluminum. Low 
chemical shifts, -10~-16ppm, are attributed to the pentahedrally and octahedrally 
coordinated aluminum. The distribution of the chemical shift is sharpened with the 
increase of the P mol fraction. This trend is reverse to that of the 29Si MAS-NMR 
spectra. At 36 ppm, Al connects with tetrahedral Si or P (Al(4Si) or Al(4P)). From the 
XRD analysis, the sharpness in the distribution of chemical shift in Al spectra is 
attributed to the increase of Al(4P) while the change in Si spectra is caused by the 
increase of the Si-O-P bond. This can be proved by the change of the P spectra. For 
the 31P NMR spectra of SAP 150, a sharp peak at -29ppm and a shoulder peak at -
36ppm is assigned to the Q4 tetrahedral P site with neighboring AlO4, P(4Al), and Q3 
P sites, respectively. Similar to Al, the main resonance for the P MAS-NMR spectra 
was sharpened with the P mol fraction. It is noted that the chemical shift, -36ppm, 
appeared at SAP 125. The shoulder peaks at SAP 125 and 150 is assigned to the Q3 P 
connected with –O-P, -O-Al, or –O-Si. The increase of the main resonance at -29ppm 
means an increase of the fraction of Al(4P) or P(4Al), and an excess of P over the 
amount required  to connect with Al would be connected with Si or P itself. This is 
the reason that the chemical shift, -36ppm, appeared at SAP 125 and SAP 150.  

 
From the MAS-NMR analysis, the chemical structure is roughly defined as 

indicated in Fig. 13 There are four distinctive domains related to silicate, 
aluminosilicate, aluminophosphate and a random chemical structure. When contacting 
with a molten salt, the P-containing domain is first decomposed and then, a series of 
reactive site can be generated to react with metal in molten salt. Possible reaction 
products would be metal aluminosilicates, metal aluminophosphates and metal 
phosphate as amorphous or crystalline phase. From these chemical routes, we can 
obtain a manageable products at high temperature, removing Cl-induced problems.  

 
 



 
(a) 29Si                    (b) 27Al                   (c) 31P 

Figure 12.  MAS-NMR spectra of synthesized SAPs with different P mol fraction 
after heat-treatment at 600℃ 
 
 
 

 
Figure 13. Possible chemical structure of SAPs from the MAS-NMR anaysis. A: 
silicate domain (Si-O-Si), B: aluminosilicate domain(Si-O-Al), C: aluminophosphate 
domain (Al-O-P) and D: random domain (P-O-P or P-O-Al).  
 
 
 



Initial Reactivity Test of SAP 111 for Molten Chlorides 
 

Test condition 1:  
- SAP/metal chloride= 2, (mass ratio).  
- SAP111(~100μm), thoroughly mixed by using mortar in glove box 
- Reaction Condition: 750℃ for 4hrs in electric furnace 
- Oxidative condition 
 

 

 
Figure 14. XRD patterns of reaction products of SAP111 for each metal chloride 
 

As shown in Fig. 14, the initial test result indicated that LiCl was reactive to 
SAP111 while NaCl or KCl looked like unreacted. For LiCl, the reaction products 
were lithium phosphate and lithium aluminosilicates as crystalline phase and 
charateristic peaks of LiCl was not detected. For NaCl or KCl, there are no silicates or 
phosphates phase in XRD results after reaction.  

 
Weight Change  

 LiCl+SAP :  15.09g  11.82 
NaCl+SAP:  15.12g  13.42 
KCl+SAP :  15.07g  14.24 

 
However, the weight change of each product indicated that the reaction occurred 

in this condition. If LiCl, NaCl and KCl was dechlorinated and went oxidation 
perfectly, the weight loss of each case is about 3.23, 2.35 and 1.84g for 5g of metal 
chloride, respectively. Based on this value, the reaction rate was about 98%, 67% and 
41% for LiCl, NaCl and KCl. Therefore, the reaction product for NaCl and KCl would 
exist as amorphous phase and this is the reason why they were not detected in XRD 
analysis. From this result, it could be inferred that reactivity of NaCl or KCl with SAP 
is lower than that of LiCl.  

 
 

 
 



Test condition 2:  
- SAP/Salt(LiCl-KCl) = 1,2,3, and 4 (mass ratio).  
- SAP125(~100μm), thoroughly mixed by using mortar in glove box 
- Reaction Condition: 650℃ for 4hrs and 16hrs in electric furnace 
- Oxidative condition 

 
  This test was to investigate the reactivity of SAP for a molten LiCl-KCl salt. 

Similar to the result in previous test, residual KCl was detected in XRD analysis of 
the product at 4hr of reaction time, regardless of SAP/Salt ratios but longer reaction 
time, the residual KCl gradually disappeared with SAP/Salt ratios. It was noted that 
the characteristic peak of AlPO4 was detected at all the condition. In the reaction of 
SAP, AlPO4 can be considered as the reaction indicator for the validity of reaction 
ratio. Based on the result, the SAP 125 SAP still has an ability to react with metal 
chloride at a given reaction condition. However, due to the low reactivity of KCl with 
SAP, a portion of KCl remianed even at high mass ratio.  

 

 
(a) 4hrs 

 

 
(b) 16hrs 

Figure 15. XRD patterns of reaction products of SAP125 for different reaction 
condition.  Li3PO4, ★: KCl, ♦: AlPO4) 



Test condition 3:  
- SAP/Salt(LiCl-KCl) = 2(mass ratio).  
- LiCl-KCl mass ratio: changed from 1 to 9 
- SAP125(~100μm), thoroughly mixed by using mortar in glove box 
- Reaction Condition: 650℃ and 850℃for 4hrs in electric furnace 
- Oxidative condition 
 

This test was to indentify the effective reaction temperature of SAP for KCl in 
LiCl-KCl salt. As shown in Fig. 16(a), the peaks of Li-containing phase gradually 
increased with LiCl/KCl ratio but the peaks of AlPO4 and KCl decreased. At higher 
reaction temperature, 850℃, no residual KCl could be detected in XRD analysis and 
the reaction products was very different below LiCl/KCl=7/3, where the peaks could 
not be identified.  
 
     

 
(a) 650℃ 

 

 
(b) 850℃ 

Figure 16. XRD patterns of reaction products of SAP125 at different temperatures 
and LiCl/KCl ratios 



In summary, there are some findings on the reaction of SAP for LiCl-KCl from 
the initial tests conducted under different reaction condition 

 
a) The initial tests on the reactivity of SAP for metal chlorides indicated that 

molten LiCl leads the conversion reaction by breaking the sequential chemical bond 
in SAP at 650℃. So, the amount of molten salt being reacted with SAP depends on 
the absolute amount of LiCl in LiCl-KCl. Different from the result in Fig. 14, the 
variety of peaks of reaction products in XRD analysis (LiCl/KCl=5/5~7/3)at 850℃ 
can support this findings.  

 
b) LiCl in a molten LiCl-KCl salt disappeared with reaction time, where the 

amount of KCl increases and finally the molten salt was phase-changed into solid. 
This changes the reaction system from liquid(Salt)-solid(SAP) to solid-solid reaction. 
For this reason, residual KCl was detected at short reaction time. At long reaction 
time, disappearance of KCl peak indicates that the solid-solid reaction occurs between 
SAP and KCl, even though a slow reaction.  

 
c) In order to increase the reactivity or lower the SAP/Salt ratio for the 

minimization of final waste, it is required to adjust SAP composition for high 
reactivity or to give longer reaction time.  

 
 

Adjustment of SAP Composition to Increase Reactivity 
 

Test condition 4:  
A series of SAPs with different composition was prepared to increase the 

reactivity of KCl, where four kinds of SAPs were reacted with LiCl-KCl salt at 850℃ 
for 1hrs & 650℃ for 48hrs and the existence of KCl was confirmed by XRD analysis. 
Table 3 shows the summarized results of XRD results. For SAP 1071 & 1051,  

 
 
Table 3. Summarized XRD results of KCl detection in products for different SAP 

850℃ for 1hr SAP/Salt=1 SAP/Salt=2 SAP/Salt=3 
SAP 0511 KCl KCl KCl 
SAP 0711 KCl KCl KCl 
SAP 1051 KCl No KCl No KCl 
SAP 1071 KCl No KCl No KCl 

650℃ for 48hrs SAP/Salt=2 SAP/Salt=3 SAP/Salt=4 
SAP 1051 KCl No KCl No KCl 
SAP 1071 No KCl No KCl No KCl 

 



             
(a) SAP 1051 

 
(a) SAP 1071 

Figure 16. Results of thermo gravimetric analysis of reaction products at different 
SAP/Salt ratios 

 
At short reaction time, the test for adjustment of SAP composition indicated 

that SAP 1051 & 1071 has no KCl peaks at a low reaction ratio (high waste loading). 
Using these SAPs, reaction experiment at 650℃ for 48hrs was conducted and 
analyzed the results for XRD and TGA. For SAP 1071, no KCl peak was detected at 2 
of reaction ratio and there was below 1wt% weight loss. For SAP 1051, the optimum 
reaction ratio was about 3(No KCl and below 1wt% weight loss) 

 
From these results, it could be concluded that at an appropriate SAP/Salt ratio 

a manageable products at high temperature could be obtained. This can provide a high 
freedom of consolidation scheme without limitation of processing temperature.  

 
 
 
 



Consolidation of Reaction Products 
 
This test was to determine the effective glass for higher compatibility with the 

reaction products and higher immobilization of each element in solidified products. In 
this test, simulated waste salt was used; 90wt% LiCl-KCl, 5wt% CsCl and 5wt% 
SrCl2. Also, four kind of glasses as a consolidation agent were set by using 
VTF(Volgel-Tamman-Fulcher) model to estimate the melting temperature, where the 
processing temperature of the given glasses has about the range, 1170~1270℃. (see 
Table 4) 

 
Table 4. Glass composition used in this test(Unit: wt%) 

 
 
 
Fig. 17 shows the photographs of a series of solidified products at different 

conditions, where the mixing ratio of glass was 25wt% and processing temperature 
was about 1150℃ for 4hrs. As shown in Fig. 17, some solidified products looked like 
not densified but G2 and Al-Fe products showed good shape and highly densified 
feature. 

 
The shape of solidified products for SAP 1051 showed higher compatibility 

with given glasses than for SAP 1071. In the aspect of consolidation, the optimum 
reaction ratio is about 3, where the solidified products appeared good, regardless of 
SAP and glass composition.  

 
These solidified products were pulverized to 75~150μm for PCT-A test. The 

density of these products was in the range, 2.3~2.4g/cm3. The leaching test results was 
indicated in Table 5. The leach rates of Cs and Sr were about 10-3g/m2day and 10-4g 
/m2day, respectively and the overall leach rate of solidified products were about 10-2g/ 
m2day., except G2 case. In the aspect of leach-resistance, the condition, SAP/Salt=3 
and Al-Fe glass, showed the best result. Also, considering the thermal stability of 
reaction product, SAP 1071 is more favorable than SAP1051.  

 
   From these test result, it could be concluded that the optimum solidification 

condition for waste salt is as follows 
 

Materia1 and condition: SAP1071, SAP/Salt=3, Al-Fe glass 



 
(a) SAP 1051 

 

 
(b) SAP 1071 

 
 

Figure 17. Photograph of solidified products with different condition (20gram) 



Table 5. Test results of a series of solidified products by PCT-A method [unit: g/m2day, SAP1051(up)-SAP1071-(down)] 

 
 

 



Solidification of Rare Earth Oxide/Oxychloride Waste 
 
Initial Test for solidification of Rare Earth Waste 

 
Test condition 5:  

- SAP/CeO2 = 5(mass ratio) or  
 SAP/simulated waste=2,  
     70wt%LiCl-KCl, 10wt%CsCl, 10wt% SrCl2, 10wt%CeO2 
- SAP125(~100μm), thoroughly mixed by using mortar in glove box 
- Reaction Condition: 650℃ ~ 1100℃ in electric furnace 
 

This test was to identify the reactivity of SAP for rare earth oxides released 
from oxygen sparging process.  As shown in Fig. 18, SAP was reacted with CeO2 to 
produce monazite above 900℃. However, under the existence of salt, CeO2 was 
converted into monazite at 650℃. This is another proof on the attack of molten salt on 
a sequential linkage of Si, Al and P in SAP.  

 

 
(a) SAP + CeO2 at 900~1100℃ 

 
(b) SAP + Simulated waste(Li, K, Cs,Sr, Ce) at 650℃ 

Figure 18. XRD pattern of reaction product at different condition (SAP+CeO2) 
        (KCl peak was removed to identify each peak) 



Test condition 6:  
- NH4H2PO4/Nd2O3 = equivalent molar ratio  
- Reaction Condition: 450℃ ~ 950℃ in electric furnace 
 

This test was to investigate the reactivity of NH4H2PO4 for lanthanide oxide. 
Monazite was detected above 450℃, as shown in Fig. 19.  

 

 
Figure 19. XRD pattern of reaction product at temperature, Nd2O3 + NH4H2PO4 
 
 

Test condition 7:  
- Some glass/Simulated REE oxide = 5 (mass ratio) 
 20wt% waste loading,  
 4.55wt% Y2O3, 11.79wt% La2O3 22.93wt% CeO2, 60.73wt% Nd2O3 
- Processing temperature: ~1200℃ for 3hrs in electric furnace 

   
This test was to identify the effective glass for the consolidation at lower 

processing temperature. The waste loading, 20wt%, is very high in an aspect of 
melting temperature for vitrification. So, above 1300℃ should be required to obtain 
uniform and highly densified feature (theoretical density: 3.5~g/cm3). In order to find 
a compatible glass composition at low temperature processing, the composition of 
Na2O, CaO and B2O3 were changed, with the glass.  

 
   As shown in Fig.20, Ca-glass showed relatively high densified feature but 

other products had a bubble and not densified, even for glass with a melting point, 
about 1000℃. Therefore, for rare earth waste, more CaO in glass is more favorable in 
consolidation at lower processing temperature. Fig. 20(b) indicated the photograph of 
sintered products with waste loading, 20~35wt% for Ca/Al-rich glass (CaA). Increase 
of waste loading made a product low densified. All the products had a crystalline 
phase, oxyapatite- (Na,Ca, REE)10(SiO4)6O2. 



 
Table 6. Glass composition used in this test (Unit: wt%) 

 
 

 
 

 
(a) Sintering with different glasses 

 

 
(b) Sintering with CaA glass at different waste loadings 

Figure 20. Photograph and XRD patterns of each sintered product with different 
glasses ad different waste loadings 



 
Test condition 8:  

- NH4H2PO4/Nd2O3 = equivalent molar ratio 
- R7T7 as consolidation agent 
 20~40wt% waste loading,  
 4.55wt% Y2O3, 11.79wt% La2O3 22.93wt% CeO2, 60.73wt% Nd2O3 
- Processing temperature: 1000~1200℃ for 3hrs in electric furnace 

 
This test was to remove some problems in increasing waste loading. For this, 

two step solidification was applied; conversion of REE to monazite precursor and 
sintering by consolidation agent. Fig. 21 showed the monazite-based products by a 
borosilicate glass. In this case, the compatibility with glass and waste loading is not 
important factor for consolidation without bulky pore or bubble. There was little 
difference on the degree of consolidation for each product and the density was about 
2.6~2.8g/cm3 ( 75~80% of theoretical density) 

 

 
Figure 21. Photograph of monazite-based products by two step solidification. 
 
 

Fabrication of Highly Densified Wasteform for Rare Earth Oxide/OxyChloride 
 

Based on the initial test results, monazite was chosen as host matrix and 
consolidation agent compatible with monazite and REE oxide was developed. The 
material system consists of a) inert/durable matrix phase, b) chemical binder phase 
and c) host matrix agent.  

 
 
 

B2O3

13%

SiO2

10%

CaHPO4

18%

Zn2TiO4

59%

 
Fig. 23. Composition of Solidification agent for REE oxide/oxychlorides 
 



The reaction was initiated at the reaction of REE oxide with CaO-P2O5, 
where CaO is released during the formation of LnPO4 (monazite). The ZnO in ZnO-
TiO2 was interacted with CaO-B2O3-SiO2 to produce amorphous phase and it can 
chemically connect with two phases, zinc titanate and silicate. Fig. 22 indicated the 
composition of ZnO-TiO2-based solidification material system. From these 
phenomena, highly densified could be obtained at about 1100℃. Fig 23 showed the 
photograph of densified feature (Density: about 4.3g/cm3, waste loading : 20wt%). 
Based on the PCT-A test result, REE element such as Nd, Ce, La was not measured 
(below detection limit, 2~5ppb) and concentrations of main components were about 
below few ppm. Leach rate of wasteform itself was about 10-3g/m2day and those of 
REEs were below 10-6g/m2day.  

 
 

 
 

inert/durable host matrix : ZnO-TiO2 
chemical binder: SiO2-B2O3 
host matrix agent: CaO-P2O5 

Figure 22. Conceptual structure of ZnO-TiO2 based wasteform 
 
 

Solidification of Salt-Included Rare Earth Precipitates 
 

Test for the Reactivity of CaPS 
 
The SAPs described in previous section can manage salt-included REE 

precipitates if the amount of salt included in precipitates is high. Also, Under 
assumption that the salt was not left in precipitates, the ZnO-TiO2-based solidification 
agent can be used to immobilize it. Under a situation that intermediate amount of salt 
is left in precipitates, SAP is inefficient partly because of increase of SAP/waste ratio 
and the solidification agent cannot control the volatile salt. For this reason, CaO-P2O5-
SiO2 (CaPS) was developed to effectively solidify the salt-included precipitates 
without secondary waste due to the volatility of salt. It is noted that CaPS consists of 
calcium pyrophosphate and Ca/P/Si-related amorphous compounds and uniform 
powder can be obtained by sol-gel process.  

 
Test condition 9:  

- CaPS/Simulated waste = 2 and 3 (mass ratio)  
 10wt% or 50wt% NdOCl, 5wt% CsCl, 5wt% SrCl2 and LiCl-KCl 
- Reaction temperature: 650~850℃ for 16hrs in electric furnace 

     -CaPS 10, CaPS 8, CaPS 6 used in this test 



 
(a) 50wt% NdOCl 

 
(b) 10wt% NdOCl, 5wt%CsCl and 5wt%SrCl2 

Figure 23. XRD patterns of reaction products for CsPS 10 at different conditions. 
 
 
The CaPS was developed to form a host matrix such as monazite or apatite for 

REE and to control of a small portion of volatile salt. Fig. 23(a) showed the XRD 
patterns of products for CaPS/waste ratio, 3. At lower amount of NdOCl in waste, 
SAP is more favorable, based on the detection of residual KCl peak. For 50wt%^ 
NdOCl, KCl was not detected. The main crystalline peaks were identified to be 
britholite-Ca10-xNdx(PO4)6-y(SiO4)yO2, chloroapatite-Ca10(PO4)6Cl2, and monazite-
NdPO4 that has been considered as host matrix for REE and alkali earth elements.  

 



 
(a) CaPS/Waste = 2 

 
(b) CaPS/Waste = 3 

Figure 24. XRD patterns of products for different CaPS/Salt ratio(650℃)  
 

 
Figure 25. Results of thermo gravimetric analysis of reaction products at 

CaPS/Waste ratio=3. 



This study was to investigate the reactivity of CaPS to control the volatile 
chlorides. So, the simulated salt containing 80wt% LiCl-KCl, 5wt% CsCl, 5wt% 
SrCl2 and 10wt% NdOCl. Fig. 23 showed the XRD patterns of reaction products for 
different CaPS/Salt ratios. At the ratio, 2, residual KCl was detected while there was 
no KCl peak at CaPS/Salt ratio, 3. The main phase in reaction products was not 
greatly changed with reaction condition for each CsPS. A result of thermo gravimetric 
analysis in Fig. 25 indicated that the CaPS have an ability to control the volatile metal 
chlorides at relatively high reaction ratio. Fig. 26 showed photographs of a series of 
solidified products and its XRD patterns. A monolithic wasteforms could be obtained 
and the main crystalline phase was britholite- (Na, Ca, REE)10(PO4)6-x(SiO4)xO2.  
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Figure 26. Photographs and XRD patterns of products with different glasses at 

1200℃ for 4hrs 
 
 

Setup of Solidification Equipment for a Series of Waste 
 
 

Our approach to the immobilization of a series of wastes is dechlorination of 
salt so that a manageable product at high temperature can be obtained and might have 
a chance to minimize final waste. From the separation process, residual wastes would 
always contains volatile salts, regardless of the type of separation. Therefore, a control 
of salt in wastes is essential to accomplish the aim of this project. Considering this 
situation, a solidification procedure was established as shown in Fig. 27. In previous 
sections, unique solidification or reactive agent was developed to manage possible 
wastes. Gaseous Cl generated in dechlorination step can be captured by chemical 
absorption of adsorption using metal carbonate or metal oxide which is converted into 



metal chlorides. the metal chloride can be used in refreshing salt in the Electrorefiner. 
From this method, exact amount of metal chloride released from separation process 
returns to the main electrolytic process. Especially, it is noted that batch reactor as a 
main process in our approach to the immobilization is operated at same temperature.  

 

 
Figure 27. Solidification procedure for each waste from separation process 
 

 
Figure 28. Solidification equipment used to treat a series of wastes 
 



The solidification equipment consists of a) pulverization step, b) 
mixing/reaction step and c) heat-treatment step. In pulverization step, Pin mill 
(20kg/hr) was setup to obtain a powder with size 100~200μm. As described in 
previous sections, the dechlorination reaction proceeds at molten temperature of salt. 
So, the mixing step is a solid-solid system but the reaction system is liquid-solid 
system. For this reason, we adapted the screw-impeller to give a gravimetric and 
shear-stress mixing. Also, the reaction scheme adapted a surface-controlled reaction 
to reduce the corrosion of reactor by controlling surface temperature and reducing 
inner phase temperature in vessel.  

 
(a) Conceptual structure of mixer/reactor 

 

(b) Dechlorination reactor and screw-impeller for surface-controlled reaction 
 

By using these equipments, initial test was conducted to find operation 
condition. In order to go dechlorination reaction, the surface of vessel must be above 
550℃. More reaction rate, the inner phase temperature was in 420~470℃ when 
surface temperature was above 650℃. At this condition, the reaction rate was about 
14g/m2min. The concentration of Cl2 was in 700~7500ppm when input rate of O2 was 
20L/min. In the first year of this project, solidification equipment was setup and 
operation condition was obtained.  

 
 
 
 
 



SUMMARY 
 

In the first year of this project, the target wastes from separation process to 
clean and recycle the electrorefiner salt was categorized to develop an appropriate 
immobilization method for final disposal (Task A1). From a literature review of 
immobilization technologies suggested or under development in world wide, 
dechlorination approach was determined to minimize final waste by using a reactive 
agent (Task A2). Some reactive materials were designed and synthesized by sol-gel 
process and screening experiments were conducted to determine an effective matrix 
and material system. From the results, solidification experiments proceeded to 
evaluate the immobilization ability for target elements by using compatibility test and 
PCT-A leaching test. Immobilization procedure for each waste and its equipments 
was setup to find basic operating condition (Task A4). Therefore, the first year 
objective of the project for the development of HLW wasteforms and fabrication 
processes was successfully completed.  
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ABSTRACT 

 

 The current method for the immobilization of fission products that 

accumulate in electrorefiner salt during the electrochemical processing of used 

metallic nuclear fuel is to encapsulate the electrorefiner salt in a glass-bonded sodalite 

ceramic waste form.  This process was developed by Argonne National Laboratory 

in the USA and is currently performed at the Idaho National Laboratory for the 

treatment of Experimental Breeder Reactor-II (EBR-II) used fuel.  This process 

utilizes a “once-through” option for the disposal of spent electrorefiner salt; where, 

after the treatment of the EBR-II fuel, the electrorefiner salt containing the active 

fission products will be disposed of in the ceramic waste form (CWF).  The CWF 

produced will have low fission product loading of approximately 2 to 5 weight 

percent due to the limited fuel inventory currently being processed.  However; the 

design and implementation of advanced electrochemical processing facilities to treat 

used fuel would process much greater quantities fuel.  With an advanced processing 

facility, it would be necessary to selectively remove fission products from the 

electrorefiner salt for salt recycle and to concentrate the fission products to reduce the 

volume of high-level waste from the treatment facility. 

   

The Korean Atomic Energy Research Institute and the Idaho National 

Laboratory have been collaborating on I-NERI research projects for a number of years 

to investigate both aspects of selective fission product separation from electrorefiner 



salt, and to develop advanced waste forms for the immobilization of the collected 

fission products.  The first joint KAERI/INL I-NERI project titled: 2006-002-K, 

Separation of Fission Products from Molten LiCl-KCl Salt Used for Electrorefining of 

Metal Fuels, was successfully completed in 2009 by concentrating and isolating 

fission products from actual electrorefiner salt used for the treated used EBR-II fuel.  

Two separation methods were tested and from these tests were produced concentrated 

salt products that acted as the feed material for development of advanced waste forms 

investigated in this proposal.  Accomplishments from the first year activities 

associated with this I-NERI project included the down selection of candidate waste 

forms to immobilize fission products separated from electrorefiner salt, and the design 

of equipment to fabricate actual waste forms in the Hot Fuels Examination Facility 

(HFEF) at the INL.  Reported in this document are accomplishments from the 

second year (FY10) work performed at the INL, and includes the testing of waste 

form fabrication equipment, repeating the fission product precipitation experiment, 

and initial waste form fabrication efforts.   

     

INTRODUCTION 

 

The purpose of this three-year, joint KAERI/INL I-NERI project is to develop 

novel high-level waste (HLW) forms and fabrication processes to dispose of active 

metal fission products that are removed from electrorefiner salts in the 

pyroprocessing-based fuel cycle.  The current technology for disposing of active 

metal fission products in pyroprocessing involves non-selectively discarding fission 

product-loaded salt in a glass-bonded sodalite ceramic waste form.  Selective 

removal of fission products from the molten salt would minimize the amount of HLW 

generation; and methods were developed to achieve selective separation of fission 

products during a previous I-NERI research project (I-NERI 2006-002-K). This I-

NERI project expands from the previous project with the development of suitable 

waste forms to immobilize the separated fission products. The Korea Atomic Energy 

Research Institute (KAERI) has focused primarily on developing these waste forms 

using surrogate waste materials, and Idaho National Laboratory (INL) will 

demonstrate the “in-cell” fabrication and perform characterization and testing of the 

candidate waste forms in hot cell facilities available at INL. 

 

The investigating fission product separation methods from electrorefiner (ER) 

salt resulted in a number of feasible options to concentrate and separate fission 

products from ER salt.  These options are illustrated in Figure 1.  Option A is a 

modification of the EBR-II spent fuel treatment process, where, instead of adding ER 

salt to zeolite and processing a low-loaded CWF; the zeolite is submerged in the salt 

and the cationic fission products ion exchange or occlude into the zeolite at high 

concentrations.  The primary component of options B, C and D is oxygen sparging in 

the molten ER salt to chemically react with the rare-earth fission productions to 

produce oxychloride and oxide precipitates that can be physically separated from the 

ER salt.  Other components of options B and C involve immobilizing the remaining 

group I and group II active fission products in a mineral form.  The second 

component of option D involves zone-freezing of the ER electrolyte to concentrate 

both the remaining fission products dissolved in the salt along with the precipitated 

rare-earth fission products into a small volume of electrolyte.  Several options then 

exist for waste form production from this concentrate.  The preferred option 

developed by KAERI is to distill the salt off the precipitate and produce a silica-



alumina-phosphate (SAP) waste form from the salt condensate and a zinc oxide-

titania (ZIT) type waste form to immobilize the rare-earth precipitate. 

    

 
Fig. 1.  Separation options for the removal of fission products from electrorefiner salt. 

 

During the previous I-NERI separations project, a major task for the INL was to 

demonstrate two separation options, the salt/zeolite contacting indicated as option A, 

and oxygen sparging shown as the first component of options B, C, and D in Fig. 1 

using actual ER salt in HFEF  Demonstration of the two separation methods at the 

INL first involved testing the methods and equipment using surrogate salts in a non-

radiological facility, then performing the actual demonstration using the Hot Fuels 

Dissolution Assembly (HFDA) in the HFEF facility hot cell.  While the salt/zeolite 

contacting experiment yielded a usable material for CWF production, the oxygen 

sparging experiment did not yield sufficient rare-earth precipitate for subsequent 

waste form production.  Analysis of the precipitation experiment indicated that non-

optimized conditions in the HFDA and appreciable quantities of actinide chlorides 

dissolved in the ER salt lead to a poor yield of rare-earth (lanthanide element) 

precipitate.  A joint decision was made between KAERI and INL researchers to 

repeat the oxygen sparging experiment in the HFDA during the FY10 time period.      

 

Reported here are the second year (FY10) I-NERI research activities performed 

at the INL.  Specific activities research activities focus on the following: 

 

 Repeat oxygen sparging experiment in the HFDA  

 Fabrication and testing of waste form processing equipment 

 Initiation of waste form production in HFEF. 

 

Repeat Oxygen Sparging Experiment in HFDA 

 

KAERI researchers have developed and effective method to chemically precipitate 

rare-earth (lanthanide element) fission products in ER salt by sparging oxygen gas 



through the molten ER salt.  Molecular oxygen reacts with lanthanide chlorides to 

produce lanthanide oxide or oxychloride that then will precipitate to the bottom of the 

molten salt bath.  This allows for the physical separation of the precipitated rare-

earth fission products from the salt and subsequent immobilization in a durable waste 

form.  Because this salt/precipitate mixture is the bases for the development and 

characterization of advanced high-level waste forms I-NERI research project, it was 

vital to generate a usable quantity of fission product containing salt.  To produce this 

material, the HFDA in the HFEF main cell was utilized.  The HFDA consists of two 

main components, the base assembly, and the head assembly as shown in the cut-

away diagram in Fig 2.  The base assembly contains the heaters and the molten salt 

crucible.  The head assembly is remotely removable from the base, and contains the 

access ports, the heat shield baffles, and equipment to hold and rotate experiments in 

the molten salt.    

 
Fig. 2. Hot Fuels Dissolution Apparatus (HFDA) located in the HFEF main cell. The 

HFDA is an experimental-scale electrorefiner that was used for both the salt/zeolite 

and oxygen sparging experiments used to produce feed material for waste form 

development fabricated with Mark-IV electrorefiner salt. 

 

The initial oxygen sparging experiment performed during FY09 period involved 

removal of the HFDF cover lid and placement of a precipitation collection pan into 

the molten salt bath.  The cover lid was then placed back on the HFDA and the 

oxygen sparger (porous metal frit) inserted into the salt bath with an oxygen flow rate 

of 120 cc/min. The temperature of the salt bath was maintained at 500° C, and oxygen 

sparging was performed continuously for 24 hours with a total of 173 L O2 bubbled 

into the HFDA salt.  The sparger apparatus was then removed from the HFDA and 

the precipitate allowed to settle for another 24 hours into the collection pan while the 

HFDA remained at temperature.  After precipitate settling, the head to the HFDA 

was removed and the collection pan slowly removed from the molten salt, allowed to 

cool, and the final salt sample was collected for analysis.  Results from the first 

HFDA test are shown in Table 1 and compares the selective fission product removal 

by salt/zeolite contacting and by oxygen sparging precipitation.  The results were 

obtained by measuring the elemental composition of the salt before and after the two 

selective separation methods.  As shown in Table 1, salt/zeolite contacting was 

effective at reducing the concentration of lanthanides and actinide elements in the salt 



as indicated by a positive difference in concentration value.  Following salt/zeolite 

contacting, oxygen sparging was performed to precipitate the remaining lanthanide 

elements.  As can be seen in the table, the reduction in lanthanides from the salt was 

low, but the reduction in uranium concentration was high.  Two conclusions were 

reached from these results regarding the performance of oxygen sparging in removing 

the lanthanide elements.  The first was that the sparging experiment was not 

performed under optimum operating conditions and that the actinides were 

preferentially precipitated over the lanthanides – not an unexpected result when 

comparing the two element groups energy of formation of the oxide.  For this reason, 

it was decided to repeat the oxygen sparging experiment in FY10 under more 

optimized conditions.  

 

Table 1. Comparison of Selective fission Product Removal by Salt/Zeolite 

Contacting and Oxygen Precipitation.  

Difference in Elemental Concentration Salt/Zeolite Contacting Oxygen Precipitation 

Alkali and Alkaline Earth 

Na -14.7% 2.8% 

Rb  0.6% 2.6% 

Cs -0.4% 0.7% 

Sr -1.5% 1.5% 

Ba -1.5% 1.7% 

Lanthanides (and Y) 

Y   

La 8.7% 1.7% 

Ce 8.3% 0.0% 

Pr 7.0% -0.4% 

Nd 9.4% -0.5% 

Sm 5.8% 1.0% 

Actinides 

U 35.0% 36.5% 

Np 13.1% -3.6% 

Pu 7.2% -4.1% 

  

The second oxygen sparging experiment performed in the HFDA in August of 

2010 was very similar to the first, but with some important modifications. Equipment 

modifications included a redesign of the sparger unit, shown in Fig. 3, following the 

specifications suggested by researchers at KAERI, and increasing the height of the 

collection pan from 0.64 cm used during the first experiment to 1.27 cm used in the 

second experiment.  The new precipitate collection pan is shown in Fig. 4 alongside 

the typical alumina crucibles used in the HFDA.  Oxygen flow was increased during 

the second experiment to 427 cm
3
/min as compared to 118 cm

3
/min during the first 

experiment.  The total quantity of O2 sparged into the molten salt was also increased 

during the second experiment to a total of 680 L vs. 170 L during the first experiment.  



Furthermore, investigation at KAERI indicates that the optimum molten salt bath 

temperature for oxygen precipitation of the lanthanides is 800° C; however, the 

maximum temperature that the HFDA can be operated at is 650 °C and this is the 

temperature that the second oxygen sparging experiment was performed at, as 

opposed to 500° C during the first experiment.   

 

  
Fig. 3.  Redesigned oxygen sparger used during second oxygen sparging experiment.  

The sparger is an open tube (6.2 mm ID) with 2 mm holes (right-hand image) drilled 

near the open tip of the sparger.  This design resulted in larger O2 bubbles that 

spiraled through the molten salt resulting in a stirring action.  This design also 

prevented clogging of the sparger which was common when using the porous metal 

frit design used during the first oxygen sparging experiment in the HFEA.  

 

 
Fig. 4.  Typical HFDA alumina crucible (11.4 cm high x 10.2 cm OD) and stainless 

steel precipitate collection pan used during second oxygen sparging experiment. 

 

The most significant difference between the first oxygen sparging experiment 

performed in FY09 and the second experiment conducted in August of 2010 was an 

actinide drawdown procedure prior to oxygen sparging.  During actual 

electrorefining operations the actinide content of the molten electrolyte salt is keep 

relatively high.  In an advanced electrorefining process, it is assumed that the 

actinide product would be harvested from the electrorefiner prior to any salt cleanup 

of fission products to minimize product loss.  This two-step process was 

demonstrated during the August 2010 experiment.  The initial salt composition was 

moderately high in actinide content as shown in Table 2.  To this salt composition 

was added surrogate (non-radioactive), representative fission product chlorides, also 



shown in Table 2.  This salt composition mimicked the expected ER salt 

composition resulting from the treatment of high burnup used fuel.  To this molten 

salt stimulant was added 4.5 g of lithium metal to act as a reductant to the actinide 

elements present in the salt.  As the actinide chlorides are reduced to the elemental 

state, they precipitated to the bottom of the crucible, where in this experiment; a 

collection pan had been place.  After reducing the actinide material – the actinide 

drawdown portion of the experiment – the actinide collection pan was removed from 

the HFDA crucible and a second collection pan place in the molten salt bath, and 

oxygen sparging performed to precipitate the lanthanide elements.  After a time 

period to allow the lanthanide oxides/oxychlorides to precipitate, the second 

collection pan was removed from the HFDA crucible.  Both the first and second 

precipitate collection pans are shown in Fig. 5 after being removed from the molten 

salt bath.  A number of salt samples were also collected before and after each of the 

chemical steps and have been submitted for elemental analysis.  Results from these 

analyses are currently pending. The overall experimental plan is illustrated in Fig. 6.  

The salt/lanthanide precipitate product from the second collection pan was feed 

material used for subsequent waste form production.  Visual inspection of the 

salt/oxide material (Fig. 8) indicates a stratified layer that may be separate phases of 

the lanthanide oxide/oxychloride precipitate and the residual salt material.  Further 

investigation will be performed with electron microscopy of the interface material. 

 

Table 2.  Initial Salt Composition Used For Actinide Drawdown/Oxygen Sparging 

Experiment. 

Initial Salt 

Composition 

LiCl-

KCl 

UCl3 PuCl3 NdCl3 CsI CeCl3 LaCl3 PrCl3 SrCl2 

Wt% 

Grams 

80.6 

831 

1.5 

15.5 

3.0 

30.9 

4.4 

45.4 

4.2 

43.3 

2.7 

27.8 

1.4 

14.4 

1.2 

12.4 

1.1 

11.3 

 

 
Fig. 5.  Reduced actinide collection pan (left-hand picture) after removal from 

HFDA actinide drawdown experiment.  Right-hand picture is the lanthanide 

oxide/oxychloride precipitate collection pan after oxygen spaging in the HFDA. 

 



Prior to waste form production, the salt/oxide precipitate mixture from collection 

pan 2 (Fig. 6) was broken out of the collection pan and ground to a course powder 

using an impact mortar (Fig. 7). 

  

 
Fig. 6.  Experimental plan for combined actinide drawdown/oxygen sparging 

experiment conducted in the HFDA in August 2010. 

 

 
Fig. 6.  Second collection pan containing salt/oxide precipitate from second sparging 

experiment. 
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Fig. 7. T salt/oxide precipitate broken out of collection pan (left-hand image) was 

ground to a course powder using an impact mortor (center image), with the final 

ground salt shown in the right-hand image. 

 

 
Fig. 8.  Visual inspection of salt/oxide precipitate indicates the presence of a 

stratified layer that may indicate separation of the precipitate from the salt phase. 

 

HFEF Equipment Development and Testing for Advanced Waste Form 

Production 

 

KAERI researchers have proposed several novel waste forms for the 

immobilization of selectively separated fission products from ER salt.  Two of the 

most promising waste forms, the SAP and ZIT materials, require dechlorination of the 

waste stream prior to processing.  Two dechlorination methods will be demonstrated 

in HFEF; salt distillation and chemical reaction in an oxygenated atmosphere.  Both 

dechlorination methods are performed at elevated temperatures and with controlled 

atmospheres.  To performe these demonstration experiments, utilization of  the 

DEOX (DEcladding by OXidation) furnace in the HFEF main cell was determined the 

best option.  The DEOX furnace (Fig. 9) has four individual heat zones allowing 

treatment temperatures as high as 1200° C.  The furnace can also allow the 

introduction of controlled atmospheres such as oxygen feed or application of a high 

vacuum. Utilization of the DEOX furnace required the modification of the 

reaction/filter-bank assembly, used in the original DEOX experiments, with 

dechlorination assemblies. 

 



 

 
 

Fig. 9. a) DEOX schematic showing main heat zone (bottom) and upper 3 or trap heat 

zones.  Salt distillation would involve evaporating salt and product in the bottom zone 

and condensing salt in one of the upper three heat zones.  B) DEOX furnace in HFEF. 

 

For dechlorination by salt distillation, the original reaction/filter-bank assembly was 

modified to include only the lower reaction vessel, to be located in zone 4 of the DEOX 

furnace, with steel tubing leading to the salt condenser – located in zone three of the 

furnace as illustrated in the cut away diagram shown in Fig. 10.  The tubing exits the 

top of the salt condenser and extends through zones two and one before exiting the top of 

the furnace and connecting to the vacuum system.  The reaction vessel is constructed of 

Inconel steel and the condenser, and condenser crucible are constructed of 316 stainles 

steel.  Prior to waste form production, the salt/fission product precipitate is placed into 

an alumina crucible in the lower reaction chamber and sealed.  The assembly is then 

placed in the furnace and a vacuum (~70 Pa) is applied to the exit tube from the 

condenser.  The condenser zone (zone 2 of the furnace) is first heated to 500° C, while 

the upper two zones are maintained at 300 and 200° C, respectively, to maintain the salt 

in the liquid phase and prevent clogging of the system by salt freezing.  After the upper 

zones have reached temperature and with an appropreate vacuum applied, the lower zone 

is heated to 1100° C.  At this temperature and pressure, the chloride components of the 

salt/precipitate mixture become volatile and migrate to the condenser region due to a 

partial pressure gradient.  At the condenser, the vapor condenses on the cooler 

condenser cap and drips into the steel crucible.  At these conditions, 100 g of salt will 

take less than one hour to distill.  Also shown in Fig. 10 is the distillation assembly 

undergoing “out-of-cell” testing.  After distillation, the remaining precipitate product in 

the reaction chamber crucible and the salt distillate can be recovered for subsequent 

waste form processing. 

 

 

 

 



 
Fig. 10.  Salt Distillation assembly (left-hand diagram) mondified for use in the DEOX 

furnace.  Out-of-cell testing is shown in the middle and right-hand images.  

 

The second dechlorination method involves reacting the salt/precipitation product 

with the SAP reactant in the presence of O2 at elevated temperatures.  This process is 

also performed using a modified reaction assembly in the DEOX furnace.  This 

assembly utilizes the same Inconel reaction vessel and crucible as the distillation 

assembly, but without the condenser.  Also, a gas exhaust exits the bottom of the 

reaction assembly shown in Fig. 11.  Dechlorination proceeds by mixing the 

salt/precipitate mixture with the SAP reagent and sealing in the reaction vessel 

assembly, and the assembly is inserted into the DEOX furnace.   An O2 flow of 28 

L/hr is initiated from the top of the assembly, over the reaction mixture, and 

exhausted through the bottom of the assembly and furnace.  Dechlorination proceeds 

at 750° C in zone 4 for 24 hours.  After dechlorination the product is recovered and 

bonded with glass binder forming the final waste product.  Glass bonding of the 

SAP/salt product, in addition to CWF production occurs at elevated temperatures 

using the DEOX furnace under an argon atmosphere. For these reactions, standard 

alumina or graphite crucibles are used supported in a crucible holder as shown in Fig. 

11.  For these operations, the crucible and holder is placed in zone 4 of the DEOX 

furnace to produce the final waste form products.     

 

 

 

 



 
Fig. 11.  Dechlorination reaction vessel assembly (left-hand image) with oxygen feed 

(top) and exhaust (bottom).  Standard crucible handling assembly (right-hand 

photograph) shown for reactions in the DEOX furnace at elevated temperatures under 

inert (argon) atmosphere.  

 

Advanced Waste Form Production 

 

Demonstration of the production of three advanced waste form materials during 

this I-NERI project will be produced in HFEF from ER salt containing actinide and 

surrogate fission product chlorides.  The first advanced CWF product was produced 

in HFEF during the FY10 time period.  The SAP and ZIT waste forms will be 

produced early in the FY11.  A description of the development of the advanced CWF 

is given blow.  The development of the SAP and ZIT waste forms is described in 

detail in Attachment B of this year-end report (KAERI Activities for 2010).  Also 

provided in this section is the detailed description of each waste form fabrication 

method performed in the DEOX furnace in HFEF.  The overall processing scheme 

for advanced waste form production is shown in Fig. 12. 

  

Advanced CWF 

 

The CWF produced by the treatment of EBR-II spent fuel will have a low loading 

of fission products on the order 2 to 4 weight %.  It is possible to produce high-

loaded CWF with fission product loading on the order of 10 weight %, however, to 

achieve this level of fission product loading, the fission products must first be 

concentrated then loaded into the zeolite matrix.  A number of proposals to produce 

high-loaded zeolite have been suggested and in the joint KAERI/INL fission product 

separation I-NERI, the method selected was immersion of zeolite into a molten salt 

bath and allowing the fission product cations to undergo equilibrium with the zeolite 

matrix.  For the I-NERI investigations this was accomplished either by placing the 

zeolite pellets into a steel basket that allowed the molten salt flow through the basket 

and contact the zeolite; or using an inorganic binder, produce a porous monolithic 

zeolite.  Another method to produce the high-loaded CWF is to load the condensate 

salt produced by salt distillation of the salt/precipitate mixture, or direct loading of the 

salt/precipitated mixture into zeolite and then proceed with CWF fabrication.  Both 

advanced CWF fabrication methods were demonstrated for the I-NERI waste form 

project.  



 

 

Fig. 12.  General processing scheme for advanced waste form production. 

 

Development of the high-loaded CWF was first investigated by using surrogate 

(none radioactive) fission product loaded ER salt.  The first step was to submerge 2 g 

of spherical zeolite (500 µm), contained in a steel basket, into a molten ER salt 

stimulant loaded with 8 weight percent (wt%) surrogate fission product chlorides.  

The zeolite was allowed to ion exchange with the molten salt simulate until 

equilibrium had been obtained.  The basket was then removed from the salt bath and 

the zeolite spheres with residual salt collected.  The salt-coated zeolite was then 

ground to a powder (~125 µm) and dry mixed with an equal quantity of dry, non-salt 

contacted zeolite powder (125 µm).  This mixture was the heated at 500° C for 3 
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hours to absorb excess salt. A borosilicate glass binder was then added to the mixture 

at 25 weight percent and dry mixed a second time.  This material was then poured 

into a 100 cc steel crucible and placed in a furnace at 925° C for 3 hours.  During the 

pressureless consolidation of the zeolite and glass, the zeolite converts to sodalite and 

the liquid glass binds the now converted sodalite particles. The sodalite unit-cell cage 

structure is smaller that zeolite and cannot incorporate as much Cl
-
 ion.  Thus excess 

Cl
-
 combines with available cations, primarily Na

+
 to form halite inclusions in the 

glass region of the waste form.  The CWF produced from the salt contacted zeolite is 

shown in Fig. 13.  X-ray diffraction (XRD) analysis was performed on the surrogate, 

high-loaded waste form and is shown in Fig. 14.  The XRD analysis shows the 

sodalite phase shifted to low d-spacings due to ion-exchange with Li and other cations 

that result in a lattice contraction of the sodalite crystal structure. 

 

 
Fig. 13.  CWF produced from surrogate high-loaded, salt contacted zeolite.  The 

diameter of the CWF body is 5 cm.   

 

Fig. 14.  XRD pattern of surrogate, high-loaded CWF.  Major phases identified are 

sodalite, shifted to low-d spacings and the NaCl and KCl salt phases. 

 

The first salt/zeolite demonstration test was performed during the FY09 time 

period utilizing the HFDA, and involved the zeolite contacting of high fission product 

loaded ER salt fission products.  The electrolyte used was a composite material that 



consisted of 758 grams of salt condensate retrieved from a cathode processor (CP). 

This composite salt contained sodium, actinides, and fission products from processing 

EBR-II driver fuel.  The non-radioactive rare-earth chlorides: NdCl3, CeCl3, LaCl3, 

PrCl3, SmCl3, and YCl3, were purposely added to the salt to produce the simulated, 

high fission product loaded material.  The composition of the initial, high-loaded 

electrorefiner salt was: 

 LiCl-KCl: 88.8 wt% 

 Alkali elements (Na, Rb, Cs): 1.6 wt%   

 Alkaline earth elements (Sr, Ba): 0.8 wt% 

 Lanthanides (La, Ce, Pr, Nd, Sm) and Y: 5.5 wt% 

 Actinides (U, Np, Pu Am): 3.3 wt% 

 

The salt/zeolite contacting portion of the demonstration involved the addition of 

8.8 g of dried zeolite to the zeolite basket and submerging the basket into the HFDA 

salt bath.  The temperature of the salt bath was 500° C and the zeolite basket 

remained in the salt bath for 24 hours while being rotated.  After the 24 hour 

contacting period, the basket assembly was removed from the bath and allowed to 

cool.  The bottom end of the basket was cut off and the zeolite with adhering salt 

crushed out of the basket.  The collected salt contacted zeolite (Fig. 15) was stored 

for subsequent CWF fabrication. 

 

 
Fig. 15.   HFDA salt contacted zeolite.  This material will be fabricated into a high-

loaded CWF in the third year of this I-NERI project. 

 

The second salt/zeolite contacting method to produce the advanced CWF was 

accomplished during the current year in HFEF.  This involved contacting zeolite 

with high fission product salt containing precipitated lanthanides from the second 

collection pan produced in the HFDA oxygen sparging experiment.  With this 

method, 10.1 g of ground salt/precipitate collected from the precipitated collection 

pan (Fig. 6) was dry mixed with 33 g of ground, dry zeolite.  This mixture was then 

placed in an alumina crucible (Fig 16.) and inserted into the DEOX furnace.  Salt 

occlusion into the zeolite was performed at 500° C for 4 hours under an argon 

atmosphere.  After cool down, this material was mixed with an equal weight of the 

standard CWF glass binder (boro-silicate gas frit) in powder form.  This mixture was 

then placed back in the alumina crucible, and processed at 925° C for 4 hours.  The 

final advanced CWF product is shown in Fig. 17.  This material will undergo 

subsequent characterization and testing in FY11.    

 

  



 

Fig. 16.  Alumia crucible in DEOX furnace, zone 4 (left-hand image) loaded with 

salt/precipitate and zeolite prior to salt occlusion.  Loaded crucible (right-hand image) 

with salt-occluded zeolite. 

 

 
Fig. 17.  High-loaded cermaic waste form produced in HFEF.  The high fission 

product (with rare-earth precipitates) salt was loaded to 20 wt% in the zeolite.  The 

final product is 50:50 salt-occluded zeolite/glass binder.  Characterization and testing of 

the waste form will be performed in the 3
rd

 year of the I-NERI project. 

 



Advanced Waste Form Fabrication Methods 

 

The following section describes each of the advanced waste form production 

methods to be performed in HFEF as part of the I-NERI project. 

 

1. Advanced CWF 

 

• Mix 1 part salt/precipitate powder with 4 parts zeolite in reaction crucible 

• Place crucible in reaction chamber and seal 

• Place reaction chamber in zone 4 of DEOX furnace 

• Heat zone 4 of DEOX furnace to 500° C, heat for 4 hours. 

• After furnace cool down, remove crucible and mix glass frit to salt-occluded 

zeolite in crucible (50:50 ratio) 

• Place crucible into steel holder and insert into zone 4 of DEOX furnace  

• Heat zone 4 of DEOX furnace to 925° C, heat for 4 hours under Ar 

atmosphere 

• After furnace cool down, recover waste form body from crucible and store for 

subsequent characterization. 

 

2. SAP Waste Form 

 

• Mix 1 part salt/precipitate powder with 3 parts SAP reagent in product 

crucible 

• Place crucible in SAP reaction assembly and seal 

• Place reaction chamber in zone 4 of DEOX furnace, connect oxygen line 

• Initiate oxygen flow into reaction chamber at 1 scf/hr 

• Heat zone 4 of DEOX furnace to 750° C, heat for 24 hours. 

• After 24 hours, turn off oxygen flow and allow furnace to cool 

• Remove reaction chamber from DEOX furnace and disassemble  

• Collect salt/SAP product from crucible and place into waste form crucible 

• Mix glass frit to salt/SAP product in crucible (35:65 ratio) 

• Place crucible into steel holder and insert into zone 4 of DEOX furnace  

• Heat zone 4 of DEOX furnace to 1150° C, heat for 8 hours under Ar 

atmosphere 

• After furnace cool down, recover waste form body from crucible and store for 

subsequent characterization. 

 

3. ZIT Waste Form 

 

• Place salt/precipitate powder into product crucible of salt distillation apparatus 

– seal salt/precipitate chamber of distillation apparatus 

• Place salt distillation apparatus into DEOX furnace, connect vacuum line 

• Apply vacuum to salt distillation apparatus until a pressure of at least 1 torr is 

obtained. 

• Heat condenser of distillation apparatus to 500° C (zone 3 of furnace), then 

heat zone 4 of furnace (salt chamber) to 1100° C, heat for 3 hours while under 

vacuum 

• Allow furnace to cool and disassemble salt distillation apparatus 

• Collect salt distillate from condenser and fission product precipitate from 

bottom chamber of salt distillation apparatus 

• Collect fission product precipitate and transfer to waste form crucible  



• Mix 1 part precipitate with 3 parts ZIT reagent in crucible 

• Place crucible into steel holder and insert into zone 4 of DEOX furnace  

• Heat zone 4 of DEOX furnace to 1100° C, heat for 8 hours under Ar 

atmosphere. 

• After furnace cool down, recover waste form body from crucible and store for 

subsequent characterization.  

 

Waste Form Characterization and Testing in HFEF 

 

Waste form characterization and testing has occurred in HFEF for the last decade.  

These efforts were performed during the EBR-II Sent Fuel Demonstration Program 

where the ceramic waste form produced with electrorefiner salt underwent 

characterization and testing.  CWF characterization and testing involved sampling the 

product in HFEF and then preparing test samples for analysis involved the following:  

• Sample preparation: HFEF 

• Product consistency testing: HFEF  

• Density determination by He pycnometry: HFEF 

• Microstructure by electron microscopy: Electron Microscopy Laboratory 

• Phase composition by x-ray diffraction: Analytical Laboratory 

 

This will be the same characterization and test suite to be performed on the three 

advanced waste forms produced in HFEF in FY11. 

 

SUMMARY 

 

The following summarizes the 2
nd

 year efforts at the INL for I-NERI project tasks 

A3, A4, and B2. 

Task A3 - Setup of Experimental Equipment for Hot-Test (INL) 

 

Task A3 was completed in FY10 with the testing and implementation of waste 

form fabrication in the main-cell of HFEF.  Equipment fabricated, testing and moved 

in-cell included the salt distillation assembly, dechlorination assembly, and standard 

reaction crucible assemblies.  In-cell equipment utilized for waste form fabrication 

included the HFDA (repeat oxygen sparging experiment) and the DEOX furnace. 

 

Task A4 - Screening Experiments for Various Host Matrices (KAERI/INL) 

 

Task A4 was completed in FY10 with the selection of three candidate advanced 

waste forms for fabrication in HFEF.  The three waste forms selected are the silica-

alumina-phosphate/glass (SAP) waste form, the zinc oxide/titania (ZIT) waste form, 

and the high-loaded ceramic waste form (HL-CWF).  The HL-CWF was also 

fabricated during September, 2010, in HFEF.  The two other candidate waste forms 

will be fabricated early in 2011 in HFEF.   

 

Task B2 – Waste Form Testing with TRU-Loaded Materials (INL)   

 

Task B2 was initiated in FY10 and will continue into the third year (FY11) of this 

I-NERI project.  Elements of this task completed during 2010 include a repeat of the 

oxygen sparging method to precipitate rare-earth fission products from ER salt.  

Prior to oxygen sparging, a U/TRU drawdown process was performed in the molten 

salt to reduce the actinide concentration in the salt.  A salt/rare-earth precipitate 



product was then recovered from the HFDA molten salt bath and this material is the 

feed for subsequent candidate waste form production.  The first of these waste forms, 

the HL-CWF, was then fabricated in HFEF.  Continuing into the 3
rd

 year activities 

will be the fabrication of the two other candidate waste forms and the characterization 

and testing of these waste forms.  Preparation for waste form characterization and 

testing will be performed in the newly renovated sample preparation area in the main-

cell of HFEF.  
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ABSTRACT 
 

In the 1st yr research, the immobilization method for waste salt and rare earth oxide 
waste was established and possible material systems were selected by investigating 
the chemical behavior of metal chlorides and the leach-resistance of a prototype of 
wasteforms. In this year, continuous researches for the enhancement of reactivity and 
the increase of waste loading were carried out by adjusting the basic material systems. 
Also, a series of consolidation tests were performed to obtain some characteristics of 
unique wasteforms suggested in this project. From these activities, we schemed out 
the immobilization process for this kind of wastes which should be established in the 
3rd yr of this project 
 
 
 
 
 
 
 
 
 
 
 
 
 



INTRODUCTION 
 
Research results in the 1st year 
 

In the I-NERI project (2006_002K), the oxygen sparging and melt crystallization 
was chosen as a good method to minimize residual wastes among some separation 
options. Based on this result, this project started to stabilize and solidify the two kinds 
of wastes, LiCl-KCl waste salt concentrated with FPs and rare earth oxide waste.  

 
For waste salts, dechlorination approach was selected as one of possible 

immobilization methods since it could remove Cl-induced problems such as high 
volatility and low compatibility of silicate glass. The dechlorination agents, SiO2-
Al2O3-P2O5 (SAP), can stabilize the waste salts to form manageable products at high 
temperature. It could provide high freedom on the consolidation conditions. With the 
thermal stability, the dechlorinated products could be solidified by using a silicate 
glass as a chemical binder to consolidated form. Based on the experiments results, the 
stabilization/solidification procedure could be established as described in figure 1.  
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LiCl-KCl, CsCl, SrCl2, RECl3

- Reaction ratio: SAP/Salt

- Stable products for high temperature process

- Monolithic wasteform

 
Fig. 1 Stabilization/Solidification procedure of waste salt suggested in the 1st year 

 
By adjusting the SAP composition for LiCl-KCl waste, SAP 1071 was chosen as 

the proper composition for high reaction ratio and high dechlorination yield at 650℃. 
Also, consolidation tests indicated that increase of Al2O3 and Fe2O3 in the glass 
composition enhanced the leach-resistance of consolidated form. The PCT-A test 
showed that leach rate of wasteform, Cs and Sr were about 10-2g/m2day, 10-3g/m2day, 
10-4g/m2day, respectively.  

 
For rare earth waste, our purpose was to reduce the processing condition for a 

monolithic wasteform. At 20wt% waste loading, sintered products with some glasses 
and phosphate-based products was prepared at 1200℃. REE elements in the sintered 
glass existed as oxyapatite and monazite in phosphate-based products. Two-step 
fabrication method could increase the waste loading up to 40wt% and obtain 
consolidated form but it did not approach the theoretical density. For highly densified 
wasteform, A ZnO-TiO2-CaO-B2O3-SiO2 system, as described in figure 2, was 
applied to solidification of rare earth oxide and a solidified product was prepared at 



1100℃ for 6hrs. From this method, highly densified and durable wasteforms was 
successfully fabricated.(density:~4.3g/cm3 and leach rate of REE: <10-6g/m2day). In 
this study, another waste, salt-included rare earth wastes was investigated because 
volatile salt should b controlled if not separated from precipitates. For this, CaO-P2O5-
SiO2(CaPS) was synthesized and applied to waste containing salt and REE oxides. 
This composite can also control the salt included in precipitates at a condition, 
CaPS/Salt=3, at 650℃). At this condition, REE was located at the britholite phase as 
possible host matrix.  
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Fig. 2 Composition of Solidification agent for REE oxide/oxychlorides 

 
Our approach to the immobilization of a series of wastes would require mixer for 

rare earth oxide and reactor for waste salt as described in figure 3. In previous 
sections, unique solidification or reactive agent was developed to manage possible 
wastes. For this reason, we designed a unique mixer/reactor that was equipped with 
screw-impeller for mixing and surface-controlled reaction.  

 

 
Fig. 3. Solidification procedure for each waste from separation process 

 
 



 
Fig. 4. Mixer and Reactor equipped with screw-impeller 

 
In summary, two kinds of material systems were established to immobilize waste 

salt and rare earth oxides for higher waste loading and milder processing conditions in 
the 1st yr activities of project. From a series of experiments, the capability of the 
materials for immobilization of residual wastes was confirmed. Also, unique 
equipment was designed to realize the suggested immobilized concept.  

 
In 2nd yr researches, the dechlorination and consolidation tests were performed to 

obtain information to establish the processing condition of equipment and elementary 
properties of wasteforms. From these activities, the purpose of this project could be 
accomplished in the 3rd yr.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



EXPERIMENTAL METHODS 
 
 

In the 2nd yr of project at KAERI, a series of experiments was aimed to obtain 
information on the dechlorination under reaction conditions and define roughly the 
characteristics of wasteform based on the some properties. This includes the following. 

 
• Dechlorination behavior of LiCl-KCl waste salt.  
• Find iodine vaporization temperature 
• Modification of SAP by adding Ag, Fe, and B to enhance the reactivity 
• Consolidation tests by various conditions 
• Define the characteristics of wasteform by consolidation tests 
• Leaching test by PCT-A  
• Fabrication test of monolithic wasteform to test MCC-1 

 
Preparation of reactive materials and simulated wastes 
 

 The composite, SiO2-Al2O3-P2O5(SAP), was prepared by a sol-gel process. 
Tetraethyl orthosilicate (TEOS, Aldrich, 98%), aluminum chlorides (AlCl3·6H2O, 
Junsei, 98%) and phosphoric acid (H3PO4, Junsei, 85%) were used as sources of Si, 
Al and P, respectively.  Also, FeCl3·6H2O, H3BO3 and AgNO3 were used to prepare 
the modified SAPs (2SiO2-(1-x)Al2O3-xMO-1.25P2O5, MO=Fe2O3, B2O3 & Ag2O), 
where Al were replaced with the additives. All reagents were dissolved in EtOH/H2O 
and the mixture was placed in an electric oven at 55~70℃ after being tightly sealed. 
After a gelling/aging for 3 days, the transparent hydrogels were dried at 110℃ for 2 
days and then thermally treated at 650℃ for 2 hrs. A series of final products after 
pulverizing to about 100μm were used as a stabilizer for treating the waste salt.  

 
For rare earth oxide waste, ZIT composite was prepared by solid-solid reaction, 

where ZnO, TiO2, CaHPO4, SiO2 and B2O3 was mixed in mortar and the mixture was 
heat-treated at 750℃. It was confirmed by XRD analysis that the main crystalline was 
Zn2TiO4. This composite was used in the consolidation test.   

 
A simulated salt used in this study was 89wt%LiCl-KCl, 5wt% CsCl, 5wt% SrCl2 

and 1wt% CsI (Aldrich, purity 99wt%~). The salt powder was thoroughly mixed with 
each other by using mortar in an argon atmosphere, and then it was dried at 300  in ℃
an electric oven for the removal of residual moisture of salt. This dried salt was used 
in a series of experiments. A simulated REE waste was adjusted to be 4.55wt% Y2O3, 
11.79wt% La2O3 22.93wt% CeO2, 60.73wt% Nd2O3.  

 
Table 1. Glass composition used in this study (unit: wt%) 

 



For consolidation of SAP products, AlFe glass, which was used in the 1st Yr 
research, was modified as indicated in Table 1. The ratio of network modifier/network 
former and Fe2O3/network former in the glasses was adjusted to be lowered 
(AlFe~AlFe3) while B2O3/(SiO2+Al2O3) was maintained at the same range. In case of 
AlFe4, the content of B2O3 increased while MO was lowered.  

 
Dechlorination & Consolidation tests 

 
The experiments were performed by using an electric furnace as shown in figure 5. 

For dechlorination reaction, the oxygen glass with a flow rate, ~5L/min, was injected 
into the furnace, where the alumina crucible was used to easily detach reaction 
products. The consolidation tests were conducted in an inert atmosphere by using a 
graphite mold or crucible. In the dechlorination test, the reaction yield with time 
(~96hrs) and temperature (350~750℃) was checked by weighing the mixture. In these 
tests the batch size was 20~30 gram and the SAP/salt ratio was set to 3 for SAP 1071 
and 2 for modified SAPs. Some products were analyzed by XRD, TGA and FE-SEM 
equipments. The consolidation test for SAP products was performed to evaluate the 
effect of glass composition (AlFe~AlFe4 glass), mixing ratio (25~40wt%) and 
processing temperature (950~1150℃). The weight changes before & after 
consolidation was checked to confirm the vaporization at high temperature. The 
leaching test of the consolidated forms was conducted by PCT-A method. Also, by 
using XRD, SEM-EDS and FE-SEM, the morphology of wasteform was roughly 
defined.  

 

   
      (a) Dechlorination test            (b) Consolidation test 
Figure 5. Experimental equipments and crucible for oxidative and inert condition 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



EXPERIMENTAL RESULTS 
 
Dechlorination tests 
 
De-halogenation of LiCl-KCl waste salt 
 

Test condition 1:  
- SAP/simulated salt= 3, (mass ratio).  
- SAP 1071, thoroughly mixed by using mortar in glove box 
- Reaction Condition: 350, 450, 550, 650℃ for 10hrs in electric furnace 
- Oxidative condition 
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Figure 6. Thermo gravimetric analysis of products reacted at each temperature for 

10hrs (TGA condition: 200ml-air/min, 10℃/min) 
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Figure 7. Reaction yield obtained at each temperature (crucible test) 

 
Considering the oxidation of metal halide by dechlorination, 1 gram of simulated 

waste salt was changed to about 0.53 gram of product after reaction (4g mixture=3g 
SAP + 1g salt, 3.53g product). Therefore, theoretical weight loss is about 11.7%. As 
shown in Fig. 6, the weight loss of mixture before reaction was about 11.2%. It is 
noted that the weight change rate with temperature (ΔW/ΔT) indicated two peaks at 



about 400 and 700℃ and they could be defined as reaction temperature. From the 
XRD analysis, the residual peak of metal chloride was assigned to KCl. Considering 
the melting point of simulated salt (~360℃), the weight loss below 550℃ would be 
attributed to the oxidation of mainly LiCl. As LiCl disappeared in LiCl-KCl salt, the 
melting point of salt increases and the reaction range would move to higher 
temperature. The reaction yield obtained by crucible tests (see Fig. 7) indicated 
similar results. Slow decrease of weight loss between 450 and 600 ℃ in TGA curves 
would mean that LiCl species in molten LiCl-KCl below 450℃ plays a key role to 
break the sequential bond in SAP and the degree of breakage decreases as LiCl was 
gradually consumed below 650℃. As increase of reaction temperature, a molten salt 
with high content of KCl in LiCl-KCl starts again to react with SAP. This would be 
one of reasons that the two reaction temperature regions exist as shown in Fig 6. 
Although the molten salt has a melting point, about 360℃, the maximum yield of the 
reaction below 650℃ does not exceed about 60~70%.The dechlorination behavior in 
two temperatures provides important information on the establishment of reaction 
condition of dechlorination reactor.  

 
Test condition 2:  

- SAP/simulated salt= 2, (mass ratio).  
- modified SAPs, 2SiO2-(1-x)Al2O3-xMO-1.25P2O5, 
              MO= Fe2O3, B2O3 & Ag2O  
- Reaction Condition: 650℃ for 96 hrs in electric furnace 
- Oxidative condition 

 
In the 1st yr researches, it was found that the reaction products consist of 

phosphate and silicates. Also, it was well known that the addition of transition metal 
to alkali phosphate glass increase some properties such as the chemical durability (ex, 
Na2O-MO-P2O5, M=Fe, Ga, Zr, Ti). As additives, iron, boron and silver was chosen 
in this study and the composition was adjusted to replace Al with them (x= 0~1.0). 
Fig. 8 showed the dechlorination results with time at 650℃. In the case of SAP-Ag, 
the reaction yield did not approach to 100% because some of silver oxide in SAP-Ag 
was converted into AgCl that was assigned by XRD analysis. For SAP-B and SAP-Fe, 
the reaction would go perfection for SAP-Fe and reaction yield for SAP-Ag exceeded 
the theoretical value possible because of the vaporization of some elements in the 
mixture. It was noted that SAP without Fe or B did not go perfect reaction. From 
these results, it could be concluded that the addition of Fe or B enhanced the reactivity. 
Fig. 9 showed the TGA curves of various products reacted at SAP/salt ratio=2. The 
weight loss of SAP-Fe products was negligible between 600~800℃ while other 
products had about 1~6wt% of weight loss. Therefore, SAP-Fe is more favorable than 
other materials.  

 
The given additives might be connected with silicate and phosphate phase and 

they also might exist with radionuclide, Cs, simultaneously in the two kinds of 
reaction products. The existence of Fe can prohibit the electronic balance from being 
dismantled by the decay of Cs137 into Ba137 (Fe2+ + Cs+  Fe+ + Ba2+). This is another 
advantage on the use of SAP-Fe.  
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(a) SAP-Ag 
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(b) SAP-B 
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(c) SAP-Fe 

Figure 8. Reaction yield with time (~96hrs) for modified SAPs at 650℃ 
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Figure 9. Comparison on thermo gravimetric analysis of various products 

(SAP/salt = 2, 650℃ for 96hrs) 
 

Test condition 3:  
- SAP/simulated salt= 3, (mass ratio) salt containing 20wt% metal iodide 
- modified SAPs, 2SiO2-0.8Al2O3-0.2MO-1.25P2O5, 
              MO= Fe2O3, B2O3 & Ag2O  
- Reaction Condition: 350~750℃ for 10 hrs in electric furnace 
- Oxidative condition 

 
These experiments were to identify the vaporization temperature of iodide. The 

waste salt contains a minor quantity of iodide as a long-half life and iodine are 
expected to be vaporized with gaseous chlorine during the reaction. As mentioned 
previous section, some of silver in SAP-Ag was reacted with metal chlorides, forming 
AgCl. This may mean that some of iodine would be formed as a silver iodide. For this, 
simulated salt with high content of metal iodide was reacted with a series of SAPs and 
the results were indicated in Fig. 10. If no vaporization of iodine, the de-halogenation 
yield could not approach to 100%. If vaporization of iodine, the reaction yield in a 
temperature region would be changed due to difference of the weight of metal iodide 
and their reactivity for SAPs. Except SAP-Ag, all the SAPs approached to perfect 
reaction. It is noted that, below 450℃ region, the difference in the reaction yield was 
more distinctive than other temperature regions. Fig. 11 showed the results of SEM-
EDS of SAP-Ag products at 350℃ and 450℃. At 350℃, the product still contained 
iodine in the mixture while the iodine was not detected at 450℃ sample. Also, un-
reacted Cl could be detected in two samples.  

 
These results provide some information on the iodine behavior during de-

halogenation; Iodine must be vaporized below 450℃ and de-halogenation of CsI is 
more favorable than KCl. Also, it could not be determined whether CsI goes faster 
reaction than LiCl. However, under given temperature, most of iodine is thought to be 
vaporized before approaching to the maximum dechlorination yield at 450℃. 
Therefore, if setting to the reaction temperature, below 450℃, most of iodine would 
be vaporized with Cl at the initial step. This can provide a chance to selectively 
remove iodine, while returning most of chlorine to electro-refiner as a metal chloride 
form.   
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             (a) SAP 1071                     (b) SAP-0.2Fe 
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            (c) SAP-0.2Ag                     (d) SAP-0.2B 

Figure 10. De-halogenation test of modified SAPs for waste salt containing 
20wt% metal iodide (at 350~750℃ for 10hrs) 
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Figure 11. SEM-EDS analysis of SAP-0.2Ag product obtained at 350℃ and 450℃ 

          (SAP-0.2Ag, salt containing 10wt% CsI) 
 

 
 
 
 
 
 



Consolidation of reaction products 
 

Test condition 4:  
- Glass: five glasses (AlFe~AlFe4) 
- Mixing ratio of glass: 25~40wt% 
- Processing temperature: 950~1150℃ for 4 hrs 
- Inert condition 

 
Table 2. Weight change ([W0-Wf]/W0) after consolidation 

Temp’ Glass 
wt% AlFe AlFe1 AlFe2 AlFe3 AlFe4 

25wt% 0.002 0.002 0.005 0.004 - 
30wt% 0.001 0.001 0.001 0.003 - 
35wt% 0.005 0.000 0.002 0.001 - 950℃ 

40wt% 0.001 0.001 0.003 0.002 - 
25wt% - 0.007 0.002 0.003 - 
30wt% - 0.005 0.002 0.005 - 
35wt% - 0.002 0.000 0.006 - 

1050℃ 

40wt% - 0.002 0.001 0.003 - 
25wt% - 0.001 - 0.007 0.004 
30wt% 0.004 0.001 0.005 0.002 0.002 
35wt% 0.003 0.000 0.003 0.004 0.003 1150℃ 

40wt% 0.002 0.006 0.001 0.001 0.002 
 

In the 1st yr research, AlFe glass with low content of B2O3 was chosen because of 
relatively higher leach-resistance, even though realtivley lower densification. In the 
consolidation tests, five glass compositions were chosen to enhance the densification 
of consolidated form by changing the content of B2O3 and Fe2O3. Since the 
consolidation test is performed at relatively high temperature, the degree of 
vaporization with conditions should be identified and find a proper processing 
temperature for a stable processing. Table 2 indicated the weight change after 
consolidation. The weight change was about 0.1~0.7wt% but there was no trends on 
the glass composition, mixing ratio and processing temperature. The weight change 
might be partly caused by a human error in preparing samples. Therefore, the weigh 
loss or vaporization was not great and it could be negligible.  

 
Figure 12 indicated the photographs of consolidated form fabricated at different 

conditions. There was no bulk separation but macro-pore in the inner phase. The 
densification with the glass composition has little difference while distinctive 
densification was found above 1050℃. With bare eyes, the wasteform with the best 
bulk shape is AlFe3, 35wt% mixing ratio and 1150℃. Also, it is noted the 
densification between 1050 and 1150℃ had little difference. With these samples, 
phase change, morphology and leach –resistance was evaluated to roughly define the 
characteristics of this kind of wasteform.  

 
Fig. 13 showed the XRD patterns of reaction product with temperature. Above 

750℃, the main crystalline phases were changed to metal aluminosilicates and metal 
aluminophosphates. Even at 1050℃, the crystalline peaks did not change.  
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Figure 12(a). Consolidated form prepared at 950℃ for 4 hrs 
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Figure 12(b). Consolidated form prepared at 1050℃ for 4 hrs 
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Figure 12(c). Consolidated form prepared at 1150℃ for 4 hrs 
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Figure 13. XRD patterns of reaction product heat-treated at different temperature. 
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Figure 14. XRD patterns of wasteform fabricated at different condition. 

 
However, the consolidated form was amorphous as shown in Fig. 14. It means that 

the given glass was effectively interacted with reaction products to produce 
amorphous phase. In the reaction products, there are two kinds of products, P-
containing and Si-containing products. If using silicate glass, Si-containing products 
would be chemically interacted to produce one glassy phase. It is well known that 
phosphate and silicate glass has low compatibility with each other. Therefore, the 
silicate glass would function as a physical binder. Also, the intermediate elements, Al 
and B, chemically connected with two phase. From these phenomena, the wasteform 
is thought to be formed as amorphous phase and it showed no bulk separation.  

 
Figure 15 indicated the SEM-EDS image for the evaluation of microstructure. At 

lower glass content, the wasteform had some phase which looked like phase 
separation. When using the elemental mapping of Si and P, the distinctive phase was 
not attributed to the Si-rich and P-rich phase. All the image indicated that Si-rich 
phase and P-rich phase would exists but the phase could not be separated in 100μm 
scale.  

 
For this reason, FE-SEM with high resolution was used to find a unit grain size. 

Figure 16 indicated microstructure of virgin SAP, products and consolidated form in 
100nm scale. Virgin SAP consisted of agglomerates of about 10nm particles and it 
has about same size of pore. After reaction, the pore was disappeared but the grain 
with 100nm size maintained. The materials after reaction were more densified. After 
consolidation, some of 100nm particles were seen dimly. From these findings, it could 
be noted that the unit grain of wasteform is about 10nm grain or particles. The 
products were really well-interacted with a given glass.  
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Figure 15. SEM-EDS image of wasteform fabricated with AlFe3 glass at 1150℃ 

 



 
Figure 16. FE-SEM image of virgin SAP, product and consolidated form 

 
 
 
 



 

 
(a) Structural model of wasteform 

 
 

 
(b) Homogeneity of wasteform 

Figure 17. Morphology & microstructure of wasteform consisting of silicate and 
phosphate phase. 

 
As described on the morphology of wasteform, the low compatibility of phosphate 

and silicate phase could be overcome by followings. Use of a SAP consisting of 10nm 
size particle can contribute to maintain about the same size of P-containing and Si-
containing phase after reaction. As two phase are uniformly distributed in the products, 
the given glass with about 100μm particles could be uniformly dissolved in the 
products rather than dissolving the Si-containing phase in the products. Therefore, the 
unit grain, about 10nm, could maintain after consolidation. This would be the reason 
that the incompatibility between silicate and phosphate glass did not grown enough to 
form bulk separation.  

 
Fig. 18 indicated the normalized mass loss (g/m2) for 20 sample by PCT-A 

method, where the mass loss increased with the processing temperature but there was 
little difference with mixing ratio or glass composition. From these leaching tests, 
mass loss range of each element could be obtained; 10-1~10-2g/m2 for alkali metal, 
about 10-3g/m2 for alkali earth metal and 10-1~10-2g/m2 for main component of 
wasteform.  
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Figure 18. Normalized Mass Loss (g/m2) of each element in the wasteform fabricated at different conditions. 
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Scheme of off-gas treatment 
 

 
Figure 19. Scheme of selective removal of iodine and recycle of chlorine for zero 

emission 
 
In de-halogenation test, it was found that the iodine as a long-half life radionuclide 

is vaporized with gaseous chlorine. The one of main advantage of de-chlorination 
approach for the treatment of waste salt is the reuse of chlorine in the electro-refiner 
that is released as dirty salt. The dry adsorption process (DA) is to capture most of 
chlorine and easily return as a metal chloride form to electro-refiner. As a dry 
adsorbent, alkali metal oxide (Li2O or K2O) can be used in this process. Molten salt 
absorption (MA) is to perfectly remove the low concentration of chlorine for zero 
emission. Possible molten salt is alkali metal carbonates (L2CO3 or K2CO3). The 
content of iodine in salt was so low for DA and MA to normally apply for the 
capturing process. As the increase of number of batch, iodine will be accumulated. 
When requiring removal of iodine, another capturing process is operated by using 
iodine adsorption (IA). Possible separating agent is Ag2O or PbO that can be 
converted into AgI or PbI for Iodo-sodalite (M6Ag2Al6Si6O48I2) or lead vanado-apatite 
(Pb5(VO4)3I). From this scheme, three kinds of wasteforms are expected to be 
generated; wasteforms containing heat source FPs (Cs/Sr), Ln with a minor quantity 
of Ac, and iodine as a long-half life radionuclide.  

 
 

De-chlorination test by using a specific reactor; preliminary test 
 
In the 2nd yr research, we established the dechlorination reactor with a specific 

impeller. Also, DA and MA apparatus were equipped with the reactor. In order to 
check the gaseous chlorine, HCl and Cl2 analyzer was installed and connected with 
off-gas line. As described in previous section, dechlorination of LiCl-KCl waste salt 
occurs in two reaction temperature range, about 400 & 700℃. If the temperature of 
mixture in the reactor approaches to the melting point before reaction, the mixture 
starts to agglomerate like dough, in other words, the reactor must malfunction and 
dechlorination would be failed. For this reason, a surface-controlled reactor was 
designed to attach small part of mixture to temperature controlled surface of vessel 
while most of mixture is under the melting point. Even though the reaction rate is low, 
the reaction could be accomplished.  
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Figure 20. Dechlorination reactor- off gas treatment system (a) and inner structure 
of reactor (b). 
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Figure 21. Results of dechlorination by using a specific reactor. 

 
Fig. 20 showed the dechlorination reactor, off-gas system and the operation 

mechanism/inner geometric structure of reactor. Fig. 21 indicated the result of 



dechlorination by using the specific reactor. Before reaction, each material was input 
to reactor and mixed with impeller at 200℃ for 12hrs. After mixing, the surface 
temperature of vessel increased from 450℃ to 750℃ step-wisely. The oxygen flow 
was set to 10L/min. The maximum reaction rate was about 19g/min/m2 when the 
concentration of Cl2 was about 20,000ppm. The photograph in Fig. 21 showed the 
final product in the reactor, where powdered products could be obtained, not 
agglomerates. From this preliminary test, the suggested concept on the surface 
controlled reactor could be verified.  

 
Fabrication of Wasteform for Rare Earth Oxide/OxyChloride 
 

Rare earth elements (REE, Ln) have low heat-generation and activity was not 
great, compared with other FPs. However, due to the limitation of electro-refiner 
performance, a minor quantity of actinide would exist in the REE waste. The residual 
waste from purification process will be released as very stable form, insoluble and 
thermally stable oxides. For this kind of wasteform, the main problem on the 
immobilization is the processing equipments and severe processing conditions. 
KAERI suggested a new inorganic composite which can consolidate the rare oxides as 
highly densified form (~4.2g/cm3) at milder condition (~1100℃). Some leaching tests 
revealed that rare earth elements are released under detection limit of ICP-MS (below 
<3~10ppb) but other ZIT elements such as Si, B and Ca are highly leached. For this 
reason, this year research is focused to find on proper composition of SiO2, CaO and 
B2O3. Also, interaction between zinc titanate and other oxides was simultaneously 
investigated by changing ZnO/TiO2 ratio. In order to remove the effect of P2O5 in ZIT, 
LnPO4 was prepared by a solid-solid reaction.  

 
Table 3. ZIT composition used in this study (wt%) 

 
 
Table 3 showed the ZIT composition and loading of LnPO4 was set to about 

50wt%. The consolidation was conducted at about 1100℃ for 4hrs. The XRD patterns 
and photographs of consolidated forms were indicated at Fig. 22 and 23. The 
consolidated form had only monazite (LnPO4) and other peak was not detected. The 
bulk shape of consolidated form had little difference with ZIT composition. As shown 
PCT-A test results, the concentration of Si in case of Zn/Ti=2 was about 100 times 
lower than in case of Zn/Ti=1. Boron concentration with composition showed 
opposite trend with each other while Ca was not greatly changed. With these 
monolithic forms, the dynamic leaching test was on-going.  



 
(a) Zn/TiO2=1 

 

 
(b) Zn/TiO2=2 

Figure 22. XRD patterns of consolidated form by modified ZIT (all peaks were 
assigned to LnPO4) 

 

 
Figure 23. Photograph of ZIT consolidated forms 

 
Table 4. Leaching test results obtained by PCT-A method (ppm) 

 
 
 
 
 



SUMMARY 
 

In the 2nd year of this project, material system (SAP and ZIT) were 
modified to enhance the reactivity and increase waste loading. From these work, an 
effective composition of material (SAP-Fe) for waste was found (Task A4) Also, a 
series of consolidation tests was performed to obtain the characteristics on the 
morphology, microstructure and leach-resistance of wasteform. From these works, a 
prototype of wasteform was roughly defined (Task B1). By using the information 
from the reaction & consolidation tests, a scheme of immobilization system was 
suggested and mixer/reactor equipment with a unique structure was established to 
conduct preliminary tests which are to verify the suggested concept (Task C1). 
Therefore, the second year objective of the project for the development of HLW 
wasteforms and fabrication processes was successfully completed.  
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ABSTRACT 
 
  The current state‐of‐the‐art for the immobilization of fission products that accumulate in 

electrorefiner (ER) electrolyte during the electrochemical processing of metallic spent nuclear 
fuel (MSNF) is to encapsulate the ER salt in a glass‐bonded sodalite ceramic waste form (CWF).  
This process was developed by Argonne National Laboratory in the USA and is currently 
performed at the Idaho National Laboratory (INL) for the treatment of Experimental Breeder 
Reactor‐II (EBR‐II) spent fuel.  This process utilizes a “once‐through” option for the disposal of 
spent ER electrolyte; in which, once the rather limited inventory of fuel to be treated is 
processed, the ER electrolyte containing the active fission products is disposed of.  The CWF 
produced will have low fission product loading of approximately 2 to 5 weight percent due to 
the limited fuel inventory processed. 

 
  Future fuel‐cycles with much greater inventories of MSNF to be processed by 

electrochemical means will require ER electrolyte clean‐up methods.  This will be necessary for 
two primary reasons: 1) to separate and concentrate fission products from ER salt allowing 
higher fission product loading in the waste forms, and thus minimize the volume of waste 
produced, and 2) would allow ER electrolyte reuse, and this would reduce electrorefining 
operating cost. 

   



  
 

The Korean Atomic Energy Research Institute and the Idaho National Laboratory have been 
collaborating on I‐NERI research projects for a number of years to investigate both aspects of 
fission product separation and concentration from ER electrolyte and the development of 
advanced waste forms to safely immobilize the collected fission products.  The first joint 
KAERI/INL I‐NERI project titled: 2006‐002‐K, Separation of Fission Products from Molten LiCl‐KCl 
Salt Used for Electrorefining of Metal Fuels, was successfully completed in 2009 by 
concentrating and isolating fission products from actual ER salt that had treated EBR‐II MSNF.  
Two methods were tested and from these tests were produced concentrated products that will 
be the feed material for development of advanced waste forms investigated in this proposal. 

 
This aspect of the I‐NERI project was to demonstrate ‘hot cell’ fabrication and 

characterization of the proposed waste forms.  The outline of the report includes the 
processing of the spent electrorefiner salt and the fabrication of each of the three waste forms.  
Also described is the characterization of the waste forms, and chemical durability testing of the 
material.  While waste form fabrication and sample preparation for characterization must be 
accomplished in a radiological hot cell facility due to hazardous radioactivity levels of the 
samples, smaller quantities of each waste form were removed from the hot cell to perform 
various analyses.  Characterization included density measurement, elemental analysis, x‐ray 
diffraction, scanning electron microscopy, and the Product Consistency Test, which is a leaching 
method to measure chemical durability.  Favorable results from this demonstration project will 
provide additional options for fission product immobilization and waste management 
associated with the electrochemical/pyrometallurgical processing of used nuclear fuel.   

 

1. INTRODUCTION 

The purpose of this three‐year, joint KAERI/INL I‐NERI project is to develop novel high‐level 
waste (HLW) forms and fabrication processes to dispose of active metal fission products that 
are removed from electrorefiner (ER) salts in the pyroprocessing‐based fuel cycle.  The current 
technology for disposing of active metal fission products from pyroprocessing of used fuel 
involves non‐selectively discarding fission product loaded salt in a glass‐bonded sodalite 
ceramic waste form.  Selective removal of fission products from the molten salt would minimize 
the amount of HLW generated; and methods were developed to achieve selective separation of 
fission products during a previous I‐NERI research project [1].  This I‐NERI project expands from 
the previous project with the development of suitable waste forms to immobilize the separated 
fission products. Researchers at KAERI have developed two novel waste forms using surrogate 
waste materials for the immobilization of fission products in ER salts [2, 3].  Fabrication and 
characterization of these waste forms and a high‐loaded ceramic waste form using actual ER 
salt was demonstrated in the hot‐cell facilities at the INL as part of the 3rd year research 



  
 

activities.  Characterized and tested was performed to determine, elemental, phase and 
microstructure composition, density and chemical durability of the three candidate waste form 
materials. 

 
Results from the initial separation I‐NERI project concluded with a number of options to 

separate and concentrate fission products from ER salt.  Three of the most promising options for 
fission product separation and concentration were included as part of the waste form 
fabrication I‐NERI demonstration performed at the INL, and supplied the starting material for 
waste form fabrication.  These three options are illustrated in Figure 1.  Option A is a 
modification of the EBR‐II spent fuel treatment process, where, instead of adding ER salt to 
zeolite and processing a CWF with low loadings of fission products; the zeolite was contacted 
with ER salt containing high levels of fission products to produce a high‐loaded CWF (HL‐CWF).  
Development of options B and C was conducted at KAERI and first involve an oxygen sparging 
process in the molten ER salt to chemically react O2 with the lanthanide (LN) chloride fission 
productions to produce lanthanide oxides and oxychlorides that precipitate out of the molten 
salt.  Following oxygen sparging, one of two de‐chlorination steps is conducted.  The first de‐
chlorination process involves salt distillation to isolate the lanthanide precipitates.  The salt and 
other fission product chlorides are collected in the condenser of the distillation apparatus.  The 
second de‐chlorination method involves addition of a chemical reagent and reacting in an 
oxygen atmosphere at elevated temperature with the evolution of Cl2 from the system.  The 
isolated lanthanide precipitates are then immobilized in a zinc/titanium oxide (ZIT) matrix, while 
the salt with the remaining fission products is formed into a glass bonded silica‐alumina‐
phosphate (SAP) waste form.  

 
The outline of this report includes a description of the two part Li draw‐down/ oxygen 

sparging experiment that processed the salt material used to fabricate the waste forms.  The 
second part of the report describes waste form fabrication, and the last section of the report 
describes the characterization and testing of the waste forms along with the results from the 
characterization.  This report completes the level 3 milestone (M31SW090810) requirement for 
the work package: Advanced Electrochemical Waste Forms (FTIN11SW0908).  
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Target fission products: 

alkali, 
alkaline earth,  
lanthanides,  

halides

 
Figure 1. Separation options for the removal of fission products from electrorefiner salt. 
 
 

2. LITHIUM DRAWDOWN ‐ OXYGEN SPARGING EXPERIMENT 

KAERI researchers have developed a chemical method to precipitate lanthanide fission 
products in ER salt by sparging oxygen gas through the molten salt.  Molecular oxygen reacts 
with lanthanide chlorides to produce lanthanide oxides or oxychlorides that then will 
precipitate to the bottom of the molten salt bath.  This allows for the physical separation of the 
precipitated lanthanide fission products from the salt and subsequent immobilization in a 
durable waste form.  This salt/precipitate mixture is the starting material used to fabricate the 
three candidate waste forms for this I‐NERI project.  To produce this material, a small scale ER, 
referred to as the Hot Fuels Dissolution Apparatus (HFDA) was used.  The HFDA is located in the 
main radiological cell (argon atmosphere) of the Hot Fuels Examination Facility (HFEF) at the 
Material and Fuels Complex (MFC) on the INL site.  The HFDA consists of two main components, 
the base assembly, and the head assembly as shown in the cut‐away diagram in figure 2.  The 
base assembly contains the heaters and the molten salt crucible.  The head assembly is 
remotely removable from the base, and contains the access ports, the heat shield baffles, and 
equipment to hold and rotate experimental apparatus in the molten salt. 
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Figure 2. Hot Fuels Dissolution Apparatus (HFDA) located in the HFEF main cell. The HFDA is an 
experimental‐scale electrorefiner that was used for the Li drawdown and oxygen sparging 
experiment to produce feed material for waste form development fabricated with 
electrorefiner salt. 

 
The experimental plan to treat the ER salt used for waste form fabrication involved two 

parts.  The first part of the experiment was a chemical reduction method to reduce actinide 
chlorides in the molten salt [4] followed by the precipitation of the reduced actinide metal into 
a collection pan placed in the bottom of the salt bath crucible of the HFDA.  Lithium metal was 
used as the reducing agent for actinide reduction.  The salt used for the drawdown/oxygen 
sparging experiment contained moderately high loadings of actinide elements, but low loadings 
of fission product elements of approximately 2 weight percent (wt%) which is the currently 
fission product concentration of the in electrorefiners treating EBR‐II fuel.  For the waste form 
fabrication, it was desirable to have high fission product loadings in the salt.  To accomplish this, 
representative, non‐radioactive or surrogate fission product chlorides were added to the HFDA 
salt.  The salt elemental composition following addition of the surrogate fission products is 
shown in table 1.   

 

Table 1. Initial salt composition (in weight %) used for drawdown/oxygen sparging experiments 
in the HFDA.  Surrogate fission product chlorides of Sr, La, Ce, Pr, Nd and CsI were added to 
obtain a representative fission product loading of approximately 15 wt%. 
Initial Salt 

Composition 

LiCl‐KCl  SrCl2  CsI  LaCl3  CeCl3  PrCl3  NdCl3  UCl3  PuCl3

Wt%  80.6  1.1  4.2  1.4  2.7  1.2  4.4  1.5  2.3 

 



  
 

The drawdown portion of the experiment involved addition of Li metal chunks to the 
molten salt in the HFDA and reacting for 24 hours.  Following the actinide reduction, the HFDA 
head assembly was removed and the actinide collection pan lifted out of the molten salt 
crucible.  A second collection pan was placed in the crucible and the HFDA head assembly 
replaced for oxygen sparging.  The oxygen sparger was inserted into the molten salt bath with a 
flow of oxygen gas and the experiment initiated.  After sparging, the LN precipitate was allowed 
to settle to the bottom of the collection pan followed by removal of the second collection pan 
from the molten salt crucible.   The oxygen sparging experiment that produced the 
salt/precipitate material used for waste form production was performed on August of 2010.  
The sparger unit, shown in figure 3, is an open tube of 6.2 mm inside diameter and with 2 mm 
holes drilled near the tip to allow for bubble formation.  The precipitate collection pan is 1.27 
cm height and 8.5 cm in diameter as shown in figure 4 alongside the typical alumina crucibles 
used in the HFDA.  The oxygen flow during sparging was 427 cm3/min and the total quantity of 
O2 sparged into the molten salt during the 24 hour period was 680 L.  The optimum molten salt 
bath temperature for lanthanide oxide/oxychloride formation is 800° C as determined at KAERI; 
however, the maximum operating temperature of the HFDA is 650 °C, and this is the 
temperature that oxygen sparging was conducted as opposed to the nominal 500° C operating 
temperature of the HFDA.  

 

 
Figure 3.  Oxygen sparger used during oxygen sparging experiment.  The sparger is an open 
tube (6.2 mm ID) with 2 mm holes (right‐hand image) drilled near the open tip of the sparger.  
This design resulted in larger O2 bubbles that spiraled through the molten salt resulting in a 
stirring action.  This design also prevented clogging of the sparger. 
 



  
 

 
Figure 4.  Typical HFDA alumina crucible (11.4 cm high x 10.2 cm OD) and stainless steel 
precipitate collection pan used during oxygen sparging experiment. 
 

Following oxygen sparging and removal of the second collection pan, salt samples were 
taken for elemental analysis and the product salt/precipitate mixture broken out of the 
collection pan.  The elemental analysis results obtained from pre‐ Li drawdown, post‐ 
drawdown, and post‐ oxygen sparging are shown in table 2.  Data contained in table 2 indicates 
that Li drawdown of actinides elements was very effective as well as reducing lanthanides out 
of the salt mixture.  Furthermore, results from post‐oxygen sparging indicate minimal decrease 
in the lanthanide concentration in the salt.  It is speculated that this is due to the non‐optimal 
conditions of temperature and oxygen flow rate in the HFDA to adequately form the lanthanide 
oxides and oxychlorides.  It is clear that to perform optimum oxygen sparging to form 
lanthanide oxides and oxychlorides, a new furnace and reaction vessel would have to be 
fabricated and installed into HFEF that would accommodate the required 800° C reaction 
temperature and a new oxygen delivery system that would allow increased oxygen flow to the 
reaction vessel.  The reaction vessel would also require a salt vapor condenser, or some other 
way to control the appreciable amount of salt vapor that is generated during oxygen sparging at 
800° C.  These requirements are beyond the scope of this demonstration project, and it was 
decided to continue with waste form production using whatever lanthanide precipitate 
material that had accumulated in the second collection pan.  

    
Material collected from the second pan was then used for waste form fabrication as shown 

in figure 5.  Close inspection of the salt/precipitate material that had been removed from the 
pan indicated a stratification of material and it was expected that a precipitated had collected 
on the bottom of the pan.  This salt/precipitate mixture was then ground to a fine powder for 
subsequent waste form fabrication.  The HFEF main cell maintains a high purity argon 
atmosphere with oxygen and moisture contamination levels typically below 100 ppm.  
Furthermore, salt material is stored in tight containers when not being process also to keep 
contaminates to the material at a minimum.  



  
 

Table 2. Elemental composition in salt samples before Li drawdown, after Li drawdown and 
after oxygen sparging (in wt% ± 5%, or parts per million (ppm) as noted). 

Salt 
Mixture  

Li   K   Sr   Cs   La   Ce   Pr   Nd   U   Pu  

Pre ‐ Li 
drawdown  

5.36  20.6  0.915  2.28   1.14   2.23   0.930  4.63   1.52   2.33  

Post – Li 
drawdown  

5.70  19.7  0.676  2.18   0.787  1.43   0.648  3.03   81 
ppm  

362 

ppm  

Post – 
oxygen 
sparging  

6.42  22.6  0.776  2.47   0.840  0.580  0.646  2.97   172 
ppm  

614 

ppm  

 

 

 
Figure 5. Images of salt/precipitate material collected from pan 2 and ground to powder for 
subsequent waste form fabrication.  All operations conducted in the HFEF main argon cell. 



  
 

3. WASTE FORM FABRICATION 

The three candidate waste forms were fabricated in the HFEF main cell using processing 
methods either developed at KAERI, or the INL.  Using the waste salt material described in 
section 2 above, small‐scale waste forms of approximately 50 g in size were produced using the 
follow procedures.  All waste forms were fabricated in 180 mL alumina crucibles (CoorsTek, Inc., 
Golden, CO) with internal dimensions of 5 cm in diameter and 9 cm height.  The waste form 
body dimensions were ~5 cm in diameter and ~2 cm in height. 

3.1 SAP Waste Form Fabrication 

The SAP waste form is based on a formulation developed at KAERI involving immobilization 
of the metal fission products in a silica‐alumina‐phosphorus matrix [2].  Producing the waste 
form involves mixing waste salt with the SAP reagent material.  This material was then placed in 
an alumina crucible that was then placed in an Inconel 617 alloy reaction assembly.  Tubing was 
attached to the reaction assembly for the introduction of oxygen gas.  Oxygen flowed through 
the reaction crucible and chlorine gas exited through another tube attached to the bottom of 
the vessel.  The reaction assembly was placed into a four‐zone, high‐temperature ‘DEOX’ 
furnace (Thermcraft, Inc. Winston‐Salem, NC) with a maximum operating temperature of 1200° 
C.  This furnace is located in the main cell of HFEF.  The reaction apparatus and loaded furnace 
are shown in figure 6.  The two step SAP fabrication first involved reacting the SAP/salt mixture 
at elevated temperature in the presence of oxygen.  De‐chlorination occurs during the reaction 
where fission product metal cations chemically bond to the SAP matrix phases and Cl2 gas is 
evolved. Waste form solidification is then performed by mixing the reacted SAP product with an 
AlFe3/borosilicate glass binder and heated.  The final SAP product was removed from the 
solidification crucible by breaking the crucible.  The SAP product also broke into a number of 
pieces, but cleanly separated from the crucible.  No appreciable loss of material was recording 
during processing.  The SAP waste form material is shown in figure 7.  The exact SAP processing 
details are as follows: 

 
• Mixed 6.1 g salt/precipitate with 18.1 g SAP reagent (1:3) in alumina crucible 
• Crucible loaded into reaction assembly and assembly placed in zone 4 of DEOX furnace 
• Oxygen flow to reaction chamber 1 scf/hr ( 0.008 L/s) 
• Heated zone 4 of DEOX furnace to 750° C for 24 hours. 
• After 24 hours, turned off oxygen flow and allowed furnace to cool, removed assembly 
• Collected 21.6 g of reacted SAP product, mixed 12.8 g AlFe3 glass frit to SAP product 

(65:35) mixed and loaded into new alumina crucible 
• Placed crucible into steel holder and inserted into zone 4 of DEOX furnace  
• Heat zone 4 of DEOX furnace to 1150° C, heat for 4 hours under Ar atmosphere 
• After furnace cool down, recovered 34.4 g SAP waste form body from crucible. 



  
 

 

 
Figure 6.  SAP reaction assembly (left‐hand image) and assembly loaded into the 4‐zone DEOX 
furnace in HFEF main cell.  Oxygen is introduced through the top hose and passes through the 
reaction crucible in the vessel.  Chlorine gas exits through the tube on the bottom of the vessel 
and out the furnace. 
 

 
Figure 7.  SAP waste form product after solidification with glass binder (left‐hand image) and 
after breaking out of alumina crucible (middle image).  Close up of SAP waste form piece used 
for density determination.  

3.2 ZIT Waste Form Fabrication 

Formation of the ZIT waste form product first involves a de‐chlorination step very different 
from the SAP product.  For ZIT production, the salt component of salt/precipitate mixture is 
vacuum distilled at elevated temperature.  The salt vapor is collected in the condenser and the 
lanthanide precipitate remains in the product crucible.  The LN precipitate is then mixed with 
the ZIT reagent and processed at high temperature to form the final waste form.  The ZIT waste 



  
 

form is a monazite‐lanthanide host phase immobilized in a zinc titanate (Zn2TiO4) matrix [3] 
produced in a one step process (after salt distillation) at reasonable, elevated temperature.  
Both salt distillation and ZIT fabrication were performed using the DEOX furnace.  The salt 
distillation apparatus is shown in figure 8, along with the temperature/time/pressure 
characteristics observed during distillation.  The detail procedure is as follows: 

 
• Placed 48.4 g salt/precipitate powder into product crucible of salt distillation apparatus 

– sealed salt distillation apparatus and placed in DEOX furnace with connected vacuum 
line 

• Applied vacuum to salt distillation apparatus until a pressure of approximately 10 torr 
(13 Pa) was obtained. 

• Heated condenser of distillation apparatus to ~500° C (zone 1 of furnace), then heated 
zone 4 of furnace (product crucible) to 1100° C, heat for 4 hours while under vacuum 

• Allow furnace to cool and disassemble salt distillation apparatus 
• Collected 28.3 g salt distillate from condenser and 12.7 g* fission product precipitate 

from bottom chamber of salt distillation apparatus 
• Collected fission product precipitate and mixed with 128 g* ZIT reagent, transferred to 

waste form crucible (goal 1 part precipitate to 4 parts reagent)   
• Placed crucible into steel holder and inserted into zone 4 of DEOX furnace  
• Heated zone 4 of DEOX furnace to 1100° C, heat for 14 hours under Ar atmosphere 
* Error occurred in weight determination of precipitate product.  Error precipitate weight: 34.4 g, correct 
precipitate weight: 12.7.  Excess ZIT reagent added due to precipitate weight error. 

As indicated, a weighing error occurred in determining the isolated lanthanide precipitate 
product in which the actual weight was less than recorded during the experiment.  As a result, 
excess ZIT reagent was added to the precipitate.  This appears to have had little effect on the 
final product as evidenced by visual and chemical analysis of the waste form.  Figure 9 shows 
both the salt product from the condenser and the remaining lanthanide precipitate product 
after salt distillation.  Figure 10 shows the final ZIT waste form product after processing.  The 
lighter, upper ZIT product is from excess reagent.  The darker lower region contains the 
lanthanide product.  Unlike the SAP or HL‐CWF, the ZIT waste form was strongly adhered to the 
alumina processing crucible.  Crucible material had to be ground away from the ZIT waste form 
before sample processing. 
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Figure 8.  Schematic of salt distillation apparatus (left‐hand image) used to isolate lanthanide 
precipitate in the bottom product chamber, while the salt component is collected in the upper 
condenser.  Right‐hand plot shows temperature and pressure characteristics during salt 
distillation.  The maximum temperature in zone 4 (product crucible) was 1100° C, while the 
temperature of zone 1 (salt condenser) ranged from 400 to 600° C during the distillation period.  
The black plot shows the vacuum pressure during distillation with spikes in pressure 
corresponding to salt movement from zone 4 to the condenser in zone 1. 
    

 

Figure 9.  Left‐hand image, view looking into opened salt condenser of salt distillation apparatus 
after distillation.  Collected salt from condenser (middle‐image) and collected lanthanide 
product (right‐hand image) after salt distillation.  
 



  
 

 
Figure 10.  ZIT waste form product crucible after fabrication (left‐hand image).  Middle image 
shows cross‐section of reaction crucible after attempt to break ZIT product out of crucible.  The 
segmented product is due to excess ZIT reagent.  Right‐hand image shows lower segment of 
waste form containing lanthanide product with alumina crucible strongly adhering to ZIT 
product. 

3.3 High‐Loaded Ceramic Waste Form Fabrication 
 

Fabrication of the HL‐CWF was based on a modification of the typical CWF processing 
involved with EBR‐II used fuel treatment [5].  Most significantly was salt occlusion into the 
zeolite material with these small‐scale samples.  With Full‐scale CWF production, salt occlusion 
is performed in a heated V‐mixer that allows simultaneous heating and mixing of the salt and 
zeolite.  In this study, heating and mixing to the salt/zeolite material had to be separately.  
Similar to the SAP and ZIT waste forms, a portion of the original salt/precipitate mixture was 
mixed with dried, ground and sized (~125 µm particle diameter) zeolite 4A.  Addition of the 
lanthanide oxide/oxychloride precipitate directly to the zeolite was not deemed a detriment to 
the process performed for this demonstration as this is the final form of both actinides and 
lanthanides in the large‐scale CWF [6].  After salt occlusion into zeolite, a borosilicate glass 
binder is mixed with the zeolite and heated to produce the waste form.  During this process, 
zeolite 4A converts to sodalite.  After processing, the HL‐CWF body was cleanly removed from 
the alumina product crucible as shown in figure 11.  The detailed process to produce the HL‐
CWF is as follows: 

  
• Combined 10.0 g salt/precipitate powder with 33.5 g dried zeolite 4A (23 wt% salt loaded 

zeolite) in reaction crucible 
• Placed crucible in zone 4 of DEOX furnace and heated to 500° C for 4 hours 
• After furnace cool down, the salt occluded zeolite was removed from the crucible, re‐

mixed and re‐heated at 500° C for 4 hours  
• After furnace cool down, the salt occluded zeolite was then mixed with 43.2 g glass frit 

to salt‐occluded zeolite in crucible (50:50 ratio) 
• Placed crucible into steel holder and inserted into zone 4 of DEOX furnace  



  
 

• Heated zone 4 of DEOX furnace to 925° C for 4 hours under Ar atmosphere 
• After furnace cool down, recovered waste form body from crucible 
 

 
Figure 11.  HL‐CWF body after processing shown in the product crucible (left‐hand image) and 
after removal from crucible (right‐hand image). 
 
4. WASTE FORM CHARACTERIZATION and TESTING 

After fabrication of the three candidate waste forms, the next stage in the demonstration 
project was to initiate sample preparation for characterization and testing.  This involved first 
breaking the waste form products into reasonable sizes for density determination and 
microscopy analysis.  Initial sampling involved breaking with a blunt object, usually as a result of 
removing the waste form body from the crucible.  Density samples ranged from 1 to 2 cm in 
length.  Microscopy samples were roughly 1 mm in diameter.  Each sample was packaged 
separately in the HFEF main cell awaiting analysis.  Samples for XRD, elemental analysis, and 
PCT were powdered, using an impact mortar then sizing the powder through sieves (Gilson 
Company, Inc. Lewis Center, OH). 

4.1 Density Determination 

Originally, density determination was to be performed by helium pycnometry in the HFEF 
air cell.  Unfortunately, the hot‐cell modified pycnometer (Quantachrome Instruments, Boynton 
Beach, FL) was inoperable due to electronic failure.  It was then decided to transfer the samples 
to a radiological glovebox in the Analytical Laboratory (AL) at MFC.  Samples were sized 
sufficiently small to allow handling in the glovebox while keeping radiological exposure to a 
minimum.  Density was then performed by the immersion method in water using an analytical 
balance (model CP324S Sartorius, Elk Grove, IL).  Figure 12 shows the balance and waste form 
density samples.  The density results for each waste form are listed in table 4 along with the 
laboratory reference density for each material. 

 



  
 

 

 

 
Figure 12.  Density measurement apparatus and waste form samples used for density 
measurement. 
 
Table 3.  Measured density for each waste form and reference density determined from 
laboratory samples. 

Sample  Measured Value 

g/cm3 

Reference Value 

g/cm3 

SAP  2.47 ± 0.12  2.32 

ZIT  3.62 ± 0.17  4.3 

HL‐CWF  2.06 ± 0.21  2.34 ± 0.06 

 

In general, the measured density values for the waste forms produced in HFEF agree well 
with the reference values within measurement uncertainties.  The exception is the ZIT waste 
form that had a lower density that the reference value as determined from surrogate, 



  
 

laboratory produced waste forms.  This may be due to the excess of ZIT reagent added to the 
LN precipitated during waste form fabrication.   

4.2 X‐ray Diffraction 

Powdered samples used for XRD were obtained from the ‘fines’ or ground waste form 
powder that had passed through the 200 mesh (75 µm) sieve during the PCT sample 
preparation.  This powder was collected for each waste form and transferred from the HFEF 
main cell to the AL.  Once the material was in the AL, the powder was split – half for XRD and 
the other half for elemental analysis.  The powder fraction for XRD, ~0.2 to 0.4 g, was applied to 
a zero‐background XRD sample holder (Si wafer) as a thin film adhered to the holder with a thin 
layer of Vaseline petroleum jelly.  The sample and holder was then covered with 0.4 mm Mylar 
film to prevent the possible spread of radioactive material.  The holder was then transferred to 
the XRD instrument (Empyrean, PANalytical, Inc. Westborough, MA) for analysis.  X‐ray 
scattering from the Mylar film is observed on all XRD patterns by the broad peak at ~25.5 deg 
2θ.  After XRD pattern acquisition, the pattern was compared to the PDF‐4 Powder Diffraction 
File Library [7] for phase identification.  Matching PDF‐4 library patterns are overlayed on the 
XRD pattern for each sample. 

4.2.1 XRD of the SAP waste form 
 

The XRD pattern obtained from the SAP waste form sample is shown in figure 13 with 
pattern matches to a lanthanide monazite type phase (LN‐PO4), a possible silicate phase, and 
the pattern also showed significant amorphous character from the broad background region 
above 30 deg 2θ. 
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Figure 13.  XRD pattern for SAP waste form with pattern matches to LN‐PO4 monazite phase 
(blue) and a possible silicate phase (green). 

4.2.2 XRD of the ZIT Waste Form 

The XRD pattern for the ZIT waste form is shown in figure 14 with pattern matches to TiO2 
(rulite) a possible silicate phase, zinc oxide and a possible lanthanide monazite phase. 
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Figure 14.  XRD pattern of ZIT waste form with pattern matches to rulite (TiO2), shown in dark 
blue, a possible silicate phase (green), zinc oxide (gray), a monazite like phase of LN‐PO4 (light 
blue).  

4.2.3 XRD of the HL‐CWF 

The XRD pattern for the HL‐CWF is shown in figure 15 with the expected sodalite ‐ 
Na8(Al6Si6O24)Cl2 phase (zeolite undergoes a phase transformation to sodalite during waste 
form processing at 925°C), a concentrated salt phase of sylvinte (NaCl/KCl mixture) and a 
possible lanthanide oxide phase.  The sodalite pattern in the CWF system is shifted to low 2θ 
values due to occlusion of Li that contracts the cage structure of the sodalite.  Very little 
sodalite pattern shifting is observed in HL‐CWF XRD pattern, and with the high salt phase 
pattern, it appears the salt occlusion into the zeolite cage prior to waste form production was 
not complete.  This is probably due to the lack of hot (500° C) mixing during the salt/zeolite 
contacting step of the fabrication process.  With the small sample size prepared for the I‐NERI 
demonstration, the material was mixed at ambient temperature in the HFEF main cell, then 
heated to 500° C and the process repeated.  This apparently was not adequate to occlude the 
salt into the zeolite structure. 



  
 

Position [°2Theta] (Copper (Cu))

20 30 40 50 60 70 80
0

10000

20000

30000  HL CWF2 6 27 2011

 

Figure 15. XRD pattern of HL‐CWF material showing the sodalite phase (blue library pattern) 
and a very concentrated sylvinte (NaCl/KCl) salt phase (green).  Also present is a possible, minor 
lanthanide oxide (Ce2O3) phase (red). 

4.3 Scanning Electron Microscopy 
The small (~1 mm) pieces selected from the center region of each waste form, collected in 

the HFEF main cell, were packaged and transferred to the Electron Microscopy Laboratory 
(EML) at MFC for sample preparation.  All three waste form samples were mounted into a 
single 1” epoxy mount and polished to a 1200 diamond grit finish in the EML sample 
preparation glovebox.  The sample mount was then decontaminated and removed from the 
glovebox and coated with a thin layer of gold to prevent surface charging from the electron 
beam during analysis, and to prevent the possible spread of radioactive contamination.  The 
coated mount was then transferred to a LEO 1455UP SEM (Carl Zeiss, LLC North America) with 
an Oxford Instruments, INCAx Systems x‐ray energy dispersive spectrometer (EDS) detector 
(Oxfordshire, UK) used for elemental analysis.   

4.3.1 Electron Microscopy of SAP Waste Form 

A large area, backscattered electron (BSE) image of the SAP waste form is shown in figure 
16.  The image shows a rather complex structure comprised of at least four distinct regions.  A 
white‐contrast region with an elemental composition, as determined by EDS, of 40% Ce‐
15%Nd‐14%P ‐1%K ‐30%O and most likely corresponding to the monazite phase identified by 
XRD.  The structure also contains three discreet gray‐contrast regions with an average 
elemental composition of ~2%Na‐8%Al‐21%Si‐7%P‐3%K‐2%Ca‐3%Fe‐51%O.  Cesium and Sr 
were identified by large‐area EDS analysis, but were not detected in any one discreet region of 
the sample.  This indicates that Cs and Sr are evenly distributed through the material.  Figure 17 
shows a higher magnification image of the SAP waste form (top image) and the corresponding 



  
 

elemental x‐ray maps of the magnified region (bottom images) showing the elemental 
distribution in the waste form. 
 

 

Figure 16.  BSE image of SAP waste form showing four distinct regions (one white and three 
gray contrast areas).  The white region corresponds to a monazite elemental composition and 
the gray areas correspond to a silicate rich area with varying composition. 



  
 

 

Figure 17.  Higher magnification BSE image of SAP waste form.  Top image shows greater detail 
of surface morphology including the crystalline‐white monazite phase and the various gray 
contrast regions.  The lower images show elemental x‐ray maps of the magnified top image 
with elemental distribution between various regions.  



  
 

4.3.2 Electron Microscopy of ZIT Waste Form 

The microstructure of the ZIT waste form is less complex with three distinct phases 
identified – a ZnO2 matrix phase, needle‐like rulite crystals embedded in the matrix and a white 
contrast monazite phase containing the majority of lanthanide and actinide elements.  As 
expected, Cs and Sr were not detected due to salt distillation prior to waste form fabrication.  
Figures 18 and 19 show the BSE images of the ZIT waste form with the elemental composition 
(wt%) of the various phases indicated.  Elemental x‐ray maps of the material also shown in 
figure 19.  

 

Matrix region:  37Zn‐3Nd‐6Si‐5P‐6Ca‐3Ti‐38O 

Dark needle‐like crystals: 50Ti‐4Zn‐44O

White crystal region: 31Ce‐20Nd‐5U‐4Zn‐14P‐25O 

Figure 18. BSE image of ZIT waste form showing three distinct phases.  The light gray contrast 
region is a high ZnO2 matrix with lesser quantities of Si, P and T.  Some lanthanide content is 
also found in the matrix region.  The dark, needle‐like crystal structure is the rulite (TiO2) phase 
and the white phase resembles a monazite phase high in lanthanides and containing actinides.   



  
 

 

Figure 19.  Higher magnification image of ZIT waste form and elemental x‐ray maps of image 
region. 

4.3.3 HL‐CWF Microscopy 

Microscopy of the HL‐CWF confirmed the XRD analysis of the waste form that insufficient 
salt occlusion into the zeolite occurred.  Large salt regions are observed in figure 20 that are 
comprised mainly of NaCl and KCl.  Also observed in the HL‐CWF are the glassy regions 
surrounding the sodalite regions.  Also observed are lanthanide and actinide oxide and 
oxychloride regions indicating that the CWF provides a suitable host for these materials.  As 
mentioned, insufficient salt occlusion into the zeolite occurred due to alternating mixing and 
heating steps during fabrication, as opposed to hot mixing as is performed during full‐scale CWF 
production.  It should be noted that halite (NaCl) is observed in both the XRD and SEM analysis 
of the full‐scale CWF.  This occurs because of the volume decrease of the zeolite cage structure 
in the conversion of zeolite to sodalite during processing.  The smaller sodalite crystal lattice 
cannot incorporate as much salt per unit cell as zeolite.  Thus excess salt forms discreet 
submicron phases in the glassy region of the waste form similar to the lanthanide and actinide 
oxides in the CWF.    



  
 

 

Figure 20. Large‐area BSE image of the high‐loaded ceramic waste form.  The large white, 
circular areas are non‐occluded salt (NaCl/KCl).  Also observed are the glass regions (smooth 
gray areas) and sodalite regions (irregular gray areas).  Small white‐contrast phases   
corresponding to lanthanide or actinide oxides or oxychlorides are also observed. 

 

Figure 21.  Higher magnification image of HL‐CWF showing LN oxide or oxychloride regions.  The 
CWF provides a suitable host material for these lanthanide or actinide species. 



  
 

4.4 Product Consistency Test 

4.4.1 Waste Form Elemental Composition 

The accepted format for comparing element release measured from the PCT procedure is 
normalization of the measured elemental release to the original elemental composition of the 
material – thus a complete inventory of elemental composition is required.  Typically, process 
knowledge of the feed material’s elemental composition is used to determine total elemental 
composition.  Occasionally, sample dissolution followed by elemental analysis is performed to 
determine any unknown element concentration in the waste form.  An attempt to measure the 
chemical composition of each waste form was performed by dissolving a portion of the fine 
powder material that was also used for XRD analysis.   The method involved dissolving 
approximately 0.5 g of the fine powder from each waste form  in 20 mL aqua regia (3:1 conc. 
HCl and conc. HNO3) with 2 mL conc. HF inside a Teflon beaker with gentle heating for several 
hours.  Both the SAP and HL‐CWF appeared to dissolve completely, whereas, only a small 
fraction the ZIT waste form dissolved.  XRD of the undissolved ZIT material indicated that the 
rulite (TiO2) phase did not dissolve.  Other problems that often result from this strong acid 
dissolution are loss of volatile SiF4, and B, and precipitation of lanthanide or actinide fluorides.  
The results for the attempted dissolution of the three waste forms are given in table 4, and as 
noted, incomplete dissolution and volatilization or precipitation of various elements occurred.  
Therefore the elemental analysis of the waste forms did not provide the complete elemental 
inventory. 

  
Table 4.  Elemental analysis of dissolved waste form samples.  As noted in the text, both 
incomplete dissolution and element loss from volatilization (most notably Si) and precipitation 
occurred.  Thus the analysis did not provide a complete elemental inventory of the waste forms. 

SAP Elemental Composition weight % (ppm as indicated)
Li B Na Al Si K Sr Cs La Ce Pr Nd U Pu

0.9 0.514 1.34 5.07 0.11* 1.84 795
ppm

2120
ppm

528
ppm

0.363 780
ppm

0.308 1340
ppm

706
ppm

ZIT Elemental Composition weight % (ppm as indicated)
910
ppm

2.52 ND 1.06 1.83 ND 3.88 705
ppm

198
ppm

0.14 1.06 0.198 0.796 2330
ppm

HL‐CWF Elemental Composition weight % (ppm as indicated)
0.56 1.43 7.22 5.61 1* 4.13 740

ppm
2044
ppm

0.11 0.98 0.17 0.71 2540
ppm

1540
ppm

 
As mentioned, it is often more convenient to compile elemental composition of the waste 

form from process knowledge of the feed materials than by dissolving and analyzing the very 
durable waste form.  Unfortunately, at the time of this writing, a complete elemental 



  
 

composition of the ZIT and SAP reagent materials was not available.  It was therefore not 
possible to express the elemental release from the PCT in normalized mass units for each 
element.  The elemental release expressed in this report is elemental mass release per gram of 
sample material (not per mass of corresponding element in the sample as a function of surface 
area to leachate volume).  The PCT method performed for this demonstration was the PCT‐B [8], 
in which the waste form material was ground and collected from the sieved ‐100 +200 size 
fraction.  This material was then washed to remove fine powder and dried.  The powder was 
then loaded into Teflon vessels with a 10:1 volume of ASTM type I water to powder added to 
the vessel.  Each waste form was tested in triplicate with ~ 1g sample size.  Vessels were then 
sealed and placed in a 90°C oven for 7 days.  After the test period, the vessels were cooled, 
weighed, and opened.  The leachate was passed through a 0.4 µm filter and collected.  The 
solution was then acidified and submitted for analysis.  Analysis was performed either by 
inductively coupled plasma – optical emission spectroscopy (ICP‐OES, Prodigy, Teledyne 
Leeman Labs, Hudson. NH), or ICP – mass spectrometry (ICP‐MS, Perkin‐Elmer Elan DRC II 
ICP/MS, Waltham, MA).  In addition to the waste form samples an EA glass standard 
(Environmental Assessment Glass, SRNL, SC) and a blank solution were tested and analyzed.  
The results for the PCT of the three waste forms and the EA glass are shown in table 5.  

 
Elemental release for waste form samples shown in table 5 is very low, but again, it must be 

stressed that the elemental compositions have not been normalized and it is not possible to 
compare release between samples, only within samples.  It is anticipated that the complete 
elemental composition for the SAP and ZIT reagent materials will be available in the near future.  
Once these concentrations have been obtained it will be possible to compare normalized loss 
between samples in the conventional expression of g/m2.   Table 5 is separated into three 
elemental groups; salt components, matrix elements, and fission products/actinide elements.  
Elements concentrations listed in the table as ND were not detected and generally indicates 
that that particular element is not present in the material.  On the other hand, Cs was detected 
in the EA glass standard, this comes from natural Cs‐133 not fission product Cs.  Also, Li and Na 
are present in the EA glass as matrix components, not from added salt.  Release of salt 
components from the HL‐CWF is greater than from the full‐scale CWF.  This is due to 
incomplete salt occlusion into zeolite during processing as describe earlier. 

 
 

 
 
 
Table 5.  Elemental release results from PCT of the ZIT, SAP and HL‐CWF samples, and an EA 
glass standard.  The results are expressed as total elemental release per gram of sample in 



  
 

concentration units of parts per million or parts per billion as shown.  Measurement 
uncertainties are roughly ± 10%.  The results cannot be compared between samples because 
the measured concentrations have not been normalized the elemental concentration in the 
sample.  The results only give an indication of release from individual samples. 

Element    Sample 
    EA Glass  ZIT  SAP  HL‐CWF 
Salt Components   

Release: 
µg/g 

Sample 

 
Li  7400  142  1250  3083 
Na  67415  312  335  14965 
K  ND  519  293  7639 
Cl  10  173  25  2970 

 
Matrix 
Components 

 
 
 
Release: 
µg/g 

Sample 

 

B  20381  7766  174  2076 
Al  217  ND  1153  1880 
Si  40553  305  2122  1916 
P  ND  ND  2102  ND 
Ca  ND  160  24  11 
Ti  ND ND ND  ND
Fe  15  ND  9  8 
Zn  ND  30  ND  ND 

   
Fission 
Products/Actinides 

 
 
 

Release: 
ng/g 

Sample 

 

Sr  ND  4486  108  9106 
Cs  9*  2404  2634  65861 
La  ND 7 17  39
Ce  ND  11  147  105 
Pr  ND  ND  29  60 
Nd  ND  84  2578  2157 
U  ND  9  256  659 
Pu  ND  ND  79  6 
 

 
 
 

5. SUMMARY and CONCLUSIONS 
Work describe in this report represents the final year activities for the 3‐year International 

Nuclear Energy Research Initiative (I‐NERI) project: Development and Characterization of New 
High‐Level Waste Forms for Achieving Waste Minimization from Pyroprocessing.  Waste 
electrorefiner salt that contained actinide chlorides and was highly loaded in surrogate fission 



  
 

products was successfully processed into three candidate waste forms.  The first waste form, a 
high‐loaded ceramic waste form is a variant to the CWF produced during the treatment of 
Experimental Breeder Reactor‐II used fuel at the Idaho National Laboratory (INL).  The two 
other waste forms were developed by researchers at the Korean Atomic Energy Research 
Institute (KAERI).  These materials and are based on a silica‐alumina‐phosphate matrix and a 
zinc titania matrix.  These proposed waste form materials, and the processes to fabricate them, 
were designed to immobilize spent electrorefiner chloride salts loaded with alkali, alkaline 
earth, lanthanide, and halide fission products that accumulate in the salt during the processing 
of used nuclear fuel. 
 

This aspect of the I‐NERI project demonstrated hot cell fabrication and characterization of 
the proposed waste forms.  Fabricated waste forms where then prepared for characterization 
of the waste forms, and chemical durability testing.  Waste form fabrication and sample 
preparation for characterization was performed in a radiological hot cell facility due to the 
hazardous radioactivity levels; however, smaller quantities of each waste form were removed 
from the hot cell to perform various analyses.  Characterization included density measurement, 
elemental analysis, x‐ray diffraction, scanning electron microscopy and the Product Consistency 
Test. 

The small‐scale fabrication methods were successfully implemented in producing three 
novel and durable waste forms in a hot‐cell environment.  In addition to fabrication and 
product characterization, the demonstration of the de‐chlorination processes required for 
fabrication of the SAP and ZIT waste forms was accomplished.  The favorable results from this 
demonstration project will provide increased options for fission product immobilization and 
waste management associated the electrochemical/pyrometallurgical processing of used 
nuclear fuel.   

           

6. REFERENCES 
1. S.M. Frank, I‐NERI 2006‐002‐K Annual Report, Separation of Fission Products from 

Molten LiCl‐KCl Salt used for Electrorefining of Metal Fuels, INL Report: INL/EXT‐09‐
16903 (2009). 

2. H.S. Park, I.N. Kim, Y.Z Cho, H.C. Eun, and H.S. Lee, Stabilization/Solidification of 
Radioactive Salt Waste by Using xSiO2‐yAl2O3‐zP2O5 (SAP) Material at Molten Salt State, 
Environ. Sci. Technol., 42, 9357‐9362 (2008). 

3. B.G. Ahu, H.S. Park, I.T. Kim, Y.Z. Cho, and H.S. Lee, Immobilization of Lanthanide Oxides 
Waste from Pyrochemical Process, Energy Procedia, 7, 529‐533 (2011). 

4. M.F. Simpson, Lab Scale Testing of Drawdown using Lithium and Actinide Bearing Salt, 
FCRD‐SEPA‐2011‐000325 (2011).  

5. M.F. Simpson, K.M. Goff, S.G. Johnson, K.J. Bateman, T.J. Battisti, K.L. Toews, S.M. Frank, 
T.L. Moschetti, T.P. O’Holleran, W. Sinkler, A Description of the Ceramic Waste Form 



  
 

Production Process from the Demonstration Phase of the Electrometallurgical 
Treatment of EBR‐II Spent Fuel, Nuclear Technology, 134, 263‐277 (2001). 

6. W. Sinkler, T.P. O’Holleran, S.M. Frank, M.K. Richmann and S.G. Johnson, 
Characterization of a Glass‐Bonded Ceramic Waste Form Loaded with U and Pu, 
Scientific Basis for Waste Management XXIII, Scientific Basis for Waste Management 
XXIII, Mat. Res. Soc. Symp. Proc., Vol. 608 pp. 423‐429 (2000). 

7. International Centre for Diffraction Data, Newtown Square, PA. 

8. American Society for Testing and Materials, “Standard Test Method for Determining 
Chemical Durability of Nuclear, Hazardous, and Mixed Waste Glasses and Multiphase 
Glass Ceramics: The Product Consistency Test (PCT),” Annual Book of ASTM Standards, C 
1285‐02 (2008). 

 
 



ATTACHMENT B 
 

I-NERI ANNUAL TECHNICAL PROGRESS REPORT 
 

Project Number and Title: 2007-004-K, Development and Characterization of New 
High-Level Waste Forms for Achieving Waste Minimization from Pyroprocessing 
 
Lead U.S. Investigating Organization:  INL 
U.S. Principal Investigator:  S. Frank 

 
Lead Collaborating Investigating Organization:  KAERI 
Lead Collaborating Principal Investigator:  Y.Z. Cho 
 
Reporting Period:  October 2010 – September 2011 
 
Narrative Subjects: 
 
Task C1 – Optimization of wasteform fabrication procedure (KAERI) 
Task C2 – Characterization of optimized wasteform (KAERI) 
 

ABSTRACT 
 

The 2nd yr research was focused to investigate the reaction behavior on the 
suggested approaches to immobilize two kinds of wastes for final disposal. For this, 
the inorganic composites were modified to enhance the reactivity and to remove the 
problems during the stabilization/solidification process. In the 3rd yr, the optimized 
composite and procedure to treat the two kinds of wasteform was explored by a series 
of experiments. For LiCl-KCl waste salt, “universal de-halogenation matrix 
composition was setup, where the matrix could react with waste salt at high reactivity 
and remove the glass mixing step for consolidation. Rare earth wastes, by using ZIT 
composite, simply formed a monolithic wasteform by mixing & sintering procedure. 
By these optimized procedure, some wasteforms were fabricated and investigated to 
evaluate the basic performance of wasteforms by various analytical experiments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



INTRODUCTION 
 
Research results in the 2nd year 
 

For two kinds of wastes, KAERI suggested the SAP and ZIT matrix to 
effectively stabilize and solidify them for final disposal. The SAP matrix was to 
remove the Cl-induced problems on the immobilization of waste salt while ZIT was to 
form a monolithic wasteform at milder processing condition by using a reliable host 
phase(LnPO4, Monazite) encapsulated by relatively durable Zn2TiO4.  

 
In the 2nd yr, reaction behavior of the inorganic composite was investigated to 

find problems on the fabrication process and to enhance the reactivity for wastes. 
From these works, some conclusion was drawn as follows. 

 
- De-halogenation can be effectively performed but another process to treat the 

gaseous iodine and non-radioactive chlorine gas is required. 
- The de-halogenation occurs mainly at two temperatures, mostly LiCl at 400℃ 

and KCl at 700℃, not reacted simultaneously.  
- De-halogenation reaction by specific equipment should be stepwise reacted to 

avoid the agglomeration of mixture or product. 
- The wasteform had a unique morphology, domain-matrix structure, and the 

primary grain size was very small (~40nm). 
- Rare earth waste was effectively consolidated to produce a monolithic 

wasteform but the un-reacted fraction of Ln oxides increased with waste 
loading. 

- The waste loading’s limit would be 50wt% if all the Ln oxides were 
converted into monazite.  

- Some modifications for ZIT matrix composite would decrease the durability 
of matrix and caused the bulk separation.  

 
Based on the results, the optimized fabrication procedures should reflect the 

advantages of the suggested approach and make solve the problems on the process. In 
the 3rd yr research, optimizing inorganic composite was focused to setup the 
fabrication procedure with more simple process and the optimized wasteform was 
evaluated the basic performance of wasteforms.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 



EXPERIMENTAL METHODS 
 
 

In the 3rd yr of this project at KAERI, a series of experiments was carried out to 
optimize the inorganic composite and fabrication procedure. And, the characteristics 
of wasteform were investigated. This includes the following. 

 
• Modification of inorganic matrix.  
• Consolidation test by a suggested fabrication procedure 
• Find a treatment method for off-gas, Cl2 and I2 
• Consolidation tests by various conditions 
• Evaluation of physiochemical properties, morphology and durability 

 
Preparation of reactive materials and simulated wastes 

 
The original SAP for LiCl-KCl waste salt is composed of SiO2, Al2O3 and P2O5. In 

this year research, Fe2O3 and B2O3 were introduced to the original SAP. The SAPs 
was prepared by a conventional Sol-Gel process. Tetraethyl orthosilicate (TEOS, 
Aldrich, 98%), aluminum chlorides (AlCl3·6H2O, Junsei, 98%) and phosphoric acid 
(H3PO4, Junsei, 85%) were used as sources of Si, Al and P, respectively.  Also, 
FeCl3·6H2O, H3BO3 were used to prepare the modified SAPs, where Al were replaced 
with the Fe. All reagents were dissolved in EtOH/H2O and the mixture was placed in 
an electric oven at 55~70℃ after being tightly sealed. After a gelling/aging for 3 days, 
the transparent hydrogels were dried at 110℃ for 2 days and then thermally treated at 
650℃ for 2 hrs. A series of final products after pulverizing to about 100μm were 
used as a stabilizer for treating the waste salt. For consolidation of SAP products, 
AlFe3 glass, which was selected in the 2nd Yr research, was used as a consolidation 
agent.  

 
 
For rare earth oxide waste, ZIT composite was prepared by solid-solid reaction, 

where ZnO, TiO2, CaHPO4, SiO2 and B2O3 was mixed in mortar and the mixture was 
heat-treated at 750℃. It was confirmed by XRD analysis that the main crystalline was 
Zn2TiO4. This composite was used in the consolidation test.   

 
A simulated salt used in this study was 89wt%LiCl-KCl, 5wt% CsCl, 5wt% SrCl2 

and 1wt% CsI (Aldrich, purity 99wt%~). The salt powder was thoroughly mixed with 
each other by using mortar in an argon atmosphere, and then it was dried at 300℃ in 
an electric oven for the removal of residual moisture of salt. This dried salt was used 
in a series of experiments. A simulated REE waste was adjusted to be 4.55wt% Y2O3, 
11.79wt% La2O3 22.93wt% CeO2, 60.73wt% Nd2O3.  

 
Dechlorination & Consolidation tests 

 
The SAPs and simulated waste salt was thoroughly mixed in a controlled glove 

box before the reaction. Dechlorination test was performed in an electric oven whose 
atmosphere was controlled by flowing oxygen gas (~5L/min). The reaction was 
carried out at 650℃ for 24hrs. During the reaction, the weight change was checked at 
a time interval. The reaction ratios of SAP/Salt in weight were changed from 1 to 5 



for each SAPs. The products were analyzed by TGA and XRD apparatus, confirming 
the reaction yield and reaction products. The consolidation test was carried out in a 
high temperature furnace in an inert atmosphere. The consolidation temperature was 
fixed at 1150℃. For rare earth waste, ZIT matrix was mixed with them at atmosphere 
temperature, and sintering at 1100℃. In this test, the waste loading was fixed at 
30wt%.  

By the same procedure, two kinds of monolithic wasteforms with 40~80grams in 
batch size was prepared to investigate the characteristics of wasteforms. The samples 
for the analysis were processed with the purpose. The XRD, SEM-EDS was 
performed to evaluate the morphology of wasteform. PCT-A and MCC-1 test were 
carried out to confirm the chemical durability and some measurement was also done 
to obtain the physical properties.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



EXPERIMENTAL RESULTS 
 
Optimization of fabrication procedure for LiCl-KCl waste 
 
De-halogenation of LiCl-KCl waste salt by M-SAP 
 

Test condition:  
- SAP/simulated salt= 2, 2.25, 2.50, 2.75 (mass ratio).  
- M-SAP125, thoroughly mixed by using mortar in glove box 
- Reaction Condition: 650℃ for 24hrs in electric furnace 
- Oxidative condition 
- M-SAP (2SiO2-0.9Al2O3-0.1Fe2O3-1.25P2O5) 
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(a) Reaction yield with time              (b) TGA analysis 

Figure 1. Reaction test results of M-SAP125 and TGA results of the products 
(TGA condition: 200ml-air/min, 10℃/min) 

 
In order to enhance the reactivity, the original SAP was modified by adding Fe2O3. 

The SAP1071 suggested in the 1st yr of this project had the SAP/salt ratio, 3, as a 
proper reaction ratio, where the weight loss in TGA results showed below 1wt%. As 
shown in Fig. 1, the SAP/salt ratio with below 1wt% loss was 2.25. The addition of 
Fe2O3 enhanced the reactivity for LiCl-KCl waste at similar reaction time.  

 
Consolidation test for M-SAP product 
 

Test condition:  
- SAP/simulated salt= 2.25,  
- Glass mixing ratio in weight: 25%, 30%, 35%, 40%  
- Consolidation condition: 1150℃ for 4hrs in electric furnace 
- Inert condition (N2) 

 
Under this SAP/salt ratio, the consolidation test was performed by using AlFe3 

glass and G2 glass (the composition was described in the 1st and 2nd yr research). 
The consolidation test results were indicated in Fig. 2. The bulks shape looked good 
and there are little pore in the inner part of consolidate form. Also, the bulk shape 
was not greatly changed with the mixing ratio of glass. The XRD analysis showed 
that the reaction product had some crystalline phase but the phases disappeared after 
consolidation with the glass frit. All the consolidated form was amorphous. The 
consolidation products with G2 showed the same phase but those with AlFe3 glass 
had different colored phase between surface and inner phase, though the difference 



was not distinctive and unclear in XRD analysis. What is important in this test is the 
formation of monolithic form. The question is “a glass is required to form a 
monolithic form?”. Table 1 showed the composition of SAP1071 and M-SAP125 
wasteform with AlFe3 glass. The structure oxides (SiO2, Al2O3, B2O3, Fe2O3 and 
P2O5) of wasteforms were not greatly different with each wasteform and other oxides 
in the wasteforms are alkali or alkali earth oxides. They really formed a monolithic 
product, though there was different reaction ratio. The important difference between 
the reaction product and wasteform is the absence or presence of B2O3. From this 
fact, It could be inferred that the SAP products would formed as a monolithic form 
without glass when introducing B2O3 into the SAPs with the same composition of 
structure oxides in the wasteform. Based on the composition in the Table 1, we 
prepared another SAPs containing B2O3 by the same synthetic procedure.  

 
Table 1. Composition of two kinds of wasteforms (wt%) 

25wt% 30wt% 35wt% 40wt% 25wt% 30wt% 35wt% 40wt%

SiO2 36.82% 38.25% 39.67% 41.09% 31.76% 33.52% 35.28% 37.04%

Al2O3 16.89% 16.49% 16.08% 15.67% 15.86% 15.52% 15.18% 14.84%

B2O3 1.75% 2.10% 2.45% 2.80% 1.75% 2.10% 2.45% 2.80%

CaO 1.88% 2.26% 2.64% 3.01% 1.88% 2.26% 2.64% 3.01%

Na2O 1.62% 1.94% 2.26% 2.58% 1.62% 1.94% 2.26% 2.58%

Li2O 4.13% 4.07% 4.01% 3.95% 5.42% 5.27% 5.13% 4.98%

Fe2O3 1.71% 2.05% 2.39% 2.73% 4.00% 4.18% 4.37% 4.56%

PbO 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

P2O5 26.36% 24.60% 22.85% 21.09% 25.46% 23.76% 22.06% 20.37%

Cs2O 0.88% 0.82% 0.76% 0.70% 1.22% 1.14% 1.05% 0.97%

SrO 0.68% 0.64% 0.59% 0.55% 0.95% 0.89% 0.82% 0.76%

K2O 7.28% 6.79% 6.31% 5.82% 10.10% 9.43% 8.75% 8.08%

SUM(network) 83.53% 83.48% 83.43% 83.38% 78.82% 79.08% 79.35% 79.61%

SAP1071 wasteform (SAP/salt=3) M-SAP(Fe=0.1) wasteform(SAP/salt=2)

 
 

De-chlorination test for U-SAP composite 
 

Test condition:  
- U-SAP1071: based the wasteform for SAP1071 and AlFe3 
- U-SAP125: based the wasteform for M-SAP and AlFe3  
- SAP/Salt ratio in weight: 2.4~4  
- Reaction condition: 650℃ for 24hrs in electric furnace 
- Oxidative condition (O2) 

 
A series of U-SAPs with different composition were prepared by considering the 

mixing ratio of glass and SAP’s composition. The proper reaction ratio for SAP1071 
and M-SAP were 3 and 2.25, respectively. When U-SAP is adapted, the reaction 
ratio would be limited by those of the SAPs without containing B2O3. Based on this 
limit, the calculated material ratio for U-SAPs was indicated in the Table 2.  

 
Table 2. Material ratio for the stabilization/solidification of 1 kg salt (kg) 

SAPs Reaction ratio Glass Final weight Remark 
SAP1071 3 1.9 5.4 
M-SAP 2.25 1.5 4.3 

Experimental
Result 

U-SAP1071 4.9 0 5.4 
U-SAP125 3.75 0 4.3 

Calculated 
Limit 



For the same final weight, the limit of reaction ratio of U-SAP1071 and U-
SAP125 are 4.9 and 3.75, respectively. Figure 2 showed the results of reaction test at 
650℃ for 24hrs, with changing the reaction ratios. In the U-SAP1071 test, the 
reaction ratio showing below 1wt% weight loss was about 3.5 while the reaction 
ratio in the U-SAP125 test was about 2.6. These values are lower than the calculated 
limit, namely, U-SAP has higher reactivity for LiCl-KCl waste.  
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(b) TGA results 

Figure 2. Reaction test result and TGA analysis of reaction product for U-
SAP1071(left) and U-SAP125(right) 

 
Although the reaction test results showed higher reactivity, it is more important 

whether to form a monolithic product or not. For this, a series of consolidation test 
under different composition of U-SAP and the reaction ratios was carried out.  

 
Consolidation test for U-SAP product 
 

Test condition:  
- SAP/salt ratio in weight: 2.4~4 
- U-SAP composition: based on the mixing ratio of AlFe3 glass, 25~40%  
- Consolidation condition: 1150℃ for 4hrs in electric furnace 
- Inert atmosphere (N2), no glass binder 

 
Figure 3 showed the photographs of consolidated forms of U-SAP products 

without glass. The percentage in the top raw in the each condition is the composition 
of U-SAPs and the left column indicates the reaction ratio of SAP/salt. For U-
SAP1071, as the B2O3 increases and reaction ratio decreases, the products were 
gradually densified. However, for U-SAP125, the densification of product was not 



greatly changed below 35% glass composition, regardless of reaction ratio. From 
these tests, the optimum condition was chosen as the red dashed mark shown in the 
Fig. 4.  
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Figure 4. Photographs of consolidated forms for U-SAP products without glass. 
 

Optimization of wasteform fabrication procedure for LiCl-KCl waste 
 
For LiCl-KCl waste, de-chlorination approach was suggested in this project and 

optimum de-chlorination composite was adjusted by various experiments. The 
original SAP suggested in the 1st yr research, the fabrication procedure requires two 
kinds of materials, the de-halogenation matrix and glass frit as a chemical binder for 
a monolithic form. In the progress of research, an effective composite composition 
without a glass binder was suggested. For LiCl-KCl waste, only one material, U-
SAP, is required to stabilize and solidify them, where the fabrication procedure 
composes of the reaction & sintering step. The conceptual description on the 
optimized fabrication procedure was indicated in the Fig. 5. 

 

 
Figure 5. Conceptual description on the optimized fabrication procedure. 
 



However, the de-halogenation approach for LiCl-KCl waste requires the off-gas 
treatment process for gaseous halogen generated during the reaction. For this, a 
simple experiment was carried out to investigate the possibility on the removal of 
halogen gas and the reuse of Cl in the electrolytic processes.  

 
Chemical adsorption of Cl by an adsorbent 

 
Test condition:  

- Adsorbent: granule LiOH 
- Cl2 gas concentration: 1000~25000ppm, 10L-O2/min  
- Test condition: fixed bed, 100℃.  
 

The halogen gas generated from the de-halogenation reactor is very reactive with 
metal oxide, hydroxide and carbonate. The Gibb’s free energy for the reaction was 
described in the Fig. 6. The most favorable material for the chlorination is K2O and 
all the compounds considered at this calculation are easily reacted with chlorine gas. 
For the purpose of reuse of Cl-captured sorbent, Li or K-related compound is more 
effective. In the adsorption test, the granule type of LiOH was used under above test 
condition.  

 

 
M2O (or MOH, M2CO3) + Cl2  2MCl + X, X=H2O, O2, CO2 

Figure 6. Gibb’s free energy for the reaction at different temperature. 
Adsorbent (LiOH, D=1.46g/cm3)                        After adsorption 

TGA analysis of adsorbent after adsorption   XRD analysis of Cl-captured sorbent 

 
Figure 7. Experimental results of Cl adsorption 



Figure 7 indicated the adsorption test results containing the photographs of 
adsorbent before and after adsorption, XRD and TGA analysis. The XRD analysis 
confirmed that the crystalline phase was LiCl and a small content of LiCl.H2O, and 
the LiOH was not detected by XRD analysis. The TGA analysis was tested by using 
the granule of adsorbent after adsorption. The vaporization (or starting weight loss) 
was delayed from the melting point (about 607℃) because of, we inferred, the size 
of sorbent. Based on the TGA analysis, the conversion yield of LiOH would be 
about 96.5%. This results could indicated that the most of Cl could be captured as 
LiCl and most LiCl could be reused as electrolyte in the pyrochemical process after 
the separation from the residual LiOH by an appropriate operation such as 
distillation equipment.  

 
Optimization of fabrication procedure for Rare earth waste 
 
Approach to the wasteform for Ln oxides waste 

 
Ln oxides are very stable compounds and the practical solution for the 

immobilization is probably vitrification whose technology has been well established 
in decades. Also, the ceramization utilizing the natural minerals is also possible 
under a HIP condition. However, these approaches require severe processing 
conditions for high waste loading. For this reason, our approach was focused on the 
wasteform that can be fabricated with “comparable waste loading at milder 
processing condition”. It has been well known that the vitrification by silicate-based 
glass has some crystallite (mostly oxy-apatite) distributed to the glass matrix. Also, 
the ceramic wasteform can be described as the agglomeration of a primary grain by 
high temperature and pressure. The vitrification can accommodate high amount of 
Ln oxide in a specific glass composition while the waste loading for ceramization 
approach is limited by a specific crystalline phase and it needs severe processing 
condition for monolithic forms. Also, the ceramic matrix such as monazite, apatite or 
zircon is very reliable phase since the minerals have endured the environmental 
shock for millions of year in nature system. The glassy matrix, though it was 
believed to be highly durable and reliable for long time, is just human-made matrix. 
It should confirm the stability in the nature system for millions of year, considering 
the actinides’ half-life. But it is impossible. For this reason, our purpose is to situate 
the Ln elements at a mineral phase which is encapsulated by a proper mineral phase. 
The main difference from the glassy wasteform is the higher content of mineral 
phase containing Ln elements in the matrix. Also, the difference from the 
ceramization is the milder processing condition. This purpose is described in the Fig. 
8. 

 

 



Figure 8. Conceptual design of wasteform for rare earth wastes 
Preparation of target host phase and consolidation test 

 
Test condition:  

- NH4H2PO4/Nd2O3 = equivalent molar ratio  
- Reaction Condition: 450℃ ~ 950℃ in electric furnace 
- Some glass/Simulated REE oxide = 5 (mass ratio) 
 20~40wt% waste loading,  
 4.55wt% Y2O3, 11.79wt% La2O3 22.93wt% CeO2, 60.73wt% Nd2O3 
- Processing temperature: ~1200℃ for 3hrs in electric furnace 

 

 

 
Figure 9. XRD pattern of reaction product at temperature, Nd2O3 + NH4H2PO4 

 

 
Figure 10. Photograph of monazite-based products by two step solidification. 
 

 
Figure 11. Photographs of wasteform with 50wt% LnPO4 and their XRD analysis. 
 

 
This test was to investigate the reactivity of NH4H2PO4 for lanthanide oxide. 

Monazite was detected above 450℃, as shown in Fig. 9. Based on this result, the 



consolidation test was performed to check the densification with waste loadings. The 
Fig. 10 indicated that the about 40wt% waste loading is possible. However, this 
method generates hazardous gas and the process is more complex than vitrification. 
Also, the wasteform structure is similar to that of vitrification, except the crystallite 
is monazite. This was described in the 1st yr research. For more simple and different 
structure, ZIT matrix was suggested in the 1st yr and the limit accommodation of Ln 
oxide or monazite was investigated in the 2nd yr research, as shown in Fig. 11.  

From these considerations, the optimized fabrication procedure was established 
for rare earth wastes. The conceptual description was indicated in the Fig. 12. The 
ZIT process is very simple, mixing and sintering to produce a monolithic wasteform 
at milder processing condition.  
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Figure 12. Conceptual description of optimized fabrication procedure 
 
 
 

Characterization of optimized LiCl-KCl wasteform 
 
Micro-structure of LiCl-KCl wasteforms prepared by various SAPs 
  

In the 2nd yr research, it was found that the micro-structure of wasteform by 
SAP1071 was a domain-matrix structure composing of dozens of nm domain. The 
U-SAP suggested in this year had different composition from SAP1071 but its 
wasteform composition is similar to that of SAP1071. The FE-SEM analysis showed 
the micro-structure below μm scale as described in Fig. 13. The primary grain (or 
domain) was not greatly changed with the kind of SAP, except absence or existence 
of worm-like void. The SAP1071 and M-SAP wasteform had more content of work-
like void than the other wasteform (U-SAPs). As shown in Fig. 13, U-SAP 1071 did 
not have the work-like void. This result would indicate that each particle in the U-
SAP wasteform was more chemically interacted with each other than the particles in 
the SAP1071 and M-SAP. Although this analysis could not indicate the preferential 
phase for Cs or Sr, the Si-rich phase or P-rich phase would exist as matrix or domain 
due to the incompatibility between phosphate and silicate. As suggested in this 
project, Al and B in SAPs or glass would function as a chemical binding component 
to connect the phosphate and silicate. In that the U-SAP was prepared by a sol-gel 
process, the uniformity is higher than other SAPs wasteform with glass frit with 
hundreds of μm. This would cause the difference in worm-like void fraction. U-SAP 
wasteforms was more densified and lower worm-like void. It is noted that all the 
wasteforms prepared in this study were amorphous in XRD analysis. 



M-SAP

U-SAP1071 U-SAP125

SAP1071

 
Figure 13. FE_SEM images of each wasteform 

 
 

Chemical durability of LiCl-KCl wasteforms prepared by various SAPs 
 
In this project, the chemical durability was evaluated by PCT-A method using 

powdered sample with a size range, 75~150 μm. The test was performed at 90℃ for 7 
days. Fig. 14 showed the normalized mass loss (g/m2) for M-SAP and U-SAPs 
wasteform. The durability of original SAP wasteform was revealed in the 2nd yr results. 
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Figure 14. Normalized mass loss (g/m2) for three wasteforms by PCT-A method 

 
The test results were not greatly changed with the type of SAPs because the 

wasteform compositions were similar to each other. The main differences are the 
reaction ratio and the presence or absence of glass frit. The main leaching component 
in the structure elements in wasteform was B and P and low leaching elements Sr and 
Fe. The leach rate of all the elements was found to be lower than that of EA glass 
(roughly ~1g/m2day). From these leaching tests, mass loss range of each element could 
be obtained; 10-1~10-2g/m2 for alkali metal, about 10-3g/m2 for alkali earth metal and 



10-1~10-2g/m2 for main component of wasteform. It is noted that for Cs and Sr, the 
mass loss were about 10-3g/m2. Considering the wasteform structure and sample status 
of PCT test, the difference in chemical durability may not expressed as normalized 
mass loss.  

As another leaching test, MCC-1P uses a monolithic sample to evaluate the chemical 
durability of wasteform itself. In this test, monolithic samples with about 24cm2 of 
surface area were used and some conventional buffer solutions (pH4~12) were 
prepared. The pH was measured before and after the leaching test, as shown in Table 3. 
The pH in sample NO5~7 was changed, meaning that the buffer capacity was removed 
after the experiments; pH 8~12 was adjusted to pH 6~7 and the test results are 
meaningless.  

 
 Table 3. Buffer solutions used in the MCC-1P test and the pH measurement before 

and after experiments 

Buffer composition
pH

before SAP1071 U-SAP1071 U-SAP125

1 0.0095m KHpha+ 0.00270m LiOH 5.02 5.24 5.22 5.27

2 0.0038m KHph + 0.00031m LiOH 6.04 5.91 5.27 5.89

3 0.0130m TRISb+ 0.0100m HNO3 7.03 6.99 6.94 6.98

4 0.0263m TRIS + 0.0100m HNO3 8.33 8.07 8.04 8.01

5 0.0640m H3BO3 + 0.0100m LiOH 8.63 7.64 7.71 7.68

6 0.0120m H3BO3 + 0.0100m LiOH 9.97 7.92 7.82 7.65

7 0.00098m HNO3 + 0.0117m LiOH 11.82 6.04 6.13 6.2

8 De-ionized water 6.96 5.58 5.23 4.89
 

*KHph : Potassium hydrogen phthalate 
*TRIS : Tris(hydroxymethyl)aminomethane  
*Buffer solution in this study were referred from that used in ANL   
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wasteform Forwardrate Si (g/m2/day) Forwardrate P (g/m2/day)

SAP1071 0.038±0.002 0.185±0.01

U-SAP1071 0.009±0.003 0.014±0.01

U-SAP125 0.012±0.001 0.302±0.01  
 

Figure 15. Normalized mass loss (g/m2) for three wasteforms  
(leachant solution: de-ionized water, test temperature: 90℃ 

 



From the analysis of the concentration by ICP-MS, the normalized mass loss was 
obtained and plotted with time. By a linear regression, the forward rate was obtained. 
The Fig. 15 showed the normalized mass loss with time for SAPs wasteforms in de-
ionized water as leachant solution. The slope indicated the forward rate of silicon and P. 
The results showed that U-SAP1071 more durable than the others. By the same 
procedure, the forward rate of Si and P with pH was indicated in Table 4. The results 
indicated that in the given pH range, U-SAPs wasteforms are more durable than 
original SAP wasteform. The rates were about 10-3~10-2g/m2day. The forward rate of 
U-SAPs slightly decreased to pH7 as neutral pH while SAP1071 did not show the trend. 
For phosphorus, there was no trend with pH. The PCT-A test result did not indicate the 
difference in durability of wasteforms but MCC-1P test, as shown in Table 4, showed 
the best wasteform for chemical durability. This is very related with wasteform 
structure.  

 
Table 4. Forward rate (g/m2day) of S and P for three wasteforms by MCC-1P test 

pH SAP1071 U-SAP1071 U-SAP125

5.02 0.016±0.001 0.022±0.007 0.021±0.005

6.04 0.026±0.002 0.016±0.002 0.018±0.003

7.03 0.026±0.001 0.009±0.001 0.012±0.001

8.33 0.007±0.006 0.063±0.008 0.048±0.004

De-ionized water 0.038±0.002 0.009±0.003 0.012±0.001

pH SAP1071 U-SAP1071 U-SAP125

5.02 0.248±0.016 0.038±0.011 0.033±0.005

6.04 0.324±0.029 0.037±0.006 0.040±0.007

7.03 0.242±0.012 0.046±0.005 0.040±0.003

8.33 0.341±0.050 0.238±0.001 0.178±0.056

De-ionized water 0.186±0.011 0.014±0.012 0.302±0.005

Forward rate of Si at 90℃, g/m2/day

Forward rate of P at 90℃, g/m2/day

 
 

Some physical properties of LiCl-KCl wasteforms prepared by various SAPs 
 

Table 5. Some physical properties of three wasteforms 
Property SAP1071 U-SAP1071 U-SAP125

Density (ρ), g/cm3 2.32 2.35 2.35

Thermal Conductivity (k), W/mK 0.82 0.85 0.87

Thermal Capacity (Cp), J/gK - 0.81 0.80

Glass Transition Temperature, ℃ 412 447 453

Micro-hardness, Hv (GPa)
513 ± 34.6

(5.03 ± 0.34) 
631 ± 50.0 

(6.18 ± 0.49)
585 ± 30.7

(5.73 ± 0.30) 
 

 
Using TMA, LFA and Vickers hardness meter instruments, some physical properties 

for three wasteforms were measured and indicated in Table 5. The SAPs wasteforms 
had similar properties of other conventional borosilicate glass.  

 
Comparison of four wasteforms prepared by SAPs 



 
Table 6. Comparison of four wasteforms on the performance 

SAP1071 M-SAP U-SAP1071 U-SAP125

Reaction Ratio
SAP/salt/glass 3/1/1.90 2/1/1.27 3.5/1/0 2.8/1/0

Final wt/salt 5.41 3.61 4.02 3.32

Bulk shape Good Bad Good Good

Micro-
structure

Worm-like 
void 

Worm-like 
void good Worm-like 

void

Durability Below EA Below EA Below EA Below EA

Process Glass mixing step No glass mixing
 

 
In this project, four wasteforms were suggested for the management of LiCl-KCl 

waste for final disposal. Table 6 summarized the performance of the wasteforms on the 
amount of wasteform, reaction ratio and etc. The main advantage of U-SAPs 
wasteforms is high reactivity, low waste amount and simple process. For the 
minimization of waste volume, the U-SAP125 wasteform is most favorable.  

 
Characterization of optimized rare earth wasteform 
 
Micro-structure of rare earth wasteforms prepared by ZIT matrix 

 

0 10 20 30 40 50 60 70 80

Black phase

Brown phase

Black phase

Brown phase

Surface (black) phase Inner (brown) phase 

Ln-rich phase (LnPO4)

Zn, Si-rich phase

Ti-rich phase

 
Figure 16. Phase identification of ZIT wasteform by XRD, SEM-EDS 

 
ZIT wasteform can be simply prepared by mixing and sintering step. About 80g of 

ZIT wasteform was fabricated to characterize the wasteform. As indicated in Fig. 16, 
The ZIT has two distinctive phase, black phase in surface part and brown phase in inner 
part of ZIT wasteform. The XRD analysis indicated that the main crystalline phase in 
the surface part was Zn-silicate while LnPO4 and Zn-titanate is a main crystalline 
phase in the inner part of wasteform. Also, un-reacted oxides were detected. The SEM-
EDS analysis described in Fig 16 revealed that the black phase was mainly composed 
of Zn, Si-rich phase and Ln,P-rich phase, though the content was relatively low, was 



distributed to the matrix. In the inner part, high amount of Ln-rich phase was 
distributed to the Ti-rich phase and Zn-rich phase. From this analysis, it could be 
indicated that the Zn-silicate functioned as a matrix containing LnPO4 and Zn-Ti-rich 
phase as a domain. The content of Ti and Ln was simultaneously decreased or 
increased with respect to each phase in the wasteform. Ti-rich phase (or Zn2TiO4) 
would function as an intermediate matrix for Zn-silicate and LnPO4. This can be 
conceptually described in Fig 16.  

 
Chemical durability of rare earth wasteforms prepared by ZIT matrix 

 
Table 7. Elements concentration in leachant solution by PCT-A method (ppm) 

type Si B Ca Zn Ti P Nd Ce La Y
A 0.29 49.37 12.27

Below detection limit of element (ICP-MS, <3~10ppb)

B 0.27 34.92 11.02

C 0.27 64.89 24.81

D 2.51* 25.61 7.93

E 0.25 109.10 11.47
 

 
Table 8. Elements concentration in leachant solution by MCC-1P method (ppm) 

type Si B Ca Zn Ti P Nd Ce La Y
1day 0.063 0.95 0.55 0.18

ND ND

0.008 0.006 0.025

ND

2day 0.077 1.56 0.91 0.31 0.002 0.004 0.019

3day 0.092 2.58 1.58 0.64 0.006 0.011 0.023

5day 0.104 3.11 1.89 0.73

ND

0.004 0.019

7day 0.114 3.65 2.39 0.96 0.004 0.019

11day 0.122 4.24 2.62 1.06 0.004 0.021
 

 
Table 9. Some physical properties of ZIT wasteform 

Property ZIT

Density (ρ), g/cm3 ~4.2

Thermal Conductivity (k), W/mK 1.7

Thermal Capacity (Cp), J/gK 0.65

Micro-hardness, Hv (GPa) 561(5.5)
 

 
The Ln oxides are very stable compounds and they are difficult to react with 

inorganic compound as one of durable compounds. ZIT matrix is effectively interacted 
with Ln oxide to produce LnPO4 as one of host matrices for Ln and Ac elements. Table 
7 indicated the leaching test results for a series of wasteforms with different 
composition for high loading of LnPO4, ~50wt%. The concentration of transition metal, 
Ln element and P in leachant solutions was below of detection limit of ICP-MS. IN this 
ZIT matrix, B was found to be most leachable element. Based on the results, ZIT with 
B composition was most favorable in the chemical durability. With B composition, ZIT 
wasteform was fabricated to form a monolithic form. Table 8 showed the result of 
MCC-1P method. Si, B, Ca and Zn were gradually released with time but other 
elements were not greatly changed with time. The former is considered as the 
component of the matrix in the wasteform while the latter is target elements or 
component of host phase. This result would confirm the wasteform structure described 



in Fig. 16. The Ln, Ti-rich phase was encapsulated or distributed to the Zn,Si-rich 
phase. Table 9 indicated some physical properties of ZIT wasteform. ZIT wasteform 
had a relatively high density, high conductivity and low thermal capacity, compared 
with other borosilicate glass.  

 
SUMMARY 

 
In the 3rd year of this project, the material system (SAP and ZIT) were modified 

to optimize the fabrication procedure. The optimized SAP enhanced the reactivity for 
LiCl-KCl waste and its reaction product requires no glass fit as a chemical binder. By 
using one material, the volatile waste salt could be stabilized and solidified to durable 
wasteform. ZIT matrix containing a chemical source for Ln host phase simplifies the 
solidification procedure by mixing and sintering step. With optimized fabrication 
procedure, a series of monolithic wasteforms were successfully prepared to evaluate 
the wasteform performance. Various instruments and leaching test were used to obtain 
the some chemical & physical properties. Morphology, physical properties & leach 
rate data was described and suggested optimized wasteforms were characterized. 
Therefore, the 3rd year objective of the project for the development of HLW 
wasteforms and fabrication processes was successfully completed  
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