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OFF-GASES FROM THE: REACTIONS OF URANIUM CARBIDES WITH 
NITRIC ACID AT 90°C 

L. M. F e r r i s  and M. J. Bradley 

ABSTRACT 

The uranium carbides, UC, U4(C2)3, and Uc1.85, dissolved 
i n  2 t o  16 M HNO 
comprised mainly of NOg, NO, and CO2. 
t i o n s  var ied with t h e  ac id  concentration: i n  d i l u t e  (2 t o  4 
M) - acid,  NO w a s  t h e  main nitrogen oxide present,  whereas NO2 
predominated a t  higher ac id  concentrations. Traces of N20 
were found, but no CO, %, o r  gaseous hydrocarbons were de- 
tec ted .  The carbides were almost completely passive i n  very 
d i l u t e  (0.001 t o  0.5 M) acid.  
carbide carbon was c o h e r t e d  t o  species soluble i n  n i t r i c  
ac id  i r r e spec t ive  of t h e  carbide, reac t ion  time, or  var ia t ion  
of a c i d  concentration between ,2 and 16 - M. 

i n  10 h r  or  less at gO°C, yielding off-gases 3 The off-gas composi- 

Between 30 and 50% of t h e  

1. INTRODUCTION 

Uranium carbides can be used i n  severa l  d i f f e ren t  forms as f u e l s  f o r  

nuclear reactors .  For example, t h e  f i rs t  and second cores of t h e  H a l l a m  

reactor’ contain elements of ca s t  uranium monocarbide (UC) rods c lad  i n  

stainless s t e e l  with a sodium bond. 

dicarbide 3,4 (Uc1.B5) i s  used as t h e  fue l .  The element cons is t s  of pyro- 

l y t i c  carbon-coated Th-U dicarbide p a r t i c l e s  (100 t o  400 p i n  diameter) 

dispersed i n  a graphi te  matrix. 

up t o  about 1 7 8 0 ” ~ ~ ’ ~ ’ ~  but has not yet been proposed for use i n  a f u e l  

I n  the  Peach Bottom reactor ,2  uranium 

Uranium sesquicarbide, U4(C2)3, i s  stable 

- element. 

A t  Oak-Ridge National Laboratory (ORNL), various processing methods 

involving t h e  use of n i t r i c  ac id  a r e  being s tudied f o r  both t h e  H a l l a m -  

type” A s  par t  of t h e  development of 

these  processes, a bas ic  study of t h e  reac t ions  of uranium carbides with 

n i t r i c  ac id  i s  being made. This report  contains results of s tud ies  on 

t h e  e f f e c t  a t  90°C of n i t r i c  ac id  concentration on the  r a t e s  of reac t ion  

and the  volumes and compositions of t h e  off-gases. 

and t h e  graphite-base fue l s .  ‘Ojl’ 
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There i s  general  q u a l i t a t i v e  agreement that uranium carbides d i s -  

solve i n  n i t r i c  a c i d  ( i n  concentrations of a t  least 2 - M), y ie ld ing  nitrogen 

oxides and soluble  organic polyacids which oxidize very slowly i n  n i t r i c  

acid.  I2-l6 Simpson and Heath’:! d id  not f ind  carbon-containing compounds 

i n  t h e  off-gas from t h e  reac t ion  of UC with 6 M HNO 

t h a t  a l l  t h e  carbide carbon remained i n  so lu t ion .  On t h e  other  hand, 

Donaldson -- e t  a1.,l4 reported t h a t  a t  least 33% of t h e  carbide carbon w a s  

converted t o  C 0 2  i n  reac t ions  of UC with 2 t o  12 M HNO Pausen e t  al., 

found about 30% of t h e  carbide carbon as C 0 2  i n  reac t ing  t h e  t h r e e  uranium 

carbides with 6 M HNO 

gases quan t i t a t ive ly  f o r  components other  than C02.  

t i v e  of t h e  present work w a s  t o  resolve t h e  discrepancies  i n  t h e  carbon 

balances and t o  determine whether o r  not hydrogen and hydrocarbons were 

a l s o  formed during t h e  reaction, p a r t i c u l a r l y  i n  so lu t ions  of low n i t r i c  

ac id  concentration. Reactions of t h e  carbides with pure water yielded 

off-gases containing only hydrogen and hydrocarbons. 3J5,17 
p o s s i b i l i t y  of producing po ten t i a l ly  explosive mixtures containing hydro- 

gen, hydrocarbons, and nitrogen oxides with d i l u t e  n i t r i c  a c i d  could not 

and they infer red  - 3’ 

13 
- 3‘ 

No p r i o r  attempt w a s  made t o  analyze t h e  o f f -  - 3‘ 
Therefore, t h e  objec- 

Thus, t h e  

be overlooked. 

Acknowledgement.--The authors  wish t o  thank J. F. Land f o r  h i s  in-  

valuable a id  i n  conducting t h e  experiments. 

the  O W L  Analyt ical  Chemistry Division. 

Analyses were provided by 

We a r e  p a r t i c u l a r l y  indebted t o  

J. H. Hackney and A. D. Horton f o r  t h e  gas-chromatographic analyses, 

J. S i t e s  f o r  t h e  mass-spectrographic analyses, and t o  t h e  groups of 

W .  R. Laing and L. J. Brady f o r  t h e  chemical analyses.  E. R. Johns helped 

conduct some’ of t h e  experiments. 

2. EXPERIMENTAL 

2 .1  Materials 

The uranium carbides used i n  t h i s  study were prepared by arc-melting 

high-puri ty  uranium and spectroscopic-grade carbon, as described e l se -  

i‘ 
f .. 

i I. 

~ 

where. 3y5’17 The mono- and dicarbides  (UC and UC1.85, r e  spe c t  ive  l y  ) we r e  

formed d i r e c t l y .  After  arc-melting, t h e  UC composition was hea t - t rea ted  1 .5  
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f o r  60 h r  at  1 6 0 0 " ~  t o  form t h e  sesquicarbide ( U  (C ) ) .  Metallographic 

and x-ray d i f f r a c t i o n  ana lys i s  supported t h e  chemical analyses (Table 1) 

i n  showing t h a t  both t h e  mono- and sesquicarbides were a t  least 95% pure. 

Specimen UC2-18A can be considered as a UC -C mixture containing about 

13 mole $I (0.7 w t  %) carbon. 

from the  arc-melting s tep)  concentrations were less than 60 ppm, O.O5%, 
and 0.276, respectively,  i n  a l l  samples. 

4 2 3  

1.85 
Nitrogen, oxygen, and tungsten (a contaminant 

Table 1. Compositions of t h e  Carbide Specimens 

Combined- C/U Uranium Carbon ($) 
Carbide Specimen (%I T o t a l  Free Atom Rat io  

uc ORNL-lB 95.3 4.64 0.02 0.96 
u c -2A 93.0 7.00 0.06 '1.48 

"1.85 UC2-18A 90.8 9.12 0.70 1.84 
'4('2)3 2 3  

2.2 Procedure 

All react ions were conducted a t  gO°C, using 1- t o  4-g carbide speci-  

mens i n  an apparatus i d e n t i c a l  t o  t h a t  used i n  s tud ies  of t h e  hydrolysis 

of uranium carbides.  3'5J17 A small amount of s i l i cone  o i l  w a s  used t o  

cover t h e  mercury on t h e  react ion s ide of t h e  manometer t o  minimize the  

reac t ion  of t h e  mercury with t h e  nitrogen oxides evolved. 

n i t r i c  ac id  used w a s  such t h a t  t he  uranium concentration i n  t h e  f i n a l  

solut ion w a s  about 0.2 - M. 

u n t i l  t h e  rates of gas evolution were less than about 2 ml/hr. 

The amount of 

The react ions were usual ly  allowed t o  proceed 

The reac- 

- t i o n  times were s u f f i c i e n t l y  long f o r  complete d isso lu t ion  of t h e  carbides 

but not long enough f o r  complete oxidation of t h e  soluble organic species.  

The evolved gases were f irst  co l lec ted  i n  t h e  gas buret ,  where the  volume 

w a s  measured, and then were t r ans fe r r ed  t o  evacuated sample bulbs. Gen- 

e ra l ly ,  severa l  bulbs were f i l l e d  during an  experiment. The volume of 

gas i n  a l l  but t h e  last of these  w a s  determined with t h e  gas buret .  The 

l a s t  sample taken w a s  t h a t  of t he  gas remaining i n  t h e  apparatus.  Since 
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complete co l lec t ion  of t h e  gas was impossible, a presumably representa- 

t i v e  sample was t r ans fe r r ed  i n t o  an evacuated bulb by using t h e  gas buret  

as a Toepler pum?, 

assuming i d e a l  gas behavior. The amount of each component i n  t h e  last 

sample w a s  calculated from t h e  volume of t h e  apparatus and t h e  gas-chromato- 

graphic analyses (See 2.3) .  

samples were calculated from t h e  volumes determined with t h e  gas buret  

(after cor rec t ion)  and t h e  analyses.  Nitrogen w a s  found i n  near ly  a l l  

t h e  gas samples; however, s ince i t s  concentration w a s  near ly  constant a t  

2 t o  576, i t s  presence was a t t r i b u t e d  t o  air contamination. 

Gas volumes were corrected t o  25OC and 1 a t m  pressure, 

The amounts of each component i n  t h e  other  

The gas samples were analyzed by gas chromatography f o r  t h e  nitrogen 

oxides and carbon oxides. The procedure w a s :  Mixtures of t h e  nitrogen 

oxides and carbon oxides, i n  helium c a r r i e r  gas, were resolved on a 2.5- 

m-long by 0.5-cm-ID Pyrex column containing Linde 5A molecular sieve.  

The instrument used f o r  ana lys i s  w a s  a Bur re l l  Kromo-tog model K-2 with 

a thermistor-type de tec tor .  Af te r  loading t h e  gases on t h e  column, oxygen, 

nitrogen, and NO were e lu ted  successively with helium a t  25°C. 

perature  of t h e  column w a s  then ra i sed  rap id ly  t o  200°C where NO 

ing d issoc ia ted  N 0 ), N 0, and CO were e lu ted  successively.  Since NO 

and CH 

were t e s t e d  by mass spectroscopy t o  ensure t h a t  NO w a s  t h e  component being 

determined. I n  addi t ion,  most of t h e  samples were t e s t e d  fo r  C t o  CB- 

hydrocarbons with t h e  chromatographic columns used t o  analyze t h e  hydro- 

carbon mixtures evolved i n  t h e  hydrolysis  of uranium carbides.18 The 

columns were ca l ib ra t ed  with standard gas mixtures, and t h e  r e s u l t s  were 

reported as t h e  volume percentage of each component corrected t o  2 5 O C  and 

1 atm. 

The tem- 

2 (includ- 

2 4  2 2 
could not be d i f f e ren t i a t ed  on t h i s  column, samples of t h e  gases 4 

2- 

Analysis of t h e  nitrogen oxides posed spec ia l  problems because of 

2N02 equilibrium. t h e  N204 

lected,  both NO and N 0 were present; however, no s a t i s f a c t o r y  method 

w a s  found f o r  analyzing t h e  gases a t  25OC and determining the  amounts of 

both NO2 and N204. 

t h e  t o t a l  amount of nitrogen ( I V )  present i n  t h e  mixture w a s  determined 

as NO2 a t  2OO0C, where t h e  amount of N 0 

A t  25OC, where t h e  gas samples were col-  

2 2 4  

Therefore, i n  t h e  chromatographic method selected,  

w a s  negl igible .  Because a l l  2 4  

i 
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nitrogen ( I V )  w a s  reported as NO2, t h e  sum of t h e  volume percentages of 

t h e  various gases f requent ly  exceeded 100%. To fur ther  complicate t h e  

problem, t h e  volume of t h e  sample t h a t  w a s  in jec ted  i n t o  t h e  chromato- 

graph had t o  be measured a t  a reduced pressure (about 500 mm Hg). The 

data  of Verhoek and Danielslg were used t o  correct  t h i s  volume f o r  t h e  

e f f e c t  of pressure on t h e  N204 2N02 equilibrium. 

The solut ion r e s u l t i n g  from each experiment w a s  analyzed f o r  uranium, 

nitrogen, H', and carbon so  t h a t  appropriate balances could be made. 

Nitrogen was determined by t h e  Kjeldahl method, and carbon i n  solut ion 

by a wet combustion method. Other a n a l y t i c a l  procedures have been 

described elsewhere. 

20 

3,5,17 

3 .  RESULTS 

3 . 1  Passivation i n  Dilute Nitrate Systems 

Since react ion of t h e  uranium carbides with water resu l ted  i n  the  
12-14 evolution of only hydrogen and hydrocarbons, 3' 5117 and since other work 

suggested t h a t  only nitrogen oxides and carbon oxides could be expected i n  

t h e  off-gas from react ion with n i t r i c  acid, t h e  i n i t i a l  s tudies  were made 

with pieces of t h e  as-cast  carbides t o  determine whether mixtures of 

hydrogen, hydrocarbons, and the  oxide gases were evolved with 0 t o  2 - M 

HNO Quite unpredictably, t h e  uranium carbides were almost completely 

passive i n  boi l ing  0 . 0 0 1 t o  0.5 ,M HNO 
t h e  very d i l u t e  solut ions no gas w a s  evolved, and t h e  surfaces of t h e  

o r i g i n a l l y  shiny specimens turned black. I n  some cases, t h e  specimen 

crumbled t o  a powder, but no react ion occurred. 

l imited t o  n i t r i c  a c i d  solut ions but occurred .in many d i l u t e  n i t r a t e  solu- 
t i o n s  (Table 2 ) .  Although not understood a t  present, it appears from t h e  

la t ter  tests t h a t  t h e  n i t r a t e  ion i s  t h e  cause of passivation and t h a t  

t h i s  tendency t o  promote passivat ion i s  overcome only when t h e  H+ concen- 

t r a t i o n  i s  g r e a t e r  than about 1 - M. 

t h i s  behavior i s  understood. 

3' 
over 24-hr periods (Table 2 ) .  I n  3 

This phenomenon w a s  not 

More work w i l l  be required before 

i 
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Table 2. Behavior of t h e  Uranium Carbides i n  Boiling Dilute  
N i t  rat e Solut ions 

- T e s t  
Boiling N O .  Conc. Period 

Carbide Solut ion ( E )  (hr  1 Resul ts  

0.001 24 Crumbled, but no reac t ion  
m03 0.01 24 No reaction, surface black 

0.05 24 No reaction, surface black 
0.5 24 Very slow reac t ion  
1.0 24 Slow reac t ion  

uc 

0.05 

Ca(N0 ) 0.05 
3 NaNO 

3 2  

'4 ('2 3 m03 

3 HNO 1.85 uc 

0.001 
0.01 
0.025 
0.05 
0.1 
0.5 
0.001 
0.01 
0.025 
0.05 
0.1 
0.5 

24 

24 

6 
24 

24 

24 

24 
24 
24 
24 
24 
24 

24 
24 
24 
24 
24 
24 

Crumbled, but no reac t ion  

No reac t ion  

No reac t ion  
No reaction, surface black 

No react ion 

No reac t ion  

No react ion,  surface black 
No reaction, surface black 
No reaction, surface black 
No reaction, surface black 
No react ion,  surface black 
Very slow reac t ion  

Reaction within 30 min 
No reac t ion  
No reac t ion  
No react ion 
No reac t ion  
No reaction, surface black 

3.2 Effect  of N i t r i c  Acid Concentration on t h e  Rate of Reaction 

Reaction does occur a t  measurable rates when t h e  n i t r i c  ac id  concen- 

t r a t i o n  i s  between 2 and 16 - M (Figs. 1 and 2 ) .  

ed t h a t  d i sso lu t ion  of t h e  carbide i n  n i t r i c  ac id  w a s  complete a t  about 

t h e  same t i m e  t h a t  t h e  slope of t h e  gas-volume-vs-time p l o t  changed abruptly.  

Slow gas evolution continued beyond t h i s  point  owing t o  t h e  oxidation of 

t h e  n i t r i c  acid-soluble organic species.  

required for complete d isso lu t ion  of UC (but not oxidation of a l l  of t h e  

soluble organic species)  at  90°C decreased from about 10 t o  1.5 h r  as t h e  

Visual observation ind ica t -  

With 1- t o  4-g pieces,  t h e  time 
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n i t r i c  ac id  concentration increased from 2 t o  16 - M (Fig. 1). 

sesquicarbide, reac t ion  w a s  complete i n  about 5 h r  with both 4 and 16 - M 

HNO (Fig. 2 ) .  The dicarbide reacted more slowly than e i t h e r  t h e  mono- 
or sesquicarbides; complete so lub i l i za t ion  of t h e  uranium required about 

8 h r  i n  both 4 and 16 M HNO 

With t h e  

3 

(Fig. 2 ) .  
- 3  

3.3 Approximate Volumes and Compositions of t h e  Gases Evolved 

The volume of gas (at 25°C and 1 a t m )  evolved per  gram of monocarbide 

(determined from t h e  near ly  f l a t  port ions of t h e  curves) increased from 

about 300 t o  400 m l  as t h e  n i t r i c  ac id  concentration increased from 2 t o  

16 - M (Fig. 1, Table 3 ) .  
of gas evolved increased from about 380 and 450 ml/g, respect ively,  t o  

about 500 ml/g as t h e  n i t r i c  ac id  concentration increased from 4 t o  16 - M 

(Fig. 2, Table 3) .  

With t h e  sesquicarbide and dicarbide,  t h e  volume 

The ove ra l l  compositions of t h e  gases evolved show t h a t  NO w a s  t h e  

chief nitrogen oxide from d i l u t e  n i t r i c  acid,  whereas NO was t h e  main 

component evolved from more concentrated ac id  (Table 3) .  
ments, t h e  N20/C02 mole r a t i o  i n  t h e  gas was between 0.1 and 0.3, ir- 

respect ive of t h e  carbide dissolved or t h e  ac id  concentration. It i s  

s ign i f i can t  t o  note t h a t  no CO, hydrocarbons, or hydrogen were detected 

i n  t h e  off-gases from any run. 

2 
I n  most experi-  

A s  might be expected from t h e  nature of t h e  reac t ion  (rapid dissolu-  

t i o n  of t he  carbide followed by slow oxidation of t h e  soluble  organic 

species) ,  t he  composition of the  off-gas changed as t h e  reac t ion  proceeded. 

With d i l u t e  (2 and 4 M) HNO t h e  NO/C02 mole r a t i o  i n  t h e  gas from UC w a s  

i n i t i a l l y  about 6, but decreased t o  about un i ty  i n  t h e  later s tages  of 

react ion (Table 3) .  
hours of reac t ion  while t h e  carbide was dissolving and then decreased 

as the  soluble organic compounds were oxidized. Similar  behavior w a s  

noted f o r  t h e  sesquicarbide and dicarbide i n  4 M HNO 

t i o n  of UC i n  10 and 16 M HNO 
t o  20, but decreased i n  the  f i n a l  s tages  of react ion t o  about 3 (Table 3 ) .  
L i t t l e  NO w a s  formed i n  the  i n i t i a l  phase of reaction, but s ign i f icant  

3 - 

The,yO/C02 r a t i o  w a s  nearly constant during the  f irst  

During dissolu-  

t h e  N02/C02 mole r a t i o  was i n i t i a l l y  10 
- 3' 

- 3' 
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Table 3. Volumes, Approximate Compositions, and Changes i n  Gas 

Carbides w i t h  N i t r i c  Acid a t  90°C 
Composition w i t h  Time i n  the  Reaction of Uranium 

~ 

M 1  of 
Gas 

Evolved Reaction 
Pe r  g Time 

Expt . Carbide (g) Carbidea (hr)  NO/C02 N O d C 0 2  N20/C02 

b of In te rva l  Mole Rat io  i n  Gas 
m03 
Conc. 

1 uc 1.98 301 0-1 7.3 0.5 0.27 
1-3 5 7.0 0.4 0.30 
3 5-30 4.7 0.3 0.27 
30-97 - 1.3 0.3 

Overall Comp. 4.3 0.30 0.26 

2 uc ! 3.98 31-5 0-0.17 5.2 0.7 0.19 
0.17-0.48 7.1 1.0 0.23 
0.48-1.1 5.9 0.6 0.23 
1.1-29.7 2.7 0.2 0.18 

0.11 29.7-53.3 0.g 0.1 

Overall Comp. 3.5 0.43 0.17 

0.24 - 

- 

3 uc 

4 uc 

5 uc 

6 uc 

7 uc 

3.98 325 0-0.18 6.0 1.4 0.20 
0.18-0.5 5.2 1.1 0.20 
0.5-1.3 4.0 0.4 0.17 
1-3-30 3.3 0.6 0.23 

0.11 0.8 0.2 30-70 - 
Overall Comp. 2.7 0.52 0.16 

- 

6.98 336 0-5.6 8 * 9  9.6 0.33 
5.8 0.27 - 3.9 - R e  s idueC 

Overall Comp. 5.7 7.1 0.29 

9.85 377 0-0.28 0.3 17.6 0.27 
2.5 10.9 0.28-5.1 - 0.21 

Overall Comp. 1.5 14.0 0.24 
- 

9.85 377 0-0.32 2.1 16.6 0.17 

Overall Comp. 2.6 12.9 0.21 

0.24 - 0.32-5.6 - 2.9 10.4 

9.85 335 0-5.5 2.7 10.5 0.14 
0.10 

Overall Comp. 2.0 5.0 0.11 
- Residue - 1.7 3 -0  
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Table 3. Volumes, Approximate Compositions, and Changes i n  Gas 

Carbides with N i t r i c  Acid a t  90°C 
(Continued) 

Composition with Time i n  t h e  Reaction of Uranium 

M l  of 
Gas 

Evolved Reaction 
Per g Time 

Expt . Carbide (E)  Carbidea (h r )  NO/C02 N02/C02 N20/C02 

b of I n t e r v a l  Mole Rat io  i n  Gas m03 Conc . 

8 

9 

10 

11 

12 

13 

14 

uc 

uc 

uc 

‘4(‘2)3 

‘4(‘2)3 

“1.85 

“1.85 

9.85 

15.6 

15.6 

3.98 

15.6 

3.98 

15.6 

374 0-6.0 5.6 
R e  s idueC - 3.0 

Overall Comp. 3.5 

391 0-0.72 0.2 
1.8 - 0.72- 5.5 

Overall Comp. 1.0 

413 0-0.38 0 
0.38-6.2 - 3.7 

Overall Comp. 2 .1  

378 0-5.7 10.0 
5.7-24 - 3 98 

Overall Comp. 5.3 

508 0-1 0 
1- 24 - 2.7 

Overall Comp. 2.5 

451 0-4.7 5.2 
4-7-24 - 3.3 

Overall Comp. 3.7 

501 0-3.9 0 
3-9-24 1.3 

2.8 

Overall Comp. 1.6 
- R e  s idue 

10.3 

3.8 

16.3 
17.8 
17.1 

23.8 
20.0 

21.5 

1.0 
2.6 
1.6 

13.7 - 5.0 
5.7 

1.1 
0.4 
0.6 

6.8 
2.7 

5.0 

2.2 - 

- 

- 

- 

- 

- 7.6 

0.11 
0.13 - 
0.12 

0.10 
0.10 

0.10 

0.18 
0.10 

- 

0.14 

0.34 
0.44 - 
0.28 

0.10 
0.13 
0.13 

0.18 

0.15 

0.38 
0.11 
0.10 

0.10 

- 

- 

Volume a t  25OC and 1 a t m  pressure; i n  general, t he  volume given i s  t h a t  a 
obtained from tae e s s e n t i a l l y  f la t  port ion of a volume-time p lo t .  

bNo hydrocarbons detected i n  t h e  gas by gas-chromatographic o r  mass- 
spectrographic ana lys i s .  All nitrogen ( I V )  i s  reported as NO2. 

Residue refers t o  a sample of t h e  gas remaining i n  t h e  apparatus. C 

I 
1 
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q u a n t i t i e s  were formed during oxidation of t h e  organic species.  Similar  

r e s u l t s  were obtained w i t h  t h e  sesquicarbide and dicarbide i n  16 M HNO - 3' 

3.4 Carbon Balances 

Carbon balances were made on t h e  system by adding t h e  amounts found 

i n  t h e  gas and so lu t ion  by ana lys i s  and comparing t h i s  t o t a l  t o  t h e  amount 

of carbon o r ig ina l ly  present i n  t h e  carbide.  The w e t  combustion technique 

f o r  carbon i n  so lu t ion  gave about a 90% accuracy when used with standard 

solut ions containing n i t r i c  ac id  and e i t h e r  pyromell i t ic  or  m e l l i t i c  ac ids  

(Table k ) ,  and even b e t t e r  r e s u l t s  w i t h  more e a s i l y  oxidized species.  

Consequently, although the ove ra l l  carbon balances f o r  the experiments 

var ied between 70 and 130% (Table 5), t h e  amount of carbon i n  so lu t ion  i s  

probably f a i r l y  accurate.  Despite t h e  l a rge  va r i a t ions  i n  reac t ion  t i m e ,  

a c id  concentration, and type of carbide, between 30 and 50% of the carbide 

carbon remained i n  so lu t ion  (Table 5). 
t h e  longer runs. 

20 

21 

The lower values did r e s u l t  from 

I n  two runs, the amount of carbon i n  so lu t ion  was a l s o  determined by 

ex t rac t ing  the uranium w i t h  t r i b u t y l  phosphate, evaporating the organic- 

bearing raffinate t o  dryness a t  room temperature, and analyzing the r e s u l t -  

ing so l id s  f o r  carbon. The amounts of carbon i n  so lu t ion  determined i n  

t h i s  manner agreed reasonably w e l l  w i t h  those obtained by the  w e t  oxida- 

t i o n  technique (Table 6) .  

Table 4. Carbon Analyses of Standard N i t r i c  Acid Solut ions 
Containing Known Quan t i t i e s  of Pyromell i t ic  and M e l l i t i c  Acids 

Carbon Concentration (mg/ m l )  C Found/C 
Solution Calculated Found Calculated 

Pyromell i t ic  ac id  i n  0.26 0.23 0.88 
1 - M HN03 0.25 0.96 

0.25 0.96 
Pyromell i t ic  ac id  i n  0.50 0.46 0.92 

2 M HNO 0.47 0.94 
- 3  0.47 0.94 

Pyromelli t ic ac id  i n  1.02 0.93 0.91 
4 M HNO 0.92 0.90 

0.92 0.90 
Mel l i t i c  ac id  i n  2 M HNO 0.88 0.80 0.91 

- 3  

- 3  

i 
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Table 5. Carbon Dis t r ibu t ion  i n  N i t r i c  Acid Dissolution of Uranium 
Carbides a t  90°C, Based on C02 Content of t h e  O f f - G a s  and 

Carbon Analyses of the Solutions 

HNO, React ion Amount of Carbon 
C o d .  Time Carbide Carbon ($) Balance 

Expt . Carbide ( E )  (hr  1 I n  Gas I n  Solution ($) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

uc 
uc 
uc 
uc 
uc 
uc 
uc 
uc 
uc 
uc 

u4(c2)3 :b (‘2 3 
1.85 

“1.85 

1.98 
3.98 
3.98 
6.98 
9.85 
9.85 
9.85 
9.85 

3.98 

3.98 

15.6 
15.6 

15.6 

15.6 

97 
53 9 

70. 
5.6 
5.0 
5.5 
5.6 
6.0 
5.5 
6.2 
24. 
24. 
24. 
24. 

52.4 
60.0 
85.8 
23.9 
27.8 
86.2 
25.2 
77.8 
30.4 
24.2 
40.3 
48.8 
50.9 
56.3 

31.4 
33.8 
33.8 
42.1 
46.2 
49.8 
48.7 
47.8 
46.4 
40.9 
45.0 
35.0 
40.5 
45.9 

83.8 
93.8 

66.0 
120. 

74.0 

73.9 

76.4 
65.1 

136. 

126. 

85.3 
83.8 
91.4 
102. 

’ Table 6. Comparison of Carbon i n  Sol ids  Not Extracted by 
Tr ibuty l  Phosphate w i t h  Carbon i n  N i t r i c  Acid Solution 

Amount of Carbon i n  Solution (% of Carbide Carbon1 
By Wet By Analysis of Sol ids  After 

Experiment Combust ion Removal of U by Extraction 

1 
2 

31.4 
33 08 

39.4 
38.5 

3.5 Nitrogen Balances 

Nitrogen balances were made on t h e  system by adding t h e  amounts of 

ni t rogen found i n  t h e  gas and i n  t h e  f i n a l  so lu t ion  and comparing t h i s  

t o t a l  t o  that present i n  t h e  o r ig ina l  n i t r i c  a c i d  solut ion.  

ni t rogen balances were general ly  between 90 and llO$ (Table 7). 
under the conditions employed, most of t h e  o r i g i n a l  nitrogen remained 

The overa l l  

However, 



14 
i- 
r .- 

Table 7. Nitrogen Balances i n  Reaction of Uranium Carbides 
with N i t r i c  Acid Solut ions a t  90°C 

Millimole Rat ios  

Nitrogen (mmoles) 
I n  I n  N i n  Solut ion N i n  G a s  

N i n  Gas + 

N i n  Original  HNO Minus 2 Original F ina l  I n  N i n  
Solution G a s  Original HNO N i n  F i n a l  S o h  ion HN03 3 Expt . 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

99 
199 
199 
87.2 

123 
123 
123 
123 
194 
194 

194 

194 

49.8 

49.8 

55.9 
148.6 
137.5 
73.8 
95.8 
94.9 
87.1 
94.6 

152 
163 

1.51 

134 

37.9 

35.9 

41.4 
41.0 
46.2 
13 0 - 3  

19.7 
25.7 
17.6 
25.0 
23.8 
24-.9 
15.8 
24.5 
20.2 
28.1 

0.98 
0.95 
0.92 
1.0 
0.94 
0.98 
0.85 
0.97 
0.91 
0.97 
1.08 
0.90 
1.13 
0.84 

0.96 
0.81 
0.75 
0.99 
0.72 
0.91 
0.49 
0.88 
0.56 
0.80 

0.56 
1.34 

1.46 
0.47 

i n  solut ion ( the  f i n a l  solut ions contained only about 0.2 - M uranium). 

Therefore, a la rge  e r r o r  i n  t h e  gas-chromatographic ana lys i s  causes only 

a minor per turbat ion i n  t h e  ove ra l l  balance. The amount of ni t rogen l o s t  

by t h e  so lu t ion  ( i n i t i a l  nitrogen content minus the nitrogen content of 

t h e  f i n a l  so lu t ion)  d i f f e red  f r o m  t h e  amount found by gas analyses by as 

much as 50% (Table 7, last  column). 

3.6 Uranium and Ionic  Balances 

Uranium balances were calculated from t h e  amounts of uranium present 

i n  t h e  o r ig ina l  carbide and t h e  uranium found i n  t h e  f i n a l  solut ion.  I n  

a l l  cases, t h e  uranium balance w a s  100 k 5%. 

r 
L .  

Ionic  balances were made on t h e  f i n a l  solut ion ignoring t h e  dissolved 

organic .species  so  t h a t  [H'] + 2[U02++] = [NO3-],  where t h e  quan t i t i e s  i n  

brackets  are molar concentrations. 

([H'] + 2[U02++]) molar r a t i o  w a s  between 0.92 and 1.02. 

account f o r  t h e  good ove ra l l  ni t rogen balances (Sec 3.5) obtained and 

I n  general, t h e  anion [NO t o  cat ion 3-1 
These r e s u l t s  
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i nl icate  t h a t  t h e  ana lys i s  of the solut ion is  reasonably accurate .  These 

r e s u l t s  emphasize again tha t  t he  major e r r o r  i n  t h e  nitrogen balances i s  

t o  be found i n  t h e  gas-chromatographic analyses.  

3.7 Acid Consumption 

The amount of n i t r i c  ac id  consumed per  mole of carbide dissolved i s  

r ead i ly  calculated from t h e  change i n  hydrogen ion concentration and the  

weight of carbide used. This w a s  done f o r  a l l  experiments. The r e s u l t s  

showed t h a t  t h e  number of moles of n i t r i c  ac id  consumed per  mole of UC 

increased from about 4 t o  10 as t h e  n i t r i c  ac id  concentration increased 

from 2 t o  15.6 - M. With 

of ac id  were consumed per mole of carbide when t h e  ac id  concentration was 

4 M, but i n  15.6 M HNO 

t h e  sesquicarbide and dicarbides,  about 4 moles 

12 and 18 moles, respectively,  were consumed. - 3' - 

4. CONCLUSIONS AND DISCUSSION 

The uranium carbides dissolved r ead i ly  i n  2 t o  16 M HNO producing - 3  
uranyl n i t r a t e ,  carbon dioxide, nitrogen oxides, and n i t r i c  acid-soluble 

organic polyacids (containing 30 t o  50% of t h e  carbide carbon). No hydro- 

gen o r  gaseous hydrocarbons were found. Therefore, a conventional off-gas 

treatment system could be used i n  processes involving t h e  d i r e c t  dissolu-  

t i o n  of uranium carbide f u e l s  without fear of hydrogen explosions o r  t h e  

formation of po ten t i a l ly  explosive ni t ro-organics .  

t o  such a process i s  t h e  de le te r ious  e f f ec t  of t h e  soluble organic species 

i n  the  s t r ipp ing  s t ep  after solvent elctraction using modified Purex condi- 

t i o n ~ . ~  The good agreement between d i r e c t  analyses f o r  carbon i n  solut ion 

and those obtained by analyzing t h e  organic so l id s  a f t e r  ex t rac t ion  of 

t h e  uranium from t h e  n i t r i c  a c i d  so lu t ion  with t r i b u t y l  phosphate shows 

t h a t  l i t t l e ,  i f  any, of t he  organic species  are extracted w i t h  t h e  uranium. 

Consequently, solvent cleanup and recycle could probably be conducted 

conventionally. The rates of reac t ion  obtained i n  t h i s  study with a rc-  

melted carbides were similar t o  those obtained e a r l i e r  with o ther  batches 

of carbide. 

The major drawback 

9 
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The r e s u l t s  reported here  are i n  general  agreement w i t h  those of 

Pausen, e t  a1.,I3 and of Donaldson, e t  al. ,  l4 although we found near ly  

twice a s  much C02 (an average of 50% by d i r e c t  ana lys i s  o r  60% by d i f -  

ference between t o t a l  carbon and carbon i n  so lu t ion  vs 30 and 33%, res-  

pec t ive ly) .  These r e s u l t s  a r e  not i n  agreement with t h e  observations of 

Simpson and Heath,l2 who found no carbon-containing compounds i n  t h e  gas 

and assumed t h a t  a l l  of t h e  carbide carbon remained i n  so lu t ion .  

-- 

The pass iv i ty  (or  extremely low rate of reac t ion)  of t h e  carbides 

with d i l u t e  n i t r a t e  systems w a s  most surpr is ing.  This could have a 

ser ious e f f e c t  on a scrap-recovery process involving hydrolysis  of UC 

followed by n i t r i c  ac id  d isso lu t ion  of t h e  UO 'xH 0 formed. 

n i t r i c  a c i d  were not washed from t h e  system after a d isso lu t ion ,  passiva- 

t i o n  of t he  next f u e l  charge could occur. 

s iva t ion  i s  obscure a t  t h i s  point .  

If a l l  t h e  2 2  

The mechanism f o r  t h i s  pas- 

i 
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