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ABSTRACT 

A grind-leach method i s  presented f o r  t he  recovery of uranium 
from prototype Rover fuel,  UC2 dispersed i n  graphite. 
250 mg of uranium per cubic centimeter of f u e l  (13.9 w t  $) ground t o  
-16 mesh, 99.8% of the  uranium was leached by ref luxing with 15.8 M HNO 
f o r  4 hr .  Two 6-hr leaches with 15.8 M HNO recovered only 97.0$-of t i e  
uranium from fie1 containing 35 mg of ;rani& per cubic centimeter (1.96 
w t  $) ground t o  -16 +3O mesh, but a maximum of 99.0$ was recovered from 
f u e l  ground t o  -200 or  -325 mesh, With more d i l u t e  acid recoveries were 
lower. The gaseous react ion products were a mixture of nitrogen oxides. 
No v o l a t i l e  carbon-containing gas was found. Preliminary data indicated 
t h a t  about 3.2 moles of n i t r i c  acid was consumed per mole of metal when 
oxygen was excluded from the system, suggesting t h a t  i n  the  f u e l  specinieas, 
which had been exposed t o  the laboratory atmosphere f o r  months, the 
uranium i s  present as UOg. 

From f u e l  containing 
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1.0 INTRODUCTION 

Recently obtained information on a "grind-leach" method of recovering 
uranium from prototype uranium-graphite fuel elements fabricated at Los 
Alamos for the Rover program is presented. 
to laboratory-scale experiments. 
progress reports .1-3 

Work-reported here was confined 
Earlier results were published in previous 

The fuel elements for the first Rover test reactor will be UCi 
5 ated in graphite plates, 1/4 in. thick, 7.5 in. long, and 5-8 in. x' The uranium concentration in the fuel will vary from 40 to 300 mg/cc, 

i.e. , roughly 2-14 w t  '$; the iron concentration will be about 0,2-0,5 w t  $. 
It is assumed that the fuel elements will not be separated according to 
uranium concentration before reprocessing. 
High Temperature Flat Loading for the KIWI-A core, 250 mg of uranium per 
cubic centimeter maxlrmprd and the va,riaBion in plate width4 indicate 
that the uranium concentration will average about 190 mg/cc (LO. 5 w t  $) 

Calculations based on the 

It has been established3 that 99,376 of the uranim is leached in 
6 hr with boiling 8 
uranium when the &el is ground to--16 mesh.3 However, only 98,6$ of 
the uranium was leached from me1 containing 1.96 wt '$ uranium in 6 hr with 
15.8 M - HN03 when the fuel was ground to -16 mesh. 

The effects of p r t i e l e  size, acid concentration, and leaching time 
on uranium recovery from fuel specimens containing 1.96 w t  $ U are given 
together with data on leaching of 13.9 w t  
acid. 
attention to the gaseous products, has been ibitfated. 

or 16 M, HNO3 from fuel containing 5 to 11 w t  $ 

uranium samples with nitric 
A study of the stoichiometry of the reaction, giving particular 

The authors wish to acknowledge the groups of G. R. Wilson, W. R. 

Special credit fs due A.  D. Horton for the gas 
Laing, and P. F. Thomason of the ORNL Analytical Chenaistry DivLsion for 
the chemical analyses. 
chramatographic analyses, W. L, Belew for injFrared and visible 
spectrographic gas analyses, and H, Kubota for weak acid determinations. 

$ 

I 
I 

2.0 GFUND-LEACH FLOWS". 

A flowsheet based on the grind-leach technique as the gr imary  
.method for uranium recovery is given in Fig. 1. The flowsheet conditions 
were calculated for a fuel charge Containing 25 kg of uranium at an 
average concentration of 10.5 w t  $ before bumup. 
concentration was taken as 0.3 w t  $. 

1,96 w t  $) were taken as the limiting conditions for the enti 
charge e 

in 6 hr 
13.9 wt are 99.3 and 99.8$, respectively. &sed on laboratory 

The average iron ' 
The particle size and acid concentra- 

tion required for 97$ uranium recovery from the lowest loadin /e@ , 

With boiling 15.8 M HNO the amounts of uranium that can be recovered 
6 mesh Gel sgples containing 5-11 w t  $ uranium and - 



FEED 
U 2 5 k g  
Fe 0.72 kg t 

ORNL-LR-D - G 38764 
GRIND TO46 MESH 

HNO3 
15.8 M 
4200 l i ters  

b 

OFF GAS 

NO2 N2O4 
NO 

FIRST LEACH 

120° c 
6 hr N20 

TO FEED ADJUSTMENT 

FILTER 

AND 
SOLVENT EXTRACTION U IOSS ~ 0 . 6  O/o 

Fig. 1.  Flowsheet for recovery of uranium from Rover fuel by grind-leach method. 
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experiments (Sect. 3.3), about 3.2 moles of n i t r i c  ac id  was consumed 
per mole of m e t a l  (uranium + i ron) ,  yielding a mixture of ni t rogen oxides 
as the  gaseous products. p30 v o l a t i l e  carbon-coataining gases were found. 

'by a w e t  grinding technique, u n t i l  it w i l l  pass a 16 mesh screen. 
ground material is  digested with boi l ing  15.8 M - HNO 
ac id  volume/fuel weight r a t i o  of 5 liters/&. 
solut ion is 15.5 M n i t r i c  ac id  containing 20 g uranium per l i t e r .  
su i t ab le  solvent &traction feed so lu t ion  m y  be obtained by evaporation 
of excess n i t r i c  ac id  and d i lu t ion  with water. The d is t i l l a te  may be 
recycled t o  the  d isso lver  with only slight concentration adjustment 
s ince the  n i t r i c  ac id  concentration i n  the  filtered solution, 15.5 5 
i s  close t o  the  azeotropic, 15.8 M. 
of the t o t a l  uranium found i n  the-low concentration, 1.96 w t  $ uranium, 
material. 
more highly concentrated fuels. 
included t o  obtain more tha  
of solut ion held by the  grap 

. 
250 mg of uranium per cubic centimeter 
i n  p l a t e  width4 ind ica te  'that the  relative proportions of uranium 
loadings w i l l  be: < 90 mg U/cc, 2;8'$; 90-239 mg U/cc, 56.7$; ) 239 mg U/cc, 
40.4s. 
charge based on experimental U losses f o r  35, 100, 200, and 250 mg U/cc 
loadings,. is  r-0.6$ under the  proposed flowsheet conditions 

I n  the  first s tep  of the  process, t he  fie1 i s  ground, possibly 

The ailtered product 

The 
fo r  6 hr, using an  

A 

' 

' 
A second leach so lubi l izes  O.7-Z$ 

Preliminary data indicate  t h a t  a second leach i s  bene f i c i a l  with 
Sui table  washing procedures must be 
recovery of the  uranium, as the  weight 
i s  10-20$ of the  graphite weight. 

Calculations based on the  High Temperature Flat Loading f o r  KIWI-A, 
maxirmun,5 and the var ia t ions  

The calculated uranium l o s s  t o  the  graphite f o r  such a f u e l  

3.0 EXPERIMEN'IIAL WORK 

3.1 Leaching of Fuel Containing 1-96  w t  $ Uranium 

When the  f u e l  specimens were ground t o  -200 mesh and digested with 
two port ions of ref luxing 15.8 _M IIN03 ( 1 s t  leach 6 hr, 2nd leach 4 h r )  
followed by proper washing procedures, 9 9 . 6  of the  uranium was recovered 
from the  graphite matrix. 
coarser material. Finer grinding had l i t t l e  e f f e c t .  Repeated ex t rac t ion  
w i t h  hot 15.8 M FINO 

Yielgs were lower with more d i l u t e  ac id  or  

i n  a laboratory model Soxhlet ex t rac tor  was less 
-- 

I 3' e f f ec t ive  than-two 2 a tch  treatments with ref luxing 15.8 M IINO 

Ef fec t  of Pa r t i c l e  Size.  
+3O mesh with ref luxing 15.8 M HNO 
by th'orough washing with water and a secoad 6-hr pass with f r e sh  ac id  
(2.5 m l  acid/g sample) resul ted i n  a uranium recovery of 97.076. 
recovery increased gradually t o  a maximum of 99.@ a t  -200 mesh (Table 1). 

Digestion of f u e l  specimens ground t o  -16 
f o r  6 h r  (5  m l  acid,/g sample) followed 3 

Uranium 



- 7 -  

i n  Graphite Fuel with Bo i l iw  1508 M HN03 
Table 1. Effect of Particle Size on Leaching of 1.96 w t  % U r a n i u m  

Run Size, 1st 2nd 2 Water Water 1st Leach + 1Water Graphite To ta l  
No. mesh Leach Leach Washes Wash 3 Washes Wash Residue Solubilized 

1 -16 +30 6 6 95.6 0.86 g6,4 0.68 3.0 97.0 
2 -30 +50 6 6 95.9 1.09 96.9 0.59 2.5 98.5 

14 -100 +140 6 4 97.1 0.09 97.2 0,42 2035 98.6 
13 -200 6 4 98.3 0,14 98.4 0 0  55 0.98 99.0 
16 -325 6 4 98,2 0.05 98.2 0.6 1.2 98.8 

Effect of Acid Concentration, U r a n i u m  recovery decreased with decreasing 
n i t r i c  acid concentration (Fig. 2, Tables 2 and 3)+ . About 97.& of the 
uranium w a s  recovered with 15.8 flI HNO *om -16 +3O mesh &el, but only 3 93% with 4 M, 
P ~ C O V  rgr c6nging from 97.5% with 15.8 
mater, a1 only 96.25 of the uranium was recovered with 8 
with 99.0$ with 15.8 M acid. 

A similar decrease was observed with -30 +TO mesh f i e l ,  with 
With -200 mesh t o  94.2$ With 4 Me 

red 
P 

1 
Table 2, 

1st HNO leach, 50 nii acid t o  10 g sample 
2nd HNO 3 leach, 25 m l  acid t o  10 g sample 
Boiling 3 n i t r i c  acid (L 

Uranium Recovered, 46 
Reflu Time, 1st HNO3 Total 2nd HEJ03 

hT Leach + 3rd Solubilized Leach + _:I 

Run Conc., m03 1st 2nd 2 Water Water 1st Leach + 1Water Graphite Total 
No. - M Leach Leach Washes Wash 3 Washes Wash Residue Solubillzed 

~~ 

1 16 6 6 95*6 0.86 96.4 
6 16 4 4 95.7 0.89 96.6 

5 16 4 40 95.3 0.81 96.1 
8 16 2 2 94.2 0.95 95*1 

I 2  4 4 92.6 ~ 0 6  93.6 7 

10 4 4 4 90.7 0099 91.7 

12 16 4 4 95.4 0.21 95.6 - 

9 8 4 4 9 - 3  1033 93.6 

0.68 3.0 
0.78 2.6 
0 ~ 8 9  3.5 
2 , E  1.76 
0.89 4.0 
0,gh 5.4 
1,4o 5.0 
1064 6.7 

97.0 
97.4 
96.5 
98.2 
96.0 
94.6 
95.0 
93.3 
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UNCLASS I Fl ED 
ORNL-LR-DWG 3 8 7 6 3  

I I 
LEACHING TIME, hr MESH 

0 6 -304-50 
0 4 -46 t30 - 

4 8 12 46 20 
HNO3 CONCENTRATION, M 

Fig. 2 .  Effect of  nitric acid concentration and particle size on recovery of uranium 
from 1.96 wt  % uranium in graphite fue l .  Single leach with boiling nitric acid used in 
each case .  
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Table 3. Effect of Acid Concentration on Uranium Recovery frm 
1.96 w t  $I Uranium i n  Graphite, -30 +5O Mesh 

.a;> 

1st HNO 

6 - h ~  le2ches w i t h  boi l ing n i t r i c  acid 

leach, 50 m l  acid/lO g sample 
2nd HNO 3 leach, 25 ml acid/lO g sample 

- .  
Uranium Recovered $I 

1st mo Total 2nd HNO; 
Leach + 3rd Solubilized Leach + 

Run Cone., m03 2 Water Water 1st Leach + 1 Water Graphite Total 
No e - M Washes Wash 3 Washes Wash Residue Solubilized 

2 16 95.9 1.09 96.9 0.59 2.5 97.5 
3 12 94.4 1,34 954 7 0875 30 5 96.5 
4 8 93.7 0.79 940 5 0.84 4.6 95.4 
15 4 93.0 0.05 93.0 1.14 5.8 94.2 

Effect of Water Washes. Significant amounts of uranium were recovered 
i n  the water washes, varying from 1 t o  65 i n  the second wash (Table 4), and 
often as high as 0~8% i n  the third (Tables 1-3) oratory technique 
consisted i n  agi ta t ing 10-g samples w i t h  25 ml of for  15 min and then 
f i l t e r i n g  under a small negative pressure, 
pressure account fo r  same spread i n  the resu l t s ,  ' Boiling water offered no 
advantages over cold water. A fourth wash recovered very l i t t l e  
eO,Ol$ i n  the only case studied. 

Variations i n  the f i l t r a t i o n  

Table 4. Effect of Water Washes on Uranium Recovery 

Conditions same as $or corresponding runnumbersin Tables 1-3 

Uranium Recovered, 
Rbul 1st HNO Leach 2nd Water 3rd Water 
No + 1 Wat& Wash Wash Wash 

1 
2 
3 
4 
5 
6 
.7 
8 

12 

91.1 
91.7 
88.4 
90.4 
91.9 
91.9 
87*4 
89.2 
94.0 

4.48 
4.15 
5.99 
3.31 
3.41 
3.78 
5.18 
4,96 
1.35 

0.86 
1.09 
1.34 
0.79 
0.81 
0 ~ 8 9  
1,06 
0495 
0.21 

Effect of Reflux Time, One 6-hr leach followed by a second 4-hr leach 
w i t h  fresh acid i s  recammended for  optimum uranium recwery. 
for  20, 4-, and 6-hr first leaches are a l l  about the same, w i t h  a slightly 
lower yield when only 2 hr was allowed (Table 2). An additional 0.7-0.9$ 

The data 
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was obtained with a second leach of 2-6 h r  and 2% with a 40-hr second 
leach. 
show that the second n i t r i c  acid leach is  more effect ive than additional 
washing with water. 

Data on the uranium recovery by the th i rd  water wash (Tables 1-3) 

Soxhlet Extraction w i t h  Boiling 15.8 M HNO . Because successive 
leaches increased the uranium recovery, the eff& of Soxhlet extraction, 
i n  which the material being leached i s  repeatedly contacted w i t h  fresh 
solvent, was investigated. SoxUet extraction of -16 +3O mesh specimens 
w i t h  15.8 HNO yielded uranium recoveries of 95.8% f o r  6- and 9-hr 
cycles and 98.43 f o r  22-hr cycles, as compared w i t h  97.O$'for the batch, 
two-Jeach (6-hr) treatment. 
probably related t o  e i ther  the lower reaction temperature or absorption 
of atmospheric moisture by the n i t r i c  acid vapors, so that the cycling 
acid was less than 15.8 E. 

The lower yields from Soxhlet extraction a re  

3.2 Leaching of Fuel Containing 13.9 w t  $ Uranium 

When-the *el specimens were ground t o  -16 mesh, 99.84% of the uranium 
was leached fram the graphite matrix by refluxing with 15.8 
4 hr (5 m l  acid/g sample) followed by thorough washing with water (Table 5).  
Yields were slightly lower with more d i lu te  acid, i.e., 99.75% with I 2  
and 99.7O$ with 4 M HN03. 
sat isfactory for  fieel containing less uranium gave good yields  w i t h  the 
13.9 wt % uranium material. 

3 3 Stoichiometqy 

with n i t r i c  acid was started. This information will allow the calculation 
of the acid consumption and the amount of gases evolved during the leaching 
process. An average of 3 .2  moles of HNO 
when the leaching was done i n  a helium a&nosphere. 
vigorous1 with water t o  yield a complex mixture of hydrocarbons and 
hydrogen.% No references on the reaction of uranium carbides w i t h  n i t r i c  
acid'could be found, 
fue l  with n i t r i c  acid which could be detected by infrared 
chromatographic analyses were the nitrogen oxides. 
gas w a s  found. 
oxides prodwed, n i t r i c  acid consumption, and amoyxt of nitrous acid formed 
suggest that the uranium is present i n  the fuel samples as U02 rather than UC2. 

HN03 fo r  -' 

HN03 A s  expected, leaching conditions that were 

An investigation of the stoichiometry of . the  reaction of Roves fuel 

was consumed per m o l e  of metal 
Pure UC2 reacts  

The only product gases from the reaction of Rover 
and gas 

N o  carbon-containing 
The preliminary d a t a  on the re la t ive  amounts of the nitrogen 

Fuel containing 13.9 wt 9 uranium was selected fo r  t h i s  study t o  obtain 
a maximum amount of acid consumption and gaseous products a t  the acid/sample r a t i o  
of 5 m u g .  

An average of 3.2 moles of HN03 (e i ther  12 or  
mole of metal when the leaching was done i n  a 

helium atmosphere (.Table 6). 
i'.e., & 0.8 millimole of t o t a l  acid)  w i l l  r e su l t  i n  loss  of n i t r i c  acid from 
the system, so that the amount of acid consumed, as determined by difference, 
w i l l  tend t o  be larger  than the t rue  value. 

Errors other than i n  pipett ing (2 0.05 m12 



. 

Table 5. Effect of Nitric Acid Concentration on Leaching of 13.9 w t  5 Umnium Graphite Fuel, -16 Mesh 

1st HNO Leach, 50 ml acid/lO g sample; 2nd HNO Leach, 25 m l  acid/lO g smgle 3 3 
Uranium Reecmered, 4b 

Reflux Time, 1st HN03 Total 2nd HN03 Iron Recovered, ’$ 
hr Leach + 3rd Solubilized Leach + 1st HNo3 Run Conc., m03 1st 2nd 2 Water Water 1st Leach + 1 Water Graphite Leach + Graphite 

No. Leach Leach Washes Wash 3 Washes Wash Residue 3 Washes Residue 

1 16 3.5 4 99.47 - 99.47a 0.43 0.10 47.0 53.0 
7 16 4 0 99.78 0.07 99.85 - 0.13 43.0 57.0 
8 16 4 .. 99.78 0.09 99.87 - 0.14 40.2 59.8 
u 16 4 * 99.64b 0.18 99.82b - 0. 18b 39.4 60.6 
12 16 4 L 99.6gb 0.13 99.82b - 0. 18b 37.4 62.6 

k 2 12 4 4 98 0 83 - 5~8.83~ 1.03 0.14 42.8 57.2 
0.15 4 - 6 0  7 53.3 1 4 1 2  5 .. 99. ?l 0.12 99.83 - 

5 12 5 -. 99.20 0.51 99.71 0 0.26 46.7 53.3 
6 12 6 L 99 * 50 0-13 99-63 - 0.35 49.3 50.6 

3 -  3 98.96 - 98.968 0.n 0.33 59.2 40.8 
9 - 99 9 49 0-23 99.72 - 0.30 59 08 40.2 

10 4 0 99.42 0.34 99.76 - 0.27 60.2 39.4 

a. two water washes 
b. 25 ml acid t o  10 g sample 



Table 6. Acid Consumed in Leaching 13.9 w t  $ Uranium-Graphite Fuel, 
-mesh, with Nitric Acid in a Helium Atmosphere 

f U Fe Moles HN03 

No. Q M A ~ J  Reaction Acid Use2 moles moles mole Metal 
Run Conc., HN03 HNO L e f t  aftsr Weaker RNO Solubilized, Solubilized, Used Per 

7 16 777 8 7594 7 3.40 21,5 5.82 0.338 3.49 

3.64 11 .:. 16 395.2 373 0 0 22.2 5.75 
12 16 397.7 381.5 0 16.2 5.83 0.324 2.63 

8 .  16 777.8 759.7 2.80 20.9 5.78 0.346 3.41 
0.340 

4 I 2  602.4 590 4 2.20 14.2 5.76 0.372 2.31 
5 I 2  602.4 584 9 2.25 19.7 5.79 0.394 3.18 
6 12 602.4 583 * 1 2.27 21.6 5.81 0 397 3.49 

I 

E 3.2 avg 

I 

Table 7. < 
for  NO and N& 

Sample size: 10.8 m l  

Run HNO NO, N20, 
No. Conc . ,3M I ml ml NO/N2O 

12 16 2.0 1.7 1.17 
6 I 2  1.9 1.5 1.27 
9 4 2.3 1.4 1.64 

10 4 3.2 1.8 1.78 

. 
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I n  some solut ions a weaker ac id  than n i t r i c  was found, which could be 
d i f f e r e n t i a l l y  t i trated i n  acetone after removal of the uranium by ion 
exchange 
posi t ive iden t i f i ca t ion  has not been made. 

Present . indications are that it i s  n i t rous-  acid, although 
The equ i l ib r i a  

HNO + RN02# N204 + H20 e 
are home7 The n i t rous  acid concentration i s  thus d i r ec t ly  dependent 
on the  concentration of the  gases N 04 and NO and inversely dependent 
on the  n i t r i c  ac id  concentration. 
N20  and NO 
acik from tge solut ion.  
var ia t ions  i n  the  n i t rous  acid concentration such as were observed 
experimentally. 

2 NO2 + H20 3 

Facuum f i l t r a t i o n ,  which removes the  

Variations i n  f i l t e r i n g  technique would cause 
from the  system, w i l l  s h i f t  t h i s  equilibrium, removing n i t rous  

Gaseous Products. In  a series of experiments covering t h e  ac id  range 
4-15.8 M HN03, the  only gases detected by infrared and gas chromatographic 
analyses were the  nitrogen oxides NO2? NO, and N 2 0 0  
observed f o r  hydrocarbons, CO, o r  C02, and there  were no unidentified 
peaks by e i t h e r  method. 
C-H bond i n  organic materials, and the  gas chromatograph is moderately 
sens i t ive  f o r  CO and Cog. 
gave iden t i ca l  infrared spectra.  The infrared spectra  of t he  gases 
evolved when 15.8 and 12 M HNO were used i n  leaching were almost ident ical ,  
while with 4 M HN03 t he  sFectr2 showed more NO and l e se  
expected. 
react ion were only a m i x t u r e  of nitrogen oxides, and that there  wits no 
v o l a t i l e  carbon compound i n  the  gas phase. 

No peaks were 

*Infrared analysis  i s  qui te  sens i t ive  t o  the  

Duplicate w s - w i t h  a given ac id  concentration 

as would be 
It-seems safe t o  conclude t h a t  t he  gaseous products of t h e  

The gas chromtograph is a recent development which has been very 
.- useful  f o r  t h e  quant i ta t ive analysis  of gas mixtures but has not been 

applied spec i f i ca l ly  t o  nitrogen oxide mixtures of t h i s  type. 
ca l ibra t ion  curves were obtained with standard amounts of NO and N20, but  
with t h e  present experfmental arrangement NO 

cannot be determined by difference.  
1.2 w i t h  12 - M or 15.8 g acid t o  1.8 w i t h  4 ,M ?!Cable 7 ) .  

approximate value of 10.4 vol  $ when 15.8 fi HN03 was used 
amount of t he  dimer, N 0 

where C = moles of N204 per  l i t e r  iPi%ere were no dissociat ion of N204). 
A rough estimate of t he  r e l a t ive  proportions of the nitrogen oxides i n  the  
gas product a t  25OC,  a t o t a l  pressure of 1 a t m ,  and-a partial pressure of 
NO2 of 0.10 atm is: 1.9 N 0 2 / 3 . 4  NO/2.9 N 2 0 / 1 . 0  N204. If it i s  assumed 
t h a t  t he  N204 i s  completely dissociated f o r  purposes of considering the  
r e l a t i v e  mole quant i t ies  of gases i n  the  various oxidation states, then 
the  r a t i o s  are 1.4 N O 2 / T e 2  N 0 / 1 . 0  N20.  

Good 

peaks tended t o  smear and 
w e r e  not reproducible. Since the mount  of E elium di luent  i s  unknown, NO2 

The NO/N 0 volume r a t i o  varies from 

Two independent determinations of NO2 by v i s i b l e  spectra  gave an 
The equilibrium 

present a t  t h i s  temperature and partial 
pressure of NO2 is  5.55 lfbased on K ociation 0.1426 - 9.7588 x C, 8 

Ten grams of sample wits placed i n  the 250-ml f l a s k a n d  the flask 
attached t o  the  apparatus shown i n  Fig. 3. The e n t i r e  system was flushed 
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with helium for  1 -r t o  remove L e  oxygen,which would react  with any NO 
tha t  might be formed i n  the rea on. 
flushed, n i t r i c  acid was introduced through the separatory -ne1 and 
the mixture refluxed, Two 10.8-ml gas samples were collected f o r  gas 
chromatographic analysis on a s i l i c a  gel column, and one_25O-ml sample 
f o r  either infraxvd o r  v i s ib le  spectrum analysis. 

After the system was thoroughly 

Reaction Equations. Oxidation-reduction reactions involving n i t r i c  
acid are among the most complicated known because of the b r g e  number 
of nitrogen oxides that may be produced, and the various equi l ibr ia  among 
these gases, water, EN02, HNOg, and atmospheric oxygen. The following 
expriments were a l l  pe forme i n  a heliug atmosphere t o  eliminate one 
of the many variables. An additional complexity i s  introduced i n  that 
the chemical form of the uranium and iron i n  the Rover fue l  specimens is  
not certain. 
real. evidence that fuel specimens that h v e  been standing i n  air  fo r  one 
year s t i l l  contain carbide. 
with n i t r i c  acid, are available for comgarison. 

The fue l  was ini t ia l lyUC2 i n  graphite, but there i s  no 

No data on the reaction of pure UC2 or  UC 

It was established experimentally that UO;F~+ and Fe3+ are the metal 
ion poducts  of the reaction. The gas phase consists en t i re ly  of 
nitrogen oxides. 
rather than a carbide, since no carbon compound appeared i n  the gas phase 
and nonvolatile carbon compounds such as ace t ic  acid, which +re stable 
i n  refluxing 15+8 BI HNo , i f  present i n  the solution a t  al l ,  were i n  
such .low concentmzion ?hat they could not be ident i f ied,  W t h e r  work 
w i l l  be required t o  study the gases evolved from UCQ since the presence 
of acetylene, CO, or similar gases could be dangeroGs i n  the digsolver 
system. 

preliminary data now available (Table 6). 

The or iginal  uranium compound i s  probably an oxide 

, 

A very rough check of t h i s  speculation may be made w i t h  the  
Consider the half reactions 

meq oxidized/ 
10 g sample of fuel 
containing 1 3 ~ 9 4  u 

'U02 -> uo*2+ 
Fe -> Fe3+ 

Total meq oxidized 12.6 

Then the t o t a l  millieqwivalents of metal oxidized would be 12.6 i f  these 
were the correct half reactions. This oxidizing power is  supplied by a 
series of n i t r i c  acid half reactions (Table 8). 

From the known ra t ios  of the amounts of %he dissociated gases 
(1.4 N02/1.2 NO/l.O N2O)'and the t o t a l  amount of €NO2 (assuming it was 
the weaker acid) ,  it can readily be shown that the milliequivalents of 
n i t r i c  acid t h a t  were reduced, is equal t o  13.0 z + 2 x moles of HN02. 
The unknown z is  a constant re la t ing  the experimentally determined r a t i o  
of the'gas t o  the t o t a l  amount of that gas psduced i n  the reaction, 
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Table 8. Oxidation-Reduction Half Reactions of Nitr ic  Acid 

HNO Consumed, Change i n  Oxidation HNO3 Reduced, 
mea/mmole of Number per Mole meq/moles of 

Nitrogen Product Reaction of Mitrogen Product Nitrogen Product 
_ _  

2.8 z . 2 H+ + NO3- +  NO^ + %O 1 1.4 z 

3 x moles  mo2 3 H+ +  NO^- 
4.8 z 4 H+ + N03*-+$+ NO +,2 %O 3 3.6 z 
10 z 10 H' + 2 NO3'$ N20 + 5 50 8 8 2  
Total 17.6 z + 3 x moles  m02 

mo2 + %O 2 2 x moles  HN02 

l3*O z + 2 x moles  
JQJO, 

Because the t o t a l  volume of gas produced is not known, it is necessary 
t o  calculate z f rom the acid consumption, It is shown i n  Table 8 that 
the millimoles of acid consumed is equal t o  17.6 z + 3 x moles  HN02. These 
calculations have been carried out i n  Table 9. An average of 14.0 meq 
of HNO was reduced as compared with the oxidation of 12.6 meq of metal, for  

Milliquivalents of Nitr ic  Acid Reduced when 5.8 moles  
3 

Table 9. 
of Uranium i n  Graphite is Oxidized 

moles  of HNO used - 3 x moles  HNO, produced z =  3 L 

m e q  of HNO ' r e d ~ c e d  = 13.0 z + 2 x moles HN02 produced 
1-70 6 

- 3  

3 

HNO Reduced, Psoduced, IIN02 RUB ,". Cone., HN03 
No M d o l e s  moles  - 2  3mea 

HNO Used, 

7 16 21.5 3.40 0.642 - 15.2 
8 16 2 ~ . g  2.80 0. no 14.8 

-lJ. 16 22.2 0 1.26 16.4 
I 2  16 1602 0 0,920 12,o 

4 12 14.2 2.20 0 432 10.0 

12 21.6 2.27 0.841 15.5 
5 
6 

12 19.7 2,26 0.739 1 4 , O  

- 

an error  of 11%. 
and a small error  i n  experimental technique could eas i ly  introduce a 5% 
er ror  i n  the t o t a l  milliequivalents of reducing power. This discussion 
is therefore of quali tative value only. 
that the data accumulated thus far are reasonably consistent with the 

These qyantitative d a t a  on gas analysis are  prel-nary, 

Nevertheless, it may be"cone1uded 

1 L. 
.\ ,. . , ... 
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behavior expected 
i n  graphite, 23.2 
5.8 moles  of @+ 

from U02 i n  graphite. 
meq of oxidizing power would be required t o  oxidize 

If the s ta r t ing  material  was UC2 + uo:! 2+ 

CONCLUSIONS AND SUGGESTED FUTURJ3 WORK 
. _  

If the actual  fue l  loading dis t r ibut ion of KIWI-A is  about that 
described i n  the LASL Report,5 the laboratory experiments over the  
range 1.96-13.9 wt 
f o r  the ernirradiated f ie1  w i l l  be ~ 0 . 6 %  w i t h  one 6-hr leach with 
15.8 M €IN0 and suitable washes when the f'uel is  ground t o  -16 mesh. 
coarser ma 2 erial  resu l t s  i n  lower uranium recoveries. 
t rue with more d i lu te  acid, although the e f fec t  i s  less pronounced. 
effect of a second n i t r i c  acid leach on loadings higher than 1.96 w t  % 
uranium per cubic centimeter should be studied since the second leach 
increases the recovery frm low concentration material by 13. 

uranium indicate that uranium losses t o  the graphite 

The same is  a l so  
The 

b 

Further work w i l l  be required t o  determine the stoichiometry of the 
reaction. Quantitative data on the composition of the product gases and 
the t o t a l  amount of gases produced is  needed so that  a more exact 
determination of the milliequivalents of n i t r i c  acid reduced may be made. 

onal information on the acid consumption i s  desirable. 

Explosive mixtures are formed by hydrogen nd acetylene, which are 
major hydrolysis products of uranium dicarbide.8 Therefore it is  very 
important t o  determine w h a t  uranium compound is  present i n  the fuel 
specimens, and a l so  the r a t e  of reaction of the pure carbides with moist 
air ,  water, and n i t r i c  acid. 
UC2 and UC w i t h  air ,  water, and n i t r i c  acid are needed t o  answer these 
questions 

Ultimately, laboratory scale tes t ing w i t h  radioactive f ie1  of the 

FundtMental studies of. the reaction of pure 

most a t t r ac t ive  flowsheet is  planned. 
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