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ABSTRACT 

i 

The field of chemical processing of thorium reactor fuels has been 

surveyed and is discussed. Thorium processing can be categorized as 
aqueous, fused fluoride salt or pyrometallurgical; the several processes 
in each of these classifications are discussed from the standpoint of 

process description, performance, materials of construction, limitations, 

and advantages, cost data, and status of development. 
Y 
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THORIUM UTILIZATION PROGRAM: A SURVEY OF PROCESSING 
METHODS FOR THORIUM REACTOR FUELS 

SUMMARY 

The methods of processing reactor fuels  which contain thorium have been re- 
It i s  intended t h a t  t h i s  review include all phys- viewed and summarized herein,, 

ic,al and chemical forms of thorium t h a t  have been considered for use i n  blanket 

or core regions of  breeder and converter reactors. In  general, thorium fuel 

processes fa l l  i n to  one of three categories; namely, aqueous, +sed fluoride 

salt or pyrometallurgical processing, Tables A, B, and C of t h i s  summary have 

been prepared t o  c lass i fy  the  several processes i n  t h i s  manner, giving the  types 

of fuels  which are  t reated by each process, a b r i e f  description of the process ' 

and the s ta tus  of development, 

Aqueous Processing 

"he most M l y  developed of a l l  methods of processing irradiated thorium 

fue l  is  the Thorex process. This i s  an aqueous solvent extraction process t h a t  

has been adequately demonstrated i n  a p i l o t  plant at  Oak Ridge National Labora- 

tory,  
f i s s ion  products t ha t  both the thorium and uranium products can be handled d i -  - 

rectly; however, i n  recycled f'uel radioactive heavy isotopes can bui ld  i n  making 

it necessary to  use remote handling techniques, I n  addition, the  pa r t i t i on  be- 

tween thorium and uranium i s  &most quantitative, and process losses  of these 
materials are extremely low, being about 0.1% for uranium and about 1% for tho- 
rium. The Thorex process was developed for processing irradiated thorium metal. 
However, since the  process has performed so w e l l  as or iginal ly  designed---and 

perhaps because no competitive process i s  available---there has been a propen- 

s i t y  t o  channel a la rge  number of other types of fuels toward Thorex by in- 

s t i t u t i n g  special  head-end treatments t o  prepare the fuel  for  aqueous solvent 

extraction. In t h i s  manner oxide fuels, stainless steel-bearing fuels, zirconium- 

bearing f'uels, molybdenum-bearing fuels, graphite-bearing f'uels and others have 

been directed toward Thorex for  ultimate decontaanination and recovery. 

of these numerous head-end processes i s  included i n  Table A. 

Thorex i s  capable of suf f ic ien t ly  decontaminating i r radiated fue l  from 

A summary 

For some of these 

I. processes the  head-end treatment i s  more complicated than the solvent extraction. 
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A l a rge  unknown i n  the realm of aqueous processing i s  the  chemistry of 

protactinium. 

i n  the p i l o t  plant has been decayed long enough t h a t  the  presence of protac- 

tinium and i t s  accompanying radiation was not a problem. 

avoid la rge  hold-up inventories i n  breeder and converter reactor. chemical proc- 

essing plants, it w i l l  be necessary t o  reduce decay time t o  a minimum, the 

ideal  s i tua t ion  being t o  eliminate decay time and go d i rec t ly  t o  processing. 
It i s  not known how the presence of appreciable quant i t ies  of protactinium will 

af fec t  solvent extraction mechanisms; cer ta inly i t s  radiation w i l l  increase 

solvent damage and the problems which accompany t h i s  damage such as increased 

uranium loss t o  aqueLous waste. 

Up t o  t h i s  time the  irradiated thorium tha t  has been processed 

However i n  order t o  

F’used Fluoride S a l t  Processing 

The ease with which uranium hexafluoride can be vola t i l i zed  from molten 

fluoride melts has l ed  t o  the  development of the  Fluoride Vola t i l i ty  Process, 
and some ef for t  has been made t o  adapt t h i s  process t o  thorium fuels .  

of the development has been carried out on molten fluoride salt systems such 

as mixtures of LiF-BeF2-ThF4-UF4 and has been directed toward recovering de- 

contaminated thorium, uranium and valuable car r ie r  salt .  

re la t ive ly  simple and has been demonstrated both i n  the Laboratory and pilot 

plant; the p i l o t  plant runs were made on a salt tha t  did not contain thorium. 
However, e f fo r t s  t o  recover decontaminated thorium and decontaminated car r ie r  

salt have been only pa r t i a l ly  successnil. Several apparently promising proc- 
esses have been investigated, but it must be concluded t h a t  there is  at  t h i s  

time no sat isfactory method for  recovering thorium and salt constituents from 

f i ss ion  products. Consequently, t he  only established means of purging f i ss ion  

products from a reactor t ha t  i s  committed t o  fluoride v o l a t i l i t y  processing i s  

t o  discard the thorium-bearing salt on a predetermined cycle a f t e r  the  uranium 

has been recovered. 

Most 

Uranium recovery i s  

Another area of f’used fluoride salt processing i n  which there  i s  very 

This element is  an l i t t l e  known i s  t h a t  of the  chemistry of protactinium. 

appreciable neutron absorber, and attempts have been made t o  separate it from 

V- 

1 
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molten fluoride fuels both by vola t i l i za t ion  as the  fluoride and by precipi- 
t a t i on  as the oxide. 

vo la t i l i za t ion  of protactinium. 

onstrated i n  the  laboratory, but considerable development i s  needed before a 
f'ul.1 evaluation can be made. Protactinium processes i tself  by beta  decay with 

an average l i fe t ime of 39.6 days, so any method for  processing protactinium t o  

effect ively lower i t s  concentration i n  a reactor must process the en t i re  fuel 

volume on a very short cycle time, every f ive  days or l e s s .  Obviously such a 
process must be very simple and inexpensive. 

There are conflicting data i n  the literature on the 

The oxide precipitation method has been dem- 

Fused fluoride salt processing i s  not confined t o  f lu id  fuel systems. 
Stainless steel-, zirconium-, and beryllium-type so l id  fuels may a lso  be proc- 

essed by specif ical ly  designed head-end treatments. 

v o l a t i l i t y  processing for  thorium f'uels i s  presented i n  Table Be 
A summary of fluoride 

Pyrometallurgical Processing 

Pyrometallurgical processing i s  the nme used t o  ident i fy  those processes 
tha t  a re  carried out a t  temperatures greater than about 6oo0c. 
processes employ a l iqu id  m e t a l  as an extractant for  e i ther  f i ss ion  products 

or thorium t o  f a c i l i t a t e  decontamination and separation from uranium. 

Most of these 

However, ' 
there  i s  one process, d r ip  melting, that  for decontamination relies upon the 

vola t i l i za t ion  of most of the f i ss ion  products a t  the fuel melting temperature. 

The properties t ha t  are generally desired i n  a metall ic extractant are 
first that the m e l t i n g  point be less than about 700°C, and second t h a t  the 
boiling point be low enuugh a t  reduced pressures t o  permit volat i l izat ion.  
t h i r d  desirable property i s  that the  m e t a l  form an intermetall ic compound with 

e i ther  thorium or  uranium t o  permit parti t ioning. 
thereby limited t o  a f e w  such as magnesium, zinc, aluminum, lead and thallium, 

and of these only magnesium and zinc have both a low m e l t i n g  point and re la t ive ly  

low boiling point. 

A 

The choice of m e t a l s  i s  

Pyrometallurgical processes are not high decontamination processes and 

consequently do not separate f i ss ion  products suff ic ient ly  t o  permit d i rec t  

handling of the discovered fuels. However, suff ic ient  decontamination i s  

attained t o  remove a significant amount of t he  neutron poisons and permit fuel 
recycle. Some nuclides, such as the rare earths, might be about 50% removed, 
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whereas some, l i k e  strontium and cesium, might be about 90% removed. 

l imitat ion i s  t h a t  a la rge  degree of separation between thorium and uranium i s  

usually not possible; t h i s  would make the  process more sui table  for  a converter 

reactor i n  which all fue l  i s  recycled. Significant advantages of pyrometallur- 

gical  processes are the  s m a l l  volumes of radioactive wastes and the  a b i l i t y  t o  

process irradiated f’uel almost immediately upon discharge iYom the  reactor.  

So far, pyrometallurgical techniques have been applied only t o  m e t a l  and a l loy  

fuels .  

Another 

A summary of pyrometallurgical processes i s  given i n  Table C. 

Reactor Systems 

A summary of reactor systems, fue ls  and processing methods i s  given i n  

This tabulation includes those reactors which have been or are  being Table D. 

given serious consideration i n  theoret ical  study and/or development. 

essing method for  each reactor fue l  is  briefly described. 

actors l i s t ed ,  enough process development has been carried out t o  define the  

process, and i n  some cases a l te rna te  processing methods have been developed. 

Most of the current reactor fuels can be processed by Thorex a f t e r  a sui table  

head-end treatment; indeed, most of t he  recent chemical processing research 

has been conducted on head-end processes for Thorex. 

The proc- 

For most of the re- 

The process mast completely developed fo r  molten fluoride s a l t  fuels  is 
fluoride v o l a t i l i t y .  A s ignif icant  l imi ta t ion  t o  t h i s  process i s  t h a t  it 
offers  no way of recovering thorium or carrier salt. 
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Table A. Head-End Processes t o  Prepare Thorium Fuels fo r  Aqueous Processing by Thorex 

Description of Fuel Treated Brief Description of Process Development S ta tus  Remarks 

Metal and Alloy Fuel 

Thorex Head-End Thorium Dissolve i n  concentrated HNO3 
catalyzed by fluoride ion 

P i lo t  p lan t  Well established procedure 
i n  Thorex process 

P i lo t  p lan t  Well established procedure 
i n  Thorex process 

Pi1 o t  plant Well established procedure 
i n  Thorex process 

Th - u a l loy  Thorex Head-Ehd Dissolve i n  concentrated HNO3 
catalyzed by fluoride ion 

Thorex Head-End Th-u-Al a l loy  Dissolve i n  concentrated HNO3 
catalyzed by f luor ide  and 
mercuric ions 

Thorex Head-End Al clad Th-U a l l oy  P i lo t  p lan t  Remove jacket with caus t ic  
followed by core dissolution i n  

dissolve c lad  + core i n  HNO3 
catalyzed by f luor ide  and 
mercuric ions 

catalyzed by fluoride; or 

Well established procedure 
i n  Thorex process 

Thorium Oxide S lur r ies  

Thorex Head-End T h 0 2 - H 2 O  s lu r ry  Dissolve i n  concentrated HNO3 
catalyzed by fluoride ion 

Fagineer ing 
scale 

Dissolution expected t o  be 
qui te  similar t o  established 
Thore:: procedures for metal; 
f i r s t  d i sso lu t ions  now being 
made 

Thorex Head-End ThOz-DzO s lu r ry  Recover D 2 0  by evaporation and 
drying; dissolve i n  concentrated 
HNO3 catalyzed by f luor ide  ion 

Engineering 
sca le  

Dissolution expected t o  be 
qui te  similar t o  established 
Thorex procedures for  metal; , 
f i r s t  d i sso lu t ions  now being 
made 

Sta in less  S tee l  Bearing Fuel 

Sulfex S ta in less  s t e e l  c lad  
Tho2-uo2 

Clad removed with 6 E H 2 S 0 4 ;  ThOz-UO2 
dissolved i n  1-3 g HN03-0.& NaF - 
0.1 11 (N03)3 

Laboratory and ORNL development 
Ehgineering sca le  
development complete 

"Iiot" and, "cold" ORNL development 
laboratory plus 
small-scale ennineer- 

Darex Sta in less  s t e e l  clad 
Thq-uo2 

Clad removed with aqua regia; Th02- 
U 0 2  dissolved i n  1 3  E HNO3- 0.04 
NaF - 0.1 E A l ( N O 3 ) 3 ;  chloride 
stripped by HNO3 or NO2 vapor 

Jacket expanded hydraulically and 
fue l  pushed out; or a l t e rna te ly  
f i e 1  rods cut i n to  small lengths 
and jacket removed by s l i t t i n g  
longitudionally 

- 
ing development 

Fac i l i t y  b u i l t  and 
operated "hot" on 
SRE f i e 1  

Mechanical Dejacketing S ta in less  s t e e l  clad 
U metal 

OFiNL development; no Th present 
i n  Fuel but presence of T h  
should not a f f e c t  operations 

Shear-and-Leach Sta in less  s t e e l  c lad  
Tho2-uo2 

Fuel sheared i n t o  1-inch lengths; 
Th02-UO2 leached by 13  €€NOS- 
0.04 E NaF - 0.1 ! Al (N03)3; 
clad compacted and discarded 

Demonstrated i n  
engineering sca le  
equipment 

Preliminary 
laboratory sca le  

O1TL development 

S ta in less  S tee l  Stainless s t e e l  clad 
Chlorination on unspecified fue l  

Remove clad with C 1 2  a t  > 600"c An% and BNL development; 
no work with a f i e l ,  j u s t  
s t a in l e s s  s t e e l  + C12 
r eac t  ions 



Zirconium Bearing Fuel 

Modified Zi r f lex  

Zirf lex 

Zircex 

Per fl ex 

Molybdenum Bearing Fuel 

Oxyhydrochlor i na t  ion 

Description of  Fuel Treated 
I 

UO, pe l l e t s  i n  ~ i r c d b y - 2  
tube 

~l clad 8$ u - 91% zr - 
1% H a l loy  

go$ U-lO$ Mo canned i+ Al , 

Carbon and Graphite Bearing Fuel 
I 

Grind-Leach Th-U carbides i n  grapdite 
pebble bed reac tor  fuel; 
Sic coated T h 0 2 - U 0 2  

Th-U carbides i n  grapdite Fuming HNO3 
I 
I 

i 
I 

Dissolution 1 Combustion- Th-U carbides i n  graphite 

Ultrasonic Leaching Th-U carbides i n  grap9ite 
I 

Table A - Continued 

Brief Description of Process 
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Al clad dissolved i n  NaOII; 
core dissolved i n  ?.I+ M_ N I L F -  
0.3 NH4NO3 + H202  

Zircaloy-2 dissolved i n  
6 E NH+F - 1 fi NH4 NOS; U 0 2  
dissolved i n  1 0  €NO3 - 
0.1 ~l ( ~ 0 ~ ) ~  

Al and Z r  reacted with HC1 . 
gas t o  vo la t i l i ze  A l C l 3  and 
Z r C l 4 ;  U vola t i l i zed  as U C l 4  
with C C l 4 ;  chlorides se lec t ive ly  
condensed and U C l 4  dissolved i n  
1 3  1y1 H N O ~  

Fuel dissolved i n  34.4 HF- 
1.7 H 2 0 2 ;  1.7 HNO3 - 1.3 
A l ( N 0 3 ) 3  added t o  make n i t r a t e  
solut ion 

XL reacted with H C 1  gas t o  
vo la t i l i ze  D; ICl3 ;  140 reacted 
with H C 1  + a i r  t o  v o l a t i l i z e  
MoO2Cl2; U oxidized t o  U30, 
and dissolved i n  HNO3 

Fuel ground t o  s m a l l  mesh and 
leached with HNO3 

Graphite dis integrated with 
fuming HN03 and Th + U leached 

Fuel igni ted i n  02 t o  burn 
graphite;  residue dissolved 
i n  HNO3 

Fuel ground and leached with 
HNO3 augmented by u l t rasonic  
vibrat ions 

Development St a tus  Remarks 

Laboratory develop- ORNL development; no Th i n  
ment complete and process development but Th 
flowsheet demonstrated should dissolve with core 
i n  engineering scale  
equipment 

Laboratory develop- 
ment complete and no development with Th i n  
engineering scale  
dissolut ions made no problem 

" C o l d "  engineering ORNL development; scouting 
scale  hydrochlorin- experiments indicate  process 
a t ions  and chlorin- w i l l  work with Th present 
a t ions made 

ORNL and HAP0 development; 

fue l  but  Tho2 should present 

Labor a t  ory invest  i - ORNL development; no work 
gations only with Th present i n  fue l  but  

Th should dissolve i n  f luor ide  
reagent 

Flowsheet demonstrated ORNL development; no work on 
i n  cold laboratory runs Th but  no d i f f i c u l t y  ant ic ipated 

Laboratory and engineer- ORNL development 
ing sca le  development i n  
progress 

Laboratory s tudies  i n  ORNL development; eliminates 
progress grinding operation i n  grind- 

leach process 

Laboratory s tudies  only OFiNL development; almost 
quant i ta t ive  U and Th 
recovery 

Laboratory s tudies  only Aeroprojects, Inc develop- 
ment; gives improved metal 
recoveries 
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Table A - Continued 

Description of Fuel Treated 

Beryllium Bearing Fuel 

Leaching fue l  from Pel le t ized Be0 containing UOz 
Be0 

Beryllium dissolut ion Be clad ThO2-UO2 

Beryllide dissolut ion ThBe13-UBe13 

Aluminum Oxide Bearing Fuel 

Leaching fue l  from A1203 matrix containing UOz 
Qz03. 

Niobium Bearing Fuels 

Niobium dissolut ion Proposed Nb clad fuel 

Liquid Metal Fuels 

Tho2 - B i  smut h 
separation 

Th02-Bi s lu r ry  

Brief Description of Process 

Fuel crushed and digested 
with acids  

Dissolve clad; then dissolve 
core 

Dissolve en t i r e  fue l  

F’uel leached from matrix 
with XNO3 

Dissolve clad i n  HF-HNO3 or 
reac t  c lad with Clz, HC1 or 
HF gas 

Tho, separated from B i  by 
argon f lo ta t ion ,  f i l t e r e d  
and washed with 1% 

Development Status  Remarks 

I n i t i a l  laboratory ORNL development; no process 
stage de f in i t e ly  established; no 

Th development 

I n i t i a l  laboratory ORNL development; no process 
stage de f in i t e ly  established; no 

Th development 

Scouting experi- ORNL development 
ment s 

I n i t  ial laborat  or y ORNL development; no work 
stage with Th i n  fue l  

Preliminary labora- 
t o ry  t e s t s  

ORNL development; no f i e 1  
of  t h i s  type has been made; 
development of process i n  
an t ic ipa t ion  of Nb fue l  

Laboratory and small 
engineering t e s t s  

Work on process has been 
hal ted 
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Table B. Sunmasy of Fluoride Vola t i l i ty  Processing 

Brief Description of Process Development Status Remarks Description of Fuel Treated 

Molten Fluoride Sa l t  Fuels 

Fluoride v o l a t i l i t y  Sa l t  contacted a t  500-600°c OR>& and ANL development; 
with F2 t o  vo la t i l i ze  m6; UFB on i r rad ia ted  fue l  all development has been 
reduced t o  UF4. Barren salt with a fue l  containing no 
discarded t o  remove f i ss ion  Th; no process for recovering 
products Th and decontaminated ca r r i e r  

P i lo t  plant operated 

s a l t  

LiF-BeF2-ThF4-UF4 molten salt 
(a lso other molten fluorides 
tha t  may contain NaF or ZrF4) 

Zirconium-Type Solid Fuels 

Hydrofluorination 

I 

Dissolve fuel i n  molten NaF- P i lo t  plant operated ORNL development; no develop- 
ZrF4 bath by bubbling HF on i r rad ia ted  fue l  
through batil; f luorinate t o  no way t o  recover Th 
vo la t i l i ze  

Zircaloy clad and Z r  removed Laboratory and ORNL development; no develop- 
by hydrochlorination with I lCl  engineering scale 
gas a t  about 500°C; U converted t e s t s  have been made 
t o  U C l 3 ,  dissolved i n  a molten 
s a l t  and fluorinated t o  UF6; 
f i ss ion  products remain i n  salt 

ment on fue ls  containing Th; 

ment on fue l  containing Th; 
no way t o  recover Th 

Zircaloy clad Zr-U alloy Zircex 

Stainless Steel Type Fuel 

Direct chlorination- 
fluorination 

Stainless steel1 clad UO, Remove clad with C l 2  a t  about Laboratory and engi- ANL development; no develop- 
600"c a t  same time vola t i l i z ing  neering scale ex- nent with Th present i n  fue l  
UCl4;  add HF a t  high temperature periments 
t o  convert chlorides t o  fluorides; 
add F2 t o  vo la t i l i ze  UF6 

Beryllium-Type Fuels 

Be0 fuel dissolution Dissolve fuel i n  molten fluoride Scouting laboratory ORNL development; no enough 
s a l t  by bubbling HF through melt experiments work completed t o  al low evalu- 

a t ion  of process; probably no 
way t o  recover Th 

BeO-U-Th fue l  ' 

I 

Tail-Ehd Processes 

HT Dissolution 
I 
I 

LiF-BeF2-ThF4-UF4 molten 
s a l t  I 

Lab or a t  or y exper i - 
ment s 

ORNL development; Th precipi- 
t a t e s  with r a re  earth f i ss ion  
products; a l k a l i  metals and 
alkaline earths cannot be 
separated from salt 

ONL development; not suc- 
cessflii i n  recovering Th, 
apparently LiF in te r fe res  

After fluoride v o l a t i l i t y  t o  
remove UF6, dissolve salt i n  
90s HF-~o;~ I I ~ O  t o  prec ip i ta te  
r a re  earths 

1, 

I 
LiF-BeFz-ThF4-UF4 
molten salt ~ 

Aqueous -NH+F After f luoride v o l a t i l i t y  t o  
remove t r e a t  s a l t  with 
aqueous EH4F t o  dissolve ThF4 

Laboratory scout- 
ing experiments 

I 

LiF-BeFz-ThF4-UF4 After f luoride v o l a t i l i t y  t o  
remove uF6, t r e a t  s a l t  with 
SbF,-HF solution t o  dissolve 
r a re  earths 

Laboratory scout- 
ing experiments 

ORNL development; it appears 
t ha t  ThF4 i s  insoluble and 
can be separated from ra re  
earths; more work needed 

ORNL development; more 
poisonous r a re  earths re- 
placed with l e s s  poisonous 
Ce; more development needed; 
can be applied without f i r s t  
using fluoride v o l a t i l i t y  

SbF5-HF 

Cerium exchange After f luoride v o l a t i l i t y  t o  
remove UF6, t r e a t  salt with 
CeF3 t o  prec ip i ta te  more 
poisonous ra re  earths as  
so l id  solutions 

Laboratory ex- 
periments 

P. 

3 



i? 

-. 
9 

Table C.  Summary of Pyrometallurgical Processing 
I ', 
I 

Remarks Description of Fuel Treated Brief Description of Processing 

Liquid Metal - traction 

Development Status  

Zinc extract ion Th-u a l l o y  Dissolve a l l o y  i n  Zn a t  800-g00°c; 
cool t o  about 500°C t o  p rec ip i t a t e  
Th-U-Zn i n t  ermet a l l i c  ; f i s s i o n  
products soluble i n  Zn are removed 
by f i l t r a t i o n ;  evaporate Zn from 
i n t  e r n e t a l l  i c  

Laboratory stage on 
i r r a d i a t e d  fue l  

Atomics Internat ional  develop- 
ment; process does not give 
l a rge  decontamination 

Zinc extract ion Th-Al a l loy  Dissolve a l loy  i n  Zn a t  about 
8 0 0 " ~ ;  p rec ip i t a t e  Th2Zn17 by 
cooling t o  about 550°C; recover 
Th by evaporating Zn; f i s s i o n  
product + Al eArracted ifit0 Zn melt 

Few laboratory 
experiments 

Atomics Internat ional  develop- 
ment; po re  data needed t o  
evaluate process; decontami- 
nation f ac to r s  low 

Atomics Internat ional  develop- 
ment; f i s s i o n  product ex- 
t r a c t i o n  very poor; process not 
being ,ser iously considered 

Lead extract ion Th-u-Al al loy Contact a l l o y  with molten Pb a t  
about 900°C a t  which temperature 
molten fue l  and PJ are immiscible; 
ex t r ac t  f i s s i o n  products i n t o  pb 

Few laboratory 
experiments 

Laboratory scale  * Atomics Internat ional  develop- 
experiments on ment; decontamination factors  
i r r a d i a t e d  material  reasonably good; current and 

product recovery e f f i c i enc ie s  
low 

Thallium extraction Th-u-AI. a l loy Contact a l l o y  with molten Tl at 
about 925°C at  which temperature 
molten fue l  and T1 are imniscible; 
ex t r ac t  f i s s i o n  products i n t o  T1 

Few laboratory 
experiments 

Atomics Internat ional  develop- 
ment; f i s s i o n  product ex- 
t r a c t i o n  very poor; process not 
being \ser iously considered 

Atomics Internat ional  develop- 
ment; Th and U recovery not 
very high; l i q u i d  metal f i l t e r s  
require considerable development 

Contact molten a l l o y  with molten 
1% a t  about 900°C; Mg ex t r ac t s  Th 
p rec ip i t a t ing  U; f i l t e r  t o  recover 
U; Th precipi ta ted and f i l t e r e d  
from Pig as T h H 2  

Laboratory ex- 
periments on un- 
i r r a d i a t e d  fue l  

Magnesium extract ion Th-u a l loy  

Silver-magnesiurn extract ion Th-U a l l o y  

Magnesium-salt extract ion Th-u a l l o y  

Alternate t o  1% extraction; Ag 
added t o  lower melting point 

Fuel dissolved i n  Mg from which 
U precipi ta tes ;  Th-big solut ion 
contacted with molten MgC12-KC1- 
L i C l  t o  ex t r ac t  f i s s i o n  products; 
U l aye r  contacted with KC1-LiC1-Zn 
t o  ex t r ac t  f i s s i o n  products 

Basic laboratory 
invest igat ions of 
various s teps  

Iowa S ta t e  development; s teps  
i n  process not yet  defined i n  
laboratory 

Fiss ion Product Vo la t i l i za t ion  

Drip melting Th-u a l l o y  Alloy i s ,  slowly melted by in -  
duction heating; v o l a t i l e  f i s s ion  
products removed by vacuum system 

Small-scale labo- 
r a t o r y  experiments 

Atomic I n t  ernat  ional  develop- 
ment; low decontamination 
factors;  Th and U cannot be 
p a r t  i oned 

E lec t ro ly t i c  Process 

Electro-refining Th-U a l l o y  or Th Fuel electrolyzed i n  a molten KC1- 
N a C l  bath; Th + U c o l l e c t s  a t  
molten Zn cathode 
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Reactor System 

Tho2 as a Dispersion i p  a Liquid 

Aqueous Homogeneous 

One-Region Slurry 

Liquid Netal Fuel Reactor (LMFR) 

Tho? Powder o r  Pel le ts  

Spectral Shir t  Control Reactor (SSCR) 

Consolidated Edison Thorium Reactor (CETR) 
(Indian Point Power Reactor ) 

BORAX I V  

Elk River 

CANDU 

M a r i t i m e  Gas-Cooled Reactor (MGCR) 
and Proposed Gas-Cooled Reactor Experiment 
(GCRE) Fuel 

Thoriurn Carbide (ThC or ThCp) i n  Graphite 

Pebble Bed Reactor Experiment (PEBE) 

Table D. 

Advanced Epithermal Tnorium Reactor (AETR) 

Philadelphia Electr ic  Gas-Cooled Reactor 

Peach Bottom Power Reactor (HTGR) 

Turret Reactor 

! 

! 

I 

I 

I 

1 

i 
! 
1 

i 
i 

I 
I 
I 

Reactor Systems, f i e l s  and Processing Methods 

Fuel - 

U02S04-D20 solution core 

Tho2-U02-D20 s lurry o r  
ThO2-UO2-H2O slurry 

U-Bi solution core 
Tho2-Bi s lur ry  blanket 

Tho2 compacted powder i n  
Zircaloy tubes 

Th02-U02 p e l l e t s  i n  stainless 
steel  

Th02-U02 clad i n  aluminum 

T ~ o ~ - U O ~  pe l le t s  i n  s ta in less  
s tee1  tubes 

Th02-U02 powder compacted i n  
stainless s t e e l  tubes 

ThO2-UO2 clad with Be0 

ThC2-UC2 dispersed i n  graphite sphere; 
sphere coated with pyrolytic graphite 
or Si-Sic 

ThC2-UC2 clad with stainless s t e e l  

ThC2-UC2 i n  graphite matrix clad with 
graphite 

ThC2-UC2 compacted i n  graphite en- 
closed i n  graphite tube 

ThC2-UC2 dispersed i n  graphite 

10 

Processing Method 

Process core and blanket together i n  Thorex 
af ter  head-end s tep t o  recover D20 

Process by Thorex a f t e r  head-end t o  recover 
D 2 0  

Core processed by fused salt  extraction with 
NaCl-KCl-MgC12 eutect ic .  Blanket processed 
by Thorex a f t e r  special  head-end t o  separate 
Tho2 and B i  

Process fuel  by Thorex after removal *om 
Z i r  caloy tubes 

Darex or Sulfex head-end plus Thorex 
processing 

Dissolve i n  HNO3 catalyzed by Hg 
by Thorex 

Darex o r  SuLfex head-end plus Thorex 
processing 

Darex or Sulfex head-end plus Thorex 
processing 

Fuel could be processed by Thorex i f  a 
sui table  head-end process fo r  removing Be0 
cladding were developed e Laboratory experi- 
ments indicate t h a t  clad and fuel  can be 
processed by fluoride v o l a t i l i t y  

tt followed 

.U 

Mechanical grinding followed by leaching 
with H N O 3  or combustion followed by leaching 
with Im03; dissolved f i e 1  processed by Thorex 

No process development on such a fuel; per- 
haps could adopt shear-and-leach, Sulfex or  
Darex decladding procedures followed by fluning 
HNO3 leach and Thorex 

Head-end of grind-leach or fluning HNO3 d i s -  
solution followed by Thorex 

Head-end of grind-leach o r  W i n g  HNO3 dis-  
solution followed by Thorex 

Head-end of grind-leach or fluning HNO3 
dissolution followed by Thorex 



Reactor System 

1’’ 

k! 

Thorium Metal 

Sodium Graphite Reactor 

Helium-Cooled, Direct Closed-Cycle 
Reactor 

11 

Molten Sa l t  

Molten Sa l t  Reactor Ekperiment (MSRE) 

Molten Sa l t  Converter Reactor (MSCR) 

Molten S a l t  Breeder Reactor (MSBR) 

Table D - Continued 

i 

Th-U m e t a l  a l loy  clad i n  s ta in less  
s t e e l  

Th-U m e t a l  clad with s ta in less  
s t ee l  

LiF-BeF2-ZrF4-ThF4-UF4 molten salt  

LiF-BeFz-ThF4-UF4 molten salt 

LiF-BeFz-UF4 molten salt i n  core; 
LiF-BeF2-ThF4 molten salt  i n  blanket 

Processing Method 

Mechanical dejacketing followed by Thorex 

Mechanical dejacketing followed by Thorex 

Recover U by fluoride vo la t i l i t y ;  no 
developed process for  recovering de- 
contaminated thorium or other salt com- 
ponent s 

Recover U by fluoride vo la t i l i t y ;  no 
developed process for  recovering decon- 
taminated thorium or  other salt  components 

Recover U from both core and blanket by 
f luoride vola t i l i ty ;  no developed process 
for  recovering decontaminated thoriuni or  
other components from e i the r  blanket or  
core 

n 
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INTRODUCTION 

This report  &s one of several t h a t  a r e  being prepared t o  survey the use 
of thorium as a reactor fue l .  

thorium compounds and alloys which might be used i n  breeder and converter re-  

actors has been reviewed and i s  discussed herein. 

include a discussion of all chemical and physical forms of thorium tha t  have 

been seriously or casually considered fo r  reactor &el. 
placed on process description, performance, l imitat ions and advantages, mate- 

The f i e l d  of chemical processing of thorium, 

A n  attempt has been made t o  

i Emphasis has been 

- rials of construction, cost  data (when available) and s ta tus  of development. 
Some of t he  topics discussed have been researched quite completely and reported 
i n  la rge  numbers of memoranda and other l i t e r a tu re ;  on these, t h i s  review i s  

only a summary. 

processing, pract ical ly  all of the available information i s  included herein. 

Other reports, t o  be issued under separate cover, a re  being prepared t o  

On some .of the  more incompletely investigated phases of thorium 

discuss the  metallurgy of thorium, thorium compounds and alloys, reactor physics 
of thorium, thorium fie1 element development and the development of reactor 

systems for  thorium fuels .  

formation and guidance t o  the  Thorium Uti l izat ion Program. 
These reports a re  intended t o  give background in-  
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1 .O TEOREX PROCESS 

The Thorex process i s  an aqueous solvent extraction process developed 

t o  separate thorium, uraniun and f i s s ion  products from irradiated thorium 

m e t a l  and cer ta in  thorium compounds. 

quantitative recovery of uranium and thorium, and t o  decontaminate so t h a t  
the products can be handled d i rec t ly .  

accomplished i n  a ser ies  of extraction and stripping operations between an 

aqueous n i t r a t e  solution of the metals and an organic solvent, t r i bu ty l  phos- 

phate (TBP), i n  a kerosene diluent.  

The process i s  designed t o  give almost 

The decontamination and par t i t ion  a re  

1.1 Description of Process 

A process flowsheet for  ?"norex i s  given i n  Fig. 1.1. This flowsheet i, 

describes the steps for  processing a Th-RI. alloy, aluminum-clad thorium metal 

or thoriun dioxide. 
flowsheet; however, a head-end treatment might be necessary t o  secure the 

Other chemical forms of thorium may be t reated by t h i s  

proper feed composition. 

sections of t h i s  report .  

decontamination flowsheet. 

i s  discussed i n  Section 1.2.  

Feed Preparation. 

These head-end processes a re  discussed i n  subsequent 
The flowsheet of Fig. 1.1 i s  the  so-called co- 

A second flowsheet for  the acid Thorex process 

The aluminum-thorium feed material or Tho2 i s  d is -  

solved i n  13  14 HNO3 i n  s ta in less  s t e e l  equipment catalyzed by s m a l l  concen- 

t r a t ions  of mercuric and fluoride ions, the  former t o  catalyze the  aluminum- 
n i t r i c  acid reaction and the l a t t e r  the thorium-nitric acid reaction. The 

reaction occurs under refluxing conditions and may be carried out i n  e i ther  

batch or continuous operation. The dissolver solution flows t o  a feed ad- 

- 

justment tank where the f i r s t  solvent extraction column feed i s  prepared. 

Feed adjustment i s  a very important s tep i n  the  over-all process because it 
i s  here t h a t  cer ta in  -Fission products and metallurgical impurities a re  con- 

ditioned t o  cause a minimum amount of trouble i n  subsequent operations. 

Fission product zirconium and ruthenium a re  converted t o  l e s s  extractable 

forms, and s i l iceous materials a r e  dehydrated in to  a s t a t e  which i s  l e s s  

prone t o  produce emulsions. 

, 

In  feed adjustment the solution i s  evaporated t o  remove all the f ree  

n i t r i c  acid and enough of the  n i t r i c  acid from the  hydrolysis of T h ( N O s ) *  

and l i l ( N 0 3 ) 3  t o  make the solution 0.2-0.4 M acid deficient.' Thorium and - 
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Fig. 1.1. Flow Diagram of Thorex Process for Short-Cooled ( 4 0  Days) Irradiated Material. 
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aluminum molarit ies and acid deficiency a re  then adjusted t o  the  desired 
values by the  addition of water, 
requires t h a t  acid def ic ient  conditions be employed so that the fluoride 

can be complexed by Al(NO=)a, otherwise s ta in less  s t e e l  equipment would be 

seriously corroded. 

e f fec t  of increasing thorium losses .  

The presence of fluoride ions i n  the feed 

On the  other hand, acid deficiency has the  adverse 

F i r s t  Extraction Cycle -a- Co-decontamination. The first solvent ex- 

t rac t ion  cycle i s  called the  co-decontamination cycle because thorium and 

uranium receive t h e i r  primary decontamination a t  the  same time. 
centrations i n  the aqueous feed are normally adjusted t o  1.0 - 1.5 M - while 

the  uranium concentration may vary over a wide range depending upon the  irra- 

diation his tory of the  fuel .  Uranium concentrations, however, a r e  always 
much less than the thorium concentrations. 

Thorium con- 

The feed solution enters  near the  midpoint of the extraction column and 

i s  contacted by a countercurrent organic solvent containing about 42.2 vol % 
TBP i n  kerosene. Thorium and uranium are extracted from the bulk of t he  
f i ss ion  products and protactinium which flow with the  aqueous stream t o  

waste retent ion for  Pa-233 decay. 

scrubbing section of the  column in to  the  stripping column. 

t i o n  i s  aqueous Al (N03)a containing low concentrations of ferrous and phos- 

phate ions t o  enhance Cr and Pa removal. 

Meanwhile Th and U pass through the  
The scrub solu- 

The organic product of t he  extraction column is  returned t o  the  aqueous 

phase i n  the stripping column. 
adjusted i n  concentration t o  make feed fo r  the second extraction cycle. 

The aqueous product i s  then evaporated and 

Second Extraction Cycle---Partition, The second extraction cycle con- 

t a ins  three columns which provide fur ther  decontamination and par t i t ioning 
of thorium and uranium. 

i t s  midpoint and i s  contacted by a stream of solvent entering at  the bottom. 

Thorium and uranium are extracted by TBP and transported t o  the  pa r t i t i on  

column, 

column and are routed t o  waste disposal. 

Aqueous feed enters t he  extraction column at  about 

Fission prbducts remain i n  the aqueous phase i n  the  extraction 

The par t i t ion  column performs the  separation of thorium and uranium 
f’rom each other. The organic phase containing both metals i s  introduced 

about midway i n  the column for  contact with an aqueous HNO3 stream. The 
par t i t ion  i s  accomplished by the  proper regulation of concentrations and 
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flow ra t io s .  

greater for  uranium than for  thorium. 

The organic-to-aqueous dis t r ibut ion r a t i o  i s  about ten times 

Consequently uranium i s  made t o  s tay 

i n  the organic phase while thorium i s  stripped in to  the aqueous phase. 

The organic phase containing uranium continues t o  a t h i r d  column i n  

which the uranium i s  returned t o  the  aqueous phase. 

then be evaporated t o  give a desired U O 2 ( N O 3 ) 2  product, or f’urther decontami- 

nation may be accomplished i n  a cation exchange column. 

The aqueous product may 

Thorium leaves the Thorex plant as an acid solution of T h ( N O 3 ) 4 .  After 

evaporation t o  remove entrained solvent, Th(N03)rh i s  ready for  conversion in to  

t h e  desired chemical s t a t e  and shape for  recycle t o  the reactor.  

U-233 Isolation. If it i s  desired t o  i so l a t e  U-233 as uranyl acetate for  
ready conversion t o  some other form such as the  oxide, a cation exchange column 

i s  used t o  absorb uranium from the n i t r a t e  solution. Usually t h i s  column i s  

preceded by a s i l i c a  gel  column t o  remove Pa, Z r ,  and Nb and a small cation 
exchange column t o  remove t races  of thorium. Uranium i s  eluted with ace t ic  

acid. 

Pa-233 Recovery. When processing short-cooled thorium f’uel, the aqueous 
ra f f ina te  from the first cycle extraction column contains appreciable quanti- 

t i e s  of Pa-233. In  pract ical ly  no case i s  it economic t o  discard t h i s  stream 

w i t h  t h i s  valuable parent material present. Since a t  th i s  time there i s  no 

developed process fo r  removing Pa, the  waste stream i s  held i n  storage u n t i l  
most of t he  Pa has decayed, and the  U-233 product i s  recovered by recycling 
the stream through solvent extraction. The first extraction waste i s  usually 
held for about 200 days fo r  Pa decay; t h i s  i s  suff ic ient  t o  reduce the over- 
a l l  uraniumloss t o  about 0.1%. 
pract ical ly  isotopical ly  pure U-233. 

U-233 recovered from the  recycle waste i s  

Waste Disposal. Aqueous wastes from Thorex are  c lass i f ied  as high-level 

and low-level wastes. 

cycle containing the  bulk of the f i ss ion  products. 

by evaporation, neutralized and stored fo r  long periods before ultimate dis-  

posal t o  the  environment. Low-level wastes comprise the  second extraction 

cycle raffinake, laboratory effluent,  f l oo r  washings, etc.; these a re  retained 

f o r  much shorter periods i n  ponds or lagoons and may then be drained in to  a 

flowing stream. 

High-level waste i s  the r a f f ina t e  of t he  co-decontamination 

This waste i s  concentrated 
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Gaseous wastes, resul t ing mainly fromthe dissolution of feed material, 

a re  f i l t e r e d  t o  remove particulates,  di luted w i t h  l a rge  volumes of air and 
dispersed i n  the atmosphere from a t a l l  stack, 
ment i s  not necessary because most of it decays during the i n i t i a l  cooling 
period. 

Normally iodine removal equip- 

Solvent Recovery. After each cycle through the extraction columns, the 

TBP-kerosene mixture must be reconditioned for reuse. 

radation products such as monobutyl and dibutyl phosphates and organic acids 

are  removed with a NazCO3 wash i n  a packed column. 

a lso removes most of the  entrained f i ss ion  products, 

t o  neutralize the aqueous first and second cycle wastes. 

Radiation induced deg- 

The washing operation 

Spent carbonate i s  used 

1.2 Acid Thorex Process 

The acid Thorex process has been developed by Rainey and Moore2 t o  ob- 

viate  the use of Al(N03)~ sa l t ing  agent and the  corresponding large waste 

volumes associated with the first Thorex flowsheet. Acid Thorex i s  i n  effect  

a modification of the feed adjustment and first extraction s tep t o  permit the  

use of concentrated HNO3 as the sa l t ing  agent. The modified extraction s tep 

i s  shown i n  Fig. 1.2; numbers inserted i n  the  arrows denote re la t ive  volumes 

o f t h e  several streams. 

Organic product from the  scrub section has been decontaminated by factors 

and can be f i r t h e r  decontaminated and parti t ioned by established 5 up t o  10  

Thorex procedures. 

tem for  HNO3 recovery before going t o  waste storage. 
only one-tenth tha t  of t he  conventional A l ( N O 3 ) s  salted Thorex process. 

Aqueous extraction waste i s  routed t o  a d i s t i l l a t i o n  sys- 

The volume of waste i s  

1.3 Thorex Process Performance 

Decontamination factors1j2 and process losses  for  thorium and uranium 
are  given i n  Tables 1.1 and 1 .2 ,  

had been cooled for 60-100 days pr ior  t o  processing; consequently, the f ig-  

ures might be optimistic for  short-cooled material i n  a thorium breeder or 
converter cycle. Thorex experience on short-cooled feed material (30 days 

or l e s s  ) has been rather  l imited because existing f a c i l i t i e s  were not designed 

These values are for  feed material t ha t  

for  such radioactive material. 

operation3 with long-cooled material has indicated tha t  over-all uranium losses  

as low as O.O~$J or l e s s  may be obtained. 

More recent experience with Thorex p i l o t  plant 

5. 



22 

FEED 

Th (as NO3) 265 g/liter 

U O ~ ( N O ~ ) ~  20 g/Iiter I 

Acidity 0.15 i0.05 N - A.D. 

1- 

UNCLASSIFIED 
ORNL-LR-DWG. 44180R 

I 

I 

2 

3 

. 

O R G A N I C  PRODUCT 

38 g/liter 

2 .9 g/liter 
7 

Amsco 70% 

1 I 

I 

I TBP 30% 
‘ Amsco 70% 

Z 
0 ’  - 
I- 

z! 
In 
Z 
0 - 
I- 
V 

I- 
2 
?! 

AQUEOUS WASTE 

Th 0.5 g/liter 

U O.OOO1 g/Iiter 

H 2.1 M 

Phosphate 0.003 hl 

Ferrous Sulfamate 0.003 M 

Fluoride and Aluminum from 
Dissolution , 

Fig. 1.2. 
from Solutions of Consolidated Edison Fuel. 

Acid Thorex Flowsheet f o r  Extraction of Uranium and Thorium 
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Table 1.1. Decontamination Factors i n  Thorex Process 

.i 

b' 

F i r  6 t Cycle Second Cycle Over -all 
Th -U Th U Th U 

Aluminum Nitrate Salted Thorex 

5 Gross gamma 500 100 600 5 x 10 3 x 1 0  

Pa gamma 2000 10 100 2 x 10 2 105 

2 x 10 1 x 1 0  5 Ru g m a  50 400 2000 

5 Zr-Nb gamma 500 150 600 7 x 10 3 x 1 0  

7 Total rare earth beta 10 100 1000 1 x 10 1 x 1 0  4 

Pa gamma 

Ru gama 

Zr-Nb gamma 

Acid Thorex 

1000 

1000 

5000 

Total rare earth beta 105 

Table 1.2. Thorium and Uranium Losses i n  the  Thorex Process 

Loss ($ of t o t a l )  
F i r s t  Cycle Second Cycle Over -all 

Th U Th U Th U 

Extraction 0*5  0.04 0.9 0.02 1.4 0.06 

Part i t ion column 0.01 0.15 0.01 0.15 

Stripping column 

Isolation 

0.03 o..ol 
0.01 

(a) No loss since solvent i s  returned t o  f irst  cycle without treatment 
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1.4 Processing Cost 

Capital investment i n  a Thorex plant has been studied by Ferguson4 and 

l a t e r  by Guthrie' who related the  thorium throughput t o  the  plant investment. 

Guthrie's work i s  an extension of the  work of Ferguson design t o  include a 

large-scale, on-site processing f a c i l i t y .  Guthrie's and Ferguson's results 

a re  given i n  Fig. 1 . 3 .  
the Thorex p i l o t  plant a t  ORNL; Guthrie modified Ferguson's results t o  account 

for  short-cooled blanket material from a breeder system. 

These studies are based upon operating experince with 

'7 Recent breeder reactor evaluations have developed t o t a l  fue l  cycle costs 

for  a 1000-Mwe, two-region, aqueous homogeneous reactor using Tho2 pe l l e t s  i n  

the  blanket. These results show tha t  t he  Thorex plant cost  contributes from 

70-80$ t o  the  t o t a l  fue l  cycle cost. 

1.5 Limitations and Problems 

From an operational viewpoint the  Thorex process i s  excellent for  giving 

high recovery and high decontamination from f i ss ion  products of both thorium 

and uranium. However, t he  process i s  a r e l a t ive ly  complicated solvent ex- 
t rac t ion  operation and contributes heavily t o  the  total. fuel  cycle cost. 

sequently, as the  breeder studies pointed out, a t ta ining t o t a l  fuel  cycle costs  

much below 1 mill/kwhr are d i f f i c u l t .  Any improvement i n  Thorex technology t h a t  

appreciably affected i t s  cost would have a marked effect  on the  t o t a l  f'uel cycle 

cost. 

Con- 
7 

Short-Cooled Feed Material. Technology i n  Thorex operations has not devel- 

oped t o  the point of processing short-cooled (20 days or l e s s )  thorium blanket 
material, and, i n  a one-region system containing more green f i ss ion  products, 
t h i s  cooling t i m e  would probably have t o  be advanced t o  about 60 days. 

problems are  those of heat diss iplat ion and solvent degradation from radiation. 

Radiation damage t o  solvent forms monobutyl and dibutyl phosphates which, being 

more soluble i n  the aqueous phase than t r ibu ty l  phosphate, carry complexed 

uranium t o  the  aqueous waste, On the  other hand, economics requires tha t  cool- 

ing times be as short as possible t o  minimize inventory charges. 

The 

Heavy Isotope Build-up. The problems associated with the build-up of heavy 
isotopes of thorium and uranium cannot be ignored i n  a reactor t h a t  recycles both 

thorium and uranium. The important heavy isotopes a re  U-232, m-228 and t o  some 
4 
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U N C L A S S I F I E D  
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( B A S E D  O N  3 0 0 - D A Y  Y E A R )  

Fig. 1.3. On-Site Thorex Processing Plant Investment Vs Capacity. 
Uranium product as U02( Nos) 2.  Cost includes dissolution, decontamination 
and reconversion to Tho2 pellets. 

. 
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extent Th-234. Both U-232 and ‘111-228 r e su l t  from an n, 2n reaction on Th-232 

. 

as follows: 

The s table  end product of t h i s  chain i s  Pb-208. 

the  n, 2n reaction i s  only a few millibarns, for  long i r rad ia t ion  periods the  
U-232 and Th-228 build-up can be s ignif icant .  

y-emitting intermediate products, e .g., Bi-2l2 and Tl-208, which create radiation 

hazards i n  both Thorex products. 

Although the cross section for  

Both of these nuclides decay in to  

Since Thorex cannot distinguish between isotopes, there  i s  no way t o  process 

e i ther  of the  nuclides mentioned above. The significance i n  the  fuel  cycle i s  

tha t  both thorium and uranium products have t o  be handled remotely, complicating 

&el refabrication par t icular ly  if the f i e 1  i s  a sol id .  The a c t i v i t y  of the  f i -  

nal  product may be proportioned somewhat between Th and U by regulating the cool- 

ing period before processing. A short cooling period would not allow much of 

the 74-year U-232 t o  decay and would therefore route the bulk of the ac t iv i ty  
t o  the uranium product; whereas, a long cooling period would allow more ~h-228  

t o  form and consequently greater Th product contamination. 

Waste Disposal. Large volumes of highly radioactive aqueous wastes tha t  
require long storage periods a re  produced i n  Thorex. 
acid Thorex process2 offers considerable improvement by reducing waste volumes 

by a factor of ten.  

producing system waste volumes need t o  be minimized for  economy of storage. 

The recently developed 

However, it should be recognized tha t  i n  a la rge  power- 

Feed Preparation Diff icul t ies .  Perhaps feed preparation d i f f i c u l t i e s  

should not be l i s t e d  as a l imitat ion of the  Thorex process, because when op- 

erating on thorium metal or Tho, feed for  which the process was designed there  

are  no unusual d i f f i cu l t i e s .  

aqueous n i t r a t e  chemistry and, since Thorex i s  the only well-developed process 

for  separation of Th, Pa, U, and f i ss ion  products, it i s  necessary t o  require 

the process t o  accept all forms of thorium fuels .  
number of proposed fuels, it i s  necessary t o  precede Thorex with a chemically 

However the  f ac t  i s  t h a t  the  process requires 

Consequently, for  a la rge  

. 
i 
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or mechanically involved head-end treatment j u s t  t o  prepare the fbel  for  solvent 
extraction. These head-end processes can contribute appreciably t o  the over-all 

processing cost .  

1.6 Status .of Development 

The Thorex process for metallic thorium has been developed through the  p i lo t  

plant stage a t  ORNL, and considerable operating experience has been obtained with 

t h i s  plant.  The p i l o t  plant i s  designed for use of Al(N03)~ as the sa l t ing  agent; 
however, modifications t o  use the more recently developed acid Thorex flowsheet 

should not be d i f f i c u l t .  The process has performed t o  give high product yields 

with large f i ss ion  product decontamination factors; these were discussed i n  Sec- 
t 

. t i on  1.3. 
The Thorex p i lo t  plant i s  now i n  stand-by condition. In the future t h i s  

processing w i l l  probably be done a t  the Idaho Chemical Processing F'lant. 
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2.0 DARM-THORM PROCESS 

The Darex-Thorex process i s  a head-end treatment t o  prepare stainless s t e e l  

Darex consists clad ThO2-UO, fuel  for solvent extraction i n  the Thorex process. 

of two d i s t inc t  dissolution operations, the  f irst  t o  remove the  s ta in less  s t e e l  

clad and a second t o  dissolve the oxide core, followed by a chloride stripping 
operation and a core solution feed adjustment step.  

aqueous n i t r a t e  solution sui table  for  feed t o  the  Thorex solvent extraction 

process described i n  Section 1.0.  

The adjusted feed i s  an 

A flowsheet for  t he  Dazex-Thorex process for  t rea t ing  Consolidated Edison 

Thorium Reactor (CETR) fue l  i s  given i n  Fig. 2.1. The several steps i n  the 
process a re  discussed below. 

2.1 Process Description 

The Darex-Thorex process has been developed at  OFNI?~ with supplementary 

work a t  Batelle Memorial Institute6,' t o  process i r radiated ThO2-UO2 pe l l e t s  

clad with type 304 s ta in less  s t ee l .  

solidated Edison fuel  referred t o  above. 
Fuel used i n  the  development w a s  the  Con- 

This fuel i s  pel le t ized and sintered 
ThO2-UO2 cylindrical  shapes about 2.1 cm long by 0.66 cm diameter.' 

has a 20-mil cladding of type 304 stainless s t ee l .  
Each pe l l e t  

Stainless Steel  Decladding. 

solving i n  boiling dilute aqua regia, 5g HNO3 - 2M_ HC1, t o  yield a solution 
t h a t  i s  about 60 gm s ta in less  s t ee l  per l i t e r .  
quired t o  dissolve the  clad. 

b i l i t y  during decladding i s  quite low because Tho2 is  almost unreactive i n  

n i t r i c  acid unless catalyzed. 

solution, it does not necessarily mean a product loss because the uranium can 

be extracted by contacting the solution after chloride removal w i t h  30% t r i b u t y l  

phosphate i n  AMSCO. 

The stainless s t e e l  clad i s  removed by dis- 

Normally about 3 hours a re  re- 
Although UO, reacts  with n i t r i c  acid, i t s  solu- 

Even though some U 0 2  dissolves i n  the decladding 

1 

The decladding solution i s  drained t o  a chloride removal-acid recovery 

operation and the  bare pe l l e t s  a r e  washed f r ee  of chloride solution. 

. 

Core Oxide Dissolution. The mixed oxide pe l l e t s  a re  then contacted with 

regular Thorex dissolver solution, 13 M - HNO3 - 0.4 M - NaF - 0.1 M - &(N03)39 for  

complete dissolution. Fluoride ion i s  present t o  catalyze thorium dissolution, 
and aluminum ion i s  added t o  minimize vessel (titanium) corrosion. The reaction 

i s  carried out a t  boiling temperature and requires 25 hours or more for  com- 
pletion. The dissolution rate i s  a f'unction of the pe l l e t  density, and the 8 
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closer the  pe l l e t  i s  t o  theoret ical  density the longer the dissolution time. 
2 6 Rates i n  the range 16 - 2 mg/cm min have been observed for  pellets having 

densit ies 60 - 94% of theoret ical  density. 

Chloride Stripping fYom Decladding Solution. Raw decladding solution is  

drained f'romLthe decladding operation t o  a chloride stripping tower where 
e i ther  NO2 gas or HNO3 vapor i s  used t o  sparge HC1 from the  solution. Chlo- 
ride ion must be removed before the solution i s  routed t o  further process op- 

erations (e.g., solvent extraction) because of i t s  detrimental e f fec t  on 

s ta inless  steel process equipment. 
covered for  reuse. If the uranium content of the  chloride-free solution i s  

4 

A portion of the HC1 and HNO3 can be re- 

negligible, the  s t r ipper  product i s  disposed of as waste. 

Feed Adjustment. Feed adjustment consists of evaporating suff ic ient  HNO3 
t o  make the core solution f'rom 0.1 - 0.4 M - acid deficient and adjusting the  Th 
concentration t o  about 1.0 M. - 

I 

The Thorex process i s  then used t o  recover de- 

contaminated Th and U as aqueous n i t r a t e  solutions. 

Gaseous Reaction Products. The reaction of aqua regia and stainless steel 

results i n  numerous gaseous products of which N2, NOCl  and NO2 a re  most preva- 

l e n t .  
HCL can be almost en t i re ly  absorbed i n  a reflex condenser allowing only the ele- 

mental gases t o  be exhausted t o  the atmosphere after di lut ion with large volumes 
of air .  

Two typical  analyses are given i n  Table 2.1. The oxides of nitrogen and 

Dissolution of the core pellets produces primarily NO, N02,  and N2.  Most 
of the  nitrogen oxides can be absorbed i n  a re f lex  condenser. 

2.2 Process Performance 

Uranium and thorium recovery from Darex-Thorex head-end treatment i s  quanti- 

Sative because only gaseous waste products are removed from the  system (see Fig. 

2.1 ) . 
extraction. 

Dissolver solutions i n  all instances flow quantitatively in to  solvent 

In  experiments w i t h  unirradiated f'uel, uranium and thorium dissolved i n  the  

decladding operation were within tolerable  l imi t s  being about 0.04 w t  % and 0.02 
9 w t  $, respectively, i n  1 t o  3 haurs contact. However, losses  from irradiated 

pe l le t s  were much greater, being as large as 3 w t  $ for  U and 0.2 w t  for  Th. 

Irradiated pe l l e t s  tended t o  f racture  &d crumble exposing more surface t o  the  

decladding solution. 

portional t o  the  percentage theoret ical  density and w a s  increased by the presence 

The amount of metal dissolved was aLso inversely pro- 

of a i r  i n  the  .ai-ssolver. 
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Table 2.1. Gaseous Reaction Products’ from the Dissolution of Type 304 
Stainless Steel  i n  Boiling 5 M HNO3 - 2 M HC1 - - 

Volume % 
Sample 1 Sample 2 

N 2 0  

NO2 

NO 

NOCl  

HC1 

c12 

H2 

2 .o 
2.2 

12.2 

45.6 

2.9 
4.4 

2 03 
3 96 

16.3 

3 06 
2.5 

41.9 

0.2 0.2 

27.5 
3 ‘  

28.3 

3 

2.3 Process Limitations 

Because of t h e  re la t ive ly  large solubili ty” of U and Th i n  Darex-Thorex 
decladding solution, the  potential  advantage of segregating the  s ta in less  s t e e l  

clad from the fuel  disappeared, and decladding solution must be routed through 
solvent extraction. 

ra ther  intractable  complex tha t  requires highly corrosive dissolution reagents; 

reaction r a t e s  a re  slow. 

The combination of ThO2-UO2 and s ta in less  s t ee l  forms a 

The Darex-Thorex operation i s  an involved treatment j u s t  t o  prepare fuel 

for solvent extraction. The two dissolutions w i t h  d i f ferent  reagents plus a 
chloride stripping and acid recovery systeq might add appreciably t o  fuel  proc- 

essing cost. 
A survey by Warren5 has revealed tha t  vapor-phase explosions are a def in i te  

poss ib i l i ty  i n  Darex-Thorex. Reactions of hydrogen w i t h  nitrogen oxides, N O C l  

and C 1 2  are highly exothermic and mixtures of these gases a re  explosive over a 

wide range of concentrations. However, the  volume of H;! evolved i n  Darex d i s -  

solution i s  re la t ive ly  small. 

2.4 Construction Mater ids  

Laboratory experiments a t  ORNL have been conducted i n  tantalum equipment, 
and corrosion studies at Batelle Memorial In s t i t u t e  7 evaluated titanium as a 
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construction material. 
dissolver materials; however, no corrosion rates have been determined for  

tantalum. 

Both tantalum m d  titanium appear t o  be sat isfactory 

Titanium corrosion ra tes  were 5 - 10 mils/month. 

2.5 Processing Cost 

A Darex-Thorex cost estimate was prepared by ORNL Chemical Technology 

Division personnel’’ for  a small plant t o  be ins ta l led  i n  an exis t ing building. 
A cap i ta l  cost of $750,000 w a s  estimated for  a 6 - 8 kg U/day plant .  No build- 

ing or vent i la t ion costs were included i n  t h i s  figure. 

2.6 Status of Development 

The Darex-Thorex process has been demonstrated i n  both hot and cold labora- 

to ry  scale experiments. 

made on each of t he  un i t  operations of the  process. 

studies or p i l o t  plant operation a re  planned. 

Also some s d l - s c a l e  engineering studies have been 

No large-scale engineering 

1. 

2. 

3. 

4. 

5. 

6. 

7 .  
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3 .o SULFEX-THOREX PROCESS 

The Sulfex-Thorex process has been developed i n  competition with the 
Datex-Thorex process as a head-end treatment for  stainless s t e e l  clad Tho,- 

U 0 2  fuels .  Development o f t h i s  process was  carried out a t  ORNL simultaneously 

with Darex-Thorex development because it could not be anticipated which of the  
two processes w o u l d  be be t t e r  for  the  s ta in less  steel clad fue l .  

Sulfex-Thorex prepares s ta in less  s t e e l  clad ThO2-UO2 fuel  for  aqueous 

solvent extraction (Thorex) by two dist’inct dissolving operations. 

s ta inless  s t ee l  clad is  removed by dissolution i n  6 M - H2SO4,  and, secondly, the  
mixed oxide core i s  dissolved i n  concentrated HNO3. Process development was 

carried out using Consolidated Edison Thorium Reactor fuel. The fuel i s  i n  

the  shape of s m a l l  cylinders about 2.1 cm long by 0.66 cm diameter. 

content i s  i n  the range 2 t o  8 w t  $. 

Firs t ,  t he  

1 

The uranium 

3.1 Process Description 

A schematic flowsheet of the Sulfex-Thorex process i s  presented i n  Fig. 3.1. 

Decladding. 

stainless s t e e l  clad. 

ing 6 M - H 2 S 0 4  for  approximately 6 hours. 

4 M - H2SO4 t o  minimize the  poss ib i l i ty  of stainless s t e e l  precipi ta t ion.  

so lubi l i ty  of s ta in less  s t ee l  i s  about 86 g/J i n  4.5 M acid but only about 

43 g/J? i n  10 M - acid.’ 
which must be washed clean of sulfate t o  avoid complication i n  the  core dis- 

solution. The stainless steel-laden solution i s  sent t o  waste. 

The CETR fuel  pe l l e t s  are enclosed i n  a 20-mil-thick type 304 
The clad i s  removed by contacting the pe l l e t s  w i t h  bo i l -  

The solution i s  then di luted t o  about 
The 

The decladding solution i s  drained from the  core p e l l e t s  

Core Oxide Dissolution. The mixed oxides a re  dissolved i n  Thorex dis- 

solver solution, 13  M - HNO3 - 0.04 M NaF - 0.1 M - Al(N03)3, under refluxing con- 

d i t ions .  The t race  of fluoride ion i s  added t o  catalyze the Th-HNO3 reaction, 

and aluminum ion i s  present t o  minimize corrosion of the titanium or Ni-o-ne1 

vessel. From 25 t o  40 hours are required t o  dissolve the pe l l e t s .  

Variables’ affect ing the r a t e  of dissolution are n i t r i c  acid concentration, 

aluminum concentration, pe l le t  density, pa r t i c l e  size,  su l fa te  concentration and 

fluoride concentration. 

0.07 M - F-; however, f luoride Lion i s  normally maintained a t  a lower value t o  

prevent excessi<e corrosion i n  the dissolver.  

t r a t ion  there  i s  danger of precipi ta t ing ThF4. 

The r a t e  i s  about optimum with 13  M HNO3 and 0.06 - 

Also, with- the  higher F’ concen- 

Both su l fa te  and aluminum ions 

4 

C 
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Fig. 3.1. Decladding and Dissolution of Consolidated 
Process. 
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H N 0 3  8.8 

F 0.04-M - 

- 

AI 0.1 K4 

TO FEED ADJUSTMENT AND 
SOLVENT EXTRACTION 

Edison Reactor Fuel by the Sulfex-Thorex 
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have an adverse effect  on the  dissolution rate. Sulfate should be thoroughly 
removed i n  the wash following decladding; some aluminum, however, must be ern- 

'ployed t o  control f luoride corrosion of the equipment. 

The most important variable affect ing the  dissolution r a t e  i s  pe l l e t  den- 

s i t y  with pa r t i c l e  s ize  a l so  being qui te  important. 

determine the surface-to-mass r a t i o  which d i r ec t ly  a f fec ts  the  dissolution 

r a t e .  
t y  pe l le t s ,  and mechanical crushing w i l l  increase the  ra te .  
pected, t he  dissolution rate increases toward the end of a dissolution run 
because of the increased surface-to-mass r a t io .  

Both of these quant i t ies  

Consequently, high density pe l l e t s  dissolve more slowly than low densi- 

A s  would be ex- 

2 

I r radiat ion apparently has no effect  on the  rate of dissolution. 

Feed Adjustment. The dissolver product i s  evaporated t o  an HNO3 deficiency 

of 0.1 - 0.4 M I and adjusted t o  about 1 M $'h by addition of water. 
i s  then sui table  feed for  the  Thorex process which recovers decontaminated "h 

and U as n i t r a t e  solutions. The Thorex process i s  described i n  Section 1.0. 

The solution 

Gaseous Reaction Products. Only H 2  i s  evolved i n  the dissolution of the  

This gas can be vented. t o  the atmosphere after stainless s t ee l  clad i n  H 2 S O 4 .  

d i lut ion below the explosive l i m i t  w i t h  a i r ,  or  the  gas might be burned t o  

water. 

minor concentrations of other nitrogen oxides. 
can be absorbed i n  a ref lux condenser. 

Core dissolution results primarily i n  NO, NO2 and N 2  off-gas with 

Most of the  nitrogen oxides 

3.2 Process Performance 

Product losses  i n  Sulfex-Thorex occur i n  t he  decladding operation. Since 
the  s ta inless  steel-QS04 solution must be sent t o  w a s t e  storage, it i s  manda- 
tory  t h a t  the so lubi l i ty  of mixed oxide core material be qui te  s m a l l .  Uranium 

and thorium losses t o  Sulfex solutions have been studied rather  thoroughly by 

Ferr is  and c o - ~ o r k e r s , ~ ' ~ ' ~  and the  data indicate tha t  uranium losses  w i l l  

probably be no greater than 0.4% and thorium losses  no greater than about 0.2%. 

Selected values 

Both a i r  and i r rad ia t ion  increase the so lubi l i ty .  

5 for  several decladding conditions a re  given i n  Table 3.1. 

3.3 Process Limitations 

Processing conditions i n  Sulfex-Thorex, par t icular ly  i n  the decladding 

step, must be caref'ully controlled t o  avoid excessive m e t a l  loss i n  the  de- 

cladding waste. Pralonged contact of decladding solution with core oxides 



Table 3.1. Uranium and Thorium Losses t o  Boiling Sulfex 
Decladding Solution 

Pellets:  93% theoret ical  density 
T ~ O ~ - U O ~  (94-6 wt 9) 
Type 304 s ta in less  s t ee l  clad 

Exposure time (hours) 1 3 1 0  25 30 

7 

Uranium 

Untreated .010 .017 05 .14 .18 
Aerated -19 29 .41 -37 .62 
Irradiated 0025 .086 30 *75 089 

Thorium 

Untreated 

Aerated 

Irradiated 

(a ) Below measurable concentration 

appreciably increases t h e  loss. . Likewise shattering of irradiated core mate- 

r i d  increases the loss .  
After each decladding operation, the  core oxides and dissolver must be 

effect ively washed t o  remove all sulfates because of their  adverse effect  on 

core dissolution ra te .  Also, it i s  equally important t o  remove all n i t r a t e s  
from the dissolver before beginning the  next decladding operation. Nitrates 

make s ta in less  s t ee l s  passive t o  a t tack by H2SO4. 
6 been observed with s ta in less  s t ee l  type elements from water-cooled reactors 

A t h i n  oxide film on the  surface made the m e t a l  passive t o  H2SO4. 

vation may be accomplished by i n i t i a t i n g  the decladding with more concentrated 

H2SO4 (12 - 15 M), - with s m a l l  additions of formic acid or  by adding an i ron 
base al loy t h a t  i s  not passive t o  &SO4. 

This phenomenon has a l so  

Depassi- 

Large volumes of H2 a re  evolved i n  decladding, presenting the  usual &-02 
7 explosion hazards. 

3.4 Construction Mater ids  

Construction materials for the  Sulfex-Thorex dissolver t h a t  show promise 

of giving sat isfactory service are Ni-o-nel, Carpenter 20 Cb and I l l i u m  R, 



3% 

0 
8 

these, Ni-o-ne1 has been most comple-tly tes ted  nd i perhaps the  best .  

Corrosion r a t e s  of a Ni-o-ne1 dissolver In continuous service w i l l  probably 

be about 5 mils per month. 

solver, localized a t tack  on Ni-o-ne1 should not be a problem. 

With proper heat treatment of a finished dis-  

Carpenter 20 Cb should have about the same corrosion character is t ics ,  
However, Carpenter 20 Cb i s  subject t o  4 - 5 m i l s  per month, as Ni-o-nel. 

stress-corrosion cracking i n  boiling 6 - M H2S04. 

I l l i w n  R showed corrosion r a t e s  of 3 - 6 mils/month i n  Sulfex and Thorex 

dissolver solutions. 

j e c t  t o  intergranular a t tack i n  the Thorex reagent due t o  carbide precipi ta t ion 

around welds. 

The principal fault with t h i s  a l loy  was tha t  it was sub- 

A s tabi l ized form of the  alloy was not available fo r  t e s t .  

3.5 Processing Costs 

A comparison of the  capi ta l  investment i n  a Sulfex-Thorex head-end process 

with tha t  of a mechanical chop-leach head-end has been made by 

estimated tha t  the  Sulfex treatment would cost  about $15.78 per kg U processed. 

The plant used i n  t h i s  estimate w a s  t o  have a capacity of 2.66 tomes  U/day. 

It was 

3.6 Status of Development 

Investigations of the Sulfex-Thorex process have been completed on both 

laboratory and engineering scale, and the process has been demonstrated for  a 

par t icular  reactor fie1 (Consolidated Fdison Thorium Reactor ). 

3.7 Future Work . 
No additional work i s  planned for  Sulfex-Thorex. Sufficient data are  

available for  processing plant design if the extrapolation i n  capacity i s  

not great .  
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4.0 MODIFIED ZIRFLM PROCESS 

The modified Zirf lex process i s  an aqueous fluoride head-end process de- 

veloped for the  dissolution of uranium-zirconium al loy fuels .  The process 

has not been t r i e d  fo r  the dissolution of a thorium-bearing zirconium-type 

fuel; e.g., U-Th-Zr aUoy, but it i s  believed tha t  thorium would be dissolved 

i n  the fluoride reagents. l  Modified Zirflex produces a n i t r a t e  solution f'rom 

which uranium (and thorium) can be recovered by a conventional solvent ex- 

t ract ion process such as Thorex. 

The process u t i l i z e s  a solvent mixture of 3.4M - NH4F-O.3M - NHdYO3 t o  which 

i s  added 1 - M G O 2  during the  dissolution.2 The flowsheet described below was 

developed for  TRIGA fuel  (8% U-gl% Zr- lk  H a l loy) .  

quired by the  presence of thorium will not be anticipated; it w i l l  be assumed 

t h a t  thorium can be t reated without causing the process t o  be changed appre- 

ciably. 

Changes i n  the  process re- 

A flowsheet of modified Zirflex i s  shown i n  Fig. 4.1. 

4 .l Process Description 

Decladding. TRIGA fuel i s  clad with a 30-mil-thick aluminum can which i s  

removed w i t h  2M - NaOH a t  boiling temperature. 

from the bare fuel  core and discarded t o  waste. 

the  decladding solution, the off-gas i s  ammonia rather  than hydrogen. 

The aluminum solution i s  washed 

When N a N O 3  is  a component of 

Graphite Disintegration. Each TRIGA element contains two 1/4-inch diameter 

by 4-inch graphite end pieces which a re  disintegrated i n  19 M - HNO3-2M - %SO4 a t  

room temperature. The concentrated acids cause the  graphite t o  swell and f a l l  

apart .  The en t i r e  decladding and graphite 
disintegration require about 3 hours. 

The graphite residue i s  discarded. 
Graphite i s  removed pr ior  t o  core dis-  

solution t o  prevent absorption of appreciable amounts of uranium by the graphite,  

Careful washing i s  required t o  prevent acid carry-over t o  the core dissolution 

because acid fluoride solutions a re  very corrosive. 

Core Dissolution. The Zr-U core i s  dissolved i n  5.4 M - NH4F-0.3 M NH4N03 

The 1.42-in. diameter by 14-in. fuel  aqueous solution a t  boil ing conditions. 

element requires abaut 11 hours t o  dissolve; the indicated i n i t i a l  dissolution 

rate i s  30 mg/cm min. During the  dissolution, 1 M J&02 i s  continuously added 

t o  oxidize U ( I V )  t o  U ( V I ) ,  which i s  the more soluble form. Hydrogen peroxide 

a l so  enters i n to  reaction with H2 diminishing the  amount of t h i s  gas evolved. 

2 - 3 

. 



. 

1 M H202  
8.bliters 

5.4 M NH4F 
.- 0.3 k N H 4 N 0 3  

34.81 i ters 

I t' 

- 
7 liters 

1 9 M  HNO3 

3 3  liters 
- 2 M-H2S04 

OFFGAS 

1.4 moles NH3 

A 

~~ 

2.7 kg D I SS OLUTl 0 N DI S I NTEGRATI ON DI S SO LUTl 0 N 

105OC, 1 hr 25-50°C, 2 hr 105"C, 11 hr 8% U,91% Zr, 1% H 
(-0.1 kg AI, 0.35 kg graphite) 

1.%M NaN03 
2 M  NaOH 

3.2 IiLrs 

AI CLAD 
PRE PARATIO N 

60°C, 0.25 hr 

UNCLASSIFIED 
ORNL-LR-DWG. 55533R 

OFF-GAS 

140 moles N H3 
0.8 moles 0 2  
16 moles H2 1.6 M HNO3 

54.83 i ters 
2.5 moles N g  1.4 a A I ( N 0 9 3  

0.6 M NaA102 
0.66-M NaOH 
0.7 M-NaN03 
6.3 Fters 

. GRAPHITE WASTE 

0.35 kg graphite 
6.3 M H N 0 3  
0.7 a H2S04 
io.5Ti ters 

TO SOLVENT 
EXTRACTION 

0.0085 M U 
0.25 M Tr 
0.88 A I  

1 M-HNOg 
0 . G M  NH4 
89.6 ITtters 

2.1 M-F 

Fig. 4.1. Modified Zirflex Process for Dissolution of 8$ U - 91% Z r  - 1% H in 5.4 M NH4F - 0.3 M - .  
m4N03 - H202. 
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If thorium were present i n  the f ie l ,  t h e  volumes of dissolution reagents 
would have t o  be adjusted t o  maintain thorium fluoride so lubi l i ty .  

Feed Preparation. In the  feed preparation step, HNO3 and A l ( N 0 3 ) 3  are 

added t o  the dissolver t o  produce sui table  solvent extraction feed. For the  

"horex process the  feed would have t o  be evaporated t o  produce a 0.1 - 0.4 M - 
HNO3 def ic ient  solution tha t  would be about 1 M - Th. 

covery of decontaminated thorium and uranium as n i t r a t e  solutions (see Section 

1.0). The large-amount of zirconium present w o u l d  not a f fec t  Thorex operation; 

t h i s  metal would leave the f i rs t  extraction column i n  the aqueous waste stream. 

A t  t h i s  point the prepared feed w o u l d  be sent t o  a Thorex plant for  re -  

Gaseous Reaction Products. The principal gaseous reaction product of t he  

decladding s tep i s  ammonia, which does not present a disposal problem. 
average composition of the gases from t h e  core dissolution i s  shown i n  Table 

The 

4.1 .3 
described by Gens. 

The chemistry of the dissolution reactions has been very thoroughly 
2 

Table 4.1. Average Composition of O f f  Gases from Dissolution 
of U-Zr Alloy i n  Boiling 5.4 M - NH4F - 0.3 M - NH4N03 

Volume % 
H2 10 

N 2  

02 

N H 3  

2 

0.5 
87.5 

4.2 Process Performance 

Uranium and thorium losses  i n  the modified Zirflex process are possible 

i n  the decladding and graphite disintegration steps i f  the  decladding solution, 

NaOH-NaNO3, should react  with the metals. However, NaOH-NaN03 solution ap- 

parently does not react  with U-Zr, so  there  i s  no detectable decladding lo s s .  

The r a t e  of a t tack on U-Zr by the 19 M - HN03-2 M H2SO4 solution for  graphite 

disintegration i s  a l so  slow. The fuel  core suffers  l e s s  than 0.01% weight 

l o s s  during the  disintegration. However, M g r a p h i t e  were not removed but 

allowed t o  be present during core dissolution, approximately 0.5% uranium 
might be adsorbed on the graphite and l o s t .  4 

r 
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4.3 Process Limitations and Problems 

The modified Zirflex process quite adequately t r e a t s  the  fuel  for  which it 
was designed. 

t i a l l y  explosive mixtures of gases, but these a re  not serious. 

possible t o  precipi ta te  uranium compounds i n  core dissolution i f  concentrations 

and volumes of reactants a re  not reasonably w e l l  controlled. The dissolution 

r a t e  i s  sensit ive t o  the U content of the  al loy and t o  the  fluoride/uranium 

rat io;  high U content and low F/U r a t io s  brought lower dissolving rates.2 In  

fact ,  the  process might not be sui table  for  f'uels having U contents apprecia- 

bly greater than 10 w t  $. 

There a re  present the usual design problems i n  handling poten- 

Also, it i s  

4.4 Construction Materials 

Corrosion r a t e s  for  several possible construction materials for  the  boi l -  

ing fluoride solution have been investigated by Gens.' The results of some 
long t e r m  t e s t s  are given i n  Table 4.2. 
F and LCNA show re la t ive ly  good resistance t o  attack. 

t i on  and at  the interface for  these alloys were i n  the range 1-3 mils/month 

while vapor phase corrosion ra tes  were of the order 0.1-0.8 mils/month. 

Stainless s t e e l  type 309 SNb, Hastelloy 

Corrosion rates i n  solu- 

In  previous shorter term tests2 of 3-9 hours duration, Ni-o-ne1 and Monel 
showed excessive corrosive at tack i n  boiling 6 M - NH4F-0.3 M - N H d O 3  solution. 
The t e s t s  were conducted with and without 0.03 M - H202 being present. 

ence of H202 lowered the  corrosion r a t e  i n  the  case of Ni-o-ne1 but increased 

it i n  the case of Monel. 

The pres- 

4.5 Processing Cost 

No cost data are available for  the modified Zirf lex process. 

4.6 Status of Development 

The modified Zirf lex process for processing "RIGA fuel  has been carried 
through laboratory development, and the flowsheet has been demonstrated i n  

engineering scale equipment. 

materials. 

6 No experiments have been made with i r radiated 

4.7 Future Work 

Modified Zirflex has been developed using U-Zr fuel, and the  e f fec t  on 

process operations of the presence of thorium cannot be f'ully anticipated on 

the basis of current data. It would be necessary t o  demonstrate the  flowsheet 
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Table 4.2. Corrosion of V a r i o u s  Alloys i n  Flowing 5.4 M - NH4F- 
0.33 M - NH,$J03--0.003 M - H202 Solutions ( l O 5 " C )  

Test 
Period, Corrosion Rate, mils/month 

hr  Alloy Vapor Interface Solution 

24 

48 

72 

144 

304L 
309sm 
Hastelloy F 
L C N A ~  

3 04L 
309sm 
Hastelloy F 
LCNA 

,3 04L 
309SN-b 
Hastelloy F 
LCNA 

304L 
309SNb 
Hastelloy F 
LCNA 

1.39, 0.32 
0.03, 0.04 
0.77; 0.31 
0.17, 0.07 

0.72, 0.02 
0.05, 0.05 
0.50, 0.20 
0.09, 0.07 

0.48, 0.15 
0.05, 0.05 

0.10, 0.10 
0.73, 0.22 

0.26, 0.14 
0.07, 0.06 
0.77, 0.22 
0.06, 0.10 

14.99, 14.56 16-26, 15.73 
1.20, 1.48 1.65, L 6 0  
3.61, 2.25 3.35, 2-14 
2.53, 2.20 2.53, 1.95 

10.68, 9.98 9-56> 9.15 
1.94, 1.54 1.45, 1.42 
2.54, 1.67 2.47, 1.71 
1.82, s . 6 3  1.89, 1.50 

9.58, 9.10 7.74, 7.50 
1.48, 1.25 1.22, 1.20 
2.22, 1.73 2.23, 1.62 
1.61, 1.44 1.66, 1.36 

9 . u ,  9.10 7.16, 7.13 
i.u, 1.06 1.14, 1.13 
2.10, 1.99 2.16, 1.76 
1.38, 1.28 1.43, 1.23 

a Alow-carbon nickel a l loy  having the  same composition as Ni-o-nel, except 
fo r  a lower carbon content (0.005$). 

for a U-Th-Zr f'uel. For example, the e f fec t  of thorium on product losses,  dis-  

solution rates, solution s t ab i l i t y ,  off-gas composition and corrosion needs t o  
be evaluated. However, since there a re  other head-end processes for zirconium- 

type f'uels; e.g., Zircex and Zirflex, a U-m-Zr fie1 has t o  be rather  w e l l  de- 

fined before it can be decided j u s t  which processing method should be developed. 
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5.0 ZIRFLM PROCESS 

The use of aqueous N V - N H d O s  solutions as a dissolution reagent for  

removing zirconium or Zircaloy clad from reactor fuel  was  i n i t i a t e d  a t  HAP0 

i n  connection with processing U 0 2  fue l  from the  Plutonium Recycle T e s t  Reactor. 
Swanson reported a t  Geneva on the  s ta tus  of the  process. Later work w a s  i n i -  1 

t i a t e d  a t  ORNL on a Zirflex system for  preparing solvent extraction feed from 

PWR blanket fuel, which i s  U02 pe l l e t s  contained i n  a Zircaloy-2 tube, 0.4 i n .  

diameter by 10.25 i n ,  long. Although the  development has been carried art on 

fuel  containing no thorium, the process is  of i n t e re s t  because it could easi ly  

be adapted t o  a Zircaloy-clad UO2-ThO2 fue l  for  example. 

5.1 Process Description 

The ORNL Zirflex process' i s  shown i n  Fig. 5.1; the  various steps of the  

process are discussed below. 

Decladding. Zircaloy-2 clad i s  removed by dissolution i n  boiling 6 M, N H 4 F  - 
1 M - NH4NO3; about 3 hours a re  required t o  dissolve the 27-mil clad.  Ammonium 

fluoride concentrations around 6 seem t o  give the m a x i m  dissolution rate;  

a t  higher concentrations (8-10 M), - t he  r a t e  decreases probably due t o  the forma- 

t ion  of ammonium fluorozirconate on the Zircaloy surface.l  

a l so  seems t o  increase the  r a t e  i n  concentrations up t o  2 M. - 
Ammonium n i t r a t e  

The dissolution 
. would proceed qui te  s a t i s f ac to r i ly  without NH4NO3; however, t h i s  compound i s  

added t o  suppress H 2  formation i n  favor of NH3. 

as  follows: 

Zirconium dissolution proceeds 

The unreacted fuel-bearing core i s  f i l t e r e d  and washed f ree  of decladding 

solution which i s  sent t o  waste. 

Core Dissolution, The oxide core of the PWR fie1 element i s  dissolved i n  
concentrated HNO3 containing a l i t t l e  A l ( N 0 3 ) a .  

ing thorium, the  presence of fluoride i s  desirable t o  catalyze thorium dissolution. 

In  a mixed oxide fie1 contain- 

Feed Adjustment. The core solution i s  made in to  sui table  solvent extract i ion 

feed for  decontamination and recovery of product materials.  For Thorex feed the  



. . .  

PWR BLANKET SUBASSEMBLY 

Jacket: Zircaloy-2, 6 kg 
Core: U02, 18.5 kg 

+” 

L I 

I 

I 

I STEP 3 END PLUGS 
STEP 1 I STEP 2 I 

DECLADDING FILTER AND WASH I I CORE DISSOLUTION 1.2 kg 
I I 

0 I 
I 

3 hr, 110°C I . I 5 hr, 120°C 

UNCLASSIFIED 
ORNL-LR-DWG. 49056 

OFF-GAS 

NH3: 263 moles 
-- 

H 2 0  
460.4 liters 

in 10 portions 

I 

CORE DISSOLVENT OFF-GAS 

10 M - H N 0 3 -  0.1 M - A I ( N 0 3 ) 3  

36.0 liters 
NO: 34.2 moles 
NO2: 34.2 moles 

t 

DECLADDING REAGENT 

6 M - NH4F- 1 M - N H 4 N 0 3  

65.8 l i ten WASTE 

Zr 0.1 M 
F 0.75-M 
Sn 0.01 A 
u loss4orl% 
526.2 liters 

PRODUCT SOLUTION 

U 1.9 M 
~ ~ 0 3  4.4 FA 
F -0.1 A 
AI 0.1 A 
Sn 0.007 M 

0.01 M- Zr - 
36.0 liters 

TO FEED ADJUSTMENT AND 
SOLVENT EXTRACTION 

Fig. 5.1. Zirflex Process f o r  Decladding and Dissolution of PWR Blanket Fuel. 
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HNO3 content would be adjusted t o  0.1-0.4 M - acid deficiency, and the Th content 

t o  1 - 1.5 M. - 
Gaseous Reaction Products. The decladding operation gives pr incipal ly  

ammonia which can be absorbed i n  water or vented t o  a stack. 

results i n  oxides of nitrogen, mainly NO and N02. 
these w o u l d  be almost t o t a l l y  absorbed i n  condensing steam a d  returned t o  the  

dissolver. 

Core dissolution 

In a refluxing operation 

5.2 Process Performance 

It i s  desirable t o  carry out the decladding s tep i n  such manner t ha t  l i t t l e  

or none of the  fuel element core dissolves. 

f o r t  a t  ORNL 

the  core materials toward the  decladding solution, 

been reported t o  be i n  the  range.0.01’$ - 0.11% fo r  nonirradiated and i r rad ia ted  

material (see Table 5.1). 

Consequently much experimental ef- 
2 1 and HAP0 has been directed toward determining the behavior of 

Soluble uranium losses  have 
3 

Table 5.1. Uranium Losses i n  Zirflex Decladding of 
PWR Blanket Fuel Elements 

Burn-up Soluble losses 
(md/ton) (k) 

0 

0 

0 

0.01 

0.08 

0.02 
0 0.04 

0 0.05 
580 0.03 

1270 0.11 

1750 0.04 

\ 

5.3 Process Limitations and Problems 

The presence of t i n  i n  Zircaloy-2 makes the removal of t h i s  type of clad 

more d i f f i c u l t  because t i n  i s  d i f f i cu l t  t o  dissolve. The residue i n  the  de- 

cladding solution increases f i l t r a t i o n  and washing problems. The mount of 
fluoride tha t  i s  carr ied over f’rom decladding t o  core dissolution must be 

caref’ully controlled t o  preclude excessive corrosion when HNO3 i s  added. 
0 
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The presence of an oxide f i l m ,  21-02, on the  surface of fuel pieces has a 

This f i l m  w i l l  almost surely be detrimental e f fec t  on the  decladding rate. 

present on i r radiated fuel  t h a t  has been i n  contact with high temperature water 

for  extended periods of time. 
It has been observed’’* tha t  ZrO2.2H2O can precipi ta te  i n  the decladding 

This i s  probably s tep i f  ammonia i s  not effect ively removed from the  system. 

due t o  a reaction between zirconium compounds and ammonium hydroxide. 

This process w o u l d  probably have severe l imitat ions for  processing thorium 

fuel  because of appreciable so lubi l i ty  of thorium in aqueous fluoride solutions. 

5.4 Materials of Construction 

Stainless s t e e l  type 309 SNb, Ni-o-ne1 and Hastelloy F have been corrosion 

- - 3 tes ted  

LO M HNO3-0.1 M - Al(NO3)a. 

a t tack rates shown i n  Table 5.2. 

i n  cyclic operation a l te rna te ly  i n  boiling 6 M - 1 M NH4NO3 and 

Corrosion was a maxirmun i n  the  vapor phase, giving 

Table 5.2. MaxirmM Corrosion Rates of Three Alloys i n  
Boiling Zirflex Dissolver Solutions 

_ _ ~  
Number Corrosion Rate 

Alloy of Cycles (mils/month ) 

309 SNb 
Ni-o-ne1 

Hastelloy F 

18 
23 

5 

5.5 Processing Cost 

No cost data are  available for  t he  Zirf lex process. 

5.6 Status of Development 

The Zirflex process has been carried through laboratory development a t  

Opera- 

/- 

4 ORNL and some small.engineering scale dissolutions have been made. 

t ions  a t  HAP0 have been conducted on a la rger  scale. 

operations have been performed us ing  a f i e 1  which contains thorium. 

However, no Zirf lex 

5.7 Future Work 

The behavior of the  Zirflex process on a thorium-containing fie1 remains 
Until  t h i s  i s  done, t he  e f fec t  of thorium on dissolution t o  be demonstrated. 
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rates, product loss in decladding solution, solution stability and corrosion 
cannot be fully appraised. However, thorium has appreciable solubility in 
aqueous fluoride solutions, so perhaps the process is not well suited for a 
Th-U fuel. 
be more adaptable to these fuels. 

The modified Zirflex process discussed in Section 4.0 would probably 
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6.0 ZIRCM PROCESS 

The Zircex process i s  another head-end process for  zirconium-type f'uels; 
however, it d i f fe rs  from other processes such as Zirflex and modified Zirflex 

i n  tha t  the zirconium removal i s  nonaqueous, Also, the  Zircex process can be 

used as a head-end for e i ther  solvent extraction or  f luoride v o l a t i l i t y .  The 

two a l te rna te  flowsheets a re  shown i n  Figs. 6.1 and 6.2. 

have been developed by Gens1j2 for  specif ic  reactor f'uels; viz  ., TRIGA and 
Pressurized Water Reactor seed core, which contained no thorium, and a t  t h i s '  

The two flowsheets 

time the 

However 
3 

6 .I. 

alloys.  

The 

fluoride 

effect  of t he  presence of thorium on the flowsheet cannot be s ta ted.  

it i s  believed t h a t  the  Zircex process can be adapted t o  U-Th-Zr 

Process Description 

Zircex process can be used as a 'head-end for  solvent extraction or  

vo la t i l i ty ;  both of these are discussed below. 

6.1.1 Head-Ehd for  Solvent &traction 

TRIGA fuel  has been prepared for solvent extraction by Zircex as shown 

The fuel  elements a re  an 8% U - 91% Z r  - 1% H a l loy  which has i n  Fig. 6.1. 
been clad i n  aluminum. 

The over-all length includes two 4-inch-long graphite plugs, one on each end 
of the fuel  element. TRIGA fuel  contains no thorium. 

The elements a re  1.476 in .  diameter by 28.5 i n .  long. 

Decladding. 
the aluminum clad as shown i n  Fig. 6.1. 
3OO0C with a mixture of HC1-N2 gas t o  vo la t i l i ze  AJ-Cl3 .  

The first s tep i n  processing TRIGA fue l  i s  the  removal of 
The so l id  element i s  contacted a t  

Core Hydrochlorination. After the  al loy core has.been exposed, the tem- 

perature i s  increased t o  400-6OO0C and the reactant gas i s  made pure HC1.  

Under these conditions, the remainder of the aluminum and the  bulk of the 

zirconium a re  volat i l ized,  the Z r  as ZrC14. Also, uranium reacts  t o  form 

U C l 3 .  

actions a re  
Approximately 1 .$I of the  U vo la t i l i zes .  The hydrochlorinationi re- 

Z r  + 4 H C 1 _ _ 3  Z r C l 4  + 2Hz 
U + 3HC1-> U C 1 3  + 1.5 & 
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TRIGA FUEL 
U 0.18 kg 
Zr 2.05 kg 
H 0.02 kg 

HCI ' 10.8 moles 

AI CLAD CORE OXIDE GRAPH1 TE 
DISSOLUTION HYDROCHLORl NATION CHLORINATION BURNING 

1 hr - 300°C 9 hr - 400-600°C 0.5 hr - 55OOC 10 hr-750°C 

UNCL ASS1 FI ED 
ORNL-L ROWG. 58057R 

OFF-GAS 

C 0 2  29 moles H 56  moles $ 18 moles 
CCI. 2 moles +. excess, HCI, CCI4 

C 0.35 kg 
AI 0.1 kg 1.5% of u 

97% of Zr 
97% of AI 

I N2 4 11 moles 
N2 7.2 moleS HCI 90.3 moles 

+ ,  
O2 29 moles 98.5% of U 

3% of Zr 
3% of AI 

ZIRCONIUM AND ALUMINUM 

L 

b URANIUM CONDENSATION + 
300°C 

CONDENSATION 

Room Temperature 

U 0.1 M 
Zr 0.1 f i  
CI 0.8 f i  
NO3 1 3 f i  
H 13 f i  - 
7.6 liters 

H N 0 3  1 3 M  

%'YO of Zr - 100% of AI 

CHLORIDE DISSOLUTION 

Fig. 6.1. Zircex Process for Hydrochlorination of TRIGA Fuel (8% U - 91% Zr - 1% H). 
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Core Chlorination. The uranium core i s  fur ther  oxidized by C C l 4  t o  the 

tetrachloride by the  reaction 

. 4 U C l 3  + CCl4-+ 4 U C 1 4  + C .  

This reaction i s  carr ied out a t  about 550°C at  which temperature the  U C 1 4  i s  

vola t i le .  If oxide fuels are t reated i n  t h i s  manner, e.g., UO2-ZrO2, the  

oxides a re  a l so  converted t o  the vo la t i l e  chlorides by carbon te t racmor ide .  

Uranium Condensation. The vo la t i l e  AI-, Z r ,  and U chlorides a re  passed 

through a bed of metal turnings* held a t  approximately 300°C a t  which tempera- 

ture U C l 4  condenses. 

0.3 atm at  3OO0C, and about 100% of the  A l C l 3 ,  which has a vapor pressure of 

1 a t m  at  1 8 3 ' ~ ~  pass through the 300°C condenser. 

Over 97% of the ZrC14,  which has a vapor pressure of 

1 

Uranium Chloride Dissolution. The U C l 4  and the s m a l l  amount of ZrC14 

collected i n  the  condenser a re  dissolved i n  1 3  M, KNO3 a t  about ambient tempera- 

tu re .  

, Chloride Removal and Feed Adjustment. Chloride solutions cannot be t reated 

i n  conventional s ta in less  s t ee l  extraction equipment because of corrosion prob- 

lems. 
wi th  HNO3 vapor or NO2 gas las described i n  Section 2.1. 

evaporated t o  a 0.1 - 0.4 M - HNO3 def ic ient  condition and adjusted i n  metal con- 

However, the  chloride i n  solution can be reduced t o  5 ppm by stripping 
The f i n a l  solution i s  

centration by di lut ion w i t h  water t o  make sui table  solvent 'extractipn feed. 

A l C l 3  and Z r C l 4  Condensation. These chlorides are desublimed a t  room 

temperature and disscarded as  waste. 

Graphite Burning. Graphite from TRIGA fuel  elements i s  burned as a means 

of disposal and for  recovering any adsorbed U C l 3 .  

sorbed by the  graphite w i l l  be converted t o  the oxide during combustion, and 

then t h i s  oxide w i l l  be recovered as U C l 4  i n  the  next chlorination. Conse- 

quently there  would be no uranium loss i n  t h i s  s tep.  

Any U C l 3  t h a t  hits been ad- 

Gaseous Reaction Products. Hydrogen i s  the gaseous product formed i n  the  

hydrochlorination,iand it i s  di luted with excess HC1 and N 2 .  

w i t h  C C l 4  does not produce a gaseous product d e s s  the  fuel  i s  an oxide mix- 

ture,  such as  U02-Zr02-?nn02. Then it i s  possible t o  generate CO, C02,  and 

Chlorination 

COC1. The usual methods for  disposing of radioactive off-gases can be fo l -  

lowed here, i .e.> di lut ing with air and exhausting from a stack. 
! 
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6.1.2 Process Performance 

There are two possible means of losing uranium i n  the Zircex process: 

(1) fa i lure  of U C l 4  t o  condense i n  the condensation step; and (2) entrainment 

of U C l 4  par t ic les  by A l C 1 3  and Z r C l 4  vapor. 

scale equipment2 indicated tha t  uranium losses could be maintained less than 
4 0.1%. Selected resu l t s  are given i n  Table 6.1. 

Demonstrations i n  s m a l l  engineering 

Table 6.1. Selected Results for  Recovery of Uranium i n  the 
Zircex Process 

Fuel: 7$ U-Zr a l loy 

Condensation temperature: 300°C 

Hydrochlorination: 

Chlorination: 

2 hours a t  6OO0C with HC1 

1 hour a t  6OO0C with C C 1 4  

Z r  i n  the 
Condenser U condenser u loss 
packing ($1 ($4 

glass wool 
copper turnings 

copper turnings 

nickel wire 

2-7 
1.1 

0.1 

0.15 

< 0.1 
0.01 

0.01 

< 0.1 

The presence of’Zr  i n  the U product i s  of no consequence because Z r  i s  
readily separated i n  the solvent extraction process. 

6.1.3 Process Limitations, Advantages, and Problems 

The Zircex process was developed specif ical ly  as an alterna%e t o  the modified 

Zirflex process for  processing high-zirconium fuels .  The purpose was t o  avoid 
the  large volumes of corrosive, aqueous waste present i n  the modified Zirflex. 

Zircex circumvents t h i s  problem by permitting separation of t he  bulk of t he  

zirconium f’rom the uranium before solvent extraction, and the process can treat 

zirconium oxide as well as a l loy  fuels .  A possible l imitat ion on the  process 

i s  the  undeveloped technology for  carrying out high temperature chlorinations 

of radioactive material. A large amount of radioactive zirconium chloride i s  

produced for  which waste disposal has not been f u l l y  evaluated. 
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6.1.4 Construction Materials 

An evaluation of several possible materials of construction has been made 

by Batelle Memorial Insti tute.’  
chlorination cycle i n  a ser ies  of cyclic t e s t s ,  and the  r e su l t s  shown i n  Table 

6.2 were obtained. 
rates with I l l i u m  R, Hastelloy C and Nickel showing no at tack.  

These materials were exposed t o  the  hydro- 

None of the materials showed excessively high corrosion 

Table 6.2. Performance of Materials of Construction for  the  
Zircex Process i n  Dry Hydrogen Chloride a t  400-6OO0C 

75 Cycles 
Corrosion Rate 

Material (mg 1 (mils/100 cycles ) Metallographic Examination 
Weight Change by Metallography Remarks Based on 

Haynes 25 

Type s-816 
Type s-590 
Inconel 
I l l ium R 

Hastelloy B 

Hastelloy C 

Nickel 

+ 2  2.1 

+ 39 
-133 

0.5 
2.0 

+ 67 0.0 

+ 46 0.5 
+I 57 
+ 70 

1.1 
0.0 

+ 93 dimensio?;) 
increase 

General a t tack  

Slight intergranular a t tack  

Severe intergranular a t tack  

Slight surface a t tack  

N o  a t tack 

Slight intergranular a t tack  

No at tack 

No at tack 

(a )  

(b)  

Weight change corresponding t o  r a t e  of 0.3 mils per 100 cycles. 
Possibly due t o  p l a s t i c  flow of material during polishing. 

6.1.5 Processing Cost 

No cost estimates have been made for the Zircex Process. 

6.1.6 Status of Development 

Engineering scale hydrochlorinations and chlorinations have been made t o  

demonstrate the Zircex process.* 

multiplate assemblies; however, more data a re  probably needed before hydro- 

chlorinator design can be undertaken. 

Reaction rate data have been obtained on 4-7 kg 

Experiments with i r radiated materials h,ave been done only a t  t r ace r  l eve l .  
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6 Only scouting laboratory experiments have been conducted w i t h  thorium, and 
these w e r e  w i t h  thorium metal. It w a s  found tha t  thorium metal reacted with HC1 

gas a t  7OO0C a t  a r a t e  of 1.2.7 mg/cm min. 

appear t o  be vo la t i l e  below 60OoC. 

2 The thorium tetrachloride did not 

6.1.7 Future Work 

In  any consideration of t h i s  process for  processing thorium fuels, develop- 
% 

merit from the laboratory t o  p i l o t  plant scale w i l l  be needed. The e f fec ts  of 

thorium on hydrochlorination rates,  formation of compounds insoluble in  HNO3, 
product losses,  etc., a re  unknown. Techniques for  handling radioactive process 

materials need t o  be developed. 

6.2 Head-Ehd for  Fluoride Vola t i l i ty  

The Zircex process can a l so  be used as a head-end process for  the  Fluoride 

Volat i l i ty  process, which i s  discussed i n  Section 15.0. 
essing Pressurized Water Reactor seed elements has been given i n  Fig. 6.2. 

a study of t h i s  process has been made by h a m ,  Madden, and Swift. 

A flowsheet for  proc- 

Also, 
> 16 

This phase of Zircex processing has not been developed t o  the same extent 

as the phase leading t o  solvent extraction, and no work with thorium fuels  has 

been carried out. 

those for  preparing solvent extraction feed. 

The techniques fo r  removing Z r  on Zircaloy are the same as 

6.2.1 Decladding 

In  the case of the  PWR element, the  Zircaloy-2 clad i s  hydrochlorinated 

w i t h  anhydrous HC1 as discussed i n  Section 6.1.1. 
0 pass overhead a t  500-600 C and are  desublimed at  room temperature. 

hydrochlorinator uranium i s  converted t o  the t r ichlor ide.  

chlorination s tep  using C C l 4  t o  convert U C l 3  t o  v o l a t i l e  U C l 4  i s  omitted. 

Volati le Z r C l 4  and SnCl4 
In the 

In  t h i s  case the 

6.2.2 Dissolution 

I A f t e r  zirconium has been removed, UC13  i s  dissolved i n  50-50 mole 5 NaF- 
ZrF4 at about 60OoC. 

,'*.6.2.3 Fluorination 

The molten salt mixture i s  fluorinated with Fz, or par t ly  with €€E' followed 

by F2, and UF6 i s  volat i l ized.  This s tep i n  the process is  the  first s tep i n  
fluoride v o l a t i l i t y  as discussed i n  Section 15.0, and succeeding steps w d d  

follow fluoride v o l a t i l i t y  procedures. 
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ANHYDROUS HCI - 
1600 kg 

UNCLASSIFIED 
ORNL-LR-OWG 33889 

OFF-GAS 
H z ,  44 kg 

DESUBLIMER e ZrCI, , H 2  
HY DROCHLORI NATION 

> 500oc 

. 

SOLID STORAGE 
ZrCI, , 2 4 7 0 k g  
SnClz  , 2 4 . 0 k g  

F,(OR EQUIVALENT H F  I N  PART) ,19kg 

I 

N a F - Z r  FUSED F 4 ( 5 0 - 5 0  SALT MOLE 70) i ~ l - ~ ~ ~  REACTION -6OOOC UF6 ;28.7 k g 7  
600 kg 

DISSOLUTION -6OOOC 

FISSION NoF-ZrF,  PRODUCTS TO PURIF ICATION BY 
N o F  ABSORPTION OR I 

I 
I t 
I 
I ---- - I 

I FRACTIONAL D I S T I L L A T I O N  

RECYCLE WASTE 
I 

Fig. 6.2. Zircex Process f o r  Hydrochlorination of Fully Enriched Fuels 
with Purification by the Fluoride Vola t i l i ty  Process. 

. . , ,. 
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The NaF-ZrF4 salt used t o  dissolve the  U C l 3  need not be discarded a f t e r  
fluorination. 

t en t  becomes intolerable.  
The salt can be used repeatedly u n t i l  the f i ss ion  product con- 

6.2.4 Process Performance 

The performance of t h i s  phase of Zircex processing w i t h  respect t o  product 
losses should be be t te r  than the process for preparing solvent extraction feed 

because uranium i s  not volat i l ized as U C l 4 .  Only the l e s s  vo la t i l e  U C l 3  i s  

formed. 

6.2.5 Status of Development 

Only the  hydrochlorination s tep of t h i s  process has been demonstrated both 
i n  the laboratory and i n  small scale engineering equipment. This work was done 

i n  connection with the  development of the solvent extraction head-end discussed 

above (Section 6.1.1). 
elementary and no d i f f i cu l ty  i s  anticipated. 

of course, have been demonstrated a t  the  p i l o t  plant leve l .  

Only a scouting experiment has been carried out with thorium. 

The dissolution s tep  for U C l 3  i n  NaF-ZrF4 mixture i s  

The fluoride v o l a t i l i t y  operations, 
17 

6 

. 

6.2.6 Future Work 

The most uncertain phase of the development i s  the behavior and ef fec t  of 
thorium on the process. 

design specifications.  

Laboratory and p i l o t  plant data are  needed t o  establ ish 
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7.0 GRIND-LEACH PROCESS FOR GRAPHITE wms 

. 

Operations2 i n  the  grind-leach process a re  shown schematically i n  Fig. 7.1. 
This flowsheet was drawn fo r  processing 1-1/2 in .  diameter spherical elements 

from a pebble bed reactor; however, it i s  applicable t o  other types of graphite 

fuels.  The process consists of four basic operations: grinding, leaching with 

HNO3, f i l t r a t i o n  and evaporation 

7.1 Process Description 

Gr indix .  I r radiated Th-U carbide fue l  dispersed i n  graphite i s  ground t o  

a s m a l l  mesh s ize  i n  a sui table  roll-type crusher or b a l l  m i l l ,  
f i n a l  s ize  of the  par t ic les  depends principally upon the  uranium losses  t h a t  can 

be tolerated since the  recovery i s  an inverse f’unction of the  pa r t i c l e  s ize .  
The leaching time required for  a given uranium recovery i s  a l so  a f’unction of 

the par t ic le  s i ze ,  par t icular ly  a t  low uranium concentrations i n  the fuel .  

The required 

Leaching. Thorium, uranium, f i ss ion  products and protactinium are sepa- 

rated from the bulk of the  graphite by digesting the  ground fuel par t ic les  i n  

concentrated n i t r i c  acid under refluxing conditions. 

was advantageous t o  leach i n  two d i s t inc t  operations t o  obtain high recoveries; 

In the  laboratory it 

typical  laboratory results’ a re  shown i n  Fig. 7.2 for  an unirradiated UC2- 

graphite fue l  containing no thorium. 

The data of Fig. 7.2 indicate qui te  c lear ly  the  importance of mesh s i ze  
and i n  par t icular  the importance of uranium content of the  fuel  upon the  degree 

of recovery. A t  low uranium concentrations (< 3 w t $ )  recoveries are qui te  l o w ,  

a d  it i s  doubtful t ha t  the  grind-leach process i s  adequate for  such a system. 

However, Bradley and Ferris’ found tha t  approximately quantitative recovery 

could be obtained by burning the leached graphite residue followed by diges- 

t i on  of the  ash i n  HNO3 (see Section 9.0). 
When thorium w a s  present i n  the  fuel i n  a typical  composition of 1.5 w t  $ 

U - 7.2 w t  $ Th, recoveries by the grind-leach method were not very good, aver- 

aging about 9.18 for  the  U and 89% for  the  Th 

-200 mesh. 

residue, recovery of both metals was approximately quantitative.  

catalyze Th dissolution, a small concentration of fluoride ion i s  needed i n  the  

HNO3 dissolvent . 

1 

However, when leaching was  followed by combustion of the  graphite 

I n  order t o  

even when the  fuel  was ground t o  
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Fig. 7.1. Grind-Leach Process f o r  Pebble-Bed Reactor Fuel. 
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Fig. 7.2. Uranium Recovery as a Function of I n i t i a l  Uranium Concen- 
t r a t i o n  i n  Admixture High-Density Graphitized Fuels After Leaching with 
Two Portions of Boiling N i t r i c  Acid. F i r s t  l each  50 m l  of ac id  per 10-g 
sample, 4 h r  reflux; second leach 25 ml of ac id  per  10-g sample, 4 h r  
re f lux ;  thorough water washes a f t e r  each leach. 
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Fi l t r a t ion  and Evaporation. The digested ThC2-UC2-graphite mixture i s  f i l -  

tered, and the  residue i s  washed with water or  d i lu t e  HNO3. If combustion i s  

not necessary, the cake i s  discarded t o  waste. The n i t r a t e  solution flows t o  
an evaporator where HNO3 i s  recovered for  reuse and the  remaining solution is. 

adjusted i n  concentration t o  tha t  required for  solvent-extraction feed. 

thorium, protactinium and f i ss ion  products can be separated i n  a conventional 

Thorex plant previously described i n  Section 1.0. 

Uranium, 

Fuel Reconstitution. The products of the Thorex process a re  n i t r a t e  solu- 
t ions  of uranium and thorium which must be converted t o  the carbides dispersed 
i n  graphite for  recycle t o  the reactor .  
t ions  a re  described by Thurber, e t  aJ_ .3  

These metallurgical (or ceramic) opera- 

7.2 Process Performance 

The grind-leach process i s  capable of giving 99.9% recovery of uranium from 
uranium graphite fuels  (no thorium) when uranium i s  present i n  concentrations 

greater than about 5 w t  $. 
recoveries of both metals are only approximately 90%. 

However, when both thorium and uranium are  present, 

7.3 Process Limitations 

The grind-leach process i s  l imited i n  i t s  a b i l i t y  t o  recover a high per- 

centage of both Th and U from carbide type fuels  i n  graphite, even when the 

 el i s  ground t o  -200 mesh. 

graphite, recoveries i n  laboratory experiments are less than about 97% and 
become progressively worse as the uranium content becomes lower. 
approaching quantitative values can be at ta ined for Th-U carbide f’uels by 
burning the leached graphite residue followed by dissolution of the ash i n  

HNO3 (Section 9.0). 
radioactive gas t h a t  may present a disposal problem. 

For fuel  compositions of < 3 w t  $ U (no Th) i n  

Recoveries 

This requirement, however, produces large quant i t ies  of 

7.4 Status of Development 

The grind-leach process has been carried through the laboratory stage of 
development. Engineering scale experiments are underway. 

7.5 Processing Cost 

A capi ta l  cost estimate of a preliminary nature has been made by Hannaford 2 

for a grind-leach process t o  t r e a t  100 &/day of pebble bed reactor fuel  accord- I., 

ing t o  the  flowsheet of Fig. 7.1. 
graphite (8.99-0.81-90.30 w t t $ ) .  

The fuel  composition considered w a s  ThC2-UC2- 

The fuel spheres w e r e  1-1/2 in. diameter, each . 
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covered with a th in  Si-Sic clad. 

cost of $28.89 per kg of fue l  as shown i n  Table 7.1. 
contribution of the grind-leach head-end process t o  the  t o t a l , f u e l  cycle cost, 

inventory and use charges on f i s s i l e  and f e r t i l e  materials would have t o  be 

added t o  the above figure.  

On t h i s  b w i s  Hannaford arrived a t  a capi ta l  

In  order t o  get the t o t a l  

Table 7.1. Estimate of Processing Cost f o r ' a  Grind-Leach &ocess 
t o  Treat Pebble Bed Reactor Fuel" 

Basis: 1 kg f'uel 

Chemicals 
Graphite disposal pots 
Labor 
Supervision (25% of labor)  
Maintenance (6% of fixed capi ta l )  
mant  Supplies (15% of. maintenance ) 
U t i l i t i e s  

Direct processing cost 

Payroll overhead (15% of labor)  
Laboratory (13% of labor)  
Plant overhead (75% of labor)  

Indirect  processing cost 

Depreciation (20$/yr of fixed capi ta l )  
Property tax ( l%/yr  of fixed cap i t a l )  
Insurance (l$/yr of fixed capi ta l )  

Fixed processing cost 

0.803 
1 4  .OO 
4.85 
1.21 
0.586 
0.088 
0 .lo1 

EL .64 

0.728 
0.728 
3 0 6 4  
5.10 

1 9 953 
0.098 
0.098 

2.15 

Total processing cost 20.89 
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8.0 FUMING HNO3 PROCESS FOR GRAPHITE FUELS 

8.1 Process Description 
1 An al ternate  method t o  the grind-leach process has been developed t o  

eliminate the  mechanical grinding operation. The process begins with a leach- 
ing operation using 90$ HNO3 i n  contact with ThC2-UCz-graphite fuel .  The acid 
penetrates the  graphite matrix causing the graphite t o  dis integrate  in to  small 

par t ic les  approximately l5Op diameter. 
a r e  effect ively dissolved; 

I n  t h i s  f ine ly  divided state, the metals 

A s  discussed above i n  Section 7.1, the leaching operation i s  followed by 
f i l t r a t ion ,  washing, evaporation, solvent extraction (morex) and f'uel recon- 
s t i tu t ion .  

8.2 Process Performance 

Uranium and thorium recoveries > 99$ have been obtained by the fuming HNo3 
disintegration method. The leaching operation i s  apparently insensit ive t o  
temperature since recoveries a re  about the  same for  digestion a t  25 C or at  0 

boiling temperatures. 

8.3 Process Limitations and Advantages 

The fuming HNO3 process has an advantage over the  grind-leach method of 
not requiring a remote grinding operation. 

method gave very good uranium recovery only for  fuels  which contained no tho- 
rium, the  fuming HNO3 process gave > 998 recovery of both uranium and thorium. 
If almost quantitative metal recovery i s  required, combustion of the graphite 
followed by digestion of the  ash i n  HNO3 i s  necessary (see Section 9.0). 

Also, whereas the  grind-leach 
\ 

8.4 Status of Development 

The f'uming HNO3 process i s  i n  the laboratory stage of development. 

REFERENCE 

1. Mildred J. Bradley, Oak Ridge National Laboratory, personal communication. 
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9.0 COMBUSTION-DISSOLUTION OF GRAPHITE FUELS 

9.1 Process Description 

A t h i r d  method fo r  the  head-end treatment of carbide fuels  dispersed i n  
graphite i s  combustion-dissolution. 
t o  burn the  graphite leaving behind an ash containing the recoverable metals 
and f i ss ion  products. 

t o  Thorex feed concentrations and routed through a solvent extraction plant .  

The bulk of the  fuel  i s  ignited i n  oxygen 

After combustion the ash i s  dissolved i n  HNO3, adjusted 

9.2 Process Performance 

The laboratory has been able t o  obtain almost quantitative Th and U recov- 
No la rger  scale operations have been eries from graphite f’uels by th i s  method. 

t r i e d .  

9.3 Process Limitations and Advantages 

The principal advantage of combustion-dissolution i s  t‘nat it perinits high 
metal recovery. 
gas t h a t  must be processed t o  prevent atmospheric pollution. 

e .g., ThCz-UCz coated with pyrolytic carbon, combustion-dissolution offers  the 

only sat isfactory method for  recovering thorium and uranium. 

A serious disadvantage i s  the la rge  volume of radioactive o f f -  

For some f’uels, 

9.4 Status of Development 

Combustion-dissolution has been used i n  the  laboratory as an ultimate 
recovery method for  several kinds of thorium-uranium-graphite fuels tha t  were 

not amenable t o  processing by the  grind-leach or f’uming n i t r i c  acid dissolution 
methods. No engineering or larger  scale studies have been made. 
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10.0 ULTRASONIC LEACHING OF GRAPHITE FUELS 

10.1 Process Description 

Workers a t  Aeroprojects, Inc. ,l have applied ultrasonic energy t o  leaching 

uranium from graphite fuels .  

the  work of Bradley and Ferris2 t o  improve the  leaching efficiency par t icular ly  

at low uranium concentrations. Samples were ul t rasonical ly  activated a t  a fre- 

quency of 20 kc i n  a 15.7 M - RNO3 solution, and i n  all cases it was  found tha t  

ultrasonic leaching gave be t te r  recoveries than nonultrasonic leaching. 

experiments recoveries were as much as 5.5$ larger ,  99.5% versus 94.0% uranium 

recovered. These r e su l t s  may be compared w i t h  later laboratory tests at  ORNI? 

i n  which be t t e r  than 99$ product recovery from low uranium content material w a s  

obtained by leaching with f’uming HNO3. 

In effect  these experiments were an extension of 

In  some 

Ultrasonic leaching offers  an advantage over t he  grind-leach method i n  tha t  

the  grinding s tep might possibly be eliminated. 

10.2 Process Limitations and Advantages 

Although the ultrasonic leaching method eliminates a grinding operation 
tha t  i s  cer ta inly undesirable i n  a remotely operated plant, t h i s  operation i s  

replaced by another mechanical operation tha t  cannot be expected t o  be trouble- 

f ree .  The vibrational equipment can a l so  be expected t o  have maintenance prob- 
lems. However, a great advantage t o  ultrasonic leaching would be the elimination 

of radioactive dust problems tha t  would be associated with grinding. 

10.3 Status of Development 

Only laboratory experiments have been conducted on ultrasonic leaching. 
These experiments were designed primarily t o  determine i f  such a method could 
be favorably used i n  graphite fuel  processing. 
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1. 

2. 
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11 .O PERFLEX PROCESS 

The Perflex process i s  another head-end process for  Thorex solvent extrac- 

t ion .  It i s  designed t o  dissolve fuels containing uranium, zirconium, t i n ,  and 
niobium either as pure metals or as al loys.  
i n  the development; however, the process should be able t o  treat thorium i n  com- 

bination with these metals. 

No thorium fuels  were considered 

There might be a problem i n  thorium so lubi l i ty  since 

ThF4 does not have a la rge  so lubi l i ty  i n  aqueous solutions, so concentrations 

would have t o  be controlled t o  prevent precipi ta t ion.  
A s  shown i n  Fig. 11.1, Perflex employs a solution of HF-HzOz. The laboro- 

1 ra tory development was conducted on a 776 U-Zr-Sn alloy. 

11.1 Process Description 

Perflex consists of two principal steps - dissolution and feed preparation. 
The operations a re  simple and s w i f t .  

Dissolution. The alloy fuel  i s  contacted i n  a dissolver with 34.4 M - KF - 
1.7 M - H202 solution. 
t ha t  the  dissolvent has 60 be added a t  a controlled r a t e .  

The reaction proceeds rapidly and i s  highly exothermic so 

The principal reason 
for  using H202 i n  the  solution i s  t o  oxidize U(1V) and Sn;' n i t r i c  acid could 

a l so  be employed for  t h i s  purpose. 

Feed Preparation. Feed preparation i n  Perflex i s  similar t o  feed prepara- 
t i on  steps i n  other head-end processes. 
added t o  the  dissolver solution t o  prepare aqueous n i t r a t e  feed. 

the  flowsheet i s  a feed adjustment s tep i n  which the feed solution i s  evaporated 
t o  obtain a 0.1 - 0.4 M - HNO3 def ic ient  solution, a necessary requirement for  a 

thorium-containing feed. 

N i t r i c  acid and aluminum n i t r a t e  a re  
Not shown on 

Gaseous Reaction Products. The principal gaseous reaction product of 

Perflex i s  hydrogen. 

amount evolved w i l l  be less than the theoret ical  amount formed i n  the m e t a l -  

acid reaction. 

Since hydrogen reacts  w i t h  hydrogen peroxide, the  t o t a l  

11.2 Process Performance 

, 

Complete recovery should be realized i n  t h i s  process because no waste 

solutions a re  removed for disposal. 
e 
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11.3 Process Limitations and Advantages 

The advantage o f t h e  Perflex process i s  i n  i t s  simplicity; only one chemi- 

ca l  operation i s  involved. Since the  only waste product i s  a gas, product re- 

coveries should be quantitative.  The principal l imitat ion or  disadvantage t o  

the  process i s  that the  alloying materials, Z r  and Sn, axe not separated from 

thorium and uranium and must consequently be separated i n  Thorex. 

a tes  la rge  volumes of aqueous waste. 

Careful control of the  amount of oxygen i n  the system w i l l  be necessary t o  

This gener- 

prevent hydrogen-oxygen explosions i n  the off-gas. 

11.4 Construction Materials 

Several possible materials for  dissolver construction have been tes ted 

i n  HF-HzOz solutions with Monel and Ni-o-ne1 being the  most r e s i s t an t  t o  corro- 
sive attack.’ 

creased 60% or more. 

given i n  Table 11.1. 

When oxygen was excluded from t he  system, corrosion r a t e s  de- 
l Selected r e su l t s  from the work of Gens and Clark a re  

11.5 Processing Cost 

No cost data have been prepared for  t h i s  process. 

11 ..6 Status of Development 

Only laboratory scale investigations have been conducted on the Perflex 
process. Dissolution data and corrosion r a t e s  have ,been obtained. However, 
no work has been conducted with thorium present i n  the fuel. 

11.7 Future Work 

No work i s  planned on Perflex, and emphasis i s  being placed on processes 
such as Zircex and Modified Zircex for  t rea t ing  zirconium-type fue ls .  
Perflex were considered for  a thorium-zirconium type fuel, considerable de- 

If 

velopment a t  the laboratory and engineering scale would be necessary. 

. 
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1 

Table 11.1. Corrosion Rates of Several Alloys Exposed t o  Boiling 
1 fi IIF - 0.05 H202 Solution 

~ 

Corrosion R a t  e ( m i l  s/month ) 
IN OR-^ Monel 

48 h r  48 h r  %%@%?k 24 hr 48 - h r  24 h r  - 
Specimen N i  -0-ne1 
Position 24 hr  - - - - - 
Vapor 0.32 4.6 0.36 1 *9 1 3  07 13.6 13.4 I 13.1 

0.17 4.2 0.48 1.7 

5 -4 15.5 10.1 14.1 
4.8 14.5 11.5 14.1 

Interface 47.2 32.0 24.2 22.4 

Liquid 10.9 17 .i 9 94 16.0 35-2 23 09 20.7 
11 .o 17 .i 9 *1 17 .i 

21.2 

1. T. A. Gens and W. E. Clark, Laboratory Development o f t h e  Perflex Process 
for Dissolution of Uranium Alloy Fuels i n  Hydrofluoric Acid - Hydrogen 
Peroxide Solutions, ORNL CF-59-ll-23 (Nov. 10, 1959). 
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12.0 OXYHYDROCHLORINATION PROCESS 

1 This process has been developed a t  ORNL for  processing U-Mo fue l .  The de- 

velopment was conducted on the Consumers Public Power Dis t r ic t  (CPPD) reactor 

fuel  which i s  a 90% U-lO$ Mo al loy clad i n  s ta in less  steel. 

the development of some other processing methods, no thorium was present i n  the 

fue l .  

same general method could be used. 

as a possible process for U-Th-Mo fuels .  

A s  i s  the  case with 

However, it i s  believed tha t  i f  thorium were a component of the  al loy the  

For t h i s  reason oxychlorination i s  discussed 

12.1 Process Description 

A diagram showing the f ive  major operations of oxyhydrochlorination i s  pre- 

sented i n  Fig. 12 .1  

reactions, and the l a s t  i s  a re la t ive ly  low temperature dissolution. 

The f i rs t  four operations a re  high-temperature gas-solid 

Can Removal. The i n i t i a l  operation i s  designated as "can removal" ra ther  

than "decladding" because pr ior  t o  chemical processing the s ta in less  s t e e l  clad 

i s  mechanically removed and the bare U-Mo a l loy  i s  replaced i n  an aluminum can. 

The can i s  removed by reaction with a 60% H C l - N z  mixture a t  300 C t o  vaporize 

A l 2 C l 6 .  

of a nonvolatile aluminum oxide ash. 

0 

It i s  important t o  exclude air  from the  reaction because of formation 

Oxidation and Volati l ization. The temperature i s  raised t o  4OO0C, and a 

Both oxygen and HC1 13% HC1-air m i x t u r e  i s  admitted t o  the reaction chamber. 

react w i t h  molybdenum t o  form the  vo la t i l e  oxychloride (MoO~Cl~). I n  the  same 

process uranium i s  oxidized t o  U30a, and if thorium were present it a lso  would 

tend t o  go t o  the oxide rather  than the chloride. 2 

The average Mo reaction r a t e  i s  greater than 12  mg/cm2 min. 

Molybdenum Cleanup. 

Mo with the H C 1 - a i r  mixture, so i n  a cleanup operation pure HC1 i s  added t o  re -  

move an additional 34 or more. 

t en t  t o  ensure s t a b i l i t y  of the n i t r a t e  solution prepared l a t e r  for  solvent 

extraction feed. 

It i s  d i f f i c u l t  t o  remove more than about 90% of the 

It i s  desirable t o  have Mo removed t o  t h i s  ex- 

Chloride Cleanup. Residual chloride i s  exhausted from the oxide residue 

by contacting a t  4OO0C with air containing a s l igh t ,  amount of water vapor. 

tolerable  l i m i t  on chloride i n  s ta in less  s t ee l  solvent extraction equipment i s  

about 173 ppm. 

The 

Y 
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Dissolution. The oxide residue i s  dissolved i n  n i t r i c  acid t o  prepare 
solvent extraction feed. 
necessitate the use of regular Thorex dissolvent, which i s  n i t r i c  acid con- 

taining a l i t t l e  sodium fluoride.  

s l igh t ly  acid deficient by evaporation for  feed t o  Thorex (see Section 1.0) .  

The presence of thorium oxide i n  the residue would 

After dissolution the  solution i s  made 

Gaseous Reaction Products. A s  indicated on Fig. 12.1, a number of gaseous 

reaction products are produced. 

gas through a caustic scrubber t o  form the  corresponding sodium salts which 
were relegated t o  waste. 

scrubber and were exhausted t o  the atmosphere. 

The laboratory treatment w a s  t o  pass the  off-  

The elemental gases H2 and N2 passed through the 

12.2 Process Performance 

Uranium losses  are only about 0 .Ol%. i n  the oxyhydrochlorination process 

(Table 12.1). 

the  vola t i le  aluminum and molybdenum off-gases and perhaps by some vola t i l i za t ion  
These losses  a re  probably caused by entrainment of par t ic les  i n  

of uranium chlorides. 
Thorium losses  a re  expected t o  be no greater than uranium losses .  

12 .3  Process Limitations and Advantages 

The primary advantage of oxyhydrochlorination i s  tha t  the can and al loy 
materials are  separated from the bulk of the recoverable materials i n  a simple 
gas-solid reaction, thereby decreasing the volume of aqueous w a s t e  f r o m  solvent 
extraction. Reasonably high puri ty  of hydrogen chloride gas must be maintained 
t o  obtain smooth reaction rates; for  example, oxygen or water vapor i n  the gas 

could passivate t h e  aluminum surface. 

there  i s  the  usual H2-02 explosion hazard i n  the off-gas. 
Since hydrogen i s  a reaction product, 

The selection of materials of construction i s  l imited because of t h e  

corrosive nature of high temperature chlorides. 

12.4 Construction Materials 

0 

Materials t h a t  were sui table  for  Zircex process (Section 6.0) construction 
1 were examined i n  a 15% H C 1 - a i r  mixture a t  40OoC. 

on four materials are given i n  Table 12.2; all materials appeared very res i s ten t  
t o  attack. 

Results of corrosion t e s t s  
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Table 12.1. Performance of Oxyhydrochlorination Flowsheet Operations 

Al Can Removal 

React ants 

Reaction t i m e  (hrs) 

Temperature (OC ) 

U i n  sublimate ($) 
Al i n  sublimate ($) 
Mo i n  sublimate ( 5 )  

Mo Removal 

Reactants 

Reaction time (hrs) 

Temperature (OC ) 
U i n  sublimate ( 5 )  
Al i n  sublimate ($) 
Mo i n  sublimate ( 5 )  

$ I n i t i a l  Material i n  Final Waste 

U 

60 5 HC1-N;I 

2 

300 
0.006 

99 *2 
1.4 

15% H C 1 - a i r  

20 
400 

0.01 

0.0 - 99 

0.015, 0.005 

' 96 9 96.9 Al 

Mo' 85.2, 93.8 

Table 12.2. Corrosion Rates of Several Ma te r i a s  i n  a 
l5$ HC1-Air  Mixture a t  4OO0C 

Corrosion Rate (mils/month) 
24 h r  48 hr  

Haynes 25 

Pyroceram 

INOR-8 
Nichrome V 

gain 0.06 
gain gain 

.02, .03 
gain, .03 gain, ,06 

.03, < .oi 
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12.5 Processing Cost 

No cost data are available fo r  t h i s  process. 

12.6 Status of Development 

The flowsheet for  oxyhydrochlorination has been demonstrated i n  the  labora- 
However, it i s  believed t h a t  more labora- 

. 
to ry  i n  some well-chosen experiments. 
to ry  development i s  needed and cer ta inly la rger  scale engineering experiments 

before any plant design could be undertaken. 
perature chloride gases i s  required. 

Experience i n  handling high t e m -  

No development with thorium fuels has been undertaken. 

12.7 fi ture Work 

No work on oxyhydrochlorination i s  currently i n  progress nor i s  any planned. 
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13.0 BERYLLIUM OXIDE PROCESSES 

Beryllium and beryllium oxide fuels  have been proposed for  gas-cooled re- 
actors, 'and processing methods a re  being investigated a t  0RNL.l 
fuels  being studied i s  a pel le t ized BeO-base fue l  containing 60-70$ U 0 2  clad 

i n  Hastelloy X; a second fuel under study i s  similar t o  t h i s  except t ha t  the 
U content i s  lO$ or less. N o  work has been done on these fuels  with thorium 
present, but the processing methods developed t o  date should apply with thorium 

present . 

One of the 

. 

13.1 Process Description 

Two methods of a t tack  have been t r ied :  (1) mechanical stripping or chop- 
ping of tBe cladding followed by leaching UO, from the  Be0 matrix; or (2) dis- 

solving both clad and core i n  boiling aqua regia.2 Aqueous reagents were used 

i n  dissolution and leaching i n  order t o  prepare solvent extraction feed. 

Decladding and Dissolution - Low Be0 Fuel. Experiments have been performed 
with UO2-Be0 fuels  i n  which the  Be0 content was about 30%. 
mechanically crushed t o  f racture  or pulverize cladding and core were subjected 

t o  boiling solutions of 6-13 M - HNO3, 2 M - HNO3-4 - M HC1, HN03-H2S04 and HN03-NaF. 

All these reagents were successful i n  leaching U 0 2  from the core, and i n  the  

case of aqua regia, the  clad w a s  a l so  dissolved. It would not be advisable 

t o  use aqua regia  as a decladding reagent because the rate of a t tack  on the  

oxide core i s  fast enough t o  cause considerable uranium loss i n  the  decladding 
s olut ion. 

Fuels t ha t  had been 

The reagents, HN03-H2S04 and HN03-NaF, dissolved both Be0 and U 0 2  i n  the 
fuel  matrix. In  the case of t h e  f i rs t  reagent it was found tha t  the  rate of 
U 0 2  leaching decreased w i t h  increasing H2SP4 concentration up t o  7 M, &SO4 

regardless o f t h e  HNO3 concentration. 
r a t e  increased. 

On the  other hand, the Be0 dissolution 

Dissolution times were i n  the range 6-30 hours. 

Decladding and Dissolution - High Be0 Fuel. Fuels i n  t h i s  category con- 

taining only 5-lO% U 0 2  are very res i s tan t  t o  common aqueous dissolvents. Re- 

agents t ha t  have been tested for  dissolving sintered BeO-?q& U 0 2  mixtures are  

H2SO4, HF-NH4F, KF-HF, HNO3, HNO3-H2SO4, HN03-HCl and HF-HBF4 solutions 
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Approximate dissolution rates2 for these solutions were respectively 0.01-3.5, 

1.2-2.8, 0.006-0.36, 0.003-0.016, 0.0, 0.0 and 0.2-1.4, all ra t e s  being ex- 

pressed i n  mg/min cm2. 

13.2 Process Performance 

Process performance i n  the dissolutions of BeO-type fue ls  cannot be evalu- 

ated completely on the  bas i s  of the  laboratory experiments t ha t  have been made; 

the most sui table  process has not been established. 

been performed on fuels  containing no thorium. 

recovery fYom BeO-U02 fuel leached with boiling HNO3 a re  presented i n  Table 13.1. 

Also all work t o  date has 

Some dataj2 however, on metal 

13.3 Process Limitations and Problems 

A full appreciation of a process for  BeO-UO2-ThO2 fuel  cannot be s ta ted 

Very stringent re- because the process has not been suf f ic ien t ly  developed. 

quirements w i l l  be placed upon materials of construction because of the corro- 

siveness of dissolution reagents. In order t o  avoid product loss ,  it might be 

necessary t o  pass a l l  beryllium through the solvent extraction plant thereby 

creating large volumes of aqueous waste. 

no means of recovering beryllium, a m e t a l  t ha t  i s  rather  expensive t o  discard 

as waste. 

A t  t h i s  time processing methods offer  

I 

Table 13.1. Uranium Losses on Leaching GCRE Fuel Pe l le t s  
(70% UO2-3Ok B O )  With Boiling Nitr ic  Acid 

pe l le t :  0.4-0.5 g 

acid: 100 m l  

HNO3 Concentration Leaching Amount Remaining i n  Be0 Residue ('$) 
M Time (h r )  U Be - 
4 
6 
8 

10 

10 

1 3  

4 .O 
6.8 
6.8 

6 97 
6.8 
6.8 

22.7 39 $8 
0.13 66.2 
0 059 59 3. 
0.0% 43.2 

0.12 50.3 
0.12 48.8 
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13.4 Construction Materials 

An evaluation of construction materials has not been made. 

13.5 Processing Cost 

No cost data a re  available.  

13.6 Status of Development 

A process for BeO-UO2 fuels  is  i n  the i n i t i a l  stages of laboratory develop- 

No engineering scale t e s t s  have been made and no fuels  containing tho- ment. 

rium have been used i n  the experiments. 

13.7 Future Work 

Work i s  continuing on the laboratory scale toward finding a sui table  way 

of preparing solvent extraction feed from these fuels .  
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14.0 MECHANICAL PROCESSING 

Two forms of mechanical processing have been developed for the head-end 
treatment of clad fuel  elements. 
and-leach. 

These a re  mechanicdl dejacketing and shear- 
1 The processes have been developed a t  ORNL, 

14 .1  Mechanical D e  jacketing 

Mechanical dejacketing was developed specif ical ly  for  removing the s ta in-  
l e s s  s t ee l  clad from SRE fuel  elements. The procedure i s  t o  saw t h e  ends off  

the  tubular element, expand the clad by hydraulic pressure, and push the metal 
core from the  expanded she l l .  
provision has been made t o  s l i t  the clad longitudionally for  removal of the  
core. 

In case the  core cannot be pushed from the shel l ,  

The process has been developed and operated remotely t o  declad SRE core 1 

assemblies having an average burnup of 675 Mwd per ton. 
been declad a t  a rate of 2-3 kg U/hour. 
f’urther processing i s  accomplished by sui table  solvent extraction techniques. 

Fuel assemblies have 

A f t e r  the  f’uel core has been removed, 

14.2 Shear-and-Leach 

A companion process t o  mechanical dejacketing i s  the shear-and-leach 
process that has been developed for stainless steel clad uranium dioxide or 

s ta in less  s t ee l  c lad mixed thorium oxide-uranium dioxide fue l .  The process i s  

designed t o  handle pel le t ized fuels tha t  a r e  not amenable t o  e ject ion f k o m  a 

tube by the methods employed i n  mechanical dejacketing. 
process a re  designed for  remote operation. 

fU-1 steps of t he  

Fuel-bearing tubes are introduced t o  the shear and chopped in to  1-inch 
long pieces which a re  picked up by a conveyor and transported t o  an inclined 

drum leacher (Fig. 14.1).  
drum by a screw and are  contacted by a countercurrent stream of concentrated 

n i t r i c  acid containing a s m a l l  concentration of fluoride ion. 

ThO2-UO2 core i s  dissolved, and the empty stainless s t ee l  she l l s  a r e  dis-  

charged a t  the  top. 

The s m a l l  fuel  pieces are moved upward through the 

The mixed 

The leacher ro ta tes  a t  about one revolution per hour. 

The product i s  a uranyl and thorium n i t r a t e  solution which i s  made in to  
acceptable Thorex feed by methods discussed i n  Section 1.1. 

s tee l  waste i s  compacted for  volume reduction and stored as radioactive waste. 
The stainless 
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14.2.1 Process Performance 

The chemical operation, namely, ThO2-UO2 dissolution, has been well- 
established i n  connection with the  development of Thorex and other solvent 

extraction processes. The principal area of development i n  the shear-and- 
leach process was the  perfection of the  remote mechanical. operations of shear- 
ing, conveying, .leaching, and compacting. The f eas ib i l i t y  of these operations 
has been demonstrated on an engineering scale.  

14.2.2 Process Limitations, Advantages and Problems 

The process might be l imited i n  handling short-cooled material as might 
be required from a breeder reactor because of heat removal problems and prob- 

able maintenance requirements of mechanical equipment. Lubrication of such 
machinery may complicate servicing; molybdenum disulfide suspended i n  water 

appears t o  be the  best lubricant .  
which are d i f f i c u l t  t o  handle i n  the transport  and feeding mechanisms. 

The mechanical shear creates ThO2-UO2 f ines  

The principal advantage of shear-and-leach i s  the production of minimum 
volume so l id  w a s t e .  There is  no waste disposal problem with compacted s ta in-  

less steel shapes. Aqueous waste volumes from solvent extraction can be con- 

siderably reduced by not having t o  contain the  clad i n  solution. 
extremely corrosive chemical reagents and involved head-end procedures needed 

t o  dissolve s ta in less  s t ee l  a re  avoided. 
and Darex process, Section 3.0.) 

Also, t he  

(See Sulfex process, Section 2.0 

14.2.3 Processing Cost 

The cost of processing stainless s t e e l  clad-U02 f'uel a t  a r a t e  of 2.66 
tons U/day by the shear-and-leach method has been estimated by Adams and 
co-workers.2 

an estimated cost of $15.78/kg uranium by the Sulfex process. 

The estimated cost was  $2.71/kg uranium. The same study gave 

14.2.4 Status of Development 

All mechanical shear-and-leach operations have been demonstrated on an 

engineering scale, and the technological f e a s i b i l i t y  has been established. 

Only !'cold" operations have been performed. 

14.2.5 Future Work 

Nonradioactive operation i s  continuing i n  preparation for  demonstrating 
the  process using i r radiated material. 
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15.0 STAINLESS STEEL CHLORINATION 

Investigations have been conducted. at  Brookhaven National Laboratory' on 

a method of decladding stainless steel clad fuels  thruugh the  use of gas-solid 

reactions a t  high temperature. 

reactor fuel  was used, but data were reported for  the reaction of s ta in less  

steel and chlorine gas. 

and are  given i n  Table 15.1. 

No resu l t s  have been reported i n  which actual 

Reaction rates were obtained a t  several temperatures 

Table 15.1 .. Reaction Rates for  Stainless S t e e l  Chlorination 

Temperature Reaction Rate 
(OC 1 mg/cm2 hr  ) 

480 

580 
660 
690 

9 
57 

393 
1080 

A t  these temperatures chlorine gas presents a serious corrosion problem. 

The authors suggested that the reaction be carried out in the center of a 

fluidized bed of i ne r t  insulator such as a ceramic material i n  such a way 

tha t  the  w a l l s  of the vessel could be maintained a t  a much lower temperature. 

A n  experiment w a s  performed t o  demonstrate t h i s  principle i n  which a type 

316 s ta in less  s t ee l  coupon was chlorinated a t  a central  zone temperature of 

620-665'C while the  vessel  wall was held a t  48O-'jlO0C, The ine r t  bed mate- 

rial was not specified. 

Stainless s t e e l  chlorination might be considered as part  of a head-end 

treatment t o  prepare stainless s t ee l  clad ThO2-UO2, s ta in less  s t e e l  clad 

Th-U m e t a l  or  s ta in less  s t ee l  clad ThC2-UC2 f'uels for  solvent extraction. 

However, no conclusion can be made about the f e a s i b i l i t y  of such a process 

without additional data. A t  these temperatures chlorine would almost cer- 

t a in ly  vo la t i l i ze  uranium as U C l 4  (see Zircex Process, Section 6.0) and carbon 

or graphite as C C l 4 .  There would be a problem of select ively condensing U C l 4  

f romthe s ta in less  s t e e l  reaction products i n  order t o  make the desired sepa- 

ra t ion  of clad and f'uel. 
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16 .o THORIUM OXIDE-BISMUTH SLURRY 

The Liquid Metal Fuel Reactor proposed a Th02-Bi s lur ry  as a fer t i le  

stream and had a rather  involved Thorex head-end treatment t o  prepare the  

fuel for solvent extraction. 

Fig. 16.1. 
The operations' i n  t h i s  process a re  shown i n  

16.1 Process Description 

Phase Separation. The 12  w t  '$ Th02-Bi s lur ry  i s  contacted with argon 

gas i n  a phase separator at  1000°F t o  f l o a t  Tho2 par t iqles  which a re  skimmed 

off i n  a manner similar t o  slagging operations i n  the metallurgical industry. 

Thorium oxide par t ic les  a re  assumed t o  carry approximately t h e i r  weight of 

bismuth. Argon i s  continuously recycled through the f i l t e r s  t o  remove en- 

t ra ined par t ic les  * 

Fi l t r a t ion  and Washing. The Tho,-Si sludge and "clean" bismuth leave 

the phase separator by different  routes. 

system i n  which it i s  washed with mercury which dissolves bismuth. 

i s  blown off the f i l t e r  with argon onto a second f i l t e r  which removes the  

l a s t  t races  of mercury. A t  t h i s  t i m e  the  Tho2 cake i s  considered suf f ic ien t ly  

f ree  of car r ie r  materials and i s  transported t o  the  Thorex feed make-up system 

by argon gas. Solids and gas a re  separated i n  a cylcone separator; the  sol ids  
are  dissolved i n  concentrated HNO3 containing a l i t t l e  fluoride ion and fed t o  

a Thorex plant (see Section 1.0). 

The sludge enters a f i l t r a t i o n  

The cake 

Bismuth Recovery. The remaining operation i n  the head-end treatment i s  

t o  recover bismuth from the circulating mercury stream. The mercury system 

operates a t  almost the saturation temperature of mercury as a pressure of 

180 psia, the heat being supplied by the  decay energy of f i ss ion  products and 

protactinium i n  the f i l t e r  cakes. 

i n  an evaporator t o  accomplish the  primary separation. 

vaporized and returned t o  the  system a f t e r  condensation. 

ta ining the r e s t  of the  mercury i s  d i s t i l l ed ;  the  s t i l l  bottoms contain less 

than 1 ppm mercury. 

The high pressure Hg-Bi solution i s  flashed 

Most of the  mercury i s  

Liquid bismuth con- 

Recovered bismuth returns t o  the reactor system. 

Fission Product Removal. Fission products a re  assumed t o  s tay  i n  the 

thorium dioxide par t ic les  and be separated i n  the Thorex plant.  

products t ha t  extract  i n to  the  mercury or bismuth i n  the f i l t r a t i o n  s tep 

accumulate i n  the  bottoms of the mercury s t i l l .  

Any f i ss ion  
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16.2 Process Performance 

No data are available.  

16.3 Process Limitations and Advantages 

This head-end process involves several high temperature operations tha t  

may be d i f f i c u l t  t o  perform part icular ly  with radioactive material; the  f i l -  

t r a t i o n  i s  an example. 

nuclear reactor; therefore, the separation,of mercury and bismuth must be 

highly e f f i c i en t  t o  avoid poisoning the reactor.  
appraise without additional development data. 

Mercury i s  a highly undesirable material t o  have i n  a 

The process i s  d i f f i c u l t  t o  

16.4 Processing Cost 

In  conjunction w i t h  the  design of a l i qu id  metal reactor by Babcock and 
a cost e s t h a t e  was made for  a power s ta t ion  employing an on-site 1 Wilcox 

chemical processing plant.  
posit ive breeding r a t i o  i n  a blanket of Th02-Bi s lurry.  
capi ta l  cost of the  head-end treatment section was estimated t o  be $1,668,600, 

for  a processing rate of about 6 f't3/day. 

The plant w a s  t o  develop 1065 M w t  and have a 

For t h i s  system the  

16.5 Status of Development 

Considerable laboratory and engineering scale t e s t s  were made on t h i s  
system before the project was terminated. However, more engineering and p i l o t  
plant data are needed before a ThOZ-Bi processing method can be designed. 
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17.0 FLUORIDE VOVTILITY PROCESS 

The v o l a t i l i t y  of uranium hexafluoride a t  room temperature has long been 
considered i n  processing schemes for recovering decontaminated uranium f’rom 

irradiated fuel .  This and other factors  have stimulated much in t e re s t  i n  
the  use of molten fluoride salts such as LiF-BeF2-ThF4-UF4 for  reactor fuels .  

Considerable development has been carried aut on a method of recovering ura- 
- 

nium from fluoride salts,’ but development of a process for  recovering tho- 
rium from these salts has been more l imited.  The diagram i n  Fig. 17.1 presents 

the fluoride v o l a t i l i t y  process for  recovering uranium from a LiF-BeF2-ThF4-UF4 
molten salt. 

t ha t  have been investigated for decontaminating the uranium-fYee salt for  

recovery of thorium and other valuable salt components. 
a re  discussed i n  subsequent sections. 

The diagram a l so  indicates some incompletely developed schemes 

These several schemes 

17.1 Fused S a l t  Fluoride Volat i l i ty  

The fluoride v o l a t i l i t y  process may a l so  be used for processing so l id  
f’uels which can be dissolved i n  molten fluoride salts. 

l i u m  oxide-clad fuels  a re  example$. 
Zirconium- and beryl.- 

l7.1.1 Process Description 

Uranium contained i n  the molten salt i s  removed by fluoride v o i a t i l i t y  
according t o  the reaction 

UF4 + F2 5 U F e  00 600’ . 
Molten salt i s  contacted with fluorine gas i n  a batchwise or continuous oper- 
ation. Uranium recovery i s  quantitative,  The principal f i s s ion  products tha t  

vo la t i l i ze  are ruthenium, niobium and zirconium which vo la t i l i ze  as fluorides. 

Absorption-Desorption. The volat i l ized uranium hexafluoride i s  cooled 

t o  about 100°C and passed in to  granular beds of sodium fluoride for additional 

decontamination. Sodium fluoride complexes according t o  the  reaction 

Niobium and zirconium a lso  absorb on NaF; however, ruthenium i s  not retained 
and has t o  be condensed i n  a cold t rap.  



UNCLASSIFIED 

ORNL - LR-  OWG 62963 

I -60" F 
I I J I I I I 

Heating Coils 
Cooler 

F L U 0  RI 0 E 

VOLATIL ITY 

500 - 60OoC 

L 

t Li F - BeF, -Th F4 * 
Pa, FP's 

m 
Heotinp Coils 

H F  

Reconstituted Salt 
Recycle to Reactor 

to Waste for 

Make -up Salt 
and UF4 

A~~~~~~ - NH,F LiF-BeF,-ThF,+Pa 
Process r i ' E i : i -  SbF, Process - HF 

Be F, -Th F4+Pa 

L i  F- Be F, -Th F, +Pa 

F P's 

L i F  - BeF, -ThF,+Pa 

FP's 

Ce replacement 

Proposed but incompletely 
developed processes 

I 

Fig. 17.1. Processing Methods for ThF4-UF4 in Molten S a l t  Solut ion.  
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When the  NaF bed becomes saturated with the temperature of the bed 
i s  raised t o  about 400°C at which temperature the  complex decomposes. 

and zirconium, however, remain absorbed. Fluorine gas i s  normally passed 

through the  bed a t  t h i s  time t o  transport  UF6 through a second NaF bed for  

additional Nb and Z r  decontamination. 

Niobium 

Product Recovery. Uranium hexafluoride product i s  recovered by desub- 

l h a t i o n  on a cold surface a t  -60°F. 

temperature of the cold t r a p  t o  exceed the t r i p l e  point conditions which are 
64OC and 1134 mm Hg. 

The product can be melted by allowing the 

Product Reduction. In an integrated reactor-chemical plant complex em- 

ploying a molten fluoride salt for  fuel  it w o u l d  be desirable t o  recycle the  
decontaminated uranium t o  the  reactor.  As shown i n  Fig. 7.1, 
with H2 and burned i n  a reduction chamber. 

can be,mixed 

The reaction i s  usually started by feeding UFB i n to  a hydrogen-fluorine flame. 

Fuel Reconstitution. The reconsti tution of a molten salt fuel  i s  a rel- 
a t ive ly  simple operation. 
a bath of LiF-BeF2-ThF4 . It i s  necessary only t o  dissolve recovered U?4 i n  

Fission Product Removal. The salt stream leaving the bottom of the  fluo- 
r ina tor  contains the bulk of the  f i ss ion  products but i s  free of uranium. 

Further chemical processing of t h i s  salt t o  recover decontaminated LiF-BeFz-ThF4 
has been the  subject of research, but no sat isfactory process has been developed. 
&e f i ss ion  products can be removed, however, by discarding a portion of the  
salt as waste on each pass through the  chemical plant.  
placed with fresh make-up salt. 

This salt i s  then re- 

17.1.2 Process Performance 

Over-all f i s s ion  product decontamination factors  i n  fluoride v o l a t i l i t y  

are very good and comparable t o  those obtained i n  solvent extraction. 
values for  selected f i ss ion  products are given i n  Table 17*1.* Gross @ and 

gross 7 decontamination factors are of the  order lo7 - lo9, and t o t a l  rare 

ear th  decontamination factors  a re  qui te  la rge  being about 10 

Typical 
2 

11 . 
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Table 17.1. Step Decontamination Factors 
for  Fluoride Vola t i l i ty  Process 

Decontamination Fact or s 
Absorption - 

Activity Fluor ina t  ion Des or it ion Over -all 

4 105 2 x 10 3 2 109 G r  8 
5 Gr Y 3 x 10 7 6 x 10 2 2 x 10 

3 4 x 10 

4 5 x 10 

3 4 x 10 

5 4 x 10 

1 x 10 7 

7 2 x 10 

2 1 x 10 7 1 x 10 
4 

5 
1 g x 10 

6 8 x 10 

3 2 x 10 9 

> 5 x 1 0  3 > 1 x 1 0  

3 x 10 

> > X l O  9 

11 
> ? X l O  

2 

TRE = t o t a l  rare ear ths  

2 
Uranium recovery *om the molten salt i s  very high as shown by the results 

of some typical  f luorinations given i n  Table17.2. 

a re  anticipated under production conditions. 

Recoveries as high as 99.9% 

The principal impurities found i n  product UF6 are  C r ,  Mo, Tc and Np 

(Table 17.3).2 

reaction vessel'") and i t s  fluorides are comparatively vo la t i l e .  

Chromium appears because it i s  a corrosion product from the  

Molybdenum 

i s  an end product of several f i s s ion  product decay chains and i s  a l so  a com- 

ponent of the vessel  material; 

readi ly  i n  the fluorinator and i s  vola t i le .  

complexes NaF t o  form 140F6.NaF on the  absorption bed and t h a t  the complex 

has a MoF6 p a r t i a l  pressure of 760 rmn Hg at about 13OoC.  

UF .3NaF and MoF6.NaF complexes decomposd at about the same temperature. 

molybdenum hexafluoride (MoF ) forms qui te  6 
Cathers has observed tha t  M0F6 

Consequently the 

6 

. (a)  INOR-8 or Hastelloy N 
\ 
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Table 17.2. Uranium-Recovery in Selected Fluorinations 

Amount u a 
Fluorinat ion F2 Volatilization, 

Run Temp., Time, Flow Rate, $ of total 
NO OC hr d/min, STP inventory 

8 
8 

10 

11 

12 

4 
4 

3 
3 

. 3  

300 

300 
340 
340 
430 

97 -9 
99 -4 
99-2 
99.9 
99 *8 

a original uranium concentration in salt in a~ runs vas < 1%. 

Table 17.3. Impurities in UF6 Products 

Amount, ppm of u 
Run 
NO Cra Mo NP Tc 

8 200 10,100 260 1,020 

9 290 5,200 240 490 
10 150 2,200 58 260 

12 < 100 1,200 290 60 

11 80 2,500 310 24 0 

a Probably from corrosion of the cold trap during the hydrolysis of 
the product to obtain a representative aqueous sample. 

The fluorides of neptunium and technitium a lso  volatilize in the fluorination 
step. The NaF trap is reasonably effective in retaining these two fluorides; 
nevertheless, some technitium accompanies uranium through the trap. 
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17.1.3 Process Limitations and Advantages 

. The most serious l imitat ion t o  the  fluoride v o l a t i l i t y  process i s  tha t  of 

containment of the extremely corrosive fluoride compounds i n  contact with 

fluorine gas. 
containing fuels  can be processed for thorium recovery, nor i s  there  a com- 

pletely sat isfactory method for removing f i ss ion  products from the  salt solution 
for  recovery of decontaminated fuel  ca r r i e r .  

a re  those of obtaining a high decontamination from Mo and Tc i n  the  UF6 product 

and the lack of technology i n  operating a high temperature molten fluoride 

system. 

through the  operation of the Molten S a l t  Reactor Experiment. 

Secondly, the process does not of fe r  a means whereby thorium- 

Other less serious l imitat ions 

Considerable enlightenment on the lat ter problem should be developed 

The major advantage of fluoride v o l a t i l i t y  is  the ease with which uranium 

can be separated from all the principal components of the molten salt mixture. 
The chief operation i s  gas-liquid contact for  which considerable technology 

i s  available i n  a la rge  number of industries.  
from most f i ss ion  products are  obtained. 

Large decontamination factors  
A fur ther  advantage i s  i n  waste d i s -  

posal because of the re la t ive ly  small volume and nature of the sa l t - f i ss ion  

product mixture. 

17.1.4 Construction Materials 

INOR-8, which i s  a l so  ident i f ied as Hastelloy-N, has been developed i n  
conjunction w i t h  research on molten fluoride salts and i s  the  best known con- 

tainment material. 

17.1.5 Processing Cost 

The capi ta l  investment i n  a chemical processing plant fo r  f luoride vola- 
t i l i t y  has been estimated for  cost and performance studies on molten salt  

breeder reactors.  314 
and cost estimate by Weinrich and  associate^.^ 
prepared for  two-region, breeding systems i n  which fuel  and f e r t i l e  streams 

were processed separately, two cost curves were developed from Weinrich's data. 

These a re  given i n  Figs. 17.2 and 17.3. 

These estimates were based on a previous design study 

Since the cost estimates were 

The curve of Fig. 17.2 was developed for  processing 530 ft3 of a fie1 s d t  

containing no thorium at  cycle times i n  the  range 2-500 days. 
on the curve was obtained from the cost estimate and t h a t  corresponded t o  a 

27-day fuel cycle; the remainder of the curve up t o  a 73-day cycle time was 
generated by assuming t h a t  the capi ta l  cost was proportional t o  the  0.6 power 

Only one point 
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of the processing rate. A t  r a t e s  corresponding t o  the 75-day cycle or longer 
time, it was assumed that batch processing would apply and t h a t  the  capi ta l  
cost of the batch plant w o u l d  be constant over a wide range of processing 
ra tes .  The capi ta l  costs as read from f i g .  17.2 include f a c i l i t i e s  for  fluo- 

r inat ion uranium recovery plus HF dissolution (see Section 19.1) for  recovery 
of decontaminated car r ie r  salt. 

The curve of Fig.17.3 was  developed for  processing a thorium-containing 
salt by fluoride v o l a t i l i t y  only. 

were available a t  only one processing rate, namely 20 ft3/day, and the  re- 
mainder of the  curve was generated by assuming the  cost t o  be proportional t o  

. t h e  0.6 power of processing rate. In t h i s  case only fluoride v o l a t i l i t y  and 
associated equipment are included i n  the  estimate since no sat isfactory tai l-  
end process ex is t s  for  recovering and decontaminating a thorium-containing 
salt . 

A s  mentioned above the  basic cost data 

17.1.6 Status of Development 

The fluoride v o l a t i l i t y  process has been demonstrated i n  a p i l o t  plant 
a t  ORNL i n  processing i r radiated Aircraft  Reactor Experiment f'uel. Uranium 

has been recovered by fluorination, but the  demonstration of the U F p U F 4  

reduction s tep has not been made with irradiated material. 
reduction has been done with nonirradiated material. 

However, t h i s  

Recovery of barren salt  from the  fluorinator bottoms containing thorium 
has not been demonstrated. 

17 .2 Direct Halogenation Process 

Argonne National Laboratory' is  investigating the  recovery of uranium 
and plutonium from so l id  fue ls  by fluoride v o l a t i l i t y  methods. 
ment i s  directed primarily toward methods of processing fast reactor fuels  

and not toward thorium f'uels; however, the procedures may be somewhat appli- 
cable t o  thorium f'uels and will be described here. 

This develop- 

17.2.1 Process Description 

The Argonne process has been applied t o  stainless steel clad U02 fbel. 

The so l id  fuel  i s  placed i n  a bed of granular material; e.g., calcium fluo- 
ride, which i s  ine r t  t o  the  process reagents, the  i n e r t  material serving 
s t r i c t l y  as a heat t ransfer  medium t o  control the reaction rate. Chlorine 
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gas or a m i x t u r e  of chlorine and carbon tetrachloride i s  reacted with the  f'uel 

a t  about 6OO0C t o  form vo la t i l e  chlorides of the  s ta in less  s t e e l  components 
and uranium. These vo la t i l e  chlorides are conducted in to  a second zone of 

i ne r t  material where hydrogen fluoride i s  introduced t o  convert these same 
chlorides t o  the corresponding fluorides which are not vo la t i l e .  
s tep i s  fluorination i n  which fluorine i s  admitted t o  the zone containing 

the  fluorides t o  vo la t i l i ze  uranium hexafluoride which i s  recovered by ad- 
sorption on sodium fluoride as described i n  Section 17.1. 

The t h i r d  

17.2.2 Process Performance 

All the  gas-solid reactions i n  the d i rec t  halogenation process a re  highly 
exothermic and proceed rapidly once they are i n i t i a t e d  by rais ing the tempera- 

t u r e  of the  reactants t o  about 60OoC. 
been measured 

Rates for  t he  chlorination s tep have 
7 and a re  reported i n  Table 17.4. 

Only a limited amount of research has been done t o  determine the behavior 
Some experiments were carried out t o  of f i ss ion  products i n  these operations. 

determine the  behavior of RU-106 and Nb-95 i n  the fluorination of uranium di-  

oxide. It w a s  found that both ruthenium and niobium vola t i l i zed  as  fast 

(perhaps fas te r  i n  the case of Ru) as uranium; the  presence of calcium fluoride 

or zirconium fluoride as ine r t  heat t ransfer  media had no influence on the be- 

havior of these f i ss ion  products. 

17.2.3 Process Limitations and Advantages 

Perhaps the principal l imitat ion on d i r ec t  halogenation i s  the  lack  of 
technology i n  carrying out high temperature chlorinations and the  d i f f i c u l t y  

i n  controlling the reaction rate. 

technique seems t o  have def in i te  promise of success. 
In t h i s  respect the iner t ,  f luidized bed 

There i s  some trouble 

with the production of f ines  and sintering. 
A big advantage i s  realized i n  the simplification of uranium recovery 

i n  a rapid, quantitative reaction tha t  produces a product with a r e l a t ive ly  

high degree of decontamination. Radioactive wastes are produced i n  minimal 

volume and i n  the  so l id  s t a t e  thus decreasing storage expense. 

F'urther l imitat ions might be imposed by the  addition of thorium t o  the 

fuel .  The chlorides of thorium are  not vo la t i l e  and would remain i n  the 

first reaction zone w i t h  the bulk of the f i ss ion  products, and a process for  
decontaminating the  thorium (other than aqueous solvent extraction) has not 

been developed, Having t o  discard the  thorium as waste would add appreiable 
cost t o  the fuel cycle. 
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(a)  Remainder N 2  diluent 

(b)  Based on i n i t i a l  surface area, weight loss and t o t a l  reaction t i m e .  

Table 17.4. Reaction of Stainless Steel  Type 304 w i t h  Chlorine 
i n  a Fluidized Bed of Abrasive Grain Alundum 

, Fuel Description: Tube, 3/8 inch diameter, 
4-3/8 inches long, 35 m i l  

w a l l ,  closed ends 

Chlorin- Hydrofluo- Stainless 
a t ion r ina t  ion c12 HF Mol Steel  Pene- 
Temp. Temp. Flow Rate Flow Rate ~ % C129")  t r a t ion  Rate 
( " a  . ("c) (g mole/hr) (g mole/hr) (mils/hr ) (b 

8.8 

7 *9 
8.1 

5.0 
5.0 
5.0 
4 03 
2 07 
1.3 

9.2 
8.1 
6.6 
6.0 

5 a7 
7 *5  
6.9 
6 *3  
5.7 

88 

87 
87 
48 
48 
48 

39 
27 
1 3  

4.6 

4 99 

10.4 
11.3 

5.5 
4.2 

3 -3  

17.2.4 Construction Materials 

Satisfactory materials of construction for  the chlorinator have not been 
developed. 

t e s t s ,  but these show appreciable corrosion r a t e s  a t  temperatures as high as  
about 600"~ .  
corrode at  r a t e s  of about 10 and 35 mils/month, respectively. 

Nickel and Inconel have been used i n  laboratory and engineering 

8 It has been reported t h a t  a t  575°C and 625"c nickel and Inconel 

17.2.5 Status of Development 

Work i s  being conducted i n  s m a l l ,  engineering scale  equipment t o  study 
the  behavior of gas-solid reactions and t o  develop methods of controlling the 

highly exothermic reactions. 

ported with radioactive materials. 

Only scouting experimental results have been re- 

A s  s ta ted above, ANL i s  primarily interested i n  processing uranium-plutonium 

f'uels, and none of t h e i r  investigations included thorium. 
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18 .O HEAD-END PROCESSES FOR FLUORIDE VOLATILITY 

Fuels which contain zirconium e i ther  as  an alloying material or as a 
clad for uranium metal lend themselves very well t o  processing by fluoride 

v o l a t i l i t y  because of the so lubi l i ty  of zirconium tetraf luoride i n  molten 
salt mixtures. Two head-end processes have been investigated for  these f'uels, 
hydrofluorination and Zircex . 1,2 

1 8 ~  Hydro fluor ina t  ion 

Hydrofluorination perhaps should be considered as an integral  par t  of 
the fluoride v o l a t i l i t y  process since the  i n i t i a l  development of fluoride 

v o l a t i l i t y  included t h i s  s tep before fluorination. The hydrofluorination 
s tep was  the  first operation i n  t rea t ing  a heterogeneous, zirconium-bearing 
fuel.  

Solid fuel  elements, such as Zr-U a l loy or Zr-U-Th alloy, a re  immersed 
i n  a bath of molten fluoride salts such as NaF-ZrF4 or NaF-LiF which have a 

melting point around 550°C. 
through the bath t o  react  with the fuel  dissolving it i n  the molten salt mix- 

ture.  Cathers 
obtained dissolution rates up t o  0.1 g/cm min by t h i s  procedure. 
r a t e s  were proportional t o  the degree of agi ta t ion of the  m e l t  which w a s  ef- 

fect ive i n  removing reaction products from the surface of the  metal being 
dissolved . 

Anhydrous hydrogen fluoride i s  then bubbled 

1 Zirconium, uranium, and thorium can be dissolved i n  t h i s  way. 
2 Reaction 

The hydrofluorination s tep has been demonstrated i n  the fluoride vola- 
t i l i t y  p i lo t  plant. Oxide-type f'uels cannot be dissolved i n  t h i s  manner. 

18.2 Zircex 

Process Description. The Zircex process (see discussion above i n  

Section 6.0) can be used as a head-end for fluoride v o l a t i l i t y  as w e l l  as 
solvent extraction by Thorex. 

the type of fbel i s  l imited t o  zirconium-clad m e t a l ,  Zircaloy-clad m e t a l  or  
zirconium d l o y  fuel; no oxide-type f'uels can be processed. The process has 
not been demonstrated with thorium as 'a  &el camponent, but the  reactions of 

thorium should be similar t o  those of uranium. 

However, i n  the case of f luoride v o l a t i l i t y  
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The flowsheet presented i n  Fig. 18.1 gives the steps for  the  Zircex head- 

end for  fluoride vo la t i l i t y .  

the  heterogeneous f'uel element is  heated t o  approximately 500°C and reacted 
with anhydrous hydrogen chloride. 

t i on  of zirconium and uranium according t o  

The i n i t i a l  s tep i s  hydrochlorination i n  which 

The principal reactions a re  the  chlorina- 

+ 4 HCl(g)+ ZrCle(g) + 2H2(g) 

Both reactions a re  exothermic. 

A separation of the bulk of the  zinconium and uranium i s  accomplished by 
When Zircaloy is  the  al- removing the ZrCla vapor from the  hydrochlorinator. 

loying or clad material, t he  t i n  component i s  a l so  vaporized as the tetrachlo- 
ride. 

resul t ing solution i s  fluorinated t o  recover uranium as UF6. 
be chlorinated and dissolved i n  the molten salt. 

I 
Uranium t r ich lor ide  i s  dissolved i n  a mixture of molten NaF-ZrF4; t h e  

Thorium would a l so  

The car r ie r  salt could be cycled a number of times between the  dissolution 
and fluorination s teps .  

salt during each cycle, and it would be necessary t o  dispose of the  salt  only 

when the f i ss ion  product content became intolerably high. Thorium would also col- 
l e c t  i n  the  salt a f t e r  each cycle and would be relegated t o  waste with the  f i ss ion  

products. 

The bulk of the f i ss ion  products would co l lec t  i n  the 

A build-up of thorium i n  the salt  possibly could govern the  rate of 
discard by increasing the melting point of the salt t o  an undesirable value. 

Process Performance. The r a t e  of reaction i n  the  hydrochlorination s tep  
i s  given by the curves2 of Fig. 18.2. 

uranium content of the f'uel. 
The rate increases w i t h  temperature and 

Since U C l 4  i s  vo la t i l e  at  hydrochlorination temperatures, some l o s s  of 

uranium might be expected i n  the ZrC14 sublimate. 

STR &t ip l a t e  me1 assemblies, Perona 

than 0.1%. 

U(1V)  i s  not the predaminant reaction with HC1. 

In a ser ies  of runs using 
2 and co-workers found losses  t o  be less 

Selected r e su l t s  are shown i n  Table 18.1. The oxidation of U t o  

Process Limitations and Advantages. The Zircex head-end for fluoride 
v o l a t i l i t y  has the  advantage of separating the bulk of, the  .alloying and d i l - .  

uent material from the  f'uel. 

The separated zirconium i s  produced as a solid,  making disposal easier. 

car r ie r  salt may be reused a number of times i n  the dissolution and fluorination 
steps before disposal. 

Waste disposal volumes are thereby decreased. 

The 
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Fig. 18.2. Reaction Rates of Zirconium-Uranium Alloys with HCl. as 
a Function of Temperature and Composition. 
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Table 18.1. Uranium Losses t o  ZrC14 Sublimate i n  Hydrochlorination 
of STR Multiplate Fuel Assemblies 

~ 

Average Reaction Uranium Loss t o  
Rate (mg/cm2 min) Sublimate ($) 

1 .o 0 095 

1 .3  0.09 

0.065 

0.&3 

0.012 

0.029 

0.014 

0 057 

Limitations t o  t h i s  type of operation a re  the lack  of technology for 
large-scale hydrochlorinations and the inab i l i t y  t o  recover thorium. 
sat isfactory method ex is t s  for  reclaiming thorium f r o m  the molten salt. 

Also, an oxide f i l m  on the  zirconium surface tends t o  passivate the m e t a l  t o  
a t tack by HC1 gas making hydrochlorination d i f f i c u l t .  

No 

Construction Materials. An evaluation of several possible materials of 

construction has been carried out by Batelle Memorial I n s t i t u t e O 3  These mate- 

-, 

rials were exposed t o  the hydrochlorination cycle i n  a series of cylcic tests, 
and the results shown i n  Table 18.2 were obtained. 
showed excessively high corrosion rates with I l l i u m  R, Hastelloy C and nickel 
showing no attack. A material sat isfactory for  performing both hydrochlorin- 
a t ion and dissolution i n  the same vessel has not been found. 

None of the materials 

Processing Cost. No cost  data are  available. 

Status of Development. The Zircex process has been investigated i n  the  

laboratory and on an engineering scale. 

m a d e  on me1 assemblies weighing as much as 7 kg. 

conducted with i r rad ia ted  material t o  determine f i ss ion  product dis t r ibut ion.  

From the engineering studies some knowledge of the  kinet ics  and heat t ransfer  

properties of the  system have been gained, 

Hydrochlorination tests have been 

Limited tests have been 

No work has been conducted with fuels  containing thorium. 
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Table 18.2. Performance of Several Materials of Construction 
fo r  t he  Zircex Process i n  Dry Hydrogen Chloride 

a t  400-600°C 

75 Cycles 
Weight Corrosion- Rate by Remarks Based on 
Change Met all ography Metallographic 

Material (mg 1 (mils/100 cycles ) Ekaminat ion 

2.1 . General a t tack  Haynes 25 +2 

Type s-816 +39 0.5 

2.0 

S1 ight  intergranular 
a t tack  

Severe intergranular 
a t tack  

0.0 Slight surf ace a t tack  Inconel +67 
I l l i u m  R +46 
Hastelloy B +157 

0.5 No at tack 

1.1 Slight intergranular 
a t tack  

Hastelloy C +70 0 .o No at tack 

Nickel +95 dimensional increase (b )  No at tack 

(a)  

(b)  

Weight change corresponding t o  rate of 0.3 m i l s  per 100 cycles. 

Possibly due t o  p l a s t i c  flow of material during polishing. 

18.3 Beryllium-Type Fuels 

Only a very l imited amount of work has been conducted on the  processing 

of beryllium-type fuels  by fluoride v o l a t i l i t y .  It has been reported' t ha t  

beryllium oxide based fuels  can be dissolved by HF in molten fluoride salts 

with uranium recovery by fluorination. In  the  l i g h t  of present lmowledge, 

there  would be no vay t o  recover e i ther  thorium or beryllium from the  salt 

solution. 
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19.0 TAIL-END PROCESSES FOR FLUORIDE VOLATILITY 

Although the separation of uranium from a molten fluoride salt i s  w e l l  

developed, the  separation of thorium and the remainder of the salt from fis-  

sion products i s  not so w e l l  known. Several processes for decontaminating a 
thorium-containing salt have been considered and are discussed below. 

of the processes have been developed beyond a few laboratory experiments and 

are not being pursued currently. 

None 

19.1 HF Dissolution 

A method worked on by Campbell’ for  decontaminating a uranium-free salt 

which contained no thorium i s  HF dissolution; t h i s  process consisted i n  d is -  

solving the LiF-BeF2 salt i n  a HF-H20 (90-10$) solution. R a r e  ear th  f i ss ion  

products a re  insoluble i n  the solution and can be separated by f i l t r a t i o n  

thereby removing the bulk of the  neutron poisons. Other f iss ion products, 

par t icular ly  the a l k a l i  metals and the alkaline earths, a re  soluble and could 

be removed only by discarding a portion of the  salt on each cycle through the 

reactor.  

containing salt, Campbell found t h a t  thorium precipitated with the  rare ear ths .  

The method, therefore, i s  unsatisfactory for  salt decontamination and has merit 

only i f  thorium can be discarded, a practice tha t  perhaps could not be f o l -  
lowed for  extended periods of time. 

However, when the HF dissolution process was applied t o  a thorium- 

19.2 Aqueous -NH4F 

In an e f fo r t  t o  find a solvent which would distinguish between thorium and 
1 rare  earths, Campbell investigated the  use of NH4F solutions.  Thorium fluoride 

i s  pract ical ly  insoluble i n  water but has a so lubi l i ty  of about 43 g/J i n  50 vol 

% NH4F solution at  105°C. 
ium fluoride i s  considerably l e s s  soluble i n  70 w t  5 NH4F (0.7 g/ll a t  100 C ) ,  

and i t s  presence i s  known t o  depress the so lubi l i ty  of ThF4. However, it was 

thought t ha t  the  process might offer  poss ib i l i t i e s  for  separating thorium from 

the remaining s d t .  

The so lubi l i ty  decreases at  lower temperatures. 
0 

Lith- 

A fewlaboratory-scale experiments were t r ied with not too encouraging r e -  

The synergistic effect  of l i thium and thorium was t o  reduce great ly  the 

Even 

sults. 

so lubi l i ty  of both probably through the formation of a LiF-ThF4 compound. 

when some solution did occur, there  was a tendency for precipi ta t ion t o  occur 

later.  

. 
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This process does not appear a t t r ac t ive  unless steps are taken t o  remove 
L i F  first; however, t h i s  procedure would require a second dissolution s tep 
w i t h  a d i f fe ren t  solvent. 

19.3 SbF5-HF 

It had been shown by Clifford and co-workers2 tha t  ra re  earth fluorides 
, are soluble i n  SbFS-HF solutions. Campbell undertook some scouting experi- 1 

ments t o  ver i fy  Clifford's  results and t o  investigate the  behavior of LiF-BeF2- 

. 

ThF4 salt containing f i ss ion  products i n  these solutions. Most of Campbell's 
experiments were carried out on the  simpler system consisting of LiF and ra re  
earth fluorides i n  the  presence of SbF5-HF solutions t o  ident i fy  reaction 
products and mechanisms of reaction. In  t h i s  respect he concluded t h a t  the 

rare ear th  fluorides were indeed quite soluble, of the order 200-300 g/l? i n  
20 w t  $ SbF5. 
c ip i t a t e  ident i f ied as  LiSbF6. 

The l i thium component of the salt formed a fine, white pre- 

A LiFeBeFz-ThFa (67-18-13 mole $) mixture containing t race  quantit ies 
of r a re  ear th  fluorides was t reated by the  SbF5-HF process t o  determine the 
behavior of thorium and rare earths.  
l i t h i u m  component by dissolving i n  93$ Hf-5$ H20 t o  preclude i t s  interference. 
After LiF removal, the  remaining sol ids  were t reated w i t h  3 vol $ SbF5 i n  HF. 

These experiments were only qual i ta t ive a t  the best and indicated that ThF4 
i s  insoluble i n  the process and t h a t  the r a re  earths can be separated. 

siderable additional development i s  needed t o  demonstrate a flowsheet for  t h i s  

process. ' 

Fi r s t  it was necessary t o  remove the 

Con- 

19.4 Cerium &change 

In experiments t o  determine the so lubi l i ty  of f i ss ion  product f luorides 
3 i n  various molten salt solvents, it has been observed 

fluorides form so l id  solutions when jo in t ly  present i n  the  solvent. This 

f ac t  suggested the removal of the high cross section rare ear th  fluorides 
by precipitation i n  an exchange reaction with a less serious neutron poison. 
For example, cerium i s  a l e s s  serious neutron poison than most rare earths 

and w i l l  enter i n to  reaction with samarium, a serious neutron poison, accord- 

ing t o  the  reaction 

t h a t  the  rare earth 

CeFa(ss) + SmF3(d) CeFs(d) + SmFs(ss) 
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where 

ss = sol id  solution 

d = dissolved i n  molten salt solvent. 

The equilibrium i n  t h i s  reaction can be represented by a constant t h a t  i s  

approximately equal t o  the r a t i o  of the  so lub i l i t i e s .  

can be predicted. 

taining no thorium are  given i n  Table 19.1. 

demonstrated i n  salts containing thorium. 

From t h i s  the exchange 

Some typical  results3 for  Ce-Sm exchange i n  a salt con- 

The exchange reaction was a l so  

Table 19.1. Removal of Traces of SmF3 by Addition of CeF3 t o  
LiF-BeF2-UF4 (62.8-36.4-0.8 mole ’$) 

Total Rare Earth F i l t r a t e  Rare Earth Fluoride (wtk) i n  F i l t r a t e  
muoride ( w t $ )  Tempera- 
i n  System ( c d c . )  t u r e  CeF3 
CeFs sfl3 (“c)  Observed 1 

(a 1 smF3 

Before CeF3 
Addit ion 0 0795 749 -0795 

07 50 

,0757 

2.1 (c 

2.1 (c 
Fi r s t  CeF3 2.12 ’ 0778 695 

.0780 580 
Addition 

2.12 ,0781 487 99 , 0 9 2  ,0471 

Second CeF3 10.1 a0731 736 8.34 .0662 .0662 
Addition ,0735 587 2-57 0397 ,0300 

10 -7 -0757 492 96 ,0262 .0131 

SmF3 i n  system. 

(b ) Calculated from relationship NSmF3(d) = 

(c ) Unsaturated 

(a)  Determined i n  a separate experiment; disregards e f fec t  of small amount of 

CeF3 (d 
N s&lF3 NsmF3( ss 

‘ieF3 NCeF3 ( s s ) 

. 



Exchange r a t e  studies were a l so  conducted employing a Ce-La exchange i n  
a salt solution which was  (72.O-l5.3-ll.5-l.O mole 5 )  LiF.BeF&ThF4-UF4. 

tests were conducted at $0-6OO0C. 

60% complete i n  5 minutes, 85% i n  20 minutes and 95% i n  60 minutes. 

The 

Results indicated tha t  the reaction was 

The C e  exchange process has been demonstrated on a laboratory scale, 
and at t h i s  point the work has been discontinued. 
predict the degree of exchange i n  small-scale operations. 

Data a re  available t o  

No engineering 
development has been done. 

19.5 Oxide Precipitation 

Perhaps oxide precipi ta t ion should not be l i s t e d  as a tail-end process 
for  fluoride v o l a t i l i t y  because the  treatment may be applied t o  a molten salt 

fuel  even with uranium present. The process could a l so  be used, however, for  

thorium recovery a f t e r  uranium had been removed by fluoride v o l a t i l i t y .  

The use of cer ta in  oxides such as EkO, &O, and C a O  has been t r ied  on 
a laboratory scale for  chemically processing molten fluoride salt  fuels .  

Uranium dioxide i s  the  most s table  of the oxides of the fue l  components and 
i s  precipitated first. The apparent order3 of precipi ta t ion i s  

U02- Zr02 > Be0 > Tho2 > C e 2  03 

The order indicates t h a t  there  i s  the  poss ib i l i ty  of separating fuel  com- 
ponents from f i ss ion  products; however, considerable laboratory and engineer- 

ing development i s  needed for  a sat isfactory demonstration of the process. 

Some typical  results' using CaO are shown i n  ~ i g .  19.1. 

19.6 Cold Zone Deposition 

The poss ib i l i ty  of removing s l igh t ly  soluble contaminants by precipi ta t ion 
on a cold surface w a s  investigated i n  the laboratory. 
ualized as consisting of a cold finger inserted i n  a reactor by-pass stream 

upon which soluble components deposit. The del icate  heat balances required 

w i l l  make precise control of the process d i f f icu l t ;  however, i f  the  scheme 

i s  simple enough perhaps rough control w i l l  suffice.  

r ea l ly  a tail-end process for  fluoride v o l a t i l i t y  because it i s  not necessary 

The process can be vis-  

This process- i s  not 

t o  f luorinate  the  salt before applying cold zone deposition. 
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Fig. 19.1. Reaction of C a O  with UF4, ThF4, and CeF3 i n  LiF-NaF 
(60-40 mole 5 )  a t  750°C. 



- * 

e 

117 

J 
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(67-37 mole 5) mixture. 

about 5 w t  $ CeF3, the  sol id  frozen on the cold finger contained 20-40 w t  $ 
CeF3; 

Watson and co-workers were able t o  precipi ta te  CeFs f’rom a LiF4BeF2 
In  a scouting experiment i n  which the m e l $  contained 

19.7 Oxide Precipitation of Pa and U 

Of considerable in t e re s t  t o  a breeder reactor program i s  the removal of 

Pa233 f’rom the fer t i le  and f’uel streams because t h i s  material. i s  an appreciable 
neutron poison. Small-scale experiments4 with LiF-BeF2-ThF4 (67-18-15‘mole $) 
mixtures containing protactinium have demonstrated t h a t  protactinium oxide can 

be precipitated and t h a t  ra ther  complete removal i s  possible (see Fig. 19.2). 

Precipitants employed have been BeO, Tho2, and U02, materials which do not 
add foreign nuclides t o  the  salt system. 
with all three compounds. 

more susceptible t o  precipitation as the oxide th& uranium and tha t  protac- 
tinium could be successflilly precipitated f’rom salt mixtures containing 1000- 

2000 ppm uranium* 

Comparable r e su l t s  have been obtained 

The experiments indicated tha t  protactinium i s  much 

Currently t h i s  experimental program i s  inactive.  No engineering scale 

experiments have ever been t r i ed .  
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Fig. 19.2. Reaction of Be0 with Protactinium and Uranium Dissolved 
in LiF-BeFz-ThF4 (67-18-15 mole 5)  at 650°C. 



119 

1. D e  0. Campbell, Molten Sa l t  Reactor f i e 1  Processing Development---Program 
Summary, ORNL-3214 ( in  publication). 

2. A .  F. Clifford, H. C. Beachell and W. M. Jack, "The Hydrogen Fluoride 
Solvent System -- I. A Qualitative Survey of Acids," J. Inor. NUC. Chem - - - - 3 57-70 (1957). 

3. W. R. Grimes and H. F. McDuffie, Reactor Chemistry Division Annual Progress 
Report for  Period &ding January 31, 1960, ORNL-2931 (Apr. 30p 1960). 

4 .  W ,  R. Grimes, e t  al., Reactor Chemistry Division Annual Progress Report 
for  Period &ding January 31, 1961, ORNL-3127 (May 3, 1961). 

5. Brookhaven NationaJ Laboratory, Quarterly Progress Report for  October 1 - 
December 31, 1952, BNL-225, 

6 .  Brookhaven National Laboratory, Quarterly Progress Report For April. 1 - 
A u g u s t  15, 1953, BNL-249 

7. Brookhaven National Laboratory, Quarterly Progress Report for  February 16 - 
m y  15, 199,  BNL-297 

8. C. Will iams, Progress Report of Nuclear Ehgineering Department for  October 1- 
December 31, 1958, BNL-5% 

9. C. W i l l i a m s ,  Progress Report of Nuclear m i n e e r i n g  Department for  January 1- 
April 30, 1959, BNL-5'71. 

10, C. Williams, Progress Report of Nuclear Engineering Department for  May1 - 
August 31, 1959, BNL-583 0 

11. C. W i l l i a m s ,  Progress Report of Nuclear Engineering Department fo r  January 1- 
April 30, 1960, BNL-618. 





PYROMETALLURGICAL PROCESSES 





123 

20.0 LIQUID METAL EXTRACTION 

One phase of pyrometallurgical processing i s  the use of a l iqu id  m e t a l  
i n  an extraction process t o  separate f i ss ion  products from thorium-uranium 
systems. 

such as thorium metal, Th-U, and Th-U-U alloys.  

extraction employs a l i qu id  metal (or a l loy)  which w i l l  extract  one or more 

species from an i r radiated molten thorium fuel  thereby allowing a separation 

t o  be made. 

point of the  metal extractant not be too high so tha t  high temperature tech- 

nology does not have t o  be extrapolated too much; and (2)  t h a t  the  boiling 
point of the extractant be low enough t o  permit separation and recovery by 
d i s t i l l a t i o n .  

The development has been confined mostly t o  metal and a l loy  fuels  
In  principle, l i qu id  metal 

Primary requirements of such a system are (1) tha t  the  melting 

Some m e t a l s  t ha t  have been employed as extractants a re  lead, zinc, tha l -  
l i u m ,  aluminum, magnesium, and silver-magnesium alloy. Aluminum does not 
have a low boiling point, but it does form intermetall ic compounds with a 

number of metals thereby f ac i l i t a t i ng  separation of components. 

21.1 Th-U Alloy Extracted with Zn 

The decontamination of thorium-uranium alloys using a l i qu id  zinc ex- 
1 t rac tan t  has been investigated on a laboratory scale at  Atomics International; 

additional work has been done a t  Argonne National Laboratory, 2’ 

with regard t o  determining so lubi l i t i es .  
par t icular ly  

Since only laboratory experiments have been reported, a def in i te  flow- 
However, the  process would consist of dis- sheet has not been established, 

solving thorium-uranium a l loy  i n  molten zinc a t  800-900°c, a t  which tempera- 

tures  the al loy i s ,  appreciably soluble. A t  lower temperatures (- 500°C) the 
alloy so lubi l i ty  i s  considerably less ,  and i f  f i ss ion  products proved t o  be 
more soluble at  the lower temperature a separation could be made by f i l t r a t i o n .  

A t  the  lower temperature Th, U, and Zn form an intermetall ic compound which 
precipi ta tes  and can be removed from the  bulk of the melt which re ta ins  f i ss ion  

products, 

t i l l a t i o n .  
After f i l t r a t i o n ,  zinc i s  removed from the  intermetall ic by dis- 

Process Performance. The r e su l t s  of two experiments’ are given i n  

Table 20.1, and it i s  indicated tha t  appreciable quant i t ies  of most f i s s ion  
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products can be removed. 

the  experiments were not designed for  e f f i c i en t  m e t a l  recovery. 

The recovery of thorium and uranium is poor; however, 

Process Limitations and Advantages. The process i s  not suf f ic ien t ly  de- 

fined or developed t o  permit thorough evaluation. The apparent advantage i s  

tha t  i r radiated fuel  could be processed.almost immediately upon removal from 
the reactor because no radiation sensit ive materials are used. On the  other 
hand, the advantage of fast processing might be of fse t  somewhat by loss of 
protactinium (see Table 20.1) which i s  extracted with f i ss ion  products. A 

decay period might be necessary t o  prevent these losses .  
lack of technology for  high temperature processing of radioactive material's. 

There i s  a l so  a 

Construction Materials. This phase of l i qu id  metal processing using 

l iqu id  zinc has not been investigated. 

Status of Development. Only r e su l t s  of laboratory experiments have been ' 

reported, and it i s  not known i f  more advanced work has been done. 

Table 20.1. Decontamination of I r radiated Th-U Alloy by 
&traction with Liquid Zinc a t  8 0 0 " ~  

Experiment No. 
1 .  2 

$I Fission Product Removed 
I 

Te 
zr 
Sr 
cs 
Ce 
Rare Earths 
Ru 

Th 
U 
Pa 

66 89 
61 95 
97 99 
99 99 
55 28 
87 50 
56 58 

$I Metal Recovery 

21 30 
38 16 
34 53 
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20.2 

Some experimental work has been done a t  Atomics International 

Th-Al Alloy Extracted w i t h  Zn 
4 on the use 

of zinc as an extractant for the  recovery of thorium from a thorium-aluminum 

alloy. 

stable, intermetall ic compounds with zinc which precipi ta te  from a Th-Al-Zn 

system a t  a re la t ive ly  low temperature (E. 550°C). F i l t r a t ion  of the  cooled 

melt could then be used t o  separate the intermetall ic compound, Th2Zn17, from 

the bulk of the zinc and aluminum. Metallic thorium can then be recovered by 

The process i s  based upon the fac t  t ha t  thorium forms a ser ies  of 

heating the  Th2Zn17 t o  a high enough temperature t o  evaporate the zinc. 

A l imited amount of laboratory work has demonstrated tha t  thorium zincide 

can be precipitated from a Th-Al d l o y  (25-75 wt $) using a-volumetric r a t i o  

2: l  for Zn:Al. The process i s  limited t o  zinc-rich systems; i n  aluminum-rich 

systems the  precipi ta te  i s  TkA13. 
t ha t  the compound was contaminated with about 5% aluminum. 

Analysis of the thorium zincide indicated 

Only a l imited amount of experimental work has been reported; an evalu- 

ation of the process requires more data. 

20.3 

The decontamination of Th-U-A1 a l loy by extraction with molten lead has 

Th-U-A1 Alloy Extracted with Pb 

1 been attempted without much success. The laboratory procedures tha t  were 

employed were t o  contact the  m e t a l  a l loy with lead a t  about 900°C a t  which 
temperature the  mutual so lubi l i ty  of the phases i s  quite low. It was ant ic i -  

pated tha t  lead w o u l d  extract  f i s s ion  products from the  al loy suf f ic ien t ly  t o  
allow recycling the  &el. 

The r e su l t s  of these experiments w e r e  not very encouraging as shown i n  
Table 20.2. 

Table 20.2. Fission Product Extraction from Th-U-Al Alloy 
by Molten Lead 

Percent Fission Product Extracted 
Temperature Rare 

("c) C e  cs Sr Earths Ru 

885 5.26 0.085 29.4 1.48 0.0229 

905 5-57 0.91 74.5 9 07 0 9 0998 
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20.4 

I n  a se r ies  of laboratory experiments s W a r  t o  those discussed i n  

Th-U-Al Alloy Extracted with Thallium 

Section 20.3, samples of Th-U-A1 a l loy were contacted with molten thallium 

at  temperatures i n  the range 915-935"C; the  two phases are prac t ica l ly  im-  
miscible. The degree of f i ss ion  product extraction was measured and found 

t o  be too low for  serious consideration of thallium as an extractant.  
1 The results of two experiments a re  given i n  TaQle 20.3. 

Table 2O.3* Fission Product -traction from Th-U-Al Alloy 
by Molten Thallium 

Percent Fission Product ESrtracted 
Temperature Rare 

("a Ce cs Sr Earths RU 

935 5.44 0.065 16.3 0.445 0.0281 

97- 5 5.02 0.10 9.0 0.99 0 0553- 

20.5 Th-U Alloy Dissolved i n  Mg 

A method of processing thorium-uranium al loys being investigated a t  Atomics 
5 International fs  that  of par t i t ioning thorium and uranium i n  a melt of magne- 

sium metal. When the  molten al loy i s  contacted with magnesium a t  temperatures 

i n  the range 70O-85O0C, the more soluble thorium i s  extracted by the magnesium 

causing uranium metal t o  precipi ta te .  The m e l t  may.be decanted or filtered t o  
recover uranium. 

Uranium Recovery. The metall ic uranium prec ip i ta te  contains appreciable 

quant i t ies  of magnesium-thorium m e l t  which i s  d i f f i c u l t  t o  remove by customary 

l iquid-solid separation techniques. 

remove the bulk of the  magnesium but not the  thorium. 
be arc  melted t o  a button t o  remove f i n a l  t races  of the vo la t i l e  metal. Re- 

Heating under vacuum a t  about 900°C will 
Finally the  uranium can 

suits have been reported5 which indicate ra ther  good recovery of uranium, and 

some selected values a re  given i n  Table 20.4. It will be noted t h a t  the Th:U 
r a t i o  i n  the uranium product i s  about 1:l; whereas, t h i s  r a t i o  i n  the or iginal  

a l loy  was about 1 O : l .  
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Table 20.4. Separation of Uranium from Thorium by Liquid 
Magnesium Extraction 

U Recovered 
Original Alloy i n  Concentrate Th:U Ratio 

(%I i n  Concentrate Type Experiment Th(g) u(g) 

F i l t ra t ion  25.1 2.49 89 1.9 
Decantation 27.9 2.76 96 0.9 

Fi l t ra t ion  43.8 4.14 70 1 .o 
Decantation 58.1 5.74 93 1 .o 
Decantat ion 48.6 4.80 100 0.7 

Thorium Recovery. Thorium recovery from the f i l t ra te  i s  necessary for  

economical use of both thorium and magnesium, 

t o  react  the melt with hydrogen gas at temperatures s l i gh t ly  above the melting 
point (650°C) of magnesium t o  form thorium hydride which i s  only s l i gh t ly  
soluble i n  the melt. The f i l t e r e d  hydride and i t s  residual magnesium are  
heated t o  about 8 0 0 " ~  under vacuum t o  remove magnesium and t o  dehydride. 

Arc melting may then be used t o  form metall ic thorium buttons. 

A promising method has been 

6 The results of several laboratory experiments are given i n  Table 20.5. 

Construction Materials. Information and industr ia l  experience with mag- 
nesium much above i t s  m e l t i n g  point a re  meager and even more so for  t he  binary 
Th-Mg system. A limited amount of evaluation has been conducted t o  determine 
a sui table  container material, but the reported r e su l t s  a re  inconclusive. 
t e n i t i c  stainless s t ee l s  appear t o  be reasonably sat isfactory but m e l t  con- 
tamination with i ron and t races  of nickel and chromium has been observed. 

5 

Aus- 
. 

Process Limitations and Advantages. Among the  advantages of magnesium I 

extraction i s  the a b i l i t y  t o  process reactor fue l  immediately upon discharge 

from the reactor because no radiation sensit ive materials are used. 

the fuel  i s  not changed i n  chemical form being carried through the process as  

the  metal; expensive refabrication costs are thereby avoided. 

t a t ion  i s  the contamination of the uranium product with thorium; t h i s  perhaps 
i s  not s e r b u s i f  uranium i s  t o  be recycled t o  the reactor as a Th-U alloy. 

might a l so  be d i f f i c u l t  t o  obtain high uranium recovery i n  such a high tempera- 

Secondly, 

A process l i m i -  

It 

tu re  operation. 
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Table 20.5. Separation of Thorium from Magnesium by 
Hydriding, Fi l ter ing and Dehydriding 

% Th Re- w t % ~ h i n  
Initial Alloy F i l t r a t e  Fi l tered Residue Covered i n  Dehydrided 

wt(g) w t  % Th wt(g) wt $I Th wt(g) w t % T h  Residue Residue 

70.0 32 42.6 10.6 23.9 71 75.6 99.0 
79.6 35.5 52.3 9 $4 26.2 78 76.4 98.5 
95.4 30.2 64.0 8 -7 30.0 77 80.2 98 -9 

* 97.8 26.5 71.8 8.6 24.8 72 68.8 98.6 
96.2 38.5 58.9 8 .I. 36.6 80 79.0 99.2 

103.2 44.3 45.2 8.8 47 .l 73 75.0 97 02 

Status of Development. Laboratory development has been reported on.the 
6 major step of the  process using unirradiated materials. It has been stated 

t h a t  experiments with i r radiated samples a re  being conducted, but no r e su l t s  

have been reported. 

i r radiated fie1 cannot therefore be ascertained. 

The efficiency of magnesium extraction for decontaminating 

20.6 Th Recovery from Ag-Mg System 

’ This system i s  a modification of the one discussed above i n  Section 20.5. 
Silver i s  added t o  t he  magnesium t o  lower the  melting point of the  system per- 

mitting operation a t  lower temperature. 
i s  lower i n  the  Ag-Mg system than i n  magnesium alone. 

Also the  so lubi l i ty  of thorium hydride 

20.7 

An integrated process tha t  i s  being developed a t  Ames Laboratory’ for  

Th-U Alloy Processing i n  a Magnesium-Salt System 

reprecessing thorium-uranium fuel  uses molten magnesium as an extractant for  

thorium similar t o  the  process described i n  Section 20.5, but uranium and 

protactinium are  recovered i n  a different  manner. 

Fig. 20.1. 

The process i s  depicted i n  

Process Description,. , I r radfated thorium or thorium-uranium metal i s  dis-  

solved i n  molten magnesium a t  800-g00°c t o  give a Th-Mg melt t h a t  i s  about 

42 w t  ’$ Th. 

the bottom of the  vessel from which they a re  drawn off  t o  a second vessel.  

Finely divided uranium par t ic les  a re  insoluble and s e t t l e  t o  

. 
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Fig. 20.1. Pyrometallurgical Processing of Th-U Fuel by Magnesium plus Fused Salt Extraction. 
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The Th-Mg layer i s  withdrawn and contacted with a molten salt solution 

consisting of MgC12-KCl-LiCl which decontamipates the thorium by extracting 

principally yttrium, a l k a l i  metals and rare ear ths .  

separated and the salt phase i s  contacted with a Zn-Mg mixture t o  consolidate 

The two phases a re  

the  f iss ion products; t he  salt i s  recycled. 

with hydrogen at  650°c t o  precipi ta te  thorium hydride which i s  removed from 

the m e l t  and reduced by heating t o  about 700°C under vacuum. 

accompanies the  hydride i s  vaporized i n  the  process, and the  product i s  a tho- 

rium sponge. 

nesium, the  l iqu id  phase from the hydriding s tep must be recycled. 

The Th-Mg phase i s  contacted 

Magnesium which 

Since the  hydride i s  soluble t o  approximately 8 w t  % Th i n  mag- 

The uranium-rich phase f'romthe i n i t i a l  dissolution, accompanied by some 

Th-Mg eutectic,  i s  contacted a t  900°C with chromium metal t o  form a second 

l iqu id  phase tha t  contains the uranium, protactinium and f i ss ion  products. 

This phase has the approximate composition U-Cr-Th (94.5 - 3 - 0.5 w t  5 ) .  
The magnesium-rich upper layer  i s  recycled t o  the  i n i t i a l  dissolution step.  

A f t e r  the  U-Cr-Th layer  has been separated from the Th-Mg eutectic,  it 
i s  contacted with a molten chloride salt containing KC1-LiC1-Zn. Uranium 

t r ich lor ide  becomes a component of the sal t .  

products accumulate in . the  molten zinc phase. The salt, containing uranium, 

i s  reacted with molten Zn-Mg t o  accumulate the uranium as uranium zincide. 

It i s  thought tha t  protactinium behaves similarly t o  the uranium. The zincide 

i s  heated t o  900°C t o  d i s t i l l  zinc and magnesiumleaving a metal sponge of 

uranium and protactinium, 

Chromium and cer ta in  f i ss ion  

Status of Development. The development of t h i s  process has been directed 

toward gathering basic equilibrium and so lubi l i ty  data for  the  various opera- 

t ions.  The steps have not been demonstrated i n  other than laboratory equipment. 
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21 .O DRIP  MELTING 

A pyrometallurgical processing method for  thorium-uranium a l loy  f’uels 
1 t ha t  has been studied a t  Atomics International i s  dr ip  melting. ~ The process 

i s  based upon property t h a t  a number of f i ss ion  products have vapor pressures 
a t  the melting point of the  fuel t ha t  are  appreciably la rger  than t h a t  of 

e i ther  thorium or  uranium. A few typica l  values’ are  given i n  Table 21.1. 

Table 21.1. Vapor Pressures of Representative 
Elements a t  2000 K 

Element 
Vapor 

Pressure ( a t m )  

cs > 1  

Te 

Sr 
C e  

La 

> 1  

>1 
4 x 

10-3 
U 
Z r  < lo-6 
Th < 
Pa 

Ru 
< 
< 

The process i s  very simply conducted since only two principal operations 

a re  involved. The metall ic fuel element i s  suspended ver t ica l ly  i n  an evacu- 

ated chamber i n  such a manner t h a t  only the  lower end i s  i n  the heating zone. 

An induction co i l  placed around the evacuated chamber at  t h i s  point i s  used 

t o  heat the f’uel t o  i t s  melting point.  

tha t  the element slowly melts a t  the lower end. 

a rapid melting r a t e  because time must be allowed for  the  vo la t i l e  atoms i n  
the in te r ior  t o  diff’use t o  the surface and vaporize. 

Power t o  the co i l  i s  controlled so 
It i s  not desirable t o  have 
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Molten m e t a l  drips in to  a receiver from which it i s  recovered for re-  
fabrication which i s  the second operation. 

produce a completely decontaminated fuel, refabrication must be done remotely. 

Since dr ip  melting does not 

21.1 Process Performance 

Experiments were carried out with i r radiated 9%-U (91-9 w t  $) al loy 

which indicated rather  good decontamination. 

the longer heating times were i n s t m e n t a l  i n  giving larger  decontamination. 
A s  indicated i n  Table 21.2, 

Table 21.2. Decontamination of I r radiated Th-U Alloy 
by Drip Melting 

Percent Decontamination 
Heating Frequency Rare 
Time (min) (kc 1 Sr cs Earths I Ce 

e 1.0 325 60 56 9 0 
1 .o 325 59 50 17 3 
1.5 325 45 3 1  11 3 
24 0 325 96 88 64 27 

300 325 92 88 55 25 

1.5 420 42 14 20 17 
7 -0 420 45 79 33 3 

No vola t i l i za t ion  of thorium or  uranium was apparent i n  the experiments, 
indicating that metal recovery should be almost quantitative.  

21.2 Process Limitations and Advantages 

A s  i s  the case w i t h  all pyrometallurgical processes the  operations can 

be carried out on freshly discharged reactor fuel  because no radiation sensit ive 

chemicals a re  involved, and, i n  addition, the chemical state of the  fuel  i s  not 
a l tered.  

allow d i rec t  me1 handling; consequently, refabrication may become complicated 

and costly. Also there  i s  no means of partitioning'thorium and uranium should 

t h i s  be desirable. 

I 

Drip melting, however, does not give suff ic ient  decontamination t o  

It might be extremely d i f f i c u l t  t o  f ind a container material 
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t o  receive the molten fuel; i . e . ,  one tha t  will not react with and contaminate 

the  f'uel. On the other hand, fuel  recovery should be extremely high. 

21.3 Status of Development 

Small-scale laboratory experiments have been conducted using i r radiated 

materials, and remote handling has been demonstrated. Refabrication of the 

dr ip  melted fuel  i s  an area tha t  requires considerable development. 
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22.0 ELECTROREFINING 

Electrorefining i s  a pyrometallurgical process that may be employed where 

Electrolysis i s  a molten salt large decontamination factors are  not required. 
bath as a method of producing pure thorium has been known for  some time, and 
more recently the method has been applied t o  i r radiated thorium-uranium al loy 
as a processing method. 1,2 

22.1 Process Description 

ELectrorefining is  based on the  difference i n  decomposition p o t e n t i d  be- 
tween thorium, uranium, and a number of f i ss ion  products t o  provide a separation. 

A s  Hansen and co-workers2 point out, the  f i ss ion  products fall  i n to  three gen- 
eral classes: 

composition voltage than the corresponding thorium salt. 
dissolve i n  the  anode and not deposit i n  the cathode. 

fa l l  i n to  t h i s  group. 
lower decomposition voltage than the  corresponding thorium salt .  

w i l l  not dissolve i n  the  bath but w i l l  form an anode sludge; proper c e l l  design 
can prevent these elements from reaching the  cathode. 
and molybdenum. 

voltages very near t ha t  of the corresponding thorium salt. 

(1) The more active m e t a l s  which form salts with a higher de- 

These elements Will 
Cesium and stronium 

(2) The l e s s  act ive metals which form salts with a 
These elements 

Examples are ruthenium 

( 3 )  The group of metals which form salts having decomposition 
These w i l l  dissolve 

" 

i n  the bath, buildup i n  the  anode compartment and eventually deposit a t  the 

cathode. 
d i f f i cu l t ;  uranium and zirconium may ac t  in t h i s  manner. 

Therefore, appreciable separation From t h i s  type of element may be 

Electrorefining i s  carried out i n  a c e l l  i n  which thorium or thorium- 
uranium al loy i s  made the anode, which i n  turn i s  contained i n  a molten salt 
bath, e.g., 60-40 w t  $I KC1-NaC1. The cathode compartment i s  a l so  contained 
i n  the  molten salt bath and consists of zinc m e t a l  i n  an alumina crucible. 
In use the  en t i r e  c e l l  i s  encased by a fbrnace t o  keep the  salt  and zinc 

molten. 

the cathode where it forms an al loy with zinc. 

During electrolysis ,  thorium dissolves a t  the  anode and migrates t o  

The low-melting Th-Zn al loy 

can be eas i ly  removed From the  cathode compartment, giving a product t h a t  

i s  re la t ive ly  uncontaminated by salt. Thorium i s  then recovered From the  

al loy by d i s t i l l i n g  off  t he  zinc. 
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22.2 Process Performance 

Electrorefining i s  capable of giving appreciable decontamination from 

f i ss ion  products as  the  values of Table 22.1 show. 
however, the recovery of thorium and uranium was not very high. 

current efficiency was qui te  low. 

In  these experiments, 
Likewise the  

22.3 Process Limitations and Advantages 

The reported resu l t s2  of i n i t i a l  experiments indicate t ha t  considerable 
improvement i n  process efficiency i s  necessary i f  electrorefining i s  t o  be 

considered seriously. Perhaps this can be done with improved c e l l  design. 

The process i s  1imited"in being unable t o  pa r t i t i on  thorium and uranium and 

w o u l d  therefore be of use only on converter reactor f i e 1  where complete re- 

cycle i s  a character is t ic .  

because of the limited decontamination tha t  the process offers .  However, 

perhaps th i s  should not be considered as a l imi ta t ion  because heavy isotope 

buildup i n  recycled fuel  would probably make remote fabrication necessary 

Remote fabrication of fue l  would be required 

anyway. 

The main advantage i s  tha t  "green" fuel  can be processed without a 

change in'chemical s t a t e .  No radiation sensit ive chemicals a r e  used. 

22.4 Status of Development 

The work t ha t  has been reported i n  the l i t e r a t u r e  has been on a labora- 
tory scale.  

been done. 
However, there i s  reason t o  believe tha t  more advanced work has 

I 
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Table 22.1. Decontamination of T1.1-U (94.6 - 5.4 w t  $) Alloy by 
Electrorefining Using a Molten Zinc Cathode 

Time (hrs) 8.5 5.5 9.0 16.5 3 90 
Current Efficiency ($) 6.0 11 .o 2.5 4 ,O 10.0 

Percent Removed 

- Total Activity 86 85 8.0 90 
Ruthenium 98 9% 73 9 9  93- 

Z i r  c onium 94 79 80 97 58 
Strontium 86 70 (gain 1 9% 9% 
Cerium 82 45 (gain 1 55 

.. Rare Earths + Y t t r i u m  31 64 95 26 84 

- 
Cesium 

Protactinium 
95 9 9% 88 9 9  
76 77 87 9 9  - 

Product Recovery 

Initial. T ~ - U  Sample (gm) - 1 5  - 15 - 15 - 15 - 1 5  
Th i n  Cathode ( g m )  2.26 2.70 0.93 1.42 1.27 
U i n  Cathode (gm)  0.12 0.37 1.56 - 0.36 

- 

REFERENCES 

1. W. N.  Hansen, Decontamination of Thorium by ELectrolysis - A Theoretical 
Discussion, NAA-SR-4885 (June 15, 1960). 

2. W, N. Hansen, W. L. Long, and E. W. Murbach, ELectroref'ining of Irradiated 
Thorium-Uranium Alloy, NAA-SR-4660 (Jan 15, 1960). 



4 



I 

, 

and 

PROCESSING METHODS 





141 

23.0 FISSION PRODUCT ELUTION FROM mo2-uo3 SLURRY FUELS 

23.1 Process Description 

A ra ther  new approach t o  chemical processing of thorium-uranium oxide 
slurries contained i n  aqueous solution (D20 or &O) has been suggested by 

(3ardner.l 

the  oxide par t ic les  by a d i lu t e  n i t r i c  acid wash. 

The process involves e lut ing f i ss ion  products from the surface of 

The process was  suggested by pr ior  work of the same author2 on the be- 

havior of f i ss ion  fragments i n  a Th-U-0 aqueous s lurry medium. 

la t ions,  which were substantiated by experimental data, indicated t h a t  i n  

a reactor system employing micron-size par t ic les  (3-20~) i n  low volumetric 

concentration (- 3 vol $) most of the f i ss ion  ft-agments would escape the  

pa r t i c l e  and reach the  end of t h e i r  range i n  the aqueous medium. 

fragment would be adsorbed on the surface of the  Tho2 par t ic le .  

The calcu- 

Later the  

It was observed t h a t  most adsorbed f i ss ion  products could be eluted *om 

the par t ic le  surfaces by boiling the s lurry i n  d i lu t e  n i t r i c  acid. 

rare earths and acid insoluble metals such as  cerium and zirconium were re- 
However, 

s i s t i v e  t o  elution and could not be removed. 

were t reated before i r rad ia t ion  with a small amount of A l ( 0 H ) s  or %(OH)*, 

the  a l tered surfaces would s t i l l  adsorb f i ss ion  products but elution was now 

much easier even fo r  the ra re  earths and acid insoluble metals. 

It was found tha t  i f  the  s lurry 

In  a continuously operating system the  process i s  visualized as con- 

s i s t i ng  of removing a side stream of s lur ry  from the reactor, dewatering the 
slurry and t rea t ing  it with boiling d i lu t e  HNO3 (- 2 M) - for  a period of 2-5 
hours. 
slurry.  

Fission products would be dissolved without noticeable a t tack on the  

The slurry would be returned t o  t h e  reactor.  

23.2 Process Performance 

Up t o  759 of adsorbed cerium, a typical  rare ear th  used i n  the laboratory 

tests, was removed from the  pa r t i c l e  surfaces i n  a hot d i lu t e  HNO3 wash; up 

t o  40% was removed i n  a cold d i lu t e  HNO3 wash. 

t ha t  had been coated with Al(0H)z or Mg(OH)2 was as  high as 95%. 
uraniumlosses were-not reported, but are expected t o  be negligible. 

Cerium recovery from slurries 

Thorium and 

23.3 Process Limitations and Advantages 

The outstanding ‘advantage of the elution process i s  the  elimination of 

the  need t o  destroy the in tegr i ty  of the  fuel for  decontamination purposes. - 
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Consequently the d i f f i c u l t  chemical and physical fuel  reconsti tution opera- 

t ions are  obviated. Secondly, the elution could be carr ied out on "green" 

material because radiation damage t o  process chemicals i s  unimportant; in-  

ventories held up i n  decay cooling a re  thereby eliminated. 

A s  the  volumetric concentration of the s lur ry  and the s ize  of the  pa r t i -  

c les  increases the degree of decontamination decreases. This might be ex- 

pected because more f i ss ion  fragments can get  trapped i n  the in t e r io r  of the 

par t ic les  where they are not reached by .the acid wash. 

23.4 Status of Development 

This processing method i s  i n  the  laboratory stage of development. 
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24.0 THORIUM FUELS 

24.1 Fuels Containing Thorium Oxide as  a Dispersion i n  a Liquid 

ThOp-H20 Slurry. Thorium dioxide-water s lu r r i e s  have been proposed as 

reactor fuels and f e r t i l e  material i n  recent years i n  connection with aqueous 

homogeneous breeder reactors ,  
concentration i n  a system tha t  has physical properties nearly l i k e  a f lu id .  

Chemical processing of ThO2-HzO systems i s  w e l l  developed and defined i n  the  
Thorex process described i n  Section 1.0. The usual Thorex dissolution t r e a t -  

ment prepares the fuel  fo r  aqueous solvent extraction i n  which decontaminated 
thorium and uranium are  obtained as products. 

The s lurry offers the advantage of high metal 

ThO;?-D20 Slurry. The procedure for processing a ThOz-D;20 s lur ry  i s  en- 

t i r e l y  analogous t o  t h a t  of a Th02-&0 s lur ry  discussed above with one addi- 

t iona l  step.  
the first s tep i n  the  dissolution and feed preparation operation of Thorex. 
Heavy water may be recovered by customary solid-liquid separation techniques 
such as f i l t r a t ion ,  evaporation or centrifugation followed by drying. 

Valuable heavy water must first be recovered from the  s lurry as 

After heavy water has been almost quantitatively recovered, thorium oxide 
i s  dissolved in aqueous n i t r a t e  solution and processed by Thorex t o  recover 
decontaminated thorium and uranium (see Section 1 .P) . 

4 

ThOz-Bi Slurry. This fuel  was proposed for the Liquid Metal Fuel Reactor 
Y blanket system. The fuel  i s  first subjected t o  a special head-end treatment 

t o  separate thorium oxide and bismuth as described i n  Section 16.0 a f t e r  which 
the  oxide i s  processed by Thorex for  thorium and uranium recovery. Bismuth  

i s  a l so  recovered and reused. 

' 24.2 ThO2-UO2 Pellets Clad with Stainless Steel 

This fuel i s  the  one t o  be used i n  the Consolidated Edison Thorium Reactor 

(CETR). 
long by 0.66 cm diameter. 

of type 304 s ta in less  s tee l .  

me1  pe l l e t s  are sintered, 'cylindrical ThO2-UO2 shapes' about 2.1 cm 
The pe l l e t s  are clad with a 20-mil-thick coating 

The U O ~  content i s  from 2-8 w t  $. 
CETR fuel  i s  processed by Thorex solvent extraction for  recovery and 

decontamination of thorium and uranium a f t e r  a head-end treatment t o  prepare 
the fuel  for  Thorex. There are two head-end processes sui table  for  t h i s  feed 
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preparation: Darex-Thorex and Sulfex-Thorex. These are discussed i n  Sections 

2.0 and 3.0, respectively. The first of these i s  a two-step dissolution pro- 
cedure i n  which the stainless steel clad i s  removed by d i l u t e  aqua reg ia  fo l -  
lowed by n i t r i c  acid dissolution of the  mixed oxide pe l l e t s .  
treatment, decladding i s  accomplished i n  6 M - H2SO+ followed by dissolution 
of the  mixed oxide core i n  concentrated n i t r i c  acid. The product of the  core 

dissolution i n  each case can be adjusted t o  the  proper concentration for  feed 

In  the Sulfex 

t o  the Thorex process. 

24.3 Thorium Metal Fuels 

Th-U Alloy. 
t i o n  i s  the w e l l  established Thorex process. 
concentrated n i t r i c  acid catalyzed by a s m a l l  concentration of fluoride ion. 

Stainless s t e e l  i s  a sui table  material of construction. The Thorex process 
i s  discussed i n  Section 1.0. 

Chemical processing of t h i s  fuel  by aqueous solvent.extrac- 
The fuel  i s  eas i ly  dissolved i n  

L 

Th-U-A1 Alloy. 
scribed i n  Section 1.0. 

A fuel  o f t h i s  type would be processed by Thorex as  de- 

ThOp-UOp Dispersions i n  Thorium. No references were found t o  a f'uel of 

t h i s  type being considered f o r  a nuclear reactor.  

speaking the  fue l  could probably be fabricated. 
be accomplished by w e l l  established Thorex procedures (Section 1.0)  fo r  re- 
covery of decontaminated thorium and uranium. 

However, metallurgically 
Chemical processing could 

0 

ThCp-UC;! Dispersions i n  '13aorium. N o  references were found t o  a fue l  of .. 
t h i s  type being considered for a nuclear reactor although such a fie1 could 
probably be fabricated. 
however, the  fuel  w c d d  probably dissolve i n  concentrated n i t r i c  acid so tha t  

further recovery of decontaminated thorium and uranium could be accomplished 

by the  Thorex process (Section 1.0). 

No chemical processing information i s  available; 

24.4 Niobium-Clad Fuel 

The use of niobium as a cladding material for  reactor fuels  i s  probable 

because of the favorable physical, chemical and nuclear properties of t he  
m e t a l . 2  Although no thorium fuels  of t h i s  type are extant, preliminary lab- 
oratory t e s t s  have been made t o  determine a sui table  method $or dissolving 

niobium metal t o  prepare solvent extraction feedq3 Possible reagents fo r  
* 
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dissolution i n  aqueous media are boiling H2SO4, KOH and KF-HNO3; anydrous 
media a re  (212, HC1 and HF. 

The best  dissolution r a t e s  were obtained with HF-HNO3 solutions for  

which r a t e s  of 35 mg/cm2 m i n  and 5 mg/cm2 min were obtained with 9 M - HI?-3 M - 
HNO3 and 6 M - HF - 1 M - HNO3, respectively. 

reagent giving reaction r a t e s  of 12  and 28 mg/cm2 min at  300 and 36OoC. 
Anhydrous C12 was the  best gaseous 

24.5 Niobium Carbide Clad Fuel 

In anticipation of the use of NbC as a cladding material f o r  an as yet 
unspecified reactor f'uel, Oak R i d g e  National Laboratory has i n i t i a t e d  scouting 
experiments i n to  the  dissolution of the  clad. 4 

Niobium carbide was v i r tua l ly  unattacked by boiling solutions of hydro- 
f luor ic  acid, n i t r i c  acid and sodium hydroxide i n  concentrations up t o  10 M_. 
However, dissolution was achieved i n  1 M - HNOa-HF solutions, where the i n i t i a l  

r a t e  of dissolution increased from 0.002 t o  20.3 mg/cm2 min as the  HF concen- 

t r a t i o n  was increased from 0.1 t o  10 M. - 
extraction as discussed i n  Section 1,O. The HNOs-HF solution, especially a t  
higher HNO3 concentrations, will dissolve most thorium compounds and thorium 
m e t a l  as w e l l  as uranium. 

This dissolution procedure leads t o  f'urther processing by Thorex solvent 

24.6 Be0 Clad ThO2-UO2 

Aqueous Process iq .  Fuels such as beryllium oxide-clad uranium dioxide 
have been considered for gas-cooled reactors such as the GCRE and MGCR. 
a f'uel, even with a m i x e d  oxide !t'hO2-UO2 core, could be processed by Thorex 

solvent extraction if a sui table  head-end process were developed (see Section 

13.0), 

Such 

Fluoride Vola t i l i ty  Processing. Since beryllium fluoride i s  soluble i n  

molten fluoride salt mixtures such as LiF-BeF2-UF4-ThF4, fluoride v o l a t i l i t y  

of fe rs  an a t t r ac t ive  processing method for  recovering decontaminated uranium. 
However, no process has been developed for recovering decontaminated thorium. 

Cathers conducted some experiments aiaed a t  dissolving sintered Be0 at 600 C 

i n  a molten salt mixture tha t  was 49-40-11 mole $ NaF-LiF-BeF2 by bubbling HF 

through the salt. 

5 0 

The average rate of penetration of the  Be0 was 5 mils/hau.. 

These preliminary experiments indicate t h a t  Be0 clad-UO2-Th02 f'uels can 

be processed by fluoride v o l a t i l i t y  since the  vola t i l i za t ion  of m6 from 



146 
8 

molten salt has been demonstrated. 
developed for thorium recovery. 

However, no sat isfactory method has been 

24.7 Beryllium-Clad Th02-UO2 

Aqueuus Processing. Work has only recently been i n i t i a t e d  on a process 

t o  treat beryllium-clad oxide f'uels.6 To t h i s  date development has been con- 
fined t o  methods of dissolving beryllium, and it appears t h a t  the metal can be 

dissolved readi ly  in boiling sulftrric acid, d i lu t e  n i t r i c  acid containing 
t races  of fluoride ion, and sodium hydroxide. Laboratory dissolution ra tes  
are given i n  Table 24.1. 5 

Table 24.1. I n i t i a l  Rates of Dissolution of Beryllium Metal i n  
Various Boiling Reagents 

Initial (10-minute) Dissolution 
Reagent Rate, mg/ cm2 m i n  

4 M HNO3 0.02 - 
15.8 - M HNO3 

4 M - KNO3 - 0.05 M - NaF 

4 M - HNO3 - 0.1 M - NaF 

4 M - H2SO4 

6 M NaOH - 

0.04 

8 

11 

63 

2 

Although these experiments were concerned only with the  dissolution of 

beryllium m e t a l  such as would be required for  t he  removal of a beryllium clad, 

it appears t h a t  there  would be no d i f f i cu l ty  i n  dissolving completely a fuel  
t h a t  i s  Be-clad ThO2-UO2. 

oxide core i s  t o  use n i t r i c  acid containing a l i t t l e  fluoride.  

for  solvent extraction by Thorex could then be prepared by adding aluminum 

n i t r a t e  t o  the  dissolver solution and evaporating t o  the  required acid de- 

ficiency as discussed i n  Section 1,1, 

The established procedure for dissolving a mixed 

Suitable feed 

. 

' d  

'c 
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. 

An inherent disadvantage t o  t h i s  method of processing Be-clad ThO2-UO2 
fuel  i s  tha t  all the  beryllium must pass through the solvent extraction plant 

thereby creating la rge  volumes of aqueous waste, 
Table 24.1 cannot be used t o  select ively remove the  Be clad without excessive 

The reagents l i s ted  i n  

loss of uranium and thorium from the oxide core. 

Ni-o-ne1 should be sui table  as a material of construction for  the  dis- 

solver. 

Fluoride Vola t i l i ty  P r o c e s s i w  Although no references were found t o  
attempts t o  process Be-clad ThO2-UO2 fue l  by fluoride vo la t i l i t y ,  such a 
scheme might be feasible.  For example, i f  the  Be clad could be dissolved 
i n  a LiF-BeF2 molten stilt mixture, uranium could be removed as UF by hydro- 
fluorination followed by fluorination. 

thorium. 

6 
The process w o u l d  not recover the  

24.8 "hBe -UBe 13  1 3  
Only a f e w  scouting experiments have been made-on thorium-uranium beryl- 

l i d e  fuel  directed toward the  preparation of aqueous solutions fo r  solvent 
extraction. A composite of UBe and ThBe dissolved readi ly  i n  4 M HNO3 - 1 3  1 3  
0.05 M - NaF. 

and 4 M - HNO3-0.05 M - NaF; thorium beryl l ide dissolved rapidly i n  4 M - HNO3 but 

only slowly i n  4 M - HzS04. 

- 6 

Uranium beryl l ide alone dissolved rapidly i n  boiling 4 M - H2SO4 

Dissolution of the  mixed bery1lj.de &el i n  molten fluoride in preparation 
for  fluoride v o l a t i l i t y  processing apparently has not been attempted. 

24.9 Sic-Coated Graphite Containing ThO2-UO2 

Laboratory results have been obtained' fo r  t he  dissolution of t h i s  fuel 

The Sic  coating i s  cracked i n  the by a grind-leach procedure (Section 7.0). 
grinding operation t o  allow the  dissolvent t o  contact the graphite core. 
ground mixture i s  contacted with boiling 90$ HNOs which dis integrates  t he  
graphite core and dissolves the ThO2-UO2 mixture. 

The 

Development i n  the  laboratory has only recently been in i t ia ted ,  and some 

initial r e su l t s  indicate tha t  uranium recoveries are r e l a t ive ly  low. 

example, after 3.7 hours exposwe t o  t he  boiling HNO3 leach solution, uranium 

losses  t o  the  graphite residue were about 6$1~ 
fuel  are directed toward a sui table  head-end treatment for  uranium and thorium 

recovery by aqueous solvent extraction (see Thorex Process, Section 1 *O). 

For 

Processing methods for  t h i s  
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A fuel  consisting of U02 par t ic les  dispersed i n  an alumina matrix has 
been mentioned as a possible fuel  for a gas-cooled reactor such as the  MGCR. 

Development of a process t o  prepare such a fuel  for  aqueous solvent extrac- 
t i on  has been i n i t i a t e d  a t  ORNL. 3'6 The current work has not included tho- 

rim or thorium compounds as a component o f t h e  fuel; however, mixed Th02- 

U 0 2  readi ly  dissolves i n  the  same reagent. 

The current research i s  directed toward a means of leaching U02 f'rom 
Two types of U02  dispersions the  A1203 matrix using boiling n i t r i c  acid. 

have been considered, one i n  which the UO, par t ic les  were about lop and the  

other i n  which the  par t ic les  were about l5Op. 
uranium recoveries are not very good except a t  low A1203 content i n  the  f'uel. 

Experiments i n  which 0.2 M - HF had been added t o  the  10 - M HNO3 did not s ig-  

n i f ican t ly  increase uranium recovery. 

6 As shown i n  Table 24.2, 

Table 24.2. Uranium Recoveries from A1203-U02 Fuel Pe l le t s  by 
Leaching with Boiling 10 M - HNO3 

N 10 p U02 dispersion i n  pe l l e t  

1 1  

N 150 p U02 dispersion i n  pe l l e t  

11 

11 

11 

A1203 i n  Pe l le t  U Loss t o  Residue 
($1 ($1 

3 07 

1 3  *7 

28.4 

6 i  .i 

4 *4 

11.2 

25.9 

70.1 

0.002 

3 *3 

23.. 0 

88.4 

0.05 

0.15 

3.28 

48.3 

. 
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24.11 Thorium Carbide Fuels 

3 

L, 
1 .  

w 

T h C 2  Clad with Pyrolytic Carbon. This fuel i s  very intractable  t o  a t tack 

by chemical solvents because of the pyrolytic carbon coating. 

periments have been conducted by each of the three methods (grind-leach, 90% 

HNO3 dissolution and combustion-dissolution) outlined above i n  Sections 7.0, 
8.0, and 9.0 t o  prepare t h i s  fuel  for  solvent extraction. 

successful method has been combustion-dissolution. 

Laboratory ex- 

The only completely 

Attempts t o  apply the  

fuming HNO3 process resulted i n  only 6% and 47% recoveries fo r  uranium and 
thorium, respectively. 9 

The grind-leach process may be applied t o  these carbon-coated fuels  i f  

the crushed par t ic les  a re  reduced t o  a s m a l l  enough s ize  so tha t  the  pyrolytic 

carbon coating on each pa r t i c l e  i s  cracked. 

i n  some reactor fuels may be i n  the micron range, extensive grinding i s  re-  

quired. 

processing 100 &/day of pyrolytic carbon-coated ThC2-UC2 fue l  fo r  a pebble 

bed reactor and arrived a t  a processing cost of $30.39 per kg of f i e l .  

estimate was an extensioE o f t h e  estimate of Table 7.1 for  the process out- 

l ined  i n  Fig. 7.1. 
-100~ diameter. 

Since individual fue l  par t ic les  

Hannaford'' has made a preliminary cost estimate on a plant for  

This 

It was assumed tha t  the  fuel  would have t o  be reduced t o  

T h C 2  Clad w i t h  Si-Sic. A proposed fuel for  the  pebble bed reactor i s  a 

In- 1-1/2 in .  diameter sphere coated w i t h  30 m i l s  of Si-Sic (see Fig. 7.1). 
dividual f'uel par t ic les  inside the ba l l  a re  not coated, only the  spherical 

pebble. Since the clad i s  rather  impervious t o  a t tack  by HNO3, the  sphere 

has t'o be cracked t o  permit penetration. 

the crushed elements leaching thorium and uranium. Metal recoveries'' a re  

greater than 99%. A f t e r  leaching, the n i t r a t e  product solution would be 

clar i f ied,  adjusted i n  concentration and processed by solvent extraction for  

Th and U separation and decontamination. 

complikhed by metallurgical and ceramic operations. 

Fuming (90%) HNO3 readi ly  attacks 

Fuel reconsti tution would be ac- 

10 Preliminary cost  data have been prepared by Hannaford for  processing 

100 &/day of t h i s  f'uel. These data have been given i n  Table 7.1. 

ThC;, Clad with Stainless Steel.  No processing development has been 

undertaken on t h i s  type fuel .  However, processing would probably consist 

of cladding removal by a Darex or  Sulfex process followed by dissolution of 

the ThC2-UC2 in te r ior  with 90% HNO3. 
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ThC2 Dispersions i n  Graphite. In te res t  i n  thorium-uranium carbide dis-  

persions i n  graphite as reactor f'uels stems from studies on gas-cooled reactor 

concepts such as the Pebble Bed12 and Turret13 reactors.  

cannot be processed d i rec t ly  by solvent extraction (Thorex ) for  decontaminated 

uranium and thorium recovery. An i n i t i a l  head-end treatment has t o  be applied 

t o  the  fuel  t o  separate graphite from the other constituents and prepare the 

metallic elements for  solvent extraction. This head-end process i s  a combina- 

t i on  of mechanical and chemical operations which has been developed a t  ORNL by 

Bradley and Ferr is  .I4 A f t e r  t he  head-end treatment, conventional solvent ex- 
t rac t ion  procedures (see Section 1.0)  a re  followed t o  recover thorium and 

uranium separated from f iss ion products. After solvent extraction, the  car- 

bide fuel  i s  reconsti tuted by metallurgical operations fo r  recycle t o  the  

reactor.  

These ceramic fuels  

The head-end treatment i s  basical ly  concerned with the  dissolution of 

the  metals i n  concentrated mO3. However, a l ternate  steps in the  process 

make it advantageous t o  ident i fy  three d i s t inc t  processes as (1) grind-leach; 

(2)  f'uming HNO3 dissolution; and (3)  combustion-dissolution. 

24.12 Fuels Containing Thorium Fluoride 

This section comments on thorium fluoride fuels  t h a t  have e i ther  been 

considered as  possible reactor fuels  or have poss ib i l i t i e s  as such because 

of favorable physical properties. ,.i 

LiF-ThF4. A LiF-ThF4 binary salt having a basic composition 73-25 mole k 
Y might'be of i n t e re s t  i n  a molten salt reactor .  

57O0C, i s  higher than t h a t  of some ternary LiF-BeFz-ThF4 compositions, but 

it i s  perhaps within the range of consideration fo r  advanced systems. 

The l iquidus temperature, - ca. 

There i s  no information t o  suggest t h a t  chemical processing of t h i s  

system would be d i f fe ren t  from the fluoride v o l a t i l i t y  methods discussed i n  

Section 15.0 e 

NaF-ThF4. The liquidus temperature of t h i s  salt at  about 78-22 mole % 
NaF-ThF4 i s  approximately 630°C, so t h i s  composition might be of i n t e re s t  i n  

higher temperature reactors.  In the l i g h t  of current information, chemical 

processing would be as described i n  Section 15.0. 

NaF-ZrFe-ThF4. In order t o  ge t  appreciable thorium, e.g., 10 mole '$ 
or more, in to  t h i s  system, the  l iquidus temperature must be 6OO0C or higher. 

Hence the use of t h i s  system i s  l imited t o  high temperature reactors .  
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Nevertheless, the ternary system could be processed by fluoride v o l a t i l i t y  as 

described i n  Section 15.0. It i s  not known how the Z r  w i l l  behave i n  some of 

the more incompletely developed ta i l -end processes discussed i n  Section 17.0, 
e.g., the  aqueous NH4F process or SbF -HF process. In  one of the oxide pre- 

c ip i ta t ion  processes, Zr02 would probably precipi ta te  as readi ly  as U and Pa 

oxides. 

5 

LiF-ThF4-UF4. A t  75 mole % LiF with UF4 content i n  the  range 1-5 mole $2 

l iquidus temperatures are i n  the range 560-575’C; therefore t h i s  system might 

be of i n t e re s t  i n  a thorium reactor.  Uranium c d d  be recovered by fluoride 

v o l a t i l i t y  as described i n  Section 15.0. There i s  no developed process for  
decontaminating the remaining salt, and perhaps the L i  and Th would have t o  
be discarded. The SbF -HF process (see Section 17.3) might be developed t o  
decontaminate the  uranium-free salt. 

5 

ThF4 Pel le ts  or Powder. There have been laboratory investigations in to  

methods of processing thorium fluoride sol ids  for  removal of uranium and prot- 

actinium. 
improve breeding performance. 

These methods have been concerned mostly with blanket materials t o  

Workers a t  Brookhaven National Laboratory1=) contacted i r radiated ThF4 

powder with N02-HF solution t o  determine the extent of protactinium extraction. 

The sample was treated with the N02-HF solution t o  complex protactinium ren- 

dering it extractable i n  subsequent treatments with n i t r i c  acid and water. 
Some laboratory results a re  presented i n  Table 24.3. 

Table 24.3. Effect of 25 Mole ’$ NO,-75 mole % HF Treatment on 
Pa233 Extraction from Irradiated ThF4 

$ Pa Extracted 
Smple Treatment H20 RNO3 Total 

N02-HF after i r rad ia t ion  22 28 50 
NO2-HF before i r rad ia t ion  8 3 11 

No treatment with NOz-HF 0 18 18 
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Gas-Solid Reaction t o  Vaporize UFa. In conjunction with the development 

of the  Liquid Metal Fuel Reactor at  Brookhaven National Laboratory, an ex- 

perimental program was ins t i tu ted  t o  study uranium and protactinium removal 

from irradiated ThF4 sol ids  by a gas-solid reaction. 15-22 

The i n i t i a l  phase of t h i s  work was directed toward a method of continu- 

ously removing UF, - and perhaps PaF5 - from a ThF4 pe l l e t  or powder blanket 

-- i n  s i t u  by passing F2 gas through the blanket. 

ess,22 the  blanket w a s  made a D20-ThF4 slurry,  and a side stream was withdrawn 

for  processing. 

from the D20, dried and routed t o  the  gas-solid reaction chamber. 

In  later changes i n  the proc- 

In  t h i s  scheme, the  ThF4 powder was separated by a cyclone 

Thorium 

- fluoride powder was  picked up by a stream of D2  + F2 gas (containing excess 

F2) which w a s  burned i n  a torch producing a high temperature zone for  promo- 

t i on  of the UF4+UF6 reaction. 

ized as  PaF5 i n  the  torch. 

i n  a cold t r a p  (< 40OoF) which would r e t a in  PaF5 but not 

Neither of these two vola t i l i za t ion  methods was ever developed t o  the 

It was expected tha t  Pa would a l so  be vapor- 

Protactinium and uranium would then be separated 

I. 

point where consistent, reproducible r e su l t s  were obtained. There w a s  evi- 

dence tha t  PaF5 and were being vola t i l i zed  f'rom the ThF4 solids,  but the 

exact nature of t he  reactions and the r a t e  controlling steps were never com- 

pletely analyzed. The work was abandoned because of the  d i f f i cu l ty  encountered 

i n  making sat isfactory ThF4 pe l l e t s  and powder and because of lessened emphasis 
on the development of a thorium breeder blanket. 

Liquid-Solid Reaction t o  Extract Pa. A process for  extracting Pa from 
irradiated ThF4 sol ids  using N02-HF and NOz-BrFs-HF solutions has been in-  

vestigated a t  Brookhaven National Laboratory. 15919-21. 

concentrations a re  i n  the range 16-84 mole $ t o  27-73 mole $. It appears 

t h a t  these solutions complex Pa allowing it t o  be extracted i n  subsequent 

treatments with &O or HNO3. 

In  general, the  NOz-HF 

This process i s  i n  the laboratory stage of development and cannot yet 

be fu l ly  appraised. 

ThF4 Dispersions. This topic i s  intended t o  include ThF4 dispersions i n  

other matrices such as graphite, beryllium, aluminum o r  other sol ids  and d is -  

persions i n  water, l i qu id  metals or  other l iquids .  

t i on  of ThF4-D20 s lur ry  discussed above, there  have apparently been no other 

considerations of a ThF4 dispersion as a converter or breeder reactor material. 

Other than the  applica- 

d 
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