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ABSTRACT 

Separation of radioactive components from inert materials in high-level calcined wastes has the 
potential of significantly reducing the cost of final disposal of the high-level wastes in a federal repository. 
Pyrochemical methods for separating actinides and fission products from nonradioactive components have 
been evaluated. Compared to aqueous processes, pyrochemical processes generate small volumes of 
aqueous wastes and do not require calcine dissolution. 

Removal of > 99% of the 1 3 7Cs and "Tc by high temperature volatilization at 1000-1170°C was 
demonstrated for all calcine types. Separation of inert metal oxides (Zr0 2 and A1203) from simulated 
zirconia calcine was demonstrated by molten salt extraction with CaCl2 and by reduction to Al and Zr 
with Ca in molten CaCl2. It is expected that actinide oxides in actual calcine would also be removed. 
Although tests indicated mat >95% of the Al and Zr was removed from the calcine, separation of the 
oxides and the metals from the molten salt by filtration was incomplete. Extensive process development 
would be required to demonstrate the feasibility of pyroprocessing zirconia calcine. 

Chlorination of simulated alumina calcine with CO/Cl2 mixtures resulted in an 86 wt% loss due 
to the conversion A1203 to C0 2 and A1C13, which is volatile. Reaction rates were rapid, and separation 
of reaction products from the calcine residue was achieved. Chlorination of alumina calcine to separate 
actinides from inert materials may be feasible. Chlorination of zirconia calcine to remove Al and Zr as 
volatile chlorides resulted in a 14 wt% gain due to the conversion of CaF2 to CaCl2 and A1203 to A1F3. 
Thus, chlorination of zirconia calcines to remove inert materials is not feasible. 
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SUMMARY 

Radioactive components represent less than 1 wt% of the high-level calcined wastes being stored 
at the Idaho Chemical Processing Plant. Thus, compared to direct immobilization, separation of the high-
level waste (HLW) fraction from the nonradioactive constituents has the potential of reducing disposal 
costs by minimizing the volume of waste requiring final disposal. Aqueous processes for separating 
actinides and fission products from nonradioactive components using solvent extraction and ion exchange 
methods are being developed. These methods require calcine dissolution in nitric acid and generate large 
volumes of aqueous wastes. Pyrochemical methods, which generate small quantities of aqueous wastes 
and do not require calcine dissolution have been evaluated as alternatives to aqueous processes. 

Greater than 90 wt% of zirconia calcine consists of CaF2, A1203 and Zr0 2 . Alumina calcine 
contains approximately 90 wt% A1203. Two flowsheets for separating actinides and fission products from 
inert materials in zirconia calcine using molten salt methods have been developed by Lawrence Livermore 
National Laboratory (LLNL) and Lockheed Idaho Technologies Company (LITCO). A flowsheet for 
removing A1203 and other inerts from alumina calcine as volatile chlorides has been developed by LITCO. 
Removal of 1 3 7Cs and "Tc by high temperature volatilization is common to all flowsheets. Tests with all 
calcine types, including actual calcine generated at the New Waste Calcination Facility (NWCF) indicated 
that >99% of the cesium and technetium was removed by heating at 1000-1170°C for 5 hours. 

The first zirconia flowsheet tested involves contacting the calcine with molten CaCl2 at 800-900°C 
to dissolve the CaF2 and to separate the actinide and inert metal oxides by filtration. The combined oxides 
are then chlorinated widi CC14 and the inert metal chlorides are separated from the actinide chlorides by 
volatilization. The actinide chlorides are reduced with Ca and converted to a metallic waste form or 
converted to oxides for immobilization in glass. The fission products (principally ^Sr) remain in the salt 
which is disposed of as low-level waste (LLW). The results of CaCl2 wash tests conducted by LLNL with 
simulated zirconia calcine indicated mat > 99% of the Zr0 2 and A1203 was separated by filtration and that 
75-90% of the F dissolved in the CaCl2.JHowever, 60% of the molten CaCl2 did not pass through the 
filter and filtration rates were too slow to be practical. 

The second zirconia flowsheet tested is the calcium reduction flowsheet in which the calcine is 
reacted with Ca in molten CaCl2 to reduce the actinide and inert metal oxides to metals. The metals are 
separated from the molten salt by filtration, and chlorinated with Cl2 at 600 °C to separate volatile inert 
metal chlorides from actinide chlorides. The other process steps are similar to the calcium chloride wash 
flowsheet. Calcine reduction tests conducted with simulated zirconia calcine at 800-1000°C resulted in 
100% reduction of A1203 and 95% reduction of Zr0 2. Filtration of the molten salt to remove the Al and 
Zr metal particulates was very slow and resulted in only partial separation. The addition of Zn 
(m.p. 400°C) to coalesce the metals into a metallic button was unsuccessful. At least 78% of the Sr was 
not reduced and remained in the filtered salt. In an actual process, the salt would be disposed of as a 
LLW. 

The process for treating alumina calcine consists of chlorination of inert oxides with CC14 or 
CO/Cl2 at 600°C to separate them from radioactive components as volatile chlorides. The principal 
products would be A1C13 and BC13 with traces of FeCl3 and ZrCl4. The inert chlorides are then oxidized 
and converted into a LLW waste glass. The nonvolatile actinide chlorides and fission products are reduced 
with Ca and oxidized for conversion into a HLW glass. Experiments in which simulated alumina calcine 
was chlorinated with CO/Cl2 in Ar at 600°C resulted in 100% conversion of A1203 to A1C13 and C0 2 . 
Analysis of the residual calcine indicated that 100% of the cesium volatilized under these test conditions, 
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probably as CsCl2. This indicates the importance of removing cesium upstream of the chlorination process 
in order to separate radioactive components from inert materials. 

Although a chlorination process for treating alumina calcine may be feasible, application of 
pyrochemical methods for separating radioactive components from inert materials for all calcine types 
would be difficult. Many of the process steps in the proposed flowsheets have not been demonstrated, 
and, compared to aqueous processes, a much longer development time would be required to determine 
feasibility. Therefore, it is recommended that further development of pyrochemical methods should not 
be considered. 
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Pyrochemical Separation of Radioactive Components from 
Inert Materials in ICPP High-Level Calcined Waste 

J. A. Del Debbio 
L. O. Nelson 
T. A. Todd 

1. INTRODUCTION 

Since 1963, calcination of aqueous wastes from reprocessing of DOE-owned spent nuclear fuels 
has resulted in the accumulation of approximately 3800 m3 of high-level waste (HLW) at the Idaho 
Chemical Processing Plant (ICPP). The waste is in the form of a granular solid called calcine and is 
stored on site in stainless steel bins which are encased in concrete. Due to the leachability of 137Cs and 
90Sr and possibly other radioactive components, the calcine is not suitable for final disposal. Hence, a 
process to immobilize calcine in glass is being developed. Since radioactive components represent less 
than 1 wt% of the calcine, separation of actinides and fission products from inert components is being 
considered to reduce the volume of HLW requiring final disposal. Current estimates indicate that 
compared to direct vitrification, a volume reduction factor of 10 could result in significant cost savings. 

Aqueous processes, which involve calcine dissolution in nitric acid followed by separation of 
actinide and fission products by solvent extraction and ion exchange methods, are being developed. 
Pyrochemical separation methods, which generate small volumes of aqueous wastes and do not require 
calcine dissolution, have been evaluated as alternatives to aqueous processes. This report describes three 
proposed pyrochemical flowsheets and presents the results of experimental studies conducted to evaluate 
their feasibility. The information presented is a consolidation of three reports1'2,3, which should be 
consulted for experimental details. 

2. CALCINE CHARACTERIZATION 

Calculated compositions and volumes of ICPP calcined wastes are listed in Table l 3. As indicated, 
calcine consists primarily of A1203, Zr0 2 and CaF2. This was confirmed by x-ray analysis of alumina and 
zirconia calcine retrieved from bin set 2 in 19784. Radiochemical analyses of the retrieved calcine and 
calcine generated from a blend of aluminum, zirconium/Fluorinel and sodium wastes during the last (6/93) 
calcination campaign are listed in Table 2. Due to the oxygen rich atmosphere during calcination, it is 
assumed that the actinides are present as oxides. Strontium-90 and I 3 7Cs may be present as fluorides 
and/or oxides depending on how much fluoride is present during calcination. 

3. PROCESS FLOWSHEET DEVELOPMENT 

Lockheed Idaho Technologies Company (LITCO) and Lawrence Livermore National Laboratory 
(LLNL) have developed several flowsheets for the separation of actinides and fission products (137Cs and 
90Sr) from inerts in zirconia calcines2' \ These calcines include zirconia, Fluorinel/Na and zirconia/Na. 
Lockheed Idaho has developed a flowsheet for the pyroprocessing of alumina calcine in order to separate 
the inert A1203 from radioactive components. In this section, two selected zirconia flowsheets and the 
alumina calcine flowsheet will be described as well as the results of laboratory tests conducted to support 
the flowsheets. Also, test results for the direct chlorination of zirconia calcine to remove inerts from 
radioactive components are presented. 
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Table 1. Calculated Normalized Composition (wt%) and Volume of ICPP Calcined Wastes 

Component Alumina Zirconia Fluorinel-Na Blend Zirconia-Na Blend 
A1203 89.5 14.2 8.9 13.3 
Zr0 2 trace 23.2 16.1 17.9 
CaF2 trace 53.7 39.1 41.9 
B 2 0 3 0.6 3.0 2.7 2.4 
CdO trace trace 5.3 4.3 
Na20 3.1 trace 4.7 0.9 
K 20 trace trace 1.0 12.1 
CaO trace 3.9 11.2 0.3 
FeA 0.6 0.1 0.2 trace 
HgO 3.1 trace trace 0.3 
sor 1.2 trace 2.4 0.2 
PO; trace trace 0.2 trace 
Other 1.0 1.0 0.92 1.0 
Volatiles 1.0 1.0 8.0 5.7 
Radionuclides <1.0 <1.0 <1.0 <1.0 
Volume8, m3 765 1244 150 1400 

a. An additional 300 m3 was generated from various blends of aluminum, zirconium/Fluorinel and sodium wastes 
during campaign H3 (6/93). 

Table 2. Radiochemical Analysis of Calcine 

Concentration, /tg/g 
Calcine 1 3 7 Cs w Sr " T c Total U Total Pu a 7 Np »' Am 
Alumina8 6.9E1 3.7E1 ND 5.0E1 32 5X) 9.7E-2 
Zirconia0 2.2E1 1.7E1 ND 3.1E1 5.9 1.1 2.5E-2 
3-way blend" 2.8E1 2.7E1 2.5E1 <2.3E2 3.9E-1 ND 3.9E-1 

a. Retrieved calcine. Values are from ICP-1189 (reference 4). 
b. Calcine generated during campaign H3 (6/93) from a blend of aluminum, zirconium/Fluorinel and sodium 
wastes. Values are from INEL-94/0028 (reference 1). 
ND - Not Determined. 

3.1 Volatilization of 1 3 7Cs and 8 Tc 
Removal of 1 3 7Cs and "Tc from calcine prior to pyroprocessing is common to all flowsheets. 

Studies were conducted to evaluate removal of 137Cs from calcine by high temperature volatilization. The 
calcines tested included simulated zirconia, alumina and Fluorinel/Na types and actual calcine generated 
at the New Waste Calcination Facility (NWCF). Experimental details and test results have been reported 
by Del Debbio1. In addition to cesium, volatilization of "Tc, Cd and Hg was also studied. A summation 
of the test results is listed in Table 3. The data indicate that greater than 99% (DF> 100) of me 137Cs 
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Table 3. Percent Volatilization of Semivolatile Components in Four Calcine Types 

Actual Calcine* Fluorinel/Sodium Zirconia Alumina 

Temp, °C 900 1000 1170 900 1000 HOP 900 1000 UOO 900 1000 

Time, h 5 1 » 5 10- 5 5 _ 10 5 5 5 10 _ S _ S _ 5 — — 1 0 — _ 5 _ 

C> 47±5.6 59±5.4 96(2713.5)" 99(94±10)° 99.8(380)" 84"±4.2 94±1.0 99.7 >99 22±5.5 41±4.3 93*±5.8 99 2.5±7.0 11±6.4 99 
99.8(537)° >99 >99 >99 

>99 89 

Cd 33±8.3 39±7.9 ND 65±4.3 81,86 23«±6.3 27±7.0 69**3.0 82,83 11±6.2 16±6.1 76,76 86 e e e 

<->> Hg >94 >94 >94 >94 
w Cs 57±7.2 69±6.0 >99 99 (102±29)° 

T o 94±1.5 ND 94±1.2 >99(>528)" 

a. Blend of Al, Zr/Na and Na wastes processed during campaign H3, 3/93-10/93. 
b. Purge rate = 0.6 slpm. 
c. Decontamination Factor. 
d. Average of 3 runs. Standard deviation is = 20. 
e. No Cd data due to very small amounts (0.01 wt%) present. 

NOTES: 1. Results are for one run at stated conditions except where indicated differently. 
2. Purge rates = 2 slpm except where noted. 
3. Cesium volatilization data for actual calcine based on l s 1 Cs analysis. 
4. ND = No data. 



and "Tc can be removed from calcine by heat treatment at 1000-1170°C. A decontamination factor of 
100 is sufficient to allow the calcine to be designated a Nuclear Regulatory Commission (NRC) Class B 
low-level waste (LLW) with respect to 1 3 7Cs. Condensed cesium compounds were soluble in water, which 
suggests that collection of cesium by aqueous dissolution of the condensate followed by sorption on zeolite 
is feasible. Technetium condensates are expected to be soluble in water and can be treated in the same 
manner1,5. Condensed cadmium compounds (principally CdO) were not soluble in water but dissolved 
readily in 3N HN0 3. As is indicated in Table 3, 65-86% cadmium volatilization can be expected during 
heat treatment of cadmium-containing calcines. Methods would have to be developed for collection and 
disposal of the cadmium. 

X-ray diffraction studies of heat treated calcines indicated that no significant structural changes 
which would affect downstream processes had occurred. 

3.2 Calcium Chloride Wash Process for Treating Zirconia Calcines 

A process for removing actinides and fission products from zirconia calcines is schematically 
illustrated in Figure 1. The calcine is heat treated at 600°C to remove H 2 0 and COz and to decompose 
nitrates, releasing NOx. This step is sometimes referred to as calcine stabilization. Cesium-137 and "Tc 
are removed by volatilization at 1000-1100CC, condensed, dissolved in water and sorbed on zeolite for 
incorporation into a high-level waste form. The calcine then undergoes a two-step wash cycle in which 
it is contacted with molten CaCl2 to dissolve the CaF2. The molten salt/calcine mixture is then filtered 
to separate the undissolved actinide and inert metal oxides from the molten salt. The actinide and inert 
metal oxides are chlorinated with CC14 to separate the inert metals as volatile chlorides. The actinide 
chlorides are then reduced to metals with calcium in molten CaCl2 and separated for incorporation into 
a metallic wasteform or converted to oxides for producing a glass waste form. 

Volatile inert metal chlorides from the chloride volatility step are thermally oxidized and disposed 
of as LLW. Excess CC14 can be condensed and recycled to the chlorinator. 

The CaCl2 from the wash step is separated from the CaF2 and CaO by aqueous dissolution. The 
undissolved CaF and CaO is disposed of as LLW. The CaCl2 solution is evaporated. The condensate is 
recycled to the aqueous dissolution step and the CaCl2 is recycled to the wash step. Fission products are 
disposed of as a LLW salt. 

Several CaCl2 wash experiments with simulated zirconia calcine were conducted at LLNL. The 
objective of the tests was to determine the feasibility of separating the CaF2 from the inert metal oxides 
(A1203, Zr0 2) by dissolution of the CaF2 in molten CaCl2 and filtering the mixture to separate the metal 
oxides. A porous MgO crucible, carbon felt and a coarse silica frit with a 90-150 fiva. pore size were 
tested as filtration devices. For tests with the MgO crucible and silica frit, 1400g of CaCl2 were added 
to 500g calcine. Tests with carbon felt were conducted using 500g of CaCl2 and 200g of calcine. A 
summation of the test results is listed in Table 4. The results indicate that 99% of the Al2®3 and Zr0 2 

was separated from the molten salt and that 75-90% of the F (as CaF2) dissolved in the CaCl2. A large 
amount (60 wt%) of the oxide residues consisted of CaCl2 which did not pass through the filters. This 
is evidenced by the high percentage of CI found in the oxide residues. Inert metal oxides coated with 
CaCl2 may be difficult to chlorinate. The CaCl2 may have to be remelted and chlorination conducted in 
the melt. 
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Figure 1 . Calcium Chloride Wash Flowsheet for Treating Zirconia Calcines 

A large percentage (69-89%) of the Sr remained in the salt residue in the double wash tests. 
Thus, a large percentage of the ^Sr would have to be disposed of as a LLW salt. The results for double 
wash test CW03 indicate mat greater than 93% of the Cs remained in the salt residue. However, at least 
99% of the Cs will be removed in the volatilization step upstream of the CaCl2 wash. 

Filtration rates were slow, particularly when the calcine/CaCl2 mixture was not stirred (run 
CW05). The use of coarser filters and pressurized systems to achieve acceptable filtration rates would 
have to be investigated. 
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Table 4. Percent Distribution of Major Elements in Calcium Chloride Wash Tests 

Run# CW03 a CWC4 CW05a 

Filter MgO crucible silica frit carbon felt 
Filtration Rate, g/h 60 40 10 
Temperature, CC 850 850 1000 

Oxide Salt Oxide Salt Oxide Salt 
Residue Residue Residue Residue Residue Residue 

Al >99 <1 >99 <1 >99 <1 
Zr >99 <1 >99 <1 >99 <1 
CI 25 75 43 57 ND ND 
F <3 >97 24 76 ND ND 
Sr 11 89 31 69 17 83 
Cs <7 >93 ND ND ND ND 

a. Double wash tests 

>93 ND ND ND 

ND - Not Determined 

No tests have been conducted in support of the remaining elements of the flowsheet. Chlorination 
of the washed calcine to separate volatile inert metal chlorides from actinide chlorides and oxidation of 
the inert metal chlorides to allow disposal as LLW would have to be demonstrated. Reduction of actinide 
chlorides in molten salts has been used extensively to produce actinide metals6. Therefore, reduction of 
actinide chlorides from the chloride volatility step should be feasible. However, due to the trace levels 
of actinides present in the calcine (see Table 2), a scavenger metal, such as cadmium, would be required 
to separate the reduced actinides from the molten CaCl2. 

3.3 Calcium Reduction Process for Treating Zirconia Calcines 

A flowsheet based on initial calcium reduction of the calcine to separate inert and actinide oxides 
from CaF2 is illustrated in Figure 2. The calcine is heat treated to remove residual NO^ H 2 0 and COx. 
Cesium-137 and "Tc are separated by high temperature volatilization. Calcium is then added to a molten 
CaCl2/calcine mixture to reduce inert metal oxides (A1203 and ZrOz) and actinides to metals. The metals 
are removed from the salt by filtration and chlorinated. Volatile inert metal chlorides are then separated 
from nonvolatile chlorides. The actinide chlorides are reduced to metals in molten CaCl2 with calcium, 
separated by filtration and incorporated into a metallic waste form. The salt residue from the first calcium 
reduction step is dissolved in HC1 to convert the CaO generated to CaCl2 which is recycled to the calcium 
reduction step after vacuum drying. Inert metal chlorides are oxidized and disposed of as LLW. Fission 
products remain with the salt which is disposed of as LLW. 

In the calcium reduction tests, about 500g of heat treated (at 1000°C) calcine were added to 3500g 
of CaCl2 in a MgO crucible. The mixture was heated at 800-1000°C and stirred at 200-300 rpm. After 
calcium was then added in lOg increments over a 30-minute period. After calcium addition, the stirring 
rate was reduced to 50-100 rpm for 15 minutes to allow metal/salt phase disengagement. The stirrer was 
then removed and the mixture remained at temperature for 1/2 hour, after which the system was allowed 
to cool to room temperature. The reduced metal appeared as dark particulates embedded in the salt. An 
attempt to separate the metal particulates by heating the metal/salt mixture to 900 CC and filtering it 
through a carbon felt for 20 hours resulted in only partial separation. About 205g of the salt remained 

6 



HP<g) 
HCKgl <g) 

Vacuum 
Drying 

200-30G*C 

CaO, 
(»q) 

Ha(aq) 

HQ 

Na2COj 

Acid Gas 
Scrubber 
>100*C 

H,0(g) 
(off-gas) 

Acid 
Dissolution 

80-ioorc 

Calcium . 

Caa 5 

Thermal 
Oxidation 
~6WC 

Q2(g)f 

C^feJOj® 

0 2(g) 

Condenser 
Oj(B) 

To Chlorinator 

Ah03Zr02 
Bfe03,Fe2Q, 

(LLW) 

Salt 
Residue 

Reduction 
Filtration 

800-900 C 

CaO, 
MetaT Chlorination 

~60tfC 

ZiCl4(g) 
AlCb(g) 
BC&fe) " 
FedjOg) 

Calcium 

CaFj 

CaC .̂Actinides 

Fission Products 

H,°uO 
CO, fe) 
uq,uO 

Heat 
Treatment 

600°C 

ClaQj) 
Heat 

Treated 
Calcine 

Calcium ~ Caa 2 

800-90<rc Fission Products "" 
(»Sr) 

ActJnides(HLW) 
taw 

CaCl2 

" ^ G ' T c 
Volatilization 
lOOO-HOtf C 

Condensed 
" 7 Cs, w Tc 

HjOwash • ii 
Zeolite 
Sorbent 

Hfi 

Figure 2. Calcium Reduction Flowsheet for Treating Zirconia Calcines 

on the carbon felt. In order to facilitate separation of the metallic component from the salt, zinc 
(m.p. 400°C) was added as a scavenger to coalesce the metals. The zinc failed to dissolve the metals and 
no metallic button was formed. Other scavenging agents such as cadmium (m.p. 320°C) and 
nickel/cadmium alloys could be tested. 

In one calcium reduction test, the portion of the salt containing the metal particulates (black salt) 
was separated from the remainder of the salt (white salt). The black and white salts were weighed and 
analyzed for major components. The elemental distribution of the major components is listed in Table 5. 
The data indicate that the A1203 and Zr0 2 were reduced to produce Al and Zr. Thus, assuming mat 
actinides would also be reduced, calcium reduction may be feasible if the metal product could be separated 
from the molten salt as discussed above. The majority of the Sr remained in the white salt indicating that 
it was not reduced. The presence of Sr in the black salt was probably due to incomplete separation of 
the white and black salt. Strontium compounds are not reducible with calcium and therefore would 
remain in the salt which would be disposed of as a LLW in an actual process. Additional tests would 
have to be conducted to confirm the concentration of ""Sr in the waste salt and thus determine a waste 
class designation. 
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Table 5. Percent Distribution of Major Elements in Calcium Reduction Tests 

Black Salt" White Salt 
Al 100 0 
Zr 95 4.6 
Ca 27 73 
CI 27 73 
F 50 50 
Sr 22 78 
Cs ND ND 

a. Portion of salt containing metal particulates 
Reactants: Zirconia Calcine, 500.5g, CaCl2, 3184.1 g, 
Calcium, 185.1 g 
ND - Not Determined 

3.4 Zirconia Calcine Chlorination 

Direct chlorination of zirconia calcine to remove Zr and Al as volatile chlorides (ZrCl4 and A1C13) 
was evaluated. Two chlorination experiments were completed with zirconia calcine using a CO/Cl2gas 
mixture as the chlorinating gas. The mass change observed during these experiments is shown in Table 6. 
As can be seen, the calcine mass increased during chlorination. The mass increase was due to the 
displacement of oxygen from A1203 and a gain of chlorine according to the following reaction: 

3 CaF2 + A1203 + 3 CO + 6 Cl2 -» 3 CaCl2 + 2 A1F3 + 3 C0 2 

The occurrence of this reaction is supported by elemental and x-ray analysis of the products, and by 
thermodynamic calculations. 

Table 6. Mass Change Data for Zirconia Calcine Chlorination Experiments 

% Mass 
Run No. Run Duration (hours) Change 

1 4 +14 
2 4 +14 

The reaction does not progress to completion because die outside layer of the calcine reacts and 
fuses, forming a barrier which inhibits chlorination throughout the entire particle. No further zirconia 
calcine chlorination experiments were conducted. However, if other pyrochemical process unit operations 
(e.g., direct reduction or CaCl2 wash) could be used in conjunction with chlorination of zirconia calcine, 
additional experiments could be conducted to determine the feasibility of zirconia calcine chlorination 
followed by direct reduction. 
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3.5 Chlorination of Alumina Calcine 

A schematic diagram of the pyrochemical process for treating alumina calcine is shown in 
Figure 3. The calcine is heat treated at 600°C to remove residual NOx, H 2 0, and COx. The calcine is 
heated at 1000°C to remove volatile radioactive components such as l 3 7Cs and "Tc. The calcine is then 
chlorinated with CC14 or CO/Cl2 at 600°C to volatilize nonhazardous, nonradioactive compounds such as 
AICI3, BCI3, and ZrCl4. The volatilized nonradioactive components are oxidized to allow chlorine recycle 
and to provide a more stable LLW. The nonvolatile radioactive components are reduced, oxidized and 
immobilized for disposal as HLW. 

Prior to chlorination experiments, a series of thermodynamic equilibrium calculations were 
completed. Based on equilibrium calculations for alumina calcine, the maximum separation possible was 
86 wt% mass loss. The following reactions were predicted by the calculations: 

A1203 (s) + 3/2 CC14 (g) -» 2 AICI3 (g) + 3/2 C0 2 (g) 

B 2 0 3 (s) + 3/2 CC14 (g) -» 2 BCI3 (g) + 3/2 C0 2 (g) 

Na 20 (s) + 1/2 CC14 (g) -* 2 NaCl (s) + 1/2 C0 2 (g) 

Hence, some chlorination reactions produce volatile species such as A1C13 and BC13> and other 
reactions produce nonvolatile species such as NaCl. A separation is achieved due to the difference in 
vaporization temperatures for the radioactive and nonradioactive chlorinated calcine components. 

Several experiments were completed using nonradioactive alumina calcine to verify the separation 
by chlorination. The experimental results obtained during calcine chlorination experiments agreed well 
with the predictions obtained from the thermodynamic equilibrium calculations. The mass change 
observed during chlorination of simulated alumina calcine at 600°C with equimolar CO-Cl2 diluted in Ar 
is shown in Table 7. As seen in Table 7, chlorination of alumina calcine resulted in a mass reduction of 
up to 86% due to volatilization of A1C13 and other volatile chlorinated species. 

Table 7. Mass Change Observed During Calcine Chlorination Experiments8 

Run # Calcine Type Mass Change Observed 

1 Alumina 86 wt% loss 

2 Alumina 86 wt% loss 

a. Experiments were completed at 600°C with equimolar CO-Cl2 diluted in Ar. 

Two additional experiments were completed witii simulated alumina calcine to determine if a 
separation between fission products and nonradioactive calcine components is feasible. The analytical 
results from these two experiments indicated that all calcine components, including Cs, volatilized from 
the calcine during chlorination. Hence, a clean separation between radioactive and nonradioactive 
components was not achieved. These results emphasize the importance of removing Cs upstream of the 
calcine chlorination step. 
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4. CONCLUSIONS 

Tests with zirconia calcine have indicated that separation of actinides and fission products from 
inerts by a pyrochemical process can best accomplished with a process based on the separation of CaF2 

from Zr0 2 and A1203 using a CaCl2 wash (Figure 1). The CaCl2 wash is preferable to calcium reduction 
because of the inability to separate the Al, Zr and Cr metal reduction products from the molten salt and 
the generation of additional LLW in the form of NaCl from the HCl scrubber (Figure 2). Although the 
CaCl2 wash was successful in separating the Zr0 2 and A1203 from the molten salt, filtration rates were 
slow and would have to be improved significantly to make the process feasible. Separation efficiencies 
for ^Sr are such that 70-90% would remain in the LLW salt. This condition would have to be acceptable 
for the process to be feasible. Chlorination of the separated inert metal oxides in residual salt and thermal 
oxidation of the inert metal chlorides would have to be demonstrated. 

Chlorination of alumina calcine at 600 °C to remove 90 wt% of the calcine as A1C13 may be 
feasible. However, formation of volatile UC16 with subsequent decomposition to UC15 and UC14 may 
occur7. These compounds would have to be recycled to the residual calcine. Other actinide chlorides 
such as UC13, PuCl3, NpCl3 and AmCl3 are expected to be stable8 , 9 1 0. Chlorination of zirconia calcine 
to remove ZrOz and A1203 as volatile chlorides is not feasible. The desired reaction products, ZrCL» and 
A1C13 are not produced. 
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Pyrochemical processes of the type being considered for the treatment of calcine have not achieved 
the advanced stage of development reached by aqueous phase processes. The pyrochemical treatment of 
calcine to separate actinides and fission products from inerts involves many process steps most of which 
have not been demonstrated. Extensive experimental studies over a number of years will be required to 
obtain the necessary data and acquire expertise in high temperature systems and molten salt processes. 
For these reasons, it is recommended that pyrochemical processes should not be given further 
consideration as a calcine treatment option. 
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