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ABSTRACT 

A grind-leach method i s  presented f o r  the recovery of uranium from 
uranium-graphite fue l  elements. 
reimpregnated fuel ground t o  -200 mesh containing 5.5-14 w t  $ uranium 
and l e s s  than 0,4$ i ron,  99.9% or more of the uranium w a s  recovered with 
two leaches of boi l ing 15.8 M, HNO3 and thorough washing of the graphite 
residue. Yields were 0,1-0.2$ lower when the fue l  w a s  ground t o  only 
-4 +8 mesh. Uranium recovery decreased rapidly with decreasing uranium 
concentration i n  the fuel ,  rendering the grind-leach method unsuitable 
f o r  fuels  

gas was found, 
acid was consumed per mole of m e t a l  when oxygen was excluded from the system, 
suggesting tha t ,  i n  fuel specimens which had been exposed t o  the laboratory 
atmosphere f o r  months, the uranium was present as U02 rather than UC2. 

f ue l  with boiling 15.8 
coveries of about 90%. 
Al(N03)3 offered no advantages. Combustion of t i e  f u e l  followed by zis- 
solution of the uranium and thorium oxide products i n  boi l ing 13 
0.04 M, NaF-0.04 
of the metals. 

With unirradiated graphitized high-density 

ing less than 3$ uranium. The gases evolved during 
ixture  of nitrogen oxides e No vo la t i l e  carbon-containing 

Preliminary data indicated that about 3.2 moles of n i t r i c  

Leaching of -200 mesh samples of 1,576 uranium-7.2$ thorium-graphite 
HNO resulted i n  maximum uranium and thorium re- 

Leading w i t h  15.8 g HNO -0.04 g NaF-0.04 M 

HN03- 
A1(N03)3 resulted i n  essent ia l ly  quantitative recovery 

A survey of processing methods indicated tha t  combustion and digestion 
or  pa r t i c l e  s ize  disintegration and leaching a re  the better poss ib i l i t i e s  
f o r  graphite fuels. 
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1 0 INTRODUCTION 

A general study of the recovery of uranium and thorium from graphite 
reactor f’uels hss been undertaken, In t e re s t  i n  this new class  of f’uebs 
has & e m  with the development of gas-cooled power reactor concepts such 
as the proposals by General Atconics (Philadelphia E l e c t r i c ) , l  Sanderson 
and Porter (Pebble Bed Reactor),2 and Los Alamos (Turret Reactor).3 
Potential  methods fo r  processing of graphite Fuels were surveyed and 
evaluated, Mechanical grinding and leaching with n i t r i c  acid i s  the 
method currently being investigated experimentally on a labomtory scale 
fo r  umnium-gPaphite fuels. 
concentration, par t ic le  s ize ,  acid concentration, reflux time, successive 
leaches, washing technique, and Soxhlet extraction on the recovery,of 
uranium from gmghitized fuels containing Oo7 t o  14 w t  % uranium w e r e  
completed, and a study of the stoichiometry of the reaction, with parti- 
cular a t ten t ion  t o  the gaseous products, was started, Since the General 
Atomics f’uel may be clad with s ta in less  s t ee l ,  the rate a t  which uranium 
and thorium dissolved i n  two decladding reagents-dilute aqua regia and 
su l fur ic  acid-was d e t e d n e d ,  
graphite fue l  with boiling 1r08 M HNO and 13 M ~ O 3 - - - O 0 O 4  M NaF-0.04 

of the uranium and thorium oxides i n  13 HNO -0,04 NaF-0004 Al(N03)3 

fuels  

Studies on the e f fec ts  of i n i t i a l  uranium 

Leaching of l o  5% u r a n i ~ - 7 ~ 2 $  thorium- 

Al(N03) was surveyed, Combustion of 3 the fuel-followed by zissolut ion 

was studied br ie f ly ,  A l l  tests were made wit 2 unirradiated prototype 

The authors wish t o  thank J, M, Blickensderfer fo r  performing some 
of the leaching experiments. Chemical analyses by the groups of Go R, 
Wilson, W, R, h i n g ,  and Po F. Thomason of the ORNLAnalytical Chemistry 
Division a re  acknowledged, Special c red i t  i s  due A, D. Horton for  the 
gas chrmtograghic  analyses, W, Lo Belew f o r  inf’rared and v i s ib l e  
spectrographic gas analyses, and He Kubota fo r  w e a k  acid determinations, 

2 , O  IJRUEUM-GMPHITE FUELS 

The uranium-graphite f i e 1  specimens used i n  this  study were prepared 
by mixing U@ (325 mesh) w%th graphite Slow (Great Lakes Carbon 1008-58) 
and a l iqu id  res in  binder, pressing in to  plates ,  curing a t  1 8 0 O c  t o  s e t  
the resin,  inpregraating with more r e s in  t o  increase the density, coking a t  
800% (under vaamm t o  remove (202, from U%-carbon reaction) and f ina l ly  
graphitizing a t  24000C0 At th i s  temperature the uranium i s  converted t o  
UC2; however, since,uraniwn dicarbide reacts rapidly with moisture, the 
uranium i n  the fue l  samples was probably present as the oxide, 

2.1 Grind-Leach Flowsheet 

for uranium recovery from uranium-graphite f i e l s  containing 2-14 w t  % 
uranium, (0,b wt % iron, i s  given i n  Fig, 2,1, 
taining 5.5-14 wt $ uranium and <004 w t  $ i ron were ground t o 4 0 0  mesh, 
99.9% or  more of the uranium was recovered i n  two 4-hr leaches with boiling 

A flowsheet based on the grind-leach technique as the primary method 

When f’uel specimens con- 
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-6- 

15*8 M HN03 and thorough washing of the graphite residue. 
uranium losses may be tolerated,  coarser grinding i s  feasible, 
uranium loss  t o  the graphite residue w a s  decreased 0.1-0.2%..by decreasing 
the par t ic le  s ize  of 505-14 w t  $I uranium fuels from -4 +8 mesh t o  -200 
mesh, 
par t ic le  s ize  was decreased from -4 +8 t o  -200 mesh, 
above 0,4 w t  % i n  the fuel appeared t o  lower yields (Sect, 2,2a), In  
laboratory expriments (Sect, 2,3) about 3.2 moles of n i t r i c  acid was 
consumed per mole of m e t a l  (uranium + iron),  yielding a mixture of nitrogen 
oxides as the gaseous products, No vola t i le  carbon-containing gases were 
found. 

If higher 
The 

The uranium recovery from 2 w t  % fuel increased 3,2% when the 
Iron concentrations 

The processes proposed for  the three par t ic le  sizes are essent ia l ly  
the  same, 
since the amount of n i t r i c  acid required i s  dependent on the t o t a l  amount 
of material present, because of the high absorption capacity of the graphite, 
rather than the mount of uranium. 
with boiling 15.8 
5 l i ters/kg. 

may be obtained by evaporating the excess n i t r i c  acid and d i lu t ing  w i t h  
water, 
of re la t ive ly  small quantit ies of 15.8 M HN03, since the n i t r i c  ac id  con- 
centration i n  the filtered solution, 1574-15,77 & i s  higher than the 
maximum-boiling, azeotropic concentration of 15*3 E, Because the graphite 
matrix tends t o  re ta in  solution t o  the extent of 10 t o  20% of the graphite 
w e i g h t  even after vacuum f i l t ra t ion,- ;  4% of the t o t a l  uranium recovered 
i s  found i n  the wash solutions, A second n i t r i c  acid leach (2,5 l i ters  of 
acid per kilogram of fuel) of -16 mesh fuel solubilizes 0,2$ of the t o t a l  
uranium found i n  5 5-14 w t  '$ samples and 0~8% of the uranium i n  2 wt '$ 
specimens. With -4 +8 mesh par t ic les ,  the second leach solubilizes 1% of 
t h e  t o t a l  uranium from 505-14 w t  % samples and 6% from the 2 w t  '$ specimens. 

Flowsheet conditions were calculated for  a f'uel charge of 200 kg, 

The fuel i s  ground before digestion 
HNO3 fo r  4 hr a t  an acid volume/fuel weight r a t i o  of 

The filtered product solution i s  15.4-15077 M RNO containing 
28 t o  4 g of uranium per l i t e r ,  A suitable solvent extraczion 2 eed solution 

The disti l late may be recycled t o  the dissolver after the addition 

The f i l trate from the second n i t r i c  acid leach i s  d i lu te  i n  uranium 
and has essent ia l ly  the same n i t r i c  acid concentration as the or iginal  
reagent, 
fuel, thus eliminating the d i s t i l l a t i o n  of large volumes of n i t r i c  acid a t  
th i s  point, Although the laboratory experiments have all been with 15,8 M 
HNO3, rather than the azeotropic 15,3 E, it may be possible t o  operate t h e  
process w i t h  recycled 15,3 
t o  maintain the t o t a l  volumes without noticeable increase i n  the uranium 
losses,  
from 14 wt 
proposed fo r  -16 mesh fuel and loo% f i a m  2 w t  % fuel. 
volume/fuel wef;ght r a t i o  from 5 t o  2,5 l i t e rs /kg  i n  the first leach of 
a flowsheet fo r  -16 mesh material lowers the uranium recovery Oel$ from 
S05-14 w t  uranim specinens i n  the first leach plus washes; however, 
the second leach recovery increases by a corresponding amount so that 
over-all recovery is  essent ia l ly  the same, 

This solution could probably be used t o  leach the next batch of 

, 

acid and additions of 15,8 M, acid as necessary 

I f  the n i t r i c  acid concentration is  only 12 8, the uranium recovery 
fuel specimens w i l l  decrease O o l %  under the flowsheet conditions 

Changing the acid 

The amount of uranium i n  the 
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wash solutions increases when less acid i s  used, It i s  doubtful whether 
the acid volume/fuel w e i g h t  r a t i o  can be decreased much below 2.5 liters/kg 
and s t i l l  cover a l l  the graphite with acid. 
used for  washing the residues i n  the laboratory, n i t r i c  acid could be 
substi tuted i n  the process t o  eliminate carry-over of water between the 
washing and leaching steps, w i t h  subsequent lowering of the n i t r i c  acid 
concentration. 
the filter. 

Although water was always 

Exact washing conditions w i l l  depend on the efficiency of 

It may be desirable t o  use a combination of grind-leach-combustion- 
digestion, par t icular ly  with 2 w t  ’$ uranium fue l  where a t  best the uranium 
recovery i s  only 99.0% by a grind-leach method. 
followed by two leaches would remove 9646 of the uranium and probably the 
major portion of the f i ss ion  products, 
burned a t  le isure ,  w i t h  the hazard from vo la t i l e  radioactive f i ss ion  products 
greatly decreased by leaching before the combustion. 
be s t r i c t l y  handling losses,  

Coarse grinding t o  -4 mesh 

The graphite residue could then be 

Uranium losses should 

2.2 Leaching Tests on Uranium-Graphite Fuel 
When graphite fuel specimens containing more than 5% uranium and less 

HNO3, 99,9% or  more of the uranium was recoveredo 
than 0.4% i ron were ground t o  -200 mesh and leached with two portions of 
boil ing 15.8 Below 
about 346 uranium i n  graphite, the uranium recovery from these admixture 
high-density graphitized fuels decreased so rapidly with decreasing uranium 
concentration, even a t  -325 mesh, that the grind-leach process as the only 
method of uranium -recovery w i l l  not be applicable (Fig. 2.2). Losses with 
-200 mesh samples of graphite fuels containing 3 t o  5% uranium will be 
about 0,546 t o  O*l$, based on the general curve (Fig. 2.2), 
uranium recovered from ground uranium-graphite fue l  samples increased w i t h  
decreasing par t ic le  s ize ,  increasing n i t r i c  acid concentration of the leach, 
increasing number of water washes, increasing number of acid leaches, and 
increasing reflux time up t o  4 hr ,  Except where other leaching procedures 
were being tested, the leaching method consisted i n  refluxing 10-g samples 
of f’uel with 50 m l  of 15.8 5 HN03 for  4 hr, washing the residue with three 
25-ml portions of cold water, digesting the residue another 4 hr  with 25 ml 
of fresh acid, and f ina l ly  washing once w i t h  25 ml of water, 
achieved by contacting the residue w i t h  each volume of water for  15 min and 
then f i l t e r i n g  under vacuum. 

The mount of 

Washing was 

a. Leaching of Fuel Containing >5$ Uranium 
Effects of Par t ic le  Size, Water Washes, Second Nitr ic  Acidleach,  and 

The uranium loss t o  the graphite residue was reduced t o  0.1- Acid Volume. 
0.2% by reducing the par t ic le  s ize  from -4 +8 t o  -200 mesh (Table 2.1). 
Significant amounts of uranium were found i n  the water washes after the 
first leach, 0,246 i n  the third wash of -16 mesh material and 0.6% i n  the 
third wash of -4 +8 mesh samples. The second n i t r i c  acid leach recovered 
0,246 of the t o t a l  uranium from -16 mesh samples, 0.9% from -4 +8 mesh. 
Decreasing the amount of acid used i n  the first leach t o  25 ml per 10-g 
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Table 2.1. 

Leaching procedure: 

Recovery of Uranium from 5.5-14 w t  4 Uranium-Graphite Fuel Specimens by 
Leaching with Boiling 15.8 M HN03 

10-g sample digested 4 hr  with 50 m l  of boi l ing 15.8 M HN03 and f i l t e r ed ,  
and residue washed three times with water; digested again with 25 m l  of co i l ing  15.8 M HN03 
and washed once with water 

- 

Uranium Recovered, % 
1st HN03 T o t a l  2nd HNO3 

U i n  Fe i n  Par t ic le  Leach + 3rd Solubilized Leach + 
Run Fuel, Fuel, Size, 2 Water Water 1st Leach + 1 Water Graphite Total 
No. Q 4 mesh Washes Wash 3 Washes Wash Res iduea Solubilize db 
29 
24 
23 
30 
26 
14 
13 
31 
18 
15 
16 
17 
27 
25 
19 
20 
22 
33 
28 

5.41 
5.49 
5.47 
5.33 
9.46 
9.76 
9.73 
10.51 
11.06 
11.14 
11.20 
11.16 
12.43 
13.84 
14.12 
14.29 
14.15 
12.75 
15 19 

0.25 
0.24 
0.24 
0.27 
0.07 
0.06 
0.07 
0.17 
0.76 
0.69 
0.67 
0.68 
1.04 
0.45 
0.42 
0.41 
0.41 
0.39 
0.47 

-4+8 
-16-1-30 
-16+30 
-200 
-4+8 
-16+30 
-16+30 
-200 
-4+8 
-16+30 
-16+30 
-16+30 
-200 

-4+8 
-16+30 
-16+30 
-16+30 
-100+200 
-200 

98.04 
99.67 

99 0 81 
98 0 31 
99.59 
98.87c 
99.71 
98 0 19 
99 10 
99.20 
99. 0lC 
99 39 
98.30 
99.79 
99.37' 
99.51 
99. 70 
99.65 

99 0 43' 

0.50 
0.06 
0.20c 
0.04 
0~69 
0.10 
0.pc 
0.07 
0.38 
0.23 
0,21 
0 16' 
0.15 
0.59 
0.03 
0. 28c 
0.14 
0.09 
0.17 

98.54 
99 73 
99063c 
99.85 
99 00 
99 0 69 
99 . 5gC 
99.78 
99.57 
99.33 
99 o 41 
99 17c 
99.54 
98 89 
99 9 82 
99*65c 
99.65 
99.79 
99 82 

1.24 
0.13 
0.22c 
0.08 
0.82 
0.20 
0. 3lC 
0.13 
0.87 
0.19 
0.15 
0.32' 
0.19 
0.95 
0.07 
0.22c 
0.25 
0.13 
0.14 

0.231 
0.138 
00148 
0 * 077 
0 ..18 
O.J.21 
0 . 132' 
0.098 
0.51 
0.43 
0.43 
O.4gc 
0.27 
0.16 
0.097 
0.105' 
0.105 

0.033 
0.075 

99.77 
99.86 
99.85c 
99 0 92 
99 82 
99.88 
99J37c 
99 90 
99 49 
99.57 
99.57 
99 51C 
99.73 
99 84 
99 90 
99 goc 
99 90 
99.92 
99.97 

I 

Y 

acornbustion analyses. 
b l O O ~  minus loss  t o  graphite residue. 
C 1s t  leach, 25 m l  oi'acid per 10- g sample. 
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sample decreased the uranium recovery a f t e r  the f i rs t  leach by O.l$, 
but the second leach recovery increased by a corresponding amount so 
tha t  the over-all  yields  were the same (Table 2.1, runs 23, 13, 17, and 
20). It i s  doubtful whether the volume of n i t r i c  acid can be decreased 
much below 25 m l  per 10-g sample and s t i l l  be suff ic ient  t o  completely 
cover the graphite matrix. 

Effect of Acid Concentration i n  Leaching 14% Uranium Fuel. Increasing 
the n i t r i c  acid concentration from 4 t o  15.8 M increased the uranium recovery 
from -16 mesh fue l  by 0.1% (Fig. 2.3, Table 2T2). 

Table 2.2. Effect of Ni t r ic  Acid Concentration on Leaching of 
13.9 w t  '$ Uranium-Graphite Fuel, -16 Mesh 

Leaching procedure: 10 g of sample digested 4 hr  w i t h  50 m l  of boil ing 

HN03 and washed once with 
15.8 M HN03 and f i l t e r e d ,  and residue washed three times with water; 
digested again w i t h  25 ml of boiling 15.8 
water 

Uranium Recovered, $I 
Reflux Time, 1st HNO3 Total 2nd HN03 

h r  Leach + 3rd Solubilized Leach + m03 Run Conc., 1st 2nd 2 Water Water 1st  Leach + 1 Water Graphite 
No. M Leach Leach Washes Wash .3 Washes Wash Residue 

- 0.43 0.10 
- 0.13 

4 99 e 47 99.4T 
- 99.78 0.07 99.85 
- - 0.18 
- 99.78 0.09 99.87 

11 16 4 99 64b 0.18 99. 82b 
12 16 4 - 99 6gb 0.13 99.82b - 0. 18b 

- 98. 83a 1.03 0.14 - 0.15 
- 0.26 

- 99.71 0.12 99 * 83 

- 0*35 
99 0 20 0.51 99 71 - 99.50 0.13 99 9 63 

- 0.14b 

1 16 
7 16 
8 16 4 

2 12 4 4 98 0 83 
4 12 5 
5 12 5 
6 12 6 

- 

- 98.96" 0.71 0.33 - 0.30 - - 0.27 
4 4 3 98 e 96 
4 4 - 99 * 49 0.23 99.72 

10 4 4 99 0 42 0.34 99 0 76 

3 
9 

~~ ~ ~~ 

a 

b25 ml of acid per 10-g sample. 

Two water washes. 
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Effect of Uranium and Iron Concentrations. Uranium recovery from 
5.5, 9.7, and 14,O wt 
creasing uranium concentration (Fig, 2 4 ,  while uranium recovery from 
the 11.2 w t  % sample was consistently lower by Oe2-O.3%. 
his tory of each fue l  specimen i s  not known, but the i ron content of the 
11.2 w t  4 specimen w a s  2-10 times higher than i n  the other specimens 
(Table 201)0  
residue increased with increasing i ron content (Fig. 2.5), This e f f e c t  
may be caused by so l id  solution formation between uranium and i ron  and 
i ron carbide (the last two a re  unreactive toward n i t r i c  acid) ,  o r  var i -  
a t ions i n  the i ron impurity content may simply be an indication of 
variations i n  the porosity and density of the samples as manufacturing 
techniques were changed. Data are insuff ic ient  t o  d r a w  a def in i te  con- 
clusion. 

uranium specimens increased s l igh t ly  w i t h  in-  

The exact 

In  general, the uranium concentration i n  the graphite 

A t  low iron concentration, the uranium concentration i n  the graphite 
residue a f t e r  leaching seems t o  approach a l imit ing value of 40-150 p p  
by weight i n  the graphite, depending on the pa r t i c l e  s ize  but independent 
of the i n i t i a l  uranium concentration over the range 5.5-14 w t  ’$. 
view i s  consistent with tha t  of From,4 who e lec t ro ly t ica l ly  disintegrated 
solution-impregnated graphite (14% uranium) i n  boi l ing concentrated n i t r i c  
acid. 
the or iginal  uranium.$ After two leaches with boiling concentrated n i t r i c  
acid,  the uranium recovery was 9g095$; after three, 99*96$; four, f ive,  o r  
s ix ,  99.97%. 
passed a 35 mesh sieve) was 50 ppm, 

This 

The solution a t e r  e lec t ro ly t ic  disintegration contained 99.91% of 

The l imit ing uranium concentration i n  the graphite (d’7O46 

b. Leaching of Fuel Containing 45% Uranium 
Effect of Par t ic le  Size, Water Washes, Successive Ni t r ic  Leaches, 

and Reflux Time, 
increased the uranium recovery from 0.7, 2, and 4 w t  $J uranium-graphite 
fuels  by 7, 3, and 0.6$, respectively (Table 2.3)e 
grinding the 2% uranium fue l  any f ine r  than 200 mesh. 
of uranium were recovered i n  the water washes. 
had been leached once with boiling 15,8 HNO3, 1 t o  6% of the t o t a l  uranium 
present was found i n  the second water wash, and as high as le3% i n  the t h i r d  
(Table 2.4), 
i n  the resu l t s ,  
fourth wash recovered very l i t t l e  uranium, r~ 0,01%, i n  the only case studied, 

One 4-hr leach followed by a second 4-hr leach with fresh ac id  is  

Decreasing the pa r t i c l e  s i z e  from -4 +8 m e s h  t o  -200 mesh 

Nothing was gained by 

With 2% uranium fue l  that 
Significant amounts 

Variations i n  the f i l t r a t i o n  pressure account f o r  some spread 
Boiling water offered no advantages over cold water. A 

recommended fo r  optimum uranium recovery, 
of the 2% uranium-graphite fue l  gave nearly the same metal recovery, 
being only s l i gh t ly  lower i n  2 h r  (Table 2.5), 
of the t o t a l  uranium was obtained from -16 +3O mesh 
a second leach of 2-6 hr,  and 2% with a 40-hr second leach, 
standard procedure of two 4-hr leaches was used with 0.7-4$ uranium fuels,  
about 6% of the t o t a l  uranium recovered from -4 +8 mesh samples appeared 

The 2-, 4-, and 6-hr leaches 

An additional 0,7-0.9% 
2% uranium fue l  with 

When the 



Table 2.3. Recovery of Uranium from 0.7-4 w t  % Uranium-Graphite Fuel Specimens by 
Leaching with Boiling 15.8 M HNO3 

Leaching procedure: 10 g of sample digested 4 h r  with 50 m l  of boil ing 15.8 M HNO and 
f i l t e r e d ,  and residue washed three times with water; digested again with 25-ml o a 
boi l ing  15.8 - M HN03 and washed once with water 

Uranium Recovered, $ 
1st HN03 Total 2nd HNO3 

b U i n  Fe i n  Par t ic le  Leach + 3rd Solubilized Leach + 
Run Nel ,  Fuel, Size, 2 Water Water 1st Leach + 1 Water Graphitea Total 1 N o  . mesh Washes Wash 3 Washes Wash Residue Solubilized 

B-8 0.694 0 . 2 9  - 4 4  ’ 74.0 0.68 74.7 5.48 19.9 80.1 
B-9 0.681 0,136 -16+30 79.3 0. 73 80.0 3.23 16.7 83.3 
B-10 0.740 0.232 -200 85.4 0.10 85.5 1.76 2 . 7  87.3 
32 1.92 0.26 
6 1-93 0.25 
12 2.00 0.26 

2 1.95 0.27 
1 1.97 0.26 

14 1.92 - 
13 2.00 - 
16 2.06 - 

-4+8 85.4 4.58 
-16+30 95.7 0.89 
-16+3O 95.4 0.21 
-16+30 95.6c 0.86 - 30+ 50 95.9c 1.09 

-200 98.3c 0.14 
-100+140 97.lC 0.09 

-32 5 98.2c 0.05 

90.0 5.83 
96.6 0.78 
95.6 0.89 
96.4 0.68 
96.9 00 59 

98.4 0.55 
98.2 0.6 

97.2 0.42 

4.21 
2.6 
3.5 
3.0 
2.5 
2.4 
0.96 
1.2 

95.8 
97.4 
96.5 
97.0 
97.5 
97.6 
99.0 
98.8 

B-11 4.26 0.38 -4t8 91.9 0.57 92.5 6.48 1.03 99.0 
B-20 4.24 0.40 -4+8 90.8 0.41 91.2 7.21 1.54 98.5 
B-I2 4.05 0.37 -16+30 98*6 0.43 99.0 0.66 0.35 99.6 
B-19 4.38 0.48 -200 99.4 0.02 99.4 0.23 0.37 99.6 

Combustion analyses. a 

blOO% minus loss t o  graphite . 
6-hr f i r s t .  leach. C 

I 
P 
W 
I 
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UNCLASSIFIED 

ORNL-LR.DWG. 44154 

IRON IN GRAPHITE RESIDUE, mg/lO g fuel sample 

Fig. 2.5. Uranium present i n  graphite residue after two 4-hr leaches with boiling 
15.8 M HNO3 as a function of iron concentration. 
ing 5.5-14 wt %; after leaching 0.004-0.06 wt %. 

Uranium concentration before leach- 
Graphitized fuel. 

UNCLASSIFIED 
ORNL-LR-DWG. 44155 

Leaching Time, hr Particle Size, mesh 

0 6  - 30 + 50 
0 4  - 16 + 30 

I I I I I 

HN03 CONCENTRATION, M 
8 16 i 

Fig. 2.6. Effect of nitric acid concentration on the recovery of  uranium from 2% 
uranium-graphite fuel. 
sample. 

Single 4-hr leach with 50 ml  of  boiling acid per 10-g fuel 
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Table 2.4. Effect of Water Washes on Uranium Recovee from 
2% Uranium-Graphite h e 1  

Leaching procedure: as i n  Table 2.3 

Uranium Recovered, ‘$I 
1st €IN02 Leach 2nd Water 3rd Water - 

Run No. + 1 Wat& Wash Wash Wash 

1 
2 
3 
4 
5 
6 
7 
8 
12 

9101 
91.7 
88.4 
90.4 
91.9 
9109 
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 
0.89 
1.06 
0.95 
0.21 

i n  the second n i t r i c  ac id  leach (Table 2.3). With -200 mesh fue l  s 
the amount dissolved i n  the second n i t r i c  Acid leach decreased from 
w i t h  the 0.7% uranium-graphite fuel t o  0.2% with the 4% fuel. The second 
n i t r i c  acid leach was more effect ive than washing w i t h  water (Table 2;3)i 
Because successive leaches increased the uranium recovery, ,the e f f ec t  of 
Soxhlet extraction was investigated. Soxhlet extraction of -16 +3O mesh 
specimens of the 2% uranium-graphite fuel with azeotropic n i t r i c  ac i  
(15.3 M) yielded uranium recoveries of 95.8% for  6- and 9-hr cycles 
98.4% Tor 22-hr cycles, as compared d t h  97.0% fo r  the batch two-1 
(6-hr) treatment. The lower yields  from Soxhlet extraction dre pr 
related t o  either the lower reaction temperature or absorption o 
moisture by the n i t r i c  acid vapors, so that the cycling acid was 
15.3 E* 

reco .6; 
About 97% of the uranium was recovered with 21.2 M, HNO3 from -16 +30 
2% uranium fuel,  but only 93% with 4 E. A similar decrease was obse 
with -30 +5O fuel ,  i ,e. 97.5% with 15.8 
mesh material only 96.2% of the uranium was recovered with-8 5 acid as 
compared with 99.0% with 15.8 acid. 

Effect of Uranium Concentration. 
with decreasing i n i t i a l  uranium concentration, i.e. from 99.6% h t h  4% 
uranium-graphite f’uel (-16 +3O mesh) t o  83.3% with 0.7% uranium-graphite 

t o  94.2% with 4 M. With -200 

Uranium recovery decreased rahidijr 



L Table 2.5. Effect of Acid Concentration and Leaching Time on Uranium Recovery from 27b 
Uranium-Graphite Fuel 

Leaching procedure: 10 g of sample digested with 50 ml of boil ing n i t r i c  acid and f i l t e r ed ,  
and residue washed three times with water; digested again with 25 m l  of boil ing n i t r i c  
acid,  and washed once with water 

Uranium .Recovered, % 
R e f l u x  Time, 1st HNO, Total 2nd HN02 

hr  Leach +> 3rd Solubilized Leach +> 
Run Conc., m03 1st  2nd 2 Water Water 1st  Leach + 1 Water Graphite" Total .I 

No. M Leach Leach Washes Wash 3 Washes Wash Residue SolubilizedD 

Fuel Ground t o  -16 +3O Mesh 

55 21.2 

1 15.8 
6 15.8 ' '  

12 15.8 
5 15.8 
8 15.8 
7 12 
9 8  

10 4 

4 
6 
'4 
4 
4 
2 
4 
4 
4 

4 97.4 
6 95.6 

4 95.4 
40 95.3 

4 92.6 
4 92.3 
4 90.7 

4 95.7 

2 94.2 

0.2 97.6 
0.86 96.4 
0.89 96.6 
0.21 95.6 
0.81 96.1 
0.95 95.1 
1.06 93.6 
1.33 93.6 
0.99 91.7 

1.2 

0 ~ 6 8  
0.78 g' 

0.89 
2 .l2 
0.89 
0.94 
1.40 
1.64 

1.2 

3.0 
2.6 
3.5 
1.8 
4.0 
5.4 
5 .o 
6.7 

98.8 
97.0 
97.4 
96.5 
98.2 
96.0 
94.6 
95.0 
93.3 

Fuel Ground t o  -30 +5O Mesh 

2 15.8 6 6 95.8 1.09 96.9 0.59 2.5 97.5 
3 12 6 6 94.4 1.34 95.7 0.75 3.5 96.5 
4 8  6 6 93.7 0.79 94- 5 0.84 4.6 95.4 

1 5  4 6 6 93.0 0.05 93.0 1.14 5.8 94.2 

Combustion analyses. a 

blOO% minus loss  t o  graphite. 
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fuel (-16 +3O mesh) (Table 2.3). 
the graphite residue, 40-150 plpn a f t e r  leaching, observed wi th  fue ls  
containing more than 5% uranium, was not reached with two leaches of 
-200 or  -325 mesh samples of fbel containing l e s s  than 5% uranium. The 
explanation i s  probably a matter of diffusion rates .  A s  the uranium i s  
dissolved from the higher uranium content fuels, a more porous graphite 
i s  l e f t  through which diffusion i s  more rapid than with the low uranium 
content fuels.  f 

The l imiting uranium concentration i n  

2,3 Stoichiometry 

An investigation of the stoichiometry of the reaction of uranium- 
graphite fue l  with n i t r i c  acid was started. This information w i l l  allow 
calculation of the acid consumption and the amount of gases evolved during 
the leaching process. An average of 3.2 moles of n i t r i c  acid was consumed 
per mole of metal when the leaching was done i n  a helium atmosphere. Pure 
UC2 reacts  vigorously w i t h  water t o  yield a complex mixture of hydrocarbons 
and hydrogen.5 
n i t r i c  acid could be found. 
uranium-graphite fuel with n i t r i c  acid that could be detected by infrared 
and gas chromatographic analyses were nitrogen oxides. 
gas was found. 
oxides produced, n i t r i c  acid consumption, and the amount of nitrous acid 
formed suggest that the uranium was present i n  the fuel samples as U02 
rather than UC2. 

No reference t o  the reaction of uranium carbides w i t h  
The only product gases from the reaction of 

No carbon-containing 
The preliminary data on the re la t ive  amounts of the nitrogen 

Fuel containing 14 w t  % uranium was selected fo r  t h i s  study t o  obtain 
maximum acid consumption and gaseous products a t  a r a t i o  of 5 m l  of acid 
t o  1 g of sample, 

I 
a. Acid Consumption 
An average of 3.2 moles of HN03 (either 12 M or  15.8 M) was consumed 

Errors other than i n  pipett ing (2  0.05 m l ,  i.e. 2 0.8 m o l e  
per mole of metal when the leaching was done i n  a helium atmosphere 
(Table 2,6). 
of total acid)  w i l l  r e su l t  i n  loss  of n i t r i c  acid from the system, 
tha t  the amount of acid consumed, as determined by difference, w i l l  tend 
t o  be s l igh t ly  larger than the t rue value. 

so 

In  some solutions an acid weaker than n i t r i c  was found. This acid 
could be d i f fe ren t ia l ly  t i t r a t e d  i n  acetone a f t e r  removal of the uranium 
by ion exchange,, 
ident i f ica t ion  was not made. 

Indications are that it was nitrous acid, although posit ive 
The equi l ibr ia  

HNO + HN02 N204 + H20 - 2N02 + %O 

are knowna6 The nitrous acid concentration i s  thus d i rec t ly  dependent 
on the concentration of the gases N2O4 and NO2 and inversely dependent on 
the n i t r i c  acid concentration. Vacuum f i l t r a t i o n ,  which removes the N2O4 

3 7 
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and NO2 from the system, w i l l  s h i f t  t h i s  equilibrium, removing ni t rous 
acid from the solution. 
variations i n  the ni t rous acid concentration such as were observed ex- 
perimentally. 

Variations i n  f i l t r a t i o n  technique would cause 

b. Gaseous Products 
In a ser ies  of experiments covering the n i t r i c  acid range 4-15.8 E, 

No peaks were observed fo r  hydro- 
the only gases detected by infrared and gas chromatographic analyses were 
the nitrogen oxides N02, NO, and N20. 
carbons, CO, or  C02, and there were no unidentified peaks by e i the r  method. 
Infrared analysis i s  quite sensi t ive t o  the C-H bond i n  organic materials, 
and the gas chromatograph i s  moderately sensi t ive f o r  CO and C02* 
runs with a given ac id  concentration gave ident ica l  infrared spectra. The 
infrared spectra of the gases evolved when 15.8 and l2 E HN03 were used i n  
leaching were almost ident ical ,  but with 4 E HNO3 the spectra showed more 
NO and l e s s  N02, as would be expected. 
the gaseous products of the reaction were only a mixture of nitrogen oxides 
and t h a t  there was no vo la t i l e  carbon compound i n  the gas phase, 

Duplicate 

It seems safe t o  conclude tha t  

Table 2,6. Acid Consumed i n  Leaching 13.9 w t  $I Uranium-Graphite 
Fuel, -16 Mesh, with Ni t r ic  Acid i n  a H e l i u m  Atmosphere 

Metal 
Acid, m o l e s  Solubilized, Moles HN03 

No. M Added Reaction Acid U s e  a U Fe Mole Metal 
Run Conc., HNO3 Left A f k  Weaker KNO mmole s Used per m03 

7 15.8 777.8 759.7 3.40 21.5 5.82 0.338 3-49 

12 15.8 397.7 381.5 -0 16.2 5.83 0.324 2.63 

8 15.8 777.8 759.7 2.80 20.9 5.78 0.346 3.41 
11 15.8 395.2 373.0 0 22.2 5.75 0.340 3.64 

4 12 602.4 590.4 2.20 14.2 5.76 0.372 2.31 
5 1 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 

avg 3.2 

Gas Chromatograph-Visible Spectra. The gas chromatograph i s  a recent 
development which has been very useful  for  the quantitative analysis of gas 
mixtures, but has not been applied specif ical ly  t o  nitrogen oxide mixtures 
of t h i s  type. Fair  calibration curves were obtained with standard amounts 
of NO and N20, but with the present experimental arrangement NO2 peaks 
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tended t o  smear and were not reproducible. 
diluent i s  unknown, NO2 cannot be determined by difference. 
volume r a t i o  varied from 1.2 with 12 
(Table 2,”).  

Since the amount of helium 
The NO/N20 

or  15.8 ac id  t o  1.8 with 4 

Table 2.7 Gas Chromatographic Analyses for  NO and Np0 - 
Sample s i ze :  10.8 m l  

12 16 2,o 1.7 1.17 
6 12 1.9 1.5 1.27 
9 4 2,3 1.4 1.64 

10 4 3.2 1.8 1.78 

Two independent determinations of NO2 i n  the gas by v is ib le  spectra 
gave an approximate value of 10.4 vol % when 15.8 g HNO was used. 

p a r t i a l  pressure of NO2 i s  5*5% (based on Qissociat.on - 
where C = moles of N2O4 per l i t e r  i f  N 2 O 4  did not dissociate).7 A rough 
estimate of the re la t ive  proportions of the nitrogen oxides i n  the gaseous 
product a t  25OC, a t o t a l  pressure of 1 atm, and a NO2 partial pressure of 
0.10 atm i s  1.9 N02/3.4 NO/2.9 N20/1.0 N2O4. I f  it i s  assumed that the 
N2O4 i s  completely dissociated for  purposes of considering the re la t ive  
mole quant i t ies  of gases i n  the various oxidation states, the r a t io s  are 

The 

- 0,1426 - 9.7588C, 
equilibrium amount of the dimer, N2O4, present a t  t h i s  2 emperature and 

1 .4  N02/1.2 N0/1.0 N20. 

For the experiments 10 g of sample w a s  placed i n  the 2 5 O - m l  f lask  
and the f lask  attached t o  the a p p r a t u s  shown i n  Fig, 2.7, The en t i r e  
system was flushed with helium fo r  1 hr t o  remove oxygen, which would 
react  with any NO that m i g h t  be formed i n  the reaction. A f t e r  the system 
w a s  thoroughly flushed, n i t r i c  acid was introduced through the separatory 
funnel and the mixture refluxed. 
fo r  gas chromatographic analysis on a s i l i c a  ge l  c o l m  and one 250-ml 
sample fo r  e i the r  infrared or vis ib le  spectrum analysis.  

Two 10.8-ml gas samples were collected 

;; 
Chemical Absorption. It has been reporte t ha t  NO2 and NO may be 

determined chemically by selective abso rp t i0n .~>9  The NO2 i s  adsorbed 
i n  a 0.1 N NaOH solution while NO and N20 pass through,8 The NO i s  then 
removed by a 0.1 N, . ce r ic  (or  permanganate)-1 %SO4 solution. Nitrous 
oxide i s  not absorbed chemically by any of the standard techniques.9 The 
reactions i n  the f i r s t  scrubber would thus be 
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2 NO2 + 2 NaOH NaNO + NaN02 + H20 3 

3 3 HNO + NaOH --9 NaNO + H20 

The n i t r i c  acid i s  carried over by evaporation from the solution. The 
excess base i s  back-ti trated with standard acid t o  determine the t o t a l  
acid i n  the scrubber, and n i t r i t e  i s  determined by oxidation t o  n i t r a t e  
with standard 0,l N Ce4+-1 M %SO4 solution. In  the second scrubber, 
n i t r i c  oxide i s  oxydized t o  F i t r a t e  upon absorption, and the excess 
cer ic  ion back-ti trated with standard ferrous sulfate  fo r  the quanti- 
t a t i ve  determination. 

Two preliminary experiments were made before it was discovered* 
i n  connection with gas chromatography studies that although n i t r i c  oxide 
i s  not absorbed by 0.1 NaOH, as i s  N 0 2 ,  the N 2 0 3  formed by interact ion 
between NO and NO2 i n  mixtures of the gases i s  pa r t i a l ly  absorbed, 
percentage absorbed a t  any given r a t i o  of NO t o  NO2 i s  a constant, but 
no simple re la t ion  between the amount absorbed and the gas composition 
was found which could be used as a calibration curveo Therefore, chemi- 
ca l  absorption data can give only the t o t a l  number of milliequivalents of 

I n  the two preliminary experiments, 5.9 mmoles 
of uranium and 0,2 mmo es of i ron reduced 9,4 and l2 ,2  meq of the combined 
NO, N2O3,  NO2, and N204 .  

The 

and N202 NO, N 9 3 ,  NO29 

c Reaction Equations 
Oxidation-reduction reactions imvolving n i t r i c  acid a re  among the 

most complicated known because of the large number of nitrogen oxides 
tha t  may be produced and the various equi l ibr ia  among these gases, water, 
HN03, IIN02, and atmospheric oxygen, Experiments were performed i n  a helium 
atmosphere t o  eliminate one of the many variables, 
i s  introduced i n  tha t  the chemical form of the uranium and i ron i n  the fuel  
specimens was not certain.  
graphite; however, it had been allowed t o  stand i n  rnois$ air fo r  a year 
before chemical studies were begun, Graphite d i s p r s i o n s  of UC2 a re  con- 
verted t o  the oxide En a few days.1o No data on the reaction of pure UC2 
o r  UC with n i t r i c  acid are available for comparison, 

An additional complexity 

The fiael, as or iginal ly  prepared, was UC2 i n  

It was established experimentally tha t  U022+ and Fe3+ are  the metal 
ion products of the reaction, 
oxides. The or iginal  uranium compound i s  probably an oxide rather  than a 
carbide, since no carbon compound appeared i n  the gas phase and nonvolatile 
carbon compounds such as ace t i c  acid, which a re  stable i n  refluxing 15.8 
i f  present i n  the solution a t  a l l  were i n  such low concentration tha t  they 
could not be ident i f ied,  Further work w i l l  be required t o  study the gases 
evolved from UC2 since the presence of acetylene, CO, or  similar gases could 
be dangerous i n  the dissolver system, 

*By A, D. Horton of the ORNL Analytical Chemistry Division, August 1959. 

The gas phase consists en t i re ly  of nitrogen 

HN03, 
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A very rough check of t h i s  speculation may be made w i t h  the pre- 
liminary data now available (Table 2.6). If the half  reactions 

meq oxidized/lO-g sample 
of 13.9 w t  % uranium fue l  

uo2 * UO2 2+ 11.6 

Fe ___3 Fe3+ 1.0 

are the correct ones, a t o t a l  of 12.6 meq of metal would be oxidized. 
Th i s  oxidizing power i s  supplied by a series of n i t r i c  ac id  half-reactions 
(Table 2.8). 

Table 2.8. Oxidation-Reduction Half-reactions of Ni t r ic  Acid 

Change i n  - 
HNO Consumed, Oxidation NO3 ' Reduced, 
meJmmole of NO. per mole meq/mmole of 

nitrogen of nitrogen nitrogen 
product Reaction product product - 

2.82 2 H+ + NO3 _.j NO2 + H20 1 1.42 
3(mmoles ~ ~ 0 2 )  3 H" + NO,- j HN02 + K;10 2 2(mmoles H N O ~ )  

4.82 
102 

a 
4 H+ + N03' j NO + 2 H20 3 3.62 

10 H+ + 2N03'--$ N20 + 5 K;10 8 87. 

17.62 + 3(mmoies mo2) 13.02 + 2(mmoles H N O ~ )  

From the r a t io s  of the amounts of the dissociated gases as determined 
by gas chromatographic and v is ib le  spectral  analysis (1.4 N02/1.2 N0/1.0 N20), 
and the t o t a l  amount of HN02 (assuming it was the weaker ac id ) ,  it can be 
readi ly  shown (Table 2.8) t ha t  the milliequivalents of n i t r a t e  reduced i s  
equal t o  13.02 + 2(mmoles HN02). 
of N20 produced i n  the reaction. 
i s  not known, it i s  necessary t o  calculate z from the acid consumption. The 
millimoles of acid consumed i s  equal t o  17.62 + 3(mmoles HN02). The r e su l t s  
of these calculations a re  given i n  Table 2.9. 
n i t r i c  acid w a s  reduced as compared w i t h  the oxidation of 12.6 meq or" metal 
for  an e r ro r  of 11%. 

The unknown z i s  the number of millimoles 
Because the t o t a l  volume of gas produced 

An average of 14.0 meq of 
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Table 2.9. IQilliequivalents of Nitr ic  Acid Reduced i n  Oxidation 
of 5*8 moles  of Uranium i n  Graphite 

(mpoles HNOq used) - 3(moles HNOp produced) z =  I 

17.6 
meq of WTO reduced = 13.02 + 2(moles  WT02 produced) 3 

HNO3 Reduced, 
HNo2 

Run Coric , HN03 Used, Produced, z ,  
m03 

No e &I m o l e s  moles  m o l e s  NpO me  q 

7 15.8 21,5 3040 0 642 15.2 
8 15.8 2009 2.80 0.710 14.8 

11 15.8 . 22.2 0 1.26 16.4 
12 15.8 16.2 0 0.920 12,o 
4 12 14.2 2.20 0 e 432 10.0 
5 12 19.7 2.26 0.739 14.0 
6 12 21.6 2.27 0 841 150 5 

Since these quantitative data on gas analysis are very preliminary, 
t h i s  discussion is  of qual i ta t ive value only. Nevertheless, it may be 
concluded that the data accumulated thus far are reasonably consistent 
with the behavior expected from UOr;, i n  graphite. If UC2 i n  graphite 
should be the s t a r t i ng  material, 23,2 meq,or about twice that found, of 
oxidizing power would be required t o  oxidize 5.8 moles  of U2' U022+. 
Additional quantitative studies are planned a f t e r  the ORNL Analytical 
Chemistry Division has had an opportunity t o  fur ther  develop a gas chroma- 
tographic technique for  the nitrogen oxides. 
be determined by gas chromatography, and then, using e i the r  the t o t a l  of 
NO and NO2 as determined by chemical absorption or  acid consumption, the 
t o t a l  amount of each gas may be calculated. 

The r a t i o  of the gases w i l l .  

3 ., 0 URANIUM-THORIUM-GRAPHITE FlTEL 

Decladding of s ta in less  steel-clad uranium-thorium-graphite fue l  with 
4 or  6 M %SO4 appears feasible,  
which w k l d  leach more than 93% of the metals from -200 mesh fuel samples. 
Combustion of the graphite followed by dissolution of the residue i n  
13 M HNO3-0.04 M NaF-0.04 M Al(N0 ) 

General Atomics gas-cooled reactor were prepared by the National Carbon 
Company. 

No reagent w a s  found, i n  the b r i e f  studies, 

gave quantitative m e t a l  recovery. 3 3  - - - 
Uranium (lo$) -thorium (7,2%) -graphite prototype samples of the 

The f'uel elements proposed f o r  the reactor a re  1/2-in.-thick 
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graphite tubes f i l l e d  with right-cylinder f i e 1  slugs, 3.25 in.  dia by 
3 in. long, 
graphite tube fa  proposed, Prototypes f o r  study were prepared from 
uranium and thorium dioxides mixed with calcined petroleum coke and 
pi tch binder, 
and rebaked t o  increase the density, graphitized a t  2800Oc i n  purif ied 
argon, cooled i n  ail i n e r t  atmosphere, and machined t o  size. It is  not 
known whether the or iginal  carbides were converted t o  the oxides before 
the chemical studies were made. 

In the first core a th in  s ta in less  steel cladding f o r  the 

They were molded, baked a t  85ooc, impregnated with pi tch 

3.1 Chemical Decladding 

mechanically. 
sat isfactory dissolution of s ta in less  steel, su l fur ic  ac id  and d i l u t e  
aqua regia, were investigated. Preliminary tests indicated the possi- 
b i l i t y  of chemically decladding with sul-ic acid with suf f ic ien t ly  
low uranium loss t h a t  recovery of uranium from the decladding solution 
i s  unnecessary. 

The s ta in less  s t e e l  cladding could be removed e i the r  chemically o r  
Two decladding reagents t ha t  have been shown t o  give 

This does not appear t o  be the case with aqua regia. 

When semicircular pieces (3-1/8 in. dia ,  1/4 in. th ick)  of the 
unclad fue l  cylinders were digested with refluxing 4 and 6 %SO4 f o r  
6 hr ,  uranium and thorium losses t o  the solutions were of the order of 
1% (Fig. 3.1). 
and 3$, respectively, with thorium losses even lower. For comparison, 
about 24% of the uranium was leachedsin 6 h r  from f u e l  ground t o  -16 +30 
mesh by 6 ?j H$%34. 

After 32 hr  uranium losses t o  4 and 6 M, %SO4 were 5 

I In  a 6-hr::digestion of 1/4-in.-thick pieces of the prototype fue l  
slugs with 5 HN03-2 
(Fig. 3-2). 

HC1 fo r  6 hr,  33% of the uranium dissolved 

3.2 Grinding and Leaching 

dissolvent was b r i e f ly  iavestigated as a possible method for  uranium 
recovery, 
15.8 M HNO3 increased with decreasing pa r t i c l e  s ize ,  but there appeared 
t o  b e l i t t l e  gained by grinding f ine r  than -4 +8 mesh (Figs. 3.3 and 3.4). 
I n  each case thorium dissolved more slowly than uranium i n  15.8 ?j HN03. 
With fue l  ground t o  -200 mesh, only about 93% of the uranium and 90% of 
the thorium could be recovered even a f t e r  a second digestion with fresh 
acid (Table 3,l). 
i n  an increase i n  uranium and thorium recovery of only 1 t o  2%e 

Leaching of the ground f u e l  with concentrated n i t r i c  ac id  and Thorex 

The rate a t  which uranium and thorium were leached by boi l ing 

In  general the second digestion with fresh acid resul ted 

When a -200 mesh sample of the fue l  was digested with two successive 
portions of boil ing 13 M HNO -0.04 M NaF-0.04 M Al(N03!3, a good dis- 
solvent fo r  thorium and-thorium oxide, 87.7% of the uranium and 87.3% of 
the thorium were recovered. A second leach increased the y ie ld  only 1%. 
When the n i t r i c  acid coricentration was increased t o  15.8 ?j with 0.04 ,M NaF 

3 
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Fig. 3.1, Leaching of 3-1/8-in.-dia 1/4-in.- thick semicircular plates of General 
Atomics reactor fuel with boiling ( a )  4M H2SO4 ; ( b )  6M H2SO4. Fuel cornposition: 
4.54 o/o uranium, 718 o/o thorium in graphite. 
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Fig. 3.2. Ef fect  o f  time on leaching of 3-1/8- in . -d ia ,  1/4-in.-thick semicircular 
plates o f  General Atomics reactor fuel with boiling 5 M HNO3- 2M HCI ( 2 0 0  ml  acid 
per 50-9 sample). Fuel composition: 1.54 %uranium, 7.18 o/o thorium in graphite. 
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Fig. 3.3. Effect of particle size on the rate of leaching of uranium from prototype 
General Atomics reactor fuel with 50 ml of boiling 15.8 M HNO3 per 10-g sample. 

- Fuel composition: 1.54% uranium, 7.18% thorium in graphite. 
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Fig, 3.4. Effect of particle size on the rate of leaching of thorium from prototype 
General Atomics reactor fuel with 50 ml of boiling 15.8 M HN03 per 10-9 sample. 
Fuel composition: 1.54% uranium, 7.18% thorium in graphite. 



Table 3.1 .  E f f e c t  of Particle Size on Leaching of 1.5% Uranium-7.2% Thorium-Graphite 
Fuel w i t h  Boiling 15.8 M HN03 

Leaching procedure: 10 g of samples digested 4 h r  w i t h  50 ml of boi l ing  15.8 M HNO 
fi l tered,  and residue washed three times with water; digested again w i t h  25 ml of 
boi l ing 15.8 E HNO3, and washed once with water 

and 3 

Metal Recovered, w t  % 
1st HNoq Tota l  2nd HNO, 

Par t ic le  Leach +J Solubilized Leach +' 
Size, 2 Water 3rd Water 1st Leach + 1 Water Graphi tea To ta lb  
mesh Washes Wash 3 Washes Wash Residue Solubilized 

U Th U Th U Th U T h  U Th U Th 

semicircle s 
3-1/8 in .  

dia x 1/4 - 1  

7 in .  thick 78' 58' 22' 42' 78' 5BC Iu 

-4 +8 86.3 82.1 0.4 1.9 86.7 84.0 2.6 5.7 10.8 10,3 89.2 89.7 

-50 +loo 89.4 85.1 0.1 0.1 89.5 85.2 0,g 1.9 9.5 12.9 90.5 87.1 
-200 92.5 88.6 0.3 0.1 92.8 88.7 0.6 1.4 6.8 9.9 93.2 90.1 

-16 +30 83.9 81.6 0.1 1.2 84.0 81.8 6.1 4.1 9.9 14.2 90.1 85.8 

a 

blOO% minus loss  t o  graphite residue. 

Combustion analyses. 

50-g sample leached with 200 m l  of a c i d  for  10 hr. C 
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and 0.04 M Al(N03)3, the uranium recovery from -200 mesh material  increased 
t o  91% anx thorium t o  88$. A second leach with pure 15.8 HNO increased 
the y ie ld  1%. Pktal recovery with the fluoride-catalyzed 15.8 - 4 HNO3 was 
s l igh t ly  lower than with pure 15.8 - M HNO3. 

The low uranium recoveries from the General Atomics fuel by the 
grind-leach method was unexpected. 
8.7% i n  the f’uel, the porous graphite l e f t  after 80-905 of the 
has been solubilized should allow diff’usion of the s o r t  fourid i n  the 
5.5-14 w t  uranium f’uels, where yields were much higher. 
by analogy with the uranium-graphite fuels that the carbides have been c 
verted t o  oxides (Sect, 2,3), the possibi l i ty  of UO2-ThO2 so l id  solution 
exis ts .  
s intered UO,-ThOg off&ed no Lprovement Gver 15.8 E HN03. 

3.3 Soxhlet Extraction 
. 

extraction, 
(15.3 E )  of l/k-in.-thick plates  recovered 79.8% of the u6anium a 
of the thorium. 
10 hr  dissolved 78% of the uranium and 58% of the thoriuh. 
p la tes  were subjected t o  Soxhlet extraction with azeotropic n 
f o r  10 hr only 3506$ of the uranium and 26.6% of the thorium were 

With a t o t a l  metal concentration of 

I f  one supposes 

The 13 M HNO -0.04 M NaF-0.04 M Al(N03)3 solution which dissolves 

I 

There was l i t t l e  gain i n  uranium or  thorium recovery with Soxhlet 
Soxhlet extraction for  10 hr with azeotropic n i t r i c  acid 

Leaching of a similar p la te  w i t h  boil ing 15.8 M 
When 

3 e 4 Combustion-Digestion 

followed by dissolution of the resul t ing oxides, 
fue l  was burned a t  a furnace tempzrature of 7OOOC 
of 190 cc/min. me oxygen u t i l i za t ion  efficiency 
The U308-Th+ residue dissolved completely i n  boi l ing-  13 
0.04 Al (NO3)3 .  The ac tua l  temperature of the graphite 
was not known; however, i n  an e a r l i e r  experiment the nic  
indicating a temperature rise t o  a t  l e a s t  145OoC,  

An al ternat ive method fo r  recovering uranium from the fue i  i s  c 
I n  one 

4.0 LITERA- SURVEY AND EVALUATION OF P(Yl%NTdL 

A l i t e r a t u r e  survey indicated tha t  only two methods fo r  the recovery 

PROCESSING METHODS 

of uranium from graphite fuels warranted experimental study, 
the graphite followed by digestion of the ash leads t o  nearly 
uranium recovery, 
engineering problems associated with the remote operation of a highly 
exothermic reaction a t  temperatures ranging from 800 t o  greater than ~ 1 
with a construction material that i s  s table  t o  oxidation and the acid 
solutions o r  else a method of transferring highly ra 
furnace t o  the dissolver, and a prac t ica l  method of 
of radioactive exhaust gases could be solved, 
e i the r  mechanically or  chemically, followed by leaching of the 
n i t r i c  acid offers  the advantages of minimum off-gas, concentrated so l id  

Oxidation of 
ti t a  t ivh 

This would probably be the preferred technique i f  the 

ctive ash from the 

Graphite 
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(graphite) and liquid wastes, a less corrosive system, and less explosion 
hazard, 
problems in developing a remote grinder. There will always be some uranium 
loss to the graphite. Other processes that might be considered either 
result in lower uranium recoveries or involve even more complex engineering 
problems. Because the problems associated with graphite oxidation are 
priharily engineering rather than chemical, initial laboratory studies 
were confined to the grind-leach method (Sect,, 2). 
of graphite oxidation such as volatilization of fission products will be 
studied in future work, 

If mechanical grinding is selected, there w i l l  be major engineering 

The chemical problems 

Clad or coated graphite fuels introduce an additional complexity. 

The declad graphite fuel would have to be 
&tal cladding could be removed by either the standard dissolution 
techniques or mechanically. 
transferred to either the burning facility or  the grinder. Leaching of 
the declad fuel. without first grinding would not give satisfactory uranium 
recovery, Research on coating of graphite fuels with such materials as 
Sic shows promise of producing fie1 elements that are stable to oxidation 
at temperatures of 1000°C.ll Before such fuel elements could be burned 
the coating would have to be removed mechanically o r  chemically to expose 
a reactive surface. 
uranium recovery by grinding and leaching from coated shapes would 
probably be sitnilar to recovery from uncoated. 

If the uranium does not migrate into the coating, 

4,1 Particle Size Reduction and Nitric Acid Leaching 
A nitric acid leach coupled with particle size reduction of the fuel 

as necessary for satisfactory uranium recovery is one of the simpler chemical 
systems for recovering the uranium. 
off-gas problem'and waste storage since the graphite waste could be stored 
in a compact mass or, if of low activity, after the leach might be burned 
for essentially complete uranium recovery. 
have been encountered at Y-12 in contacting uranium residues containing 
2-5$ colloidal carbon with nitric acid,l2 
of the solids, in particular, filtration and particle size reduction. 

This process minimizes the radioactive 

No difficulties with explosions 

The major problem is handling 

Mechanical Grinding. Tests at Johns Hopkins University indicated 
that a high-speed impact hamner mill would pulverize 0.2% uranium-electrode 
graphite on a plant scale with dust losses no greater than Oe1%.13 About 
94% of the resulting powder passed a 20 mesh sieve, 50% a 100 mesh sieve. 
It was felt that with suitable modification of the machine and discharging 
of the powder directly to the liquid leach solution, grinding losses would 
not exceed 0.02-0004$.13 Experience at Y-12 has shown that ball mills 
are too slow to be of much value in grind-ing large quantities of graphite.= 

Solution-impre gnated 14% uranium-graphite 
samples have been electrolytically disintegrated in boiling concentrated 
nitric acid.4 About 70% of the disintegrated material passed a 35 mesh 
screen. Uranium recovery after disintegration was 99.91%. Three additional 
leaches with boiling concentrated nitric acid increased the recovery to 

Electrolytic Disintegration. 
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99.97%, but there was no advantage i n  further leaches. This method of 
pa r t i c l e  s ize  reduction was expensive and did not give any be t t e r  uranium 
recovery than was obtained by grinding and leaching of a 14% uranium- 
graphite admixture fue l  (Sect. 2.2) .  
rate of 3 kwh per pound of graphite, although the power was not t o t a l l y  
l o s t  since it was dissipated as heat t o  b o i l  the n i t r i c  acid i n  the 
e lec t ro ly t ic  bath. 

Electr ic  power was consumed a t  the 

Ultrasonics. Ultrasonics would probably not be a very prac t ica l  
way t o  disintegrate graphite, but ultrasonic leaching of f i ss ion  products 
from calcined clays increased the leaching rate by a factor  of 20 over 
leaching without ultrasonics .14 
on graphite fuels  seem jus t i f ied ,  

Preliminary ultrasonic leaching studies 

Chemical Disintegration. It has been suggested tha t  the property 
of interlamellar compound formation by graphite might be used as a 
chemical means f o r  disintegrating graphite fuels. For example, Rileyl5 
states: 
evacuated tube, it swells and f a l l s  t o  pieces. ' I  Two other review papers 
state tha t  graphite i s  readi ly  wetted and penetrated by molten potassium, 
forming interlamellar compounds with physical swelling of the c rys ta l  i n  
the direction perpendicular t o  the graphi e sheets, but make no mention 
of physical disintegration,l6,1? Hennig18 has prepared 
potassium-graphite compounds by heating graphite i n  potas 
without physical destruction of the specimen. 
behave i n  a manner analogous t o  potassium. Sodium and lithium 
less readily in to  the graphite. They do not react below 5OO0C 
slowly above that temperature. 
when swelled by potassium, it may be possible t o  explode the cr$stal  
internal ly  by rapidly contacting the interlamellar compound with water, 
steam, or  n i t r i c  acid. Any process involving both alkali metals and 
n i t r i c  acid may lead t o  explosions, and the problem here i s  fir 
pl icated by the f ac t  t ha t  the alkali metal-graphite compounds 
air  and react explosively w i t h  water e 16 

"If a piece of graphite i s  placed on molten potassium i n  an 

Rubidium and c e s i F  

If the graphite fuels  do not dis integrate  

Graphite i s  reported t o  dis integrate  i n  l iqu id  b r o 1 n i n e ; l ~ ? ~ 5 ~ ~ 3  
however, Hennig has reported the reaction of graphite pieces with bromine 
vapor without crumbling.lg Assuming that bromine would dis integrate  
graphite fue l  elements, there i s  s t i l l  the problem of high corrosion 
rates. 
compound may be removed by vacuum d i s t i l l a t i o n ,  there i s  always a s&ll 
residue l e f t  i n  the graphite,l9 which would be carried over i n to  
n i t r i c  acid leach. 

4.2 Graphite Oxidation and Digestion 

uranium oxide will give nearly quantitative uranium recovery but poses 
a number of problems with highly radioactive materials. I f  the carbon 

Although the major portion of the bromine i n  the interlamellar 

Removal of the graphite by oxidation followed by dissolution of the 
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i s  suf f ic ien t ly  radioactive tha t  the CO and C02 cannot be vented t o  
the atmosphere, 1900 liters (STP) of gas per kilogram of carbon must 
be stored, or  adsorbed and stored. If  the carbon may be vented t o  the 
atmosphere, there i s  s t i l l  the problem of separating f i ss ion  product 
par t iculate  f ines  and gases such as xenon and krypon from the large 
volumes of carbon oxides. 
product oxides which a re  vo la t i l e  a t  the high temperatures required 
0 8 0 0 ~ ~ ) .  
through the exhaust gases, t h i s  method w i l l  potent ia l ly  y ie ld  nearly 
quantitative uranium recovery. 
zation of the uranium during combustion.12 
contains 2-55 carbon, i s  leached with n i t r i c  acid (15.8 M gave the highest 
recovery20). 
NaHSO4, 5S207, N q 0 2 ,  or  Na2C03, o r  treated w i t h  IIF mixtures i f  the 
s i l i c a  content of the ash is  high,21 followed by a second treatment with 
n i t r i c  acid t o  get  essent ia l ly  complete uranium recovery from the residue. 
Insoluble, high-fired i ron oxides i n  the ash from fuels containing 
appreciable amounts of i ron may or may not contain uranium. Graphite 
oxidation does not eliminate the solids-handling problem, although it 
does decrease the quantity of solid.  A s h  leach solutions must A t i l l  be 
separated from insoluble residues, and the combustion ash must either be 
transferred from the f’urnace t o  a dissolver or  the f’urnace must be of a 
material stable t o  oxidation a t  temperatures of a t  least 800Oc, and, also,  
t o  the necessary acid leach solutions. 

Provision must be made fo r  trapping f i s s ion  

If the equipment i s  designed t o  minimize uranium dust losses  

Y-I2 has had no d i f f i cu l ty  w i t h  v o l a t i l i -  
The cdmbustion residue, which 

The ash after the n i t r i c  ac id  leach m y  be-fused with NaOH,= 

Carbon Burner, The most economical method of oxidizing graphite 
i s  the carbon burner, since the reaction is  self-sustaining once it has 
been in i t ia ted .  Y - I 2  has had considerable experience i n  small-scale 
burning of unirradiated scrap; however, major modifications of the i r  
processes would be required t o  handle irradiated material.= 
necessary t o  use oxygen rather than a i r  t o  maintain a reasonable rate 
of burning. 
temperature has been reached, so that temperature l imitat ions imposed 
by available materials of construction forces operation of carbon burners 
a t  temperatures where the oxidation rate i s  low. 
must be controlled, not only t o  maintain the desired temperature but  
a l so  t o  keep the concentration of carbon monoxide and oxygen i n  the ex- 
haust gas stream below explosive limits. 
t o  ign i te ;  soaking with kerosene seems t o  he1p.u 

15-in. -dia opening f o r  the graphite has been used a t  Y- l2 ,*  Oxygen 
comes up through the bed, while the exhaust gases pass out through a 
caustic scrubber snd filter t o  the stack. Uranium carry-over t o  the 
scrubber was quite low, 
w i t h  charges of 30-60 kg of carbon, the average rate of burning was 
20 kg per 24 hr. 
type of suction probe. 
brick, used brick must be ground and leached. 

It is  

The reaction i s  highly exothermic after the ign i t ion  

The oxygen flow rate 

The graphite beds a r e  not easy 

A cyl indrical  metal f’urnace containing a f i rebr ick  l i n ing  with a 

When the furnace was operated a t  red heat 

Ash was removed from the f’umace by a vacuum cleaner 
Because same uranium i s  adsorbed i n  the fire- 
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A small metal burner, 6 in ,  dia by 12 in. deep with a m e t a l  hearth, 
was used t o  burn 1-kg batches of carb0n.u 
t o  eliminate the f i rebr ick which adsorbed uranium, 
of carbon i n  6-8 hr, 

The walls were water-cooled 
Throughput was 1 kg 

Water *-Gas Reaction. In  laboratory-scale experbents  98% of the 
uranium i n  a 1.4% uranium-carbon material was recovered by oxidizing the 
carbon by the water-gas reaction and leaching the ash with 15.8 M RNO 020 
The carbon pellets were preheated in nitrogen t o  UOO-ll500C b e f b  t 2 e 
steam was introduced, A t  t h i s  temperature the reaction proceeded rapidly 
according t o  the equation C + H$ 4 CO + The ra t e  of reaction was  
readily controlled by the rate of addition of water t o  the steam generator. 
Prolonged times were required for  ccanplete reaction of the carbon, but 
85-90$ reaction was readily achieved. Over-all uranium recoveries by 
leaching, with, 5 portions of boil ing 30% BNO3, of ashes containing up 
t o  40% of the or iginal  carbon,were essent ia l ly  the same. The process 
i s  moderately expensive since external heat must be supplied, although 
some heat w i l l  come from burning the exhaust carbon monoxide and hydrogen. 
There i s  danger that the carbon monoxide and hydrogen i n  the exhaust gas 
may explode, 

Muffling, Although uranium recovery from muffle ash was higher than 
from carbon burner ash, presumably because muffling a t  1000°C completely 
oxidized the carbon whereas carbon burner ash contained 2-5% carbon, the 
cost of e l e c t r i c  power and time of operation re uired were so high as t o  
eliminate muffle treatment from consideration. 29 

Sodium Carbonate Fusion. Treatment of 1 part of 0.2% uranium-carbon 
w i t h  5 parts of sodium carbonate by weight and heating the mixture t o  
750oC for  17 hr burned away the carbon without dusting and l e f t  a residue 
that was cmpletely soluble i n  n i t r i c  acid,21 For a 2 w t  $ uranium-carbon 
h e 1  there were 1000 atams of sodium t o  each uranium atom, The uranium 
vas sa t i s fac tor i ly  recovered by solvent extraction, but the waste volume 
was very large. Fusions w i t h  Na202, %S207? or N a H s O 4  a re  equally impracti- 
cal  methods of processing large quantit ies of irradiated graphite-containing 
fuel, although they may be useful for  analyt ical  purposes, 

4.3 Volat i l i ty  
Fluorine. No data are available on the recovery of uranium from 

homogeneous uranium-graphite bodies by vola t i l i za t ion  with fluorine. 
Surface deposits of uranium on carbon parts have been fluorinated a t  
30O-35O0C without great success 022 
the conversion of uranium tetraf luoride t o  the he9fluoride a t  300-35Ooc, 
so that a predrying s tep  was necessary. 
carbon and fluorine was rapid and d i f f i cu l t  t o  control, so tha t  careful 
temperature control was required. 
producible , Betwee 500 and TOOOC the carbon-fluorine reaction was 
usually explosive 

Moisture i n  the carbon hindered 

Above 350 C reaction between 

A t  best, resylts were not very re- 

Any fluoride v o l a t i l i t y  process must be designed 
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so tha t  reaction i n  t h i s  temperature range i s  avoided. 
e f f ec t  of UC2 on the fluorine-graphite explosive reaction has not been 
investigated (see below). 
w i t h  f luorine a t  high temperatures (above 7OOoC) w i l l  be encountered 
i n  operating a fluoride v o l a t i l i t y  process. 

North American Aviation Company23 has removed 
99.8% of the uranium as UF6 from graphite, which was impregnated from 
uranyl n i t r a t e  solution and heated t o  form uranium oxide or carbide (14% 
uranium). 
bromine and then t r e a t  w i t h  a t  l e a s t  0.5 mole of BrF3 per mole of 
graphite.*3 
by grinding and leaching (Sect. 2).  
the gauge pressure was 1 5  ps i  or  less. 
reacted t o  form a BrF3-graphite interlamellar compound from which most of 
the BrF could be removed by subsequent heating under vacuum. 
interlamellar compound, probably carbon monofluoride, was also formed 
which was subject t o  very rapid decomposition above 400°C and caused 
explosions i f  confined during the decomposition. 
a th i rd  and violent  reaction occurred between BrF 
CF4 and a large amount of heat. 
treatment w i t h  laquid bromine, but moist a i r  pretreatment had no ef fec t .  
Uranium recovery with BrF3 i s  not recommended because of the explosion 
hazard. 

The ca ta ly t ic  

The usual corrosion problems associated 

Bromine Trifluoride 

Their procedure was t o  saturate  the material with l i qu id  

They obtained no better uranium recovery than was obtained 
A temperature of 100°C was used and 

The greater portion of the graphite 

Another 3 

I n  the presence of UC2, 
and graphite, producing 3 This reaction could be avoided by pre- 

Boron Trifluoride.  A limited number of attempts t o  f luorinate  
uranium-gra h i t e  scrap a t  Y-12 with boron t r i f l uo r ide  a l l  ended i n  
explosions. f 2  

Chlorination Balcziak and N e ~ n a m ~ ~  investigated the feasibility 
of recovering uranium by chlorinating 15% uranium-85% carbon powders 
which had been ground u n t i l  95% of the material  passed an 80 mesh screen. 
Best results were obtained by chlorinating f o r  30 min a t  1000°C, which 
resulted i n  99.71% uranium recovery. 
usually l o s t  50% i n  weight. 
attempt t o  chlorinate a t  l l O O ° C  resulted i n  an explosion, indicating that 
a t  this  high temperature either an explosive compound was formed o r  the 
reaction w a s  too vigorous. 
resul ted i n  no increase i n  uraniun recovery. Yields decreased w i t h  de- 
creasing temperature, dropping t o  about 99% after l hr  a t  80OoC. 
authors concluded that 0.3-0.5% of the uranium i s  held as a stable 
s i l i c a t e  o r  tungstate which withstands the act ion of .hot chlorine. 

During chlorination the carbon 
An Some carbon was l o s t  as CO and CO,. 

Increasing the chlorination time a t  1000°C 

The 

Purdue Research I n s t i t u t e  workersg5 found tha t  -40 mesh carbon 
electrode material containing about 0,2$ uranium was i n e r t  toward chlorine 
a t  temperatures up t o  lOOO%, 
no water-soluble material i n  the carbon a f t e r  chlorination. 

There was no weight l o s s  by the carbon and 



Uranium recovery from graphite fue ls  by chlorination w i q  involve 
temperatures of a t  least 1000°C and high corrosion rates. 
questionable whether recoveries w i l l  be sat isfactory with low uranium 
concentrations, 
than 40 mesh powder are available. 

It i s  

No data on chlorination of graphite pieces larger  
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