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7 LEGAL I 
T h i s  report was prepared a s  on account of Government sponsored work. 

nor the Commission, nor any person act ing on behalf of the Commission: 

A. Makes any warranty or representation. expressed or implied, w i th  respect t o  the accuracy, 

completeness, or usefulness of the information contained in th i s  report, or that  t he  use o f  

any information, opparotus, method, or process d isc losed i n  th i s  report may not in f r inge 

pr ivate ly  owned r ights; or 

Assumes ony l i a b i l i t i e s  w i th  respect  t o  the use of, or for damages resul t ing from the use of 

ony information, opporotus, method, or process d isc losed i n  t h i s  report. 

Neither the Uni ted States, 

6. 

As  used i n  the above, "person act ing on behalf of the Commission" inc ludes any employee or 

contractor of the Commission, or employee of such contractor, t o  the extent  that such employee 

or contractor of the Commission, or employee of such contractor prepares, disseminates, or 
provides access to, any information pursuant to  h i s  employment or contract w i th  the Commission, 

or h i s  employment w i t h  such contractor. 
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CONVERSION OF URANIUM CHLORIDES TO URA.NIA BY 
GAS-PHASE REDUCTION HYDROLYSIS 

C. F. k i t t e n ,  Jr. 2 F. H. Patterson’ W. C. Robinson, Jr. 

ABSTRACT 

Uranium chlor ides  a r e  obtained.from t h e  chlor ine 
. v o l a t i l i z a t i o n  process present ly  being considered f o r  

Zircaloy-clad f u e l s .  
inves t iga te  t h e  f e a s i b i l i t y  of converting these  gaseous 
chlor ides  t o  uranium oxide powder by reac t ion  with 
hydrogen and water vapor. 

range of 660 t o  960°C and pressures  of 1 t o  6 t o r r s .  
The uranium chlor ide w a s  successful ly  converted t o  
microfine uran ia  powder i n  t h i s  experimental range. 
This d e f i n i t e l y  e s t ab l i shes  t h e  f e a s i b i l i t y  of con- 
vers ion  of t h e  product of t h e  chlor ide v o l a t i l i z a t i o n  
process back t o  usable f u e l  mater ia l .  

A program w a s  undertaken t o  

The parameters inves t iga ted  
\ i n  t hese  f e a s i b i l i t y  s tud ie s  included a temperature 

INTRODUCTION 

One of t h e  methods being developed f o r  recovering uranium from 

spent nuclear f u e l s  involves leaching with gase’ous hydrogen chlor ide.  

The v o l a t i l e  uranium chlor ide  i s  then d i s t i l l e d  from t h e  l e s s  v o l a t i l e  

chlor ides  of other  elements. Calculations and experimentation necessary 

t o  e f f e c t  t h i s  ch lor ina t ion  and separat ion have been discussed exten- 

s ive ly  by 

t o  be a p u r i f i e d  uranium chlor ide,  which must subsequently be reconverted 

The product of t h i s  separati,on procedure i s  expected 

’? 
? 

\ *- 

~ N O W  with B a t t e l l e  Memorial I n s t i t u t e ,  Columbus, -Ohio. 

2Now with Linde Division, Union Carbide Corporation. 

3T. A. Gens and G. J. A t t a ,  Thermodynamic Calculat ions Relat ing t o  
Chloride V o l a t i l i t y  Processing of Nuclear Fuels.  I. The Gas-Phase 
Reduction of Uranium Tetrachlor ide t o  t h e  Tr ich lor ide  with Carbon Mono- , -, oxide ORNL-TM-829 (Apri l  1964).  

4T. A. Gens, Chloride V o l a t i l i t y  Experimental Studies  : The Reaction 
of U3O8 with Carbon Tetrachlor ide and Mixtures of Carbon Tetrachlor ide 
and Chlorine, ORNL-TM-1258 (August 1965). 
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. 
t o  f u e l  mater ia l .  A process f o r  converting the  uranium chlor ide d i r e c t l y  

t o  uranium oxide i s  suggested i n  t h i s  repor t .  We repor t  thermodynamic 

ca lcu la t ions  of su i t ab le  reac tan t  compositions and deposi t ion conditions 

and subsequent experimentation based on these  ca lcu la t ions .  

PREDICTED CHLORIDE PHASE COMPOSITION 

Uranium chlor ide gas was obtained by d i r e c t  ch lor ina t ion  of uranium 

metal a t  temperatures from 350 t o  550°C and pressures  from 2 t o  5 t o r r s .  

We have used thermodynamic ca lcu la t ions  i n  order t o  pred ic t  t h e  phases 

present i n  t h e  gas. Reportedly,5 U C l 4  has a vapor pressure of 4 t o r r s  

a t  550°C; therefore ,  only a t  t h e  highest  temperature and lowest pressure 

would U C l 4  have been a subs t an t i a l  component of t h e  gas stream. Further- 

more, s ince t h e  t r a n s f e r  tube from t h e  ch lor ina t ion  chamber t o  t h e  hydro- 

reduction chamber i s  cooler than t h e  ch lor ina t ion  chamber, t h e  U C l 4  would 

condense i n  t h e  t r a n s f e r  tube.  (Indeed, some condensate was observed 

when t h e  experiment was performed a t  t h e  extreme conditions of 2 t o r r s  

and 550°C.) The composition of t h e  gas phase containing C l 2 ,  U C l 5 ,  and 

U C l 6  i n  equilibrium with s o l i d  U C l 4  can be ca lcu la ted  thermodynamically 

a s  a funct ion of temperature and pressure.  The f r e e  energies of formation 

used i n  t h e  ca lcu la t ion  and t h e i r  sources a r e  shown i n  Table 1. These 

ca lcu la t ions  ind ica t e  t h a t  t h e  gas-phase composition would be about 
73% C12, / 25% UCl5, and less than 2% UCl6 a t  350°C and 79.9% U C l 5  with 

t h e  remainder almost t o t a l l y  C l 2  a t  550"C, i f  t h e  t o t a l  system pressure 

i s  high compared t o  t h e  vapor pressure of UCl4 .  The thermodynamic 

quan t i t i e s  used f o r  U C l 5  were obtained using Rand and Kubaschewski's5 

values f o r  t h e  s o l i d  and Glassner 's6 est imat ion of t h e  vapor pressure 

as  indicated by h i s  f r e e  energy of vaporizat ion.  The ca lcu la ted  

compositions obtained from these  quan t i t i e s  a r e  somewhat uncertain,  but 

they qua l i t a t ive ly  demonstrate t h a t  t h e  gas phase t h a t  w e  obtained by 

7. 
! 

1. 

6 

~ 

5M. H. Rand and 0. Kubaschewski, The Thermochemical Proper t ies  of 
Uranium Compounds, Interscience Publishers,  New York, 1963. 

6A. Glassner, The Thermochemical Propert ies  of t h e  Oxides, Fluorides,  
and Chlorides t o  2500"K, ANL-5750 (1957). 



3 

Table 1. Thermodynamic-Data Per t inent  t o  Chlor inat ion of Uranium Metal 

C ompound Free Energy Formation 
(cal/mole) 

Temperature 
Range, O K  

Source 

U C ~ ~ ( S )  -253,100 + 112.8T - 14.3T log T 29&860 Ref. 5 

U C 1 5 ( s )  -263,200 -I- 128.1T - 1 4 . 3 T  log T 29MOO Ref. 5 

UC14(g) -201,100 + 19.85T - O.49T log  T 2 ?&860 Calculated - 

UC15(g) -238,600 + 90.1T - 14.3T log  T Estimated from 
r e f s .  5 and 6 

uc16(g) 450,500 1 1 1 . 3 T  - 1 4 . 3 T  log  T 45&860 -Ref. 5 

t h i s  ch lor ina t ion  technique consis ted of U C l , ,  '212, and very l i t t l e  U C l 6  

o r  U C l 4 .  The gas phase was t ransported through a t r a n s f e r  tube a t  a lower 

temperature, about 45OoC, i n t o  the  reac t ion  chamber. A s  mentioned, t h i s  

should have been s u f f i c i e n t l y  low t o  condense a l a rge  f r a c t i o n  of anyeUC14 

t h a t  might have vaporized. A t  temperatures below 3 O O 0 C ,  t he  react ion 

I uc15(g) --f U C l 4 ( 4  + 1/2 Cl,(g) (1) 

becomes favorable.  This would cause p r e c i p i t a t i o n  of U C 1 4 ( s )  i n  t h e  

t r a n s f e r  l i n e ,  even though no U C l 4  w a s  obtained i n  t h e  o r i g i n a l  ch lo r i -  

nat ion s tep .  If UC14(g) i s  obtained i n  t h e  o r i g i n a l  ch lor ina t ion  s tep,  

ca lcu la t ions  show a s ign i f i can t  f r a c t i o n  w i l l  p r e c i p i t a t e  as  a s o l i d  a t  

any temperature below 525°C a t  our operating pressure.  

phase en ter ing  t h e  reac t ion  chamber i s  bel ieved t o  be U C l 5  and excess C 1 2  

Hence, t h e  gas 

THERMODYNAMIC CONVERSION FEASIBILITY 

The thermochemical deposi t ion process i s  a stepwise process7 and, 

therefore ,  t he  f a c t  t h a t  the  o v e r a l l  reac t ion  

'J. D. Fleming, W. C .  Robinson, Jr.,  and C. F. k i t t e n ,  Jr., 
Thermochemical Analysis of Vapor P la t ing  Processes, ORNL-TM-1454 
( Ju ly  1966). 
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has a negative f r e e  energy i s  not conclusive evidence t h a t  t h e  reac t ion  

w i l l  proceed. I f  s t a b l e  intermediate compounds can form, these  compounds 
/ 

can a c t  as a s ink f o r  t h e  r eac t an t s  and l i t t l e  of t h e  des i red  product 

w i l l  be obtained. Since Reaction (2 )  cons i s t s  of both reduct ion  and ' 

hydrolysis,  we can break it down i n t o  t h e  s t eps  , 

Suf f i c i en t  thermodynamic da ta  a r e  ava i l ab le  t o  completely ca l cu la t e  

t h e  f r e e  energy f o r  t h e  Reactions (3) and ( 4 ) .  

ind ica tes  a t r imolecular  co l l i s ion .  Since a t r imolecular  c o l l i s i o n  i s  

extremely unl ikely,  s i g n i f i c a n t  amounts of product according t o  

Reaction ( 4 )  can only be produced as a combination of some bimolecular 

o r  monomolecular r eac t ion  such as 

However, Reaction ( 4 )  

UClq(g) + H20(g) .-) UOC~;! (S)  + 2HCl(g) (5) 

UOCl2 ( S )  + H2O( g) "YJO2 ( S )  + 2HC1( g) . ( 6 )  

The f r e e  energies  of Reactions (5) and (6)  can a l s o  be evaluated 

but  Reaction (5) (an intermediate reac t ion)  involves t h e  s o l i d  product 

UOCl2.  The formation'of any s o l i d  product i n  intermediate r eac t ions  of 

a thermochemical deposi t ion process usua l ly  precludes t h e  completion of 

t h e  r eac t ion  sequence. The pos tu l a t ion  of success would seem more l i k e l y  

if Reaction (5) occurred t o  form gaseous UOC12 which subsequently reac ted .  

However, t h e  species  UOCl;!(g) has not been reported,  s ince  s o l i d  U E 1 2  

vaporizes according t o  t h e  r eac t ion  

2UOCl2(S) + UO2(s) + UClq(g) . . (7) 

The formation of U02 v i a  Reactions (5) and (7) o f f e r s  an a l t e r n a t i v e , r o u t e ,  

which i s  not precluded by these  arguments. 

Reaction (7) i s  subsequently recycled v i a  Reaction (5) .  
The product UCl4  of 

I 

r^' 

c. . 
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One can u t i l i z e  t h e  da ta  of Shchukarev e t  a l ' .8  t o  ca l cu la t e  the  f r e e  

energy of U O C 1 2 ( s )  and est imate  t h e  f r e e  energy of UOC12(g) i n  order t o  
-- 

a r r i v e  a t  t h e  p o s s i b i l i t y  of UOCl*(g) being a s t a b l e  enough intermediate 

t o  keep Reaction ( 4 )  from occurring. This somewhat de t a i l ed  argument 

does not cont r ibu te  t o  t h e  purpose of t h i s  report  but i s  given i n  t h e  

appendix f o r  t h e  sake of completeness. 

The thermodynamic quan t i t i e s  used t o  ca l cu la t e  t h e  f r e e  energies of 

Reactions (3) and ( 4 )  a r e  shown i n  Table 2, and t h e  r e s u l t i n g  f r e e  

energies  of reac t ion  a r e  shown i n  Table 3. Reactions (3) and ( 4 )  appear 

favorable a t  a l l  temperatures, and t h e  examination of'UOC12 indicated a 

small l ike l ihood of i t s  being a s u f f i c i e n t l y  s t a b l e  intermediate i n  

e i t h e r  t h e  gaseous o r  s o l i d  s t a t e  t o  prevent Reaction ( 4 ) .  
Several  other  considerat ions were inves t iga ted  before  t h e  i n i t i a l  

experimental parameters were chosen. It w a s  considered des i rab le  to,  

operate under conditions where a l l  intermediate compounds remained 

gaseous. To p reven t ,p rec ip i t a t ion  of U O C 1 2 ( s )  a t  our operat ing pres-  

sures ,  a temperature of a t  l e a s t  1000°K w a s  required.  

produce a powdered U 0 2  product. 

of uranium f luo r ide  has indicated t h a t  powder formation i s  enhanced by 

inducing a reac t ion  route  involving i n i t i a l  hydrolysis  and subsequent 

reduction, ins tead  of t h e  reduction-hydrolysis sequence of Reactions (3) 

and ( 4 ) .  Further,  s ince  a s t ab le  intermediate i s  more l i k e l y  i f  lower 

ha l ides  such as  UC14 and U F 4  form, routes  involving i n i t i a l  hydrolysis 

of a higher ha l ide  have been shown t o  be thermodynamically more advanta- 

geous i n  systems w h e r e  s u f f i c i e n t  data are ava i lab le  t o  make t h i s  

c a l c u l a t i o n . 7  

oyychlorides formed by i n i t i a l  hydrolysis  of U C 1 5  makes quan t i t a t ive  

We des i red  t o  

Previous experience' with t h e  conversion 

I n  t h i s  p a r t i c u l a r  case, t h e  lack of da ta  on t h e  

considerat ion of t h e  r eac t ion  thermodynamics impract ical .  We can only 

suspect from previous experience t h a t  reac t ion  sequence involving 
\ 

8 S . \ A .  Shchukarev e t  a 1  

9 R .  L. Heestand and C. F. k i t t e n ,  Jr., "Thermochemical Reduction 
of Uranium Hexafluoride f o r  t h e  Direct  Fabricat ion of Uranium Dioxide 
Ceramic Fuels ,"  Nucl. Appl. - 1, 5$4-$$ (1965). 

Zh.  Neorgan. Khim. - 1, 2272-77 (1956). - - 

- 
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T a b k 2 .  Thermodynamic Data Per t inent  t o  Conversion o f  
Uranium Chloride t o  Uranium Dioxide 

Free Energy a t  Temperature 
Source Compound Format ion Ran e 

(cal/mole) ( O K 7  

Tabulated 0-6000 Refs. 8 ,9  H2O 

c02 (g) Tabulated 0-6000 Ref. 9 

HC1( g )  Tabulated 0-6000 Ref. 9 

u02(s)  -258,000 + 40.OT 298-1405 Ref. 5 

Table 3. Calculated Free Energies of Chloride 
Conversion a t  2 t o r r s  

Free Energy of Reaction, c a l  

Reaction ( 2 )  Reaction (3) Reaction ( 4 )  

Tempe r a  t u r  e 
( O K )  

850 -64,600 -16,700 ~ 4 7 , 1 2 0  

900 -67 , 600 -18 , 600 -49,300 

950 -70,000 -19,650 -50,300 

1000 -72,200 -20,800 \ -51,300 

1050 -75,000 -22 , 400 -52,600 

1100 -77,400 -23,750 -53,600 

1150 -80,900 -25,100 -55,200 

F'. 

/ 
! 

~~ 

i n i t i a l  hydrolysis i s  more advantageous than (3) and ( 4 ) .  On t h e  bas i s  

of these  considerations,  we decided t o  de l ibe ra t e ly  induce a reac t ion  

sequence involving \the i n i t i a l  hydrolysis of UCl5 followed by t h e  

reduction of whatever uranium oxychloride was formed. 
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EXPERIMENTAL EQUIPMENT AND PROCEDURFS 
... 

An experimental system was constructed t o  e s t a b l i s h  t h e  f e a s i b i l i t y  

of converting UC15 d i r e c t l y  t o  U02 powder. 

with the  mixed uranium chlor ides  obtained from t h e  vo la t i l e - ch lo r ide  

separat ion process previously es tab l i shed  f o r  separat ing t h e  r e s idua l  

uranium from spent f u e l  elements. However, t o  s implify mater ia l  handling 

i n  t h i s  work, uranium sheet  was placed i n  alumina boats  and chlor inated 

-- i n  s i t u  t o  obtain t h e  equivalent uranium chlor ides .  

Presumably, one would s t a r t  

A schematic of t h e  experimental system f o r  t h e  d i r e c t  thermochemical 

conversion of UC15 t o  U02 i s  shown i n  Fig,  1. Chlorine d i lu t ed  with 

argon w a s  passed over hot uranium sheet .  The ch lor ina tor  chamber was 

he ld  a t  a temperature above 4 5 O O C  and system pressure was l e s s  than 

about 4 t o r r s .  

heated selective-mixing i n j e c t o r .  

Fig.  2, t h e  i n j e c t o r  premixed t h e  chlor ides  with oxygen. An interposed 

conica l  stream of argon i s o l a t e d  the  r e s u l t i n g  mixture u n t i l  it moved 

away f r o m t h e  i n j e c t o r  and i n t o  t h e  hot reac tor  zone. The reac tor  

chamber w a s  he ld  a t  a temperature above 815°C and under a p a r t i a l  

hydrogen pressure of about 2 t o r r s  f o r  most operations.  

product was co l lec ted  on t h e  hot w a l l s  of a tubular  quartz i n s e r t .  

\ The r e s u l t i n g  uranium chlor ides  were passed through a 

A s  shown i n  t h e  de t a i l ed  sketch of 

The r eac t ion  

A 13.5-li ter/min mechanical vacuum pump provided t h e  necessary 

vacuum. ,Any r e s idua l  chlor ides  and some microfine U02’powder were 

a r r e s t ed  i n  a cold t r a p ,  which a l s o  condensed back-diffusing pump o i l .  

The r e s u l t i n g  by-products of hydrogen, hydrogen chloride,  and water vapor 

were passed through a tower scrubber f i l l e d  with b e r l  saddles.  

gaseous H C 1  w a s  absorbed i n  t h e  water and discharged t o  a dra in .  Excess 

hydrogen was burned of f  under a vent hood. 

The 

A l l  t h e  feed  gases were metered through standard Fyrex-stainless  

s t e e l  rotameters.  Transfer l i n e s  between t h e  source b o t t l e s  and t h e  

heated chambers were of 1/4-in.  -diam copper tubing. A l l  heated sec t ions  

of t h e  systems, including t h e  in j ec to r ,  were constructed of quartz.  The 

o p t i c a l  end caps, cold t r ap ,  vacuum l i n e ,  scrubber, and mating b a l l - j o i n t  

feed-gas couplings were constructed of Pyrex. Two thermocouple-controlled 
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ORNL-DWG 66-5709 

Fig. 1. 
Conversion of 

Schematic of Thermochemical Deposition System 
Uranium Pentachloride t o  Urania. 

O R N L - D W G  66-5756 

f o r  Direct 

t 02 t H2 

Fig. 2. Feed-Gas In j ec to r .  

Nichrome-wound s h e l l  furnaces provided heat  t o  t h e  ch lor ina tor  and r eac to r  

chambers. An in f r a red  lamp and tape-type s t r i p  hea ter  (not shown i n  t h e  

sketch)  provided addi t iona l  heat  t o  t h e  t r a n s f e r  sec t ion  of t h e  i n j e c t o r  

and t o  t h e  feed-gas l i n e s .  A standard Pyrex-mercury manometer monitored 

t h e  pressure on t h e  cold e x i t  po r t ion  of t h e  r eac t ion  system. 

pleted system, mounted i n  a bench-type hood, i s  shown i n  Fig.  3. 

The com- 

/ 

I 
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EXPERIMENTAL CONDITIONS AND RESULTS 

', 
A s  t h e  above ca lcu la t ions  predicted,  experimental system pressure 

< 

and temperature could be chosen so  t h a t  a s u i t a b l e  amount of U C l 5  would <... 

be ava i lab le  f o r  t h e  subsequent-hydrolysis-reduction react ion,  and t h e  

UC15 would be converted t o  U02 i n  t h e  presence of hydrogen and oxygen. 

Mole r a t i o s  of t h e  var ious feed gases, however, had t o  be determined by 

t r i a l  and e r r o r .  

A complete l i s t  of t h e  experimental conditions i s  presented i n  

Table 4.  The temperature of t h e  ch lor ina tor  had t o  be maintained a t  

about 520°C t o  obtain adequate quan t i t i e s  of U C l 5 .  

of t h e  t r a n s f e r  l i n e  had t o  be r a i s e d  t o  about 450°C t o  prevent t h e  UC15 

gas from'converting t o  s o l i d  U C l 4  a t  t h i s  po in t .  

argon prevented t h e  formation of s o l i d  U02 on t h e  end of t he  i n j e c t o r .  A 

reac tor  temperature as low as 775°C proved adequate f o r  t he  react ions.  

Also, t h e  temperature 

About 50 cm3/min of 

- 
Table 5 presents , feed-gas  flow ra t e s ,  expressed as mole r a t i o s ,  and 

t h e  chemical ana lys i s  and compound i d e n t i f i c a t i o n  of t h e  r e s u l t i n g  

deposi ts .  Some U02 w a s  obtained under a l l  experimental conditions.  I n  

a l l  t h e  runs a t  850°C or  above, a solid-mass'annulardeposit was found 

on t h e  w a l l  o f  t h e  i n s e r t  tube near t h e  in j ec to r .  The 950 and 960°C 

runs produced a c r y s t a l l i n e  annular U02 deposi t  ju'st downstream of t h e  

mass deposi t  along with some f i n e  c r y s t a l l i n e  U02 powder. 
, 

Howev'er, t h e  

predominant species  of a l l  runs was a microfine u308 powder. Finely 

divided U02 burns t o  U3O8 a t  t h e  temperature of t hese  experiments which 

probably accounts f o r  these observations.  
and 9 were r ead i ly  reduced t o  near-stoichiometric U02 by an add i t iona l  

treatment,  i n  which t h e  powders were he ld  a t  1000°C f o r  1 h r  under wet 

hydrogen a t  atmosphere pressure.  I n  run 11, t h e  as-deposited mater ia l  

was heat t r e a t e d  -- i n  s i t u  by simply c u t t i n g  off  t h e  chlor ine flow and 

ch lor ina tor  hea te r  and holding t h e  reac tor  a t  temperature f o r  an addi t iona l  

hour. This treatment produced a s o l i d  with an oxygen-to-uranium r a t i o  of 

2.582 and < 70 ppm C 1 .  

The powder products of runs 1 

.? . 

b. 

P .  
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Table 4. Experimental Conditions for Direct Conversion of Uranium Chlorides t o  Urania 

\ 
Operating Temperature ("C) . Feed-Gas Flow Rates (cm3/min) Chamber 

c12 02 &Ej  

Pressure Chlori- Transfer Reactor 
H2 ( t o r r s )  nator Line Chamber Remarks a b Run 

~- 

1 140 300 300 300 300 4 ' 475 > 210 775 U C l 4  buildup i n  l i n e  

2 140 150 300 150 400 4 415 > 210 815 U C l 4  buildup i n  l i n e  

3 280 300 800 300 1800 2 530 > 210 815 U C l 4  buildup i n  l i n e  

4 140 150 450 150 300 2 532 > 210 815 U C l 4  buildup i n  l i n e  tJ 
tJ 

+ 5  140 150 450 150 300 2 360 > 210 660 Lost C l 2  flow 

6 140 75 450 75 300 2 450 > 210 850 U C l 4  buildup i n  l i n e  

7 175 75 450 75 300 2 500 > 210 780 U C l 4  buildup i n  l i n e  

8 280 50 540 50 540 2 545 > 210 950 U C l 4  buildup i n  l i n e  

9 280 50 280 50 1120 6 550 - 450 960 Very l i t t l e  U C l 4  i n  l i n e  

10 240 50 240 50 360 2 530 - 450 840 Very l i t t l e  U C l 4  i n  l i n e  

11 240 50 192 50 720 1 523 - 450 854 Very l i t t l e  U C l 4  i n  l i n e  

- 

a 

bAmount of argon passed through t h e  e jec tor  t o  delay t h e  hydrogen react ion.  

Amount of argon passed through t h e  chlor inator  t o  t ransport  t h e  U C l 5 .  
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D I S C U S S I O N  AND CONCLUSIONS 

A s  previously s t a t ed ,  t h e  object ive of t h i s  work was t o  e s t a b l i s h  

t h e  f e a s i b i l i t y  of inexpensively converting t h e  uranium chlor ides  t h a t  

a r e  obtained from t h e  chlor ine v o l a t i l i t y  process t o  uranium dioxide 

powder by a hydrolysis-reduction reac t ion .  Should t h e  ch lor ide  route  be I 

chosen f o r  processing spent Zircaloy-clad urania  f u e l  elements, t h e  

reconversion of t h e  r e su l t i ng  uranium chlor ides  t o  microfine uranium 

oxide powder has d e f i n i t e l y  been es tab l i shed .  This work a l s o  suggests 

t h e  p o s s i b i l i t y  of obtaining "free-standing" s o l i d  deposi ts ,  deposi ts  as  

coatings on other  mater ia ls ,  and small c r y s t a l l i t e s  of u l t rapure  uranium 

oxide. 

0ptirni;ation of t h e  process parameters t o  obtain s toichiometr ic  

U02 powders w i l l  be l e f t  t o  fu tu re  workers. 

a continuous process a v e r t i c a l  system t h a t  would preheat a l l  feed gases, 

promote gas-phase p rec ip i t a t ion ,  and include an addi t iona l  in-process 

wet-hydrogen chamber. This repor t  concludes our work on the  chlor ide 

process .  

However, we recommend f o r  
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APPENDIX 

' 1  
. t  

Calculat ion Procedure f o r  Thermodynamic F e a s i b i l i t y  
Consideration of Reaction Sequence 

The thermodynamic proper t ies  of t he  compounds involved w i l l  be given 

f o r  a pressure of 1 a t m .  

(600 t o  900"C), a l l  of t he  reac tan ts  and intermediate products a r e  

gaseous a t  1 a t m  except UCl, ,  which i s  so l id .  

In  t h e  temperat'ure range of i n t e r e s t  here  

, 

The f r e e  energy of formation of t h e  gaseous species  a r e  estimated 

from values f o r  t h e  s o l i d  and the  vapor pressure over t h e  s o l i d  by t h e  

e quat i on 

AFog AFos + AF" , 
vaP 

AFo = -RT an VP , 
V?P 

AFog = standard f r e e  energy of formation of t he  gaseous species,  

AF", = standard f r e e  energy of formation of t h e  s o l i d  species,  

= standard f r e e  energy of vaporizat ion,  

R = gas constant,  

T = temperature i n  O K ,  and 

aF;ap 

VP = vapor pressure of compound i n  atmospheres. 

For example, t h e  U C l 4  vapor pressure i s  given'' as 

vpm = +23.21 - 11,35O/T - 3.02 log  T . 
Since 

AF" = -RT Rn VP , 
vaP 

s u b s t i t u t i o n  y i e l d s  

= 52,000 + 13.81T l og  T - 92.95T . 
AF;ap 

'OR. K. Steunenberg and R. C.  Vogel, Chap. 6 i n  Reactor Handbook, 
2nd ed., v o l  2, Fuel Reprocessing, ed. by S. M. S t o l l e r  and R. B. Richards, 
Interscience,  New York, 1961. 
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Addition of t h i s  , to t h e  equation f o r  nFos produces the  equation f o r  

Hog f o r  UC14 a t  1 a t m . ,  Since the  equations f o r  t h e  f ree  energy of 

t he  rest  of t he  compounds involved have been tabula ted  f o r  t he  same 

state as t h a t  i n  which they appear i n  t h e  reac t ions ,  t he  standard f r  

energy changes of t h e  reac t ions  can now be calculated from 

= moproducts Oreactants * 

This would represent  t he  f ree  energy of r eac t ion  assuming t h a t  each 

gaseous product has a 1 - a t m  p ressure .  The f ree  energ ies  of reac t ior  

given i n  t h e  tables have been corrected with t h e  assumption t h a t  eac 

gaseous product has a 2 - to r r  pressure t o  approximate t h e  a c t u a l  pre: 

i n  t he  system. 

Analysis of Probabie Intermediate Steps i n  Reaction (4 )  

The compound UOC12 ( s )  has been i d e n t i f i e d ,  which immediately 

suggests t h a t  

UC14(g) + 2H2O(g) + U O z ( s )  + 4HCl(g) 

\ 

could proceed according t o  the  reac t ions  

UCl4(g) + H2O(g) +UOC~;!(S) + 2HCl(g) 

and 

U O C l a ( s )  + H2O(g) - + U O ~ ( S )  + 2HCl(g) . 

These reac t ions  are almost prohib i ted  from being the  a c t u a l  prc 

cess ,  because i n  every e x i s t i n g  thermochemical deposi t ion system t o  

knowledge the  format'ion of a s o l i d  product' i n  an intermediate r e a c t j  

has precluded completion of t he  reac t ion .  I n  t h i s  sequence, t h e  s o l  

product UOC12 i s  formed and must subsequently r e a c t  with H20(g) acco 

ing  t o  Reaction (6 ) .  

decomposes via t h e  r eac t ion  

However, U O C 1 2 ( s )  does not  appear t o  vaporize 

2uoc12 (s)  +uo;! (s )  + uc14 (g) , 

.re 

ir 

1 

d 

'd - 
IUt 
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according t o  Shchukarev.ll 

U O C 1 2 ( s ) ,  the  f a c t  t h a t  Reaction ( 7 )  proceeds under the  conditions of 

t h i s  process ind ica t e s  t h a t  the  decomposition o f  UOC12 would not have t o  

Therefore, i n  t he  event of t h e  nucleation of 

proceed according t o  Reaction ( 6 )  but could occur v i a  Reaction (7)  t o  

produce a U02 product. 

The f r e e  energy change f o r  the vaporization process, 

UOC12(S)  -3 uoc12(g) , (8) 

may be expected t o  he  more p o s i t i v e  than t h a t  for Reaction ( 7 ) .  

should be noted, however, t h a t  Reaction (7)  i s  not a t r u e  dispropor- 

t i o n a t i o n  reac t ion .  I n  t h e  gaseous s t a t e  

It 

2uoc12(g) + U O Z ( S )  + UCL$(g) (9) 

would r equ i r e  a bimolecular co l l i son  of UOC12(g), a spec ies  t h a t  i s  

l i k e l y  t o  be present i n  low' concentrations.  As  a r e s u l t ,  molecular 

UOCl;! might e x i s t  as  a gas i n  t h e  vapor-plating system. 

i n  t h i s  system, then  t h e  r eac t ions  

I f  it e x i s t s  

U O C l 2  (g)  + H20 (g )  + U02 ( S )  + 2HCl(g) (11) 

would be t h e  probable s t e p w i s e  procedure fo? Reaction ( 4 ) .  

with no s o l i d  intermediate, could form a continuous U02 s o l i d  deposit 

,as observed by Heestand. l2 

This sequence, 

I n  order t o  eva lua te  t h e  standard f r e e  energies of Reactions (10) 

and (ll), t h e  standard f r e e  energy of Reaction (8) must be known. This 

llS. A. Shchukarev e t  a l . ,  Zh. Neorgan. Khim. _1, 2272-77 (1956). 

1 2 R .  L. Heestand and C. F. k i t t e n ,  Jr., "Thermochemical Reduction 
-- - 

of Uranium Hexafluoride f o r  t h e  Direct Fabr ica t ion  of Uranium Dioxide 
Ceramic Fuels, If Nucl. Appl. - 1, 584-88 (1965). - 
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i n  t he  following manner 

where 

K7 = equi l ibr ium constant of d i s soc ia t ion  a t  temperature o f  

so l id ,  

TI = t o t a l  pressure of system, 

i n  the  vapor above U O C l 2  ( s )  . 

= mole f r a c t i o n  of U C l 4  i n  vapor . X U C ~ ~  
Likewise, 

xu0c12n ' -AFg = RT Rn Kg G RT Rn 

which gives 
5 J C 1 4 ( d  

AFg = + RT Qn 

From Shchukarev's data  AF7 i s  ca lcu la ted  u t i l i z i n g  h i s  equation f o r  

t h e  pressure of UCl4(g) over UOCl;!(s) .  Addition of Reaction (8)  t o  

(5) y i e lds  Reaction (10). Subtract ion of Reaction (10) from Reaction 

/ 

( 4 )  

a t  2 t o r r s  as a funct ion of temperature. These values ind ica t e  t h e !  

f e a s i b i l i t y  of t h e  deposi t ion of a powdered U02 product above 950°K 

Table 6 a l s o  l i s t s  t h e  f r e e  energy changes of Reaction (10) , ? 



3 
r a t i o s  of 1 

Or % C l 4  (g)~%OC12 (g) of these  reac t ions  

exhibi ted a negative f r e e  energy, w i t h  none of them having a l a r g e r  

negative number than t h a t  of Reaction (4). 
Reaction (ll), t o  e f f e c t  t h e  complete conversion t o  U02, w i l l  a l s o  be 

This ind ica t e s  t h a t  

21 

and 

negative.  These values  ind ica t e  t h a t  Reaction (4) has a p o s s i b i l i t y  

of forming s o l i d  U 0 2  even i f  t h e  vapor pressure of UOClz(g) i s  two 

orders of magnitude below t h e  probable de tec t ion  l i m i t  of t h e  techniques 

used by t h e  Russians. 

There i s  no more r e l i a b l e  way t o  es t imate  t h e  vapor pressure of 

UOC12(g) over U O C 1 2 ( s ) .  Similar compounds, UOBr2 and ThOF2, a l s o  

d i s soc ia t e  ins tead  o f  vaporizing, hence we cannot use da ta  from these  

reac t ions  t o  es t imate  t h e  vapor pressure of U O C 1 2 ( s ) .  However, t h e  

ca lcu la t ions  ind ica ted  t h a t  uranium oxide powder could be formed v i a  

t h i s  process, s o  t h e  experiments were performed. The production of a 

s o l i d  deposi t  i n  t h e  experiments ind ica tes  t h a t  t h e  vapor pressure of 

U o C 1 2 ( g )  over UOC12(,)  i s  not much l e s s  than 

of U C l 4 .  

t imes the  pressure 

Table 6. Calculated f i e e  Fhergies of Reactions 
a t  2 t o r r s  pe r  Gaseous Phase 

Temperature dF5 dF7 
(OK) ( c a l )  ( c a l )  = 102 PUC 1 4/pU0C12 = 104 l,/puoc 1, 

850 -26,700 +5,020 -13,900 -6,100 

900 -25,600 +2,160 -15,200 -7,000 
950 -24,900 -700 -16,900 -8,200 ’ 

1000 -23,900 -3 , 550 -18,300 -9,150 
1050 -23,100 -6,400 -19 , 900 -10,300 

1100 

1150 -21,500 -12,100 -23,200 -12,600 

-22 , 200 -9,300 -21 , 200 -11,100 

\ 
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