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ABSTRACT 

Modified Zirflex process flowsheets were developed for  recovering 
uranium from the newer power reactor fue l  a l loys a f t e r  discharge from the 
reactor.  The STR (1% U-97% Zr-2% Sn) and EBWR Core-1 (93.5% U-5% Zr-l.$ 
Nb clad i n  Zircaloy-2) fuels  are used as examples of low- and high-uranium 
f ie ls ,  respectively. 
conium and a precipi ta te  of  ammonium uranous fluoride.  
ammonium hydroxide is added t o  produce insoluble hydrous oxides of uranium, 
zirconium, and niobium. 
pa r t i a l ly  evaporated, and recycled as dissolvent. 
oxides are dissolved i n  n i t r i c  acid t o  yield a solvent extraction feed 
solution of low fluoride coatent . 

A dissolvent of 6 M NH4F yields a solution of z i r -  
In  one process, 

The NH4F-NH40H supernatant i s  removed by f i l t r a t i o n ,  
The uranium and zirconium 

fn a n  al-bernative process n i t r i c  acid and  aluminum n i t r a t e  are added 
t o  the monium fluoride fue l  solution t o  oxidize U ( 1 V )  t o  soluble U(V1) 
and prepare a s table  solution suitable f o r  solvent extraction. Chromic 
acid i s  a l s o  added i n  the case of the STR f'uel. In a variation of t h i s  
flowsheet f o r  the EEWB fuel ,  only enough 6 
cladding. 
core. 

NH4F i s  added t o  dissolve the 
Ni t r ic  ecid. and aluminum r i t r a t e  a re  then added t o  dissolve the 

Insoluble niobic oxide, which carr ies  about 0.03% of the uranium from 
the EBWR fuel ,  i s  removed by f i l t r a t i o n  from the solvent extraction feed 
solutions i n  the EBWR flowsheets. 
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1.0 INTRODUCTION 

This report describes flowsheets that were developed for dissolving 
uranium-alloy fuels containing zirconium and niobium. These new power 
reactor f’uels are resistant to chemical attack in aqueous solutions, 
and processes are needed to convert them to a ueous solutions suitable 
for solvent extraction by the Furexl or Redox 
presented are based on laboratory experiments and published d a t a  and are 
considered suitable for general application to uranium-alloy fuels. Rates 
of reaction are sufficiently high for process use, the reagents used are 
not prohibitively corrosive to stainless steel, and the explosion hazard 
that exists when high-uranium alloy fuels are dissolved in nitric acid is 
eliminated by the fluoride. 
irradiated STR (1% U-2% Sn-97’$ Zr ) and EBWR Core 1 (93.5% U-5% Zr-l.5% Nb 
clad in Zircaloy-2) f’uels as examples of low- and high-uranium f’uels, 
respectively. 

E! process. The flowsheets 

The experiments were carried out with non- 

Dissolution techniques for these newer fuels have not yet reached 
the level of development achieved with fuels in which aluminum or stain- 
less steel is a major component. A process in which STR fuel is dissolved 
in hydrofluoric acid3,1c has the disadvantages of high corrosion rates and 
large waste volumes and is not well suited to fuels containing more than 
1% uranium. 

The use of ammonium fluoride solution as a dissolvent has been ex- 
tensively investigated. 
Zircaloy-2 and many uranium alloys, and they are not very corrosive to 
stainless stee1.5-9 

Such solutions react readily with zirconium and 

Core alloy attack by this reagent has been reported.6,8 

The assistance of P. Thomas, G. R. Wilson, C. Feldman, H. Dunn, and 
co-workers of the Analytical Chemistry Division is gratefully acknowledged. 
Dr. K. A. Kraus of the Chemistry Division helped in finding literature 
values for the equilibrium constants of reactions involving complex fluorides 
in aqueous solution. 
G. E. Woodall. 

A large portion of the laboratory work was done by 

2.0 FLOWSHEETS 

The flowsheets provide f o r  (1) single-stage dissolution of the f’uel 
in 6 M NHqF followed by (a) metathesis to oxide with ammonium hydroxide and 
oxidaxion-digestion or (b) direct oxidation-digestion, with nitric or chromic 
acid, of the U(1V) to U(V1); or (2) two-stage dissolution of the f’uel to 
give a solution of hexavalent uranium. When the product contains uncom- 
plexed fluoride, aluminum nitrate is added as a fluoride complexer. Further 
study of the complicated phase relations in these solutions might permit 
increasing the aluminum nitrate concentration, which was arbitrarily limited 
to 0.8 - M on the basis of work at Argonne National Laboratory.3 

I 

Further development is needed before one flowsheet can be recommended 
over another for any one fuel. 
tion is the solid uranium product, “4.UF5, necessitating criticality 

A disadvantage of the single-stage dissolu- 
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c precautions when processing enriched uranium Fuel. The chief advantage 
of feed preparation by metathesis is the recycle of fluoride, which de- 
creases corrosion in solvent extraction and waste storage vessels and 
decreases the volume needed by eliminating the need for aluminum nitrate. 
Volume reduction is of greater advantage with high-uranium fuels, where 
the only limitation on feed concentration is the solubility of uranyl 
nitrate. From such solutions uranium is readily extracted with TBP while 
the zirconium is essentially unextractable, despite the low F/Zr ratio.1° 
The chief disadvantage is the necessity of separating a precipitate from 
a supernatant solution several times. 
zirconium fuels since hydrous zirconium oxide is much more flocculent than 
uranium oxide. 
cipitated in an easily filterable form. 

- % 

This is more serious with high- 

However, hyilrous zirconium oxide reported1 can be pre- 

The advantages of the two-step dissolution of high-uranium fuels 
such as the EBWR fuel are the decreased criticality danger with a soluble 
product, the faster dissolution rate, and the smaller product volume, which 
is about 2546 of that of the monium fiuoride dissolution-nitric acid 
oxidation route because only 25% as mch aluminum is added to complex the 
smaller amount of fluoride. However, this volume is still nearly 5 times 
that of the metathesis feed pre-ration route, in which no aluminum is 
added. 

tained at the prescribed flowsheet concentration. = 

c 

The two-step dissolution method has a serious disadvantage in that 
L explosions can occur if the fluoride in the core dissolvent is not main- 

2.1 Dissolution 

,. 

c 

a. Single-stage 
Both low- and high-uranium fitels are dissolved in 6 NH4F (Figs. 2.1 

and 2.2). 
in Tables 2.1-2.3. The zirconium dissolution product, (NH4)2ZrF l3 is 
soluble to the extent'of about 1 
p0int,14 while the uranium product, NH4UF5, is soluble t o  about 
the niobium product, (NH4),NbFa, to 0.011 M (Sect, 3.1) at roam temperature. 
Tin remains undissolved until 
may be conipletely dissolved at the same time'as the z 
is added to the 6 5 JYH4F. Hydzogen evolution is then 
corrosion rates of 309Nb stainless steel, a possible material of construction 
for the dissolver, are 6-10 mils/month. 
in pure ammonium fluoriCte solutions are about 10-fold lower.5 

The results of several runs under flowsheet conditions are given 

& and 
Tin and uranium in STR fuel 

between room temperature and e, he bo'ling 
he feed preparation step. 

onium if 1 "4N03 
ss, but initial 

Corrosion rates of stainless steel 

About 2 hr is required for complete dissolution of an STR fuel element. 
For 240-mil EBWR plates about 25 hr is required, at an average core dissolu- 
tion rate of 2.5 mg/a@.rnin, and for  280-mi1 plates, about 28 hr. 

b. Two-~tage 
With a high-uranium fuel the cladding and core may be dissolved step- 

With this 
wise (Fig. 2.3). 
with a F/Zr mole ratio of 7.9 after the cladding has dissolved. 
proportion of fluoride, Zircaloy dissolves completely at a rapid rate, 5 
and the core is attacked only slightly. 

At first only enough 6 NH4F is used to yield a solution 
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UNCLASSIFIED 
ORNL-LR-DWG 40266 

1 M NH40H WASH 
14 9 iM NIi40H 4140 liters q M  HN03 

1035 liters 833 liters 

EXTRACTION 

O 0 0 3 2 M  U 
0 .5  h r  105°C STR FUEL 

u 0.76 kg 
Zr 93 kg 
Sn 1.9 kg 

OFF-GAS 
H2 2100 moles 

NH3 4 2 0 0  moles 

t 
FILTRATE AND WASHES 

0.7M NH4F (65%) 

1.6X 10-6M U ( 3 % )  

7 X ! 0 - 4 M  Zr (0 .4  %I 
2 M NH40H 
5800 liters 

( 0 )  - 
( b l  

1M Zr 
2.3 M F 

0.0016M Sn 
1035 liters 

2.3 M NH; 

To A N O + N 0 2 C 3 0 m o l e s  OFF-GAS 
EVAPORATION 

AND RECYCLE t 
2.7M HN03 
0 034 M Cr03 

7 6 5  liters 

OX I DATION - 
DIGESTION 

1 hr. 25OC 

SOLVENT 
EXTRACTION 

FEED 

0.0018 M u 
0.55 M Zr 

0.008M Sn 
3.6M F 

1.75M AI (NO3) 

0.014 M Cr 

1.j M HN03 
1900 liters 

1.4 M N H ~ +  

Fig. 2.1. Modified Zirflex process for dissolution of low-uranium (STR) fuel 
Solvent extraction feed preparation by elements in aqueous ammonium fluoride. 

(a) metathesis-nitric acid oxidation and (b) chromic acid oxidation. 
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UNCLASSIFIED 
ORNL-LR-DWG 4 0 5 0 5  

c 

c 

EBWR CORE 1  
THICK PLATES 

U 57.4 kg 
Zr f 2 . 2  kg 
N b  0.92 kg 
Sn 015 kg 

2M N H 4 0 H  
4650 l i t e rs  7M HNO3 WATER 

( 7 5 5  l i ters PER ADDITION ) 172 l i t e rs  WASH 

OFF- GAS 
H, 775 moles 

1 METATHESIS 1 F ILTRATION I OXIDAT'ON- DIGESTION I FILTRATION I 
I 0.5 hr, 1 0 5 T  1 I 

NH3 1550 moles 
I 

I 

6M N H 4 F  
433 l i ters 

t 
D I S S O L U T I O N  

2 8 h r ,  105OC 

I 

t 
FILTRATE 1 

WASTE 
0.8 kg N b  AS NbzOg 

0 5M N H 4 F  ( 9 7 % )  

1.6X M U ( 0 . 3 % )  

8 X f o - 4  M zr ( 3  yo) OFF-GAS 0.04% OF u 
NO + NOz 

1.9X10-5 M N b ( 7 7 0 )  -240moles 

f .6M N H 4 0 H  

E VAPO R AT1 0 N 
AND RECYCLE 

3M H N 0 3  
1 . 2 M A I ( N 0 3 ) 3  

2840 l i ters 
I 

WASTE 

0.03% OF U 

SOLVENT 
EXTRACTION 

FEED 

f.4M u 
0 . 4 7 4 4  F 
0 . 4 7  M N H i  
0.8 M Zr 

0.Of M Sn 

0 . 0 0 5  M N b 
3M H N 0 3  
172 l i ters 

SOLVENT 
EXTRACTION 

0.074M U 
o.aM F 

t 1 I 0.8M AI 

I 0x1 DATION - 
DIG EST1 ON FILTRATION 

O ~ M  NH; 
004 M Z r  

l h r ,  l l O ° C  O 0 0 2 M N b  
3M H N 0 3  

3250 l i ters 

Fig. 2.2. Modified Zirflex process for dissolution of high-uranium (EBWR-Core 1 )  
fuel in aqueous ammonium fluoride, Solvent extraction feed preparation by (a) meta- 
thesis and nitric acid oxidation and (b) nitric acid oxidation. 



Table 2.1 STR Flowsheet kuns: Dissolution in Refluxing 6 M NII,,F 
and Metathesis of DPssolution Products with 8Ammonfum Hydroxide 
Weight of plate sections: 
Ammonium hytkoxide concentrations: 

2.5 g;  nonirradiated 

Metathesis: 
Six washes: 
Seventh wash : Water 

7.5 6.1, 300% of the stoichiometric amount 
1 !,-each containing 50% of stoichiometric amount 

F/Zr in 
Mole Ratio Time,  hr Solvent 

Run U+Zr+Sn tion thesis Total Feed, 
of F to Dissolu- Meta- $J Re;ycle% Extraction 

STRM-1 7 1.5 1.5 3 00 85 2.1 0.2 1.0 

STRM-9 6.5 2,o 1.5 3.5 69 3.9 0.5 1.8 
STRM-12 6.5 2,o 1 .5  3.5 80 3.9 0.2 1.7 
STF~M-13 6.5 2.0 10 5 3.5 79 4,4 0.9 1.6 
STraVl-lJ+ 6.5 2.0 1.5  345 86 0.9 0 ~ 6  1.0 

STRM-2 7 1.0 1.5 2.5 73 0.9 0.04 109. 

Y 

Table 2.2. EBWB-Core 1 Flowsheet Runs: Complete Dissolution 
in Refluxing Aqueous Ammonium Fluoride Followed by 

Metathesis with 2.0 M_ NII,,ox 

Mole Ratio Processing Time, hr F/Zr 

Run M U+Zr+Nb tion thesis Total U Zr Nb F U Zr Nb Feed 
"bF, of F to Dissolu- Meta- % in Waste 4 Recycled in 

EBM-2 6 I 2  23 2 25 0.04 0.3 89 98.7 0.3 2.0 5 0.7 
EBM-3 12 12 25 2 27 0,06 0.3 85 95.3 0.3 0.6 8 3 
EBM-4 6 7 28 2 30 0.01 0.1 - 98.6 0.3 6.5 9 0.5 

Table 2.3. EBWR-Core 1 Flowshe 
in Refl.uing 6 M NH,,F befor 

Solvent Extraction Feed 
Dissolution Time, hr Lowest Tempera- 
In In HN03, Cr03, ture at Which % in Waste 

Run 6 M m 4 F  HNO3 Total M - Stable, O@ U Zr Nb C r  A 1  

33-75 25 1 26 5.0 o e o  -30 0.039 1.4 4-4 0.0 0.09 
EB-74 26 1 27 1.0 0.4 - 0.21 0.5 30 0.007 - 
EB-76 25 1 26 3.0 0.0 -13 0.016 1.1 50 o,o 0,02 
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CORE DISSOLUTION 
0.09 M Z r  7 M " 0 3  

0.7 M F 0.34 M NH; FILTRATION 
0.7 M A I  

DECLADDING 
2 hr, 105OC 

-9 - 

UNCLASSIFIED 
ORNL-LR-OWG 4 0 5 0 6  

* 

c * 

OFF-GAS O F F - G A S  

EBWR CORE I 
THICK ASSEMBLY 

U 57.4 kg 
Z r  12 .2  kg 
N b  0.92 kg 
Sn 0.15 kg 

H 2  160 moles NO + NO2 - 7 5 0  moles 
NH3 3 2 0  moles 

WATER 6 M NH4F 
107 liters 8 2 6  l i ters WASH 

1 7.9 M H N 0 3  1 
0.8 M A I ( N 0 3 ) 3  

WASTE 
0.9 kg N b  AS Nb2O5 

0.03% U 

SOLVENT 
EXTRACTION 

FEED 

0.3 M U 
0.8 M F 
0.8 M AI 
0.17 M Zr  

6.6 M H N 0 3  
804 l i te rs  

0.4 M NH: 

Fig. 2.3. Modified Zir f lex process for two-step dissolution of high-uranium 
(EBWR-Core 1 )  fuel in aqueous fluoride. 
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Nitric acid is added to the solution of ammonium fluoride and ammonium 
fluorozirconate present after decladding to provide a mixed fluoride-nitrate 
reagent for core dissolution. 
during decladding, but dissolves as soon as the nitric acid is added. 
cause corrosion' of stainless steel in the mixed fluoride-nitrate reagent 
could be excessive15 during the 10 hr reflux required for core dissolution, 
aluminum nitrate is added at the same time as the nitric acid in quantities 
equimolar with the fluoride. 
decreases the F/Zr mole ratio in solution from 7.9 to 4.7, which is con- 
sidered high enough to prevent explosions. The niobic oxide precipitate 
that remains carries about 0.03% of the uranium and is filtered off and d i s -  
carded. 

Tin, present in Zircaloy, does not dissolve 
Be- 

The zirconium dissolved during core dissolution 

The results of several runs under flowsheet conditions are given in 
Table 2.4. Core dissolution rates at lower fluoride or nitrate concentra- 
tions were too low (16 hr in 5.3 M " 0  -0.08 M HF-0.08 M Al(N0 ) 

though the F/Zr mole ratio was 4.3. 
trations the core dissolved very rapidly. 

for 

At higher fluoride or nitrate concen- 
example). In one such run (same ;once a tratioEs) an expiosion a c 2' urred even 

With 11.5 M " 0  -1.1 M, HF-0.05 
Al(N03)3, only 2.8 hr was required for  complete core Z s s o  2 ution. 
2.2 Feed Preparation 

a. Metathesis and Oxidation-Digestion 
Ammonium hydroxide is ad&ed to convert the single-stage dissolution 

products to hydrous oxides, which are washed and then dissolved in nitric 
acid to give a solvent extraction feed (Figs. 2.1 and 2.2, routes a, and 
Tables 2.1 and 2.2). 

With STR fuel, 7.5 NH4OH (300% of the stoichiometric amount) is used, 
the mixture is agitated 0.5 hr with ammonia gas to increase fluoride removal, 
and the supernatant is removed by filtration, The precipitates are washed 
twice with 50% of the stoichiometric amount of 1 M, "&OH required for the 
metathetical reaction, each wash being removed by filtration after 10 min. 
The combined filtrate and washes, containing 65$ of the fluoride, 346 of the 
uranium, and 0.4% of the zirconium, is partially evaporated to remove most 
of the ammonia and excess water and recycled as dissolvent. 
can be increased to 85$ or more (Sect. 3.2) by using more washes. 

Fluoride recycle 

With the EBWR fuel the flowsheet is similar, Six additions of 1004 
of the stoichiometric amount of 2 ,M NH4OH needed for metathesis is used t o  
convert the fluoride dissolution products to insoluble oxides. After each 
addition the mixture is agitated with ammonia gas for 10 min at 25-5OoC and 
the supernatant is then removed by filtration or decantation. The filtrate, 
containing 97'$ of the fluoride, 0.3% of the uranium, 3% of the zirconium, and 
7% of the niobium, is evaporated and recycled. 
2 
reaction between (NHq)2ZrF6 or ("4) NbF 
pletion at or near room temperature;?6-18 that between "4UF5 and "H40H 
proceeds less rapidly. 

The number of additions of 
NH40H can be decreased at the expense of less removal of fluoride. The 

and NH4OH pkoceeds rapidly to com- 

I 
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Table 2.4 EBWR-Core 1 Flowsheet Runs, Two-stage Dissolution: 
Decladding in Reflqxing 6 M N&,F before Addition of RN03= 

Al(N02)3 for Core Dissolution 
4 

Concentration before core diesolution: 

Solvent extraction feed concentrations: 
. 0.17 M - Zr, 0.4 NH4+, 6 * 6  

0.7 - M F, 0.7 M A l ,  0.09 M Zr, 
0.34 - M NH4', 7 5 xN03, F/Zr = 7.9 

0.3 M U ,  0.8 - M F, 0.8 M A l ,  
"03, F/Zr = 477 

Processing Time, hr 
Core Q in Waste 

Run Decladding Dissolution Total U zr Nb 

67 
F-1* 
F-2 
F-3 
F-4 

1.2 8.5 9-7  0.02 0.19 100 
1.2 7.0 8.2 0.05 0.13 85 
1.2 7.0 8.2 0.01 1.7 99 
1.2 8.0 9.2 0.01 1.5 100 
1.5 6.3 7.8 0.02 2.9 88 

* 
Thick plate, 280 mils, including cladding; other runs are with thin plate, 
240 mils. 

The hydrous oxides are dissolved in nitric acid to give a solvent ex- 
traction feed containing 35% of the initial fluoride in the case of the STR 
fuel and 3% in the case of the EBWR f'uel, the F/Zr mole ratios being 2.3 and 
0.6, respectively. Since with a F/Zr mole ratio of less than 3 corrosion 
rates of stainless steel are expected to be low, the addition of aluminum 
nitrate is probably not necessary. 
must be filtered off. 

With EBWR f'uel, niobic oxide remains and 
It carries only 0.04% of the uranium. 

The dissolution and metathesis steps together require about 4 and 30 hr, 
respectively, for the STR and EEWR f'uels. 

b. Direct Oxidation-Digestion 
The U(1V) in the precipitated "4uF may be oxidized to the uranyl ion by 

The F/Zr 

is added at the same time as the acid to give, 

nitric or chr 

respectively. A 
with STR fuel, a 
and chromic acids are 
mixed solution should be added rapidly to the dissolver solution to decrease 
the pH rapidly, since aluminum compounds can precipitate at the high pH of 
the ammonium fluoride dissolver solution. 
of aluminum compounds can be eliminated by adding the nitric acid before the 
aluminum nitrate. Chromic acid is recommended for oxidation of the law-uranium 
fie1 products, only 0.014 
high-uranium f'uels, nitric acid oxidation is recommended to avoid introducing 
large amounts of chromium. 

and 2*2, routes b, and Table 2.3). 
F. . mole ratios in /1 and 20/1 with the STR and EBWR fuels, 

io of 4.8, and with EBWR, 1. If the nitric 
with the aluminum nitrate before addition, this 

The possibility of precipitation 

chromium being required for the STR f'uel. 

In a single run when 0.4 - M chromium was used for 

With 
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oxidation of EBWR fuel products (run EB-74, Table 2.3), the uranium loss was 
about 10 times as high as when nitric acid alone was used (runs EB-75 and 
EB-76). With either ty-pe of fuel in the absence of chromic acid, the nitric 
acid concentration must be 3 
give a satisfactorily rapid oxidation rate and aluminum compounds would be 
precipitated at lower nitric acid concentrations. 
at room temperature or no chromic acid and 3 g HNQ3 at reflux temperature, 
oxidation is usually complete in 0.5 hr. The 0.8 I4 fluoride present keeps 
about half' the niobim fron the EBWB fuel in solutron; the rest remains un- 
dissolved, carrying about O.O3'$ of the uranium. 
with the EBWR fuel since nitric acid is not added until after the f i e1  has 
been completely converted to dissolution products and because a Urge mount 
of fluoride is present. 

or higher since the solution must be boiled to 

With either chromic acid 

There is no explosion hazard 

With STR fbelboth dissolution and chromic acid oxidation can be performed 
in 3 hr in a single stainless steel vessel. 
nitric acid oxidation require about 30 hr. 

With EBWR fuel, dissolution and 

Removal of the amonzitup ion from waste solutions by addition of caustic 
might be necessary before calcining, t o  prevent ammonium n i t r a t e  explosions. 

2,3 Chemistry of the Processes 
The dissolution reactions in ammonium fluoride solution are : 

Excess ammonium fluoride ca which is less 
soluble than (NH4)2ZrF6.5,1t If nitrate is present, it4d rexAced to ammonia 
and the evolution of hydrogen is decreased5 by reactions such as 

cause precipitation of (NH ) ZrF 

6mbF + 0.5 NH NO + Zr ---+ (NH4)2ZrF6 + 5NH3 + 1.5 l$O (4)  4 3  
The metathetical reactions between the ammonium fluoride dissolution 

products and ammonium hydroxide can be written as 

8 

The hydrous oxides ultimately lose water and are converted to the more stable 
oxides. 
since the metathesis product dissolves in nitric acid but zirconium oxide is in- 
solubl in nitric acid. The conversion of hydrous niobium oxide to Nb 0 is also 
slow.18 The metathetical reaction between (NHb)2ZrF6 or (NH4) NbF an6 honium 
hydpoxide proceeds rapidly and goes to completion at or near raom iemperature.16-18 

The conversion is apparently slow with the hydrous zirconium oxide 
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18 2.4 Other Flowsheet Poss ib i l i t i es  
a. 
Anhydrous ammonium bifluoride a t  150-220°C reacts  rapidly (Sect. 3.3) 

Fused Ammonium Bifluoride (Biflex) Process 

with a l l  the uranium f ie ls ,  including those containing niobium. 
these fuels are attacked only slowly by aqueous ammonium fluoride. 
converting the fuels t o  complex fluorides with the anhydxous reagent, 
separating the  excess reagent, and/or adding water, a solution i s  obtained 
similar i n  composition t o  that obtained i n  aqueous ammonium fluoride 
dissolution. 

%ny of 
By 

b. Nitric-Hydrofluoric Acid 
Decladding of EBWR fuel with 9 M FfF and leaving the clad solution i n  

the dissolveri, followed by n i t r i c  aczd addition a t  a controlled r a t e  t o  dis- 
solve the core,offers the advantages of rapid decladding together w i t h  core 
dissolution control by control of the rate of addition of n i t r i c  acid. Con- 
centrated uranium. solutions can be obtained without feed adjustment, but the 
niobic oxide residue must be washed i n  n i t r i c  acid t o  prevent l o s s  of uranium. 
In  two runs, 0.5 hr  was required fo r  decladding i n  9 RF t o  y ie ld  a F/Zr mole 
ratio.oS about 6 and an average of 6.6 hr  fo r  core dissolution t o  give 1 . 5  
uranium and 6 E HN03 i n  the final solution. 
niobium. was removed i n  the residue, with 0.04$ of the uranium. Since the F/Zr 
mole r a t i o  of the dissolution product was about 5 ,  aluminum n i t r a t e  would have 
t o  be added t o  complex some of the excess fluoride before solvent extraction. 
A t  present there does not appear t o  be a material of construction which i s  
suf f ic ien t ly  res i s tan t  t o  nitric-hydrofluoric acid t o  be used i n  a dissolver 
for  t h i s  process. 
experiments. 

In  both cases about 90$ of the 

Teflon and polyethylene equipment was used i n  laboratory 

Another flowsheet which w a s  investigated fo r  the EBWR Tuel, but which 
proved Fmpmctical because of explosions, involved core dissolution i n  n i t r i c  
acid.  

3.0 LA~~~ORATORY STUDIES 

3.1 Dissolution 
a.  Single-stage 
The EBWR Core 1 al loy dissolved a t  sat isfactory i n i t i a l  rates i n  aqueous 

ammonium fluoride (Fig. 3.1). 
than 50 ra tes  were very rapid when the fluoride concentration was 6-12 8. A t  
r a t io s  below 6 the rate dropped rapidly t o  about 1 mg/cm2.min a t  the fluoride 
concentrations studied. rate 
was 5 mg/cm2*min a t  fluoride/dissolved metal mEle r a t io s  between 50 The 
best  dissolution rates (about 20 mg/cm2*min) fo r  Zircaloy-2 (and therefore for  
STR fue ls )  are a l so  given with 6 - M NH4F.5 

A t  fluoride/dissolved metal mole r a t io s  greater 

When approximately 6 N NH4F was used, the i 

The EBWR Core a l loy  dissolution r a t e  decreased continuously as dissolution 
proceeded (Fig.  3.2).  
the solution in to  two batches and removing the first batch and the NH4UF 

No apparent increase i n  rate w a s  achieved by dividing 

5 
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Fig. 3.1. Dissolution rates of the EBWR core 1 alloy in refluxing aqueous ammonium 
fluoride as a function of F/metal mole ratio. 
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Fig. 3.3. Dissolution of oxide-coated Zircaloy-2 in various fluoride-containing reagents. 
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precipitate when the dissolution was about 50% complete. 
rate decrease is thought to be due to a buildup at the alloy surface of the 
less-reactive niobium mixed with (NH4)2WbF7. 
solubility of (NH4)2NbF 
Niobium metal was dissolGed in fused ammonium bifluoride at 22OoC at a rate 
of 1.6 mg/cm20min. 
washing in water, were: 

The continuous 

Since no data are available on 
some of the salt was prepared for testing. 

The results of analyses of the product, after thorough 

Theoretical (NHk)2NbF7 : NH4+, l3.7’& F, 50.77$ pab, 35.46% 
Found : 12.8 55.9 32.0 

The solubility of the product in water, determined after standing 6 weeks 
at rom temperature, was 0.011 
product to be crystalline. 
of niobium turnings in 6 M, NHbF, the dissolution rate, while not measured, 
was impracticably low. 

The x-ray pattern showed the niobium 
In an attempt to prepare (NH4)2NbF7 by dissolution 

Single-stage dissolution of the EBWR Core 1 fuel in HF-Al(N03)3-HN03 
solution is too slow because of the slow rate of attack on oxide-coated 
Zircaloy-2 (Fig. 3.3). 
equ5pped with a heating mantle and a polyethylene condenser. 
ratio was maintained at 4 or higher in all runs. 
HF, which would be very corrosive to stainless steel,’? complete dissolution 
of the 20-mil clad would probably require about 10 times as long (i.e. about 
20 hr) as would be required in 6 NE4F. 
core alloy dissolves rapidly in HF-HN03 (Fig. 3.4). 
trations above 8 E, the core alloy dissolves at initial rates in excess of 
10 mg/cm2.min at fluoride concentrations as low as 0.01 E. 
were performed at ratios of reagent volume to alloy surface area of only 
about 4 ml/cm2 to permit an accelerated buildup of uranium and zirconium in 
solution and to minimize the rate-decreasing effect of the niobic oxide pre- 
cipitate. 
precipitation were unsuccessfil. Solutions 1 in uranium were obtained 
with the final dissolution rate still in excess of 1 mg/cm2amin (Fig. 3.5). 
Under process conditions, a ratio of about 80 ml/cm2 is expected, and the 
average dissolution rate is prohibitively low (1. mg/cm2.min) at about 0.3 W 
uranium. However, less than a 2-fold decrease in core alloy dissolution ra’”te 
occurred in the laboratory experiments (4 ml/cm2) when the uranium concentra- 
tion increased from 10-3 to only 10-1 M (Fig. 3.6). 
mimtions shown in Fig. 3.4 were all octained at final uranium concentrations 
of less than 10-1 E. 

Experinents were performed in a Teflon dissolver 
The F/Zr mole 

Even in solutions 1 g i n  

After the clad has dissolved, the 
At nitric acid concen- 

These studies 

Attempts to find reagents that would delay or prevent niobic oxide 

The initial rate deter- 

To simplify the hydrofluoric-nitric acid rate studies with EEWR Core alloy, 
no zirconium or aluminum was placed in the solutions because of the fluoride- 
cmplexing ability of these metals. 
dissolution in HF-Al(NO ) 
comparable to those of 
tion was comparable. 
estimated by using the association constants in Table 4.1. 

It was thought that, in single-stage 
HN03 solution, the core would dissolve at rates 
3.4-3.6 if the uncomplexed fluoride ion concentra- 

The uncomplexed fluoride Concentration can be roughly 

4 

. 

b. Two-stage 
The rate data obtained above (F ig .  3.4) in connection with single-stage 

HF-Al(N03)3-HN03 dissolution of EBWR fuel shoved‘ that the initial dissolution 
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rate of the core a l loy  (-10 mg/m2.min) may be excessive i f  the uncomplexed 
fluoride ion concentration greatly exceeds 0.1 E. 
n i t r i c  acid concentration f o r  core dissolution i n  the two-stage EBWR process 
(Fig. 2.3), 0.4 
0.7 M as shown i n  the flowsheet, where the presence of 0.09 
creases the uncomplexed fluoride concentration t o  about 0.4 ,M. 
t ha t  7 "03  could be used without producing an in i t ia l .d i sso lu t ion  rate 
much i n  excess of 10 mg/cm*Omin with the solution 0.4 g i n  A l ( N O 3 )  
f i n a l  selection of aluminum n i t r a t e  Concentration during core diss lu t ion  
w i l l  depend on the r e su l t s  of corrosion tests now underway. The fluoride 
concentration cannot be decreased because the amount of 6 E NH4F used i n  the 
flowsheet i s  the minimum required f o r  rapid decladding. A f t e r  about two days' 
standing a t  5OC o r  3-4 hr  a t  O°C, s l igh t  precipi ta t ion o c c s r e d  i n  the solvent 
extraction feed solution of the two-stage EBWR process (Fig. 2.3). 
c ip i t a t e  had the appearance of uranyl n i t r a t e  hexahydrate. 

In  selecting a sat isfactory 

fluoride was used i n  rate studies (Fig. 3.7) ra ther  than 
zirconium de- 

It was found 

2. The 

The pre- 

'i 

3.2 Feed Preparation 
a. Metathesis and Oxidation-Digestion 
Only a brief re o r t  on the reaction between NH4UF and ammonium hydroxide 

has been published,18 and rate studies were made t o  dezermine whether the re- 
action could be carr ied out i n  a reasonable t i m e .  The results (Fig. 3.8) 
indicated t h a t  the conversion of NH4UF5 t o  hydrous uranium oxide usuqlly 
approaches completion i n  a f e w  minutes. 
en t  between 35 and 87%. 
was introduced in to  a vessel containing a large excess of ammonium hydroxi e 
i n  a constant-temperature bath. The mixture was s t i r r e d  rapidly with a mag- 
ne t i c  stirrer and a stream of ammonia gas. Samples of the solution were re- 
moved periodically by applying vacuum t o  a Pyrex dlp-tube containing a f ine  
Pyrex f i l t e r  frit..a.t the lover end t o  rem6ve solids.  These samzles were 
analyzed f o r  f luoride,  and the qyantity of NH4UF tha t  had reacted was cal-  
culated assuming the fluoride t o  be homogeneous2 dis t r ibuted throughout the 
solution. 
so lubi l i ty .  
indication of the progress of the reaction. 

No temperature dependence was appar- 

2 For the experiments a weighted qmnt i ty  of NH4UF 

The amount of NHi+UF5 iq solution may be neglected because of i t s  low 
Simple colorimetric fluoride analyses provided only a qual i ta t ive 

In the flowsheet runs with the high-uranium EBWR fue l  (Table 2.2), i n  order 
t o  decrease the time required fo r  the reaction by taking advantage of the rapid 
i n i t i a l  reaction and also t o  drive reaction 5 (Sect. 2.3) t o  completion, 
repeated additions of f resh 2 NH4OH were used. 
by f i l t r a t i o n  a f t e r  contacting the dissolution products for 10 min. 
of ammonia was used fo r  agi ta t ion.  
amount of 2 M NH4OH required f o r  eq. 5 removed more khan 95% of the fluoride 
from the prezipi ta te  (Fig. 3.9). 
the volume o r  molarity of the h o n i u m  hydroxide (run EBM-5). 
i n  the metathesis rate, as indicated by the color change from green t o  black, 
was apparent when the  ammonium hydroxide was warmed before use. 

Each addition was removed 
A stream 

Six applications of the stoichiometric 

L i t t l e  advantage was gained by decreasing 
An increase 

The high percentage of niobium recycled ('&; see Fig. 2.2) with the EBWR 
metathesis f i l trates represents only 0.35 mole of niobic oxide per assembly 
and i s  probably caused by passage of very f ine  par t ic les  through the f i l t e r .  
New Pyrex f i l ter  f'unnels (medium pore s ize)  were used fo r  each flowsheet m e t a -  
thesis. 
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Separation of the metathesis precipitate from the high-zirconium STR 
fuel by decantation of the supernatant did not appear feasible because of 
the slow settling rate of the hydrous zirconium oxide (Fig. 3.10). 
high-uranium fuel decantation might be used since the chief product is the 
dense uranium oxide. 

With 

Washing OT Hydr ous Zirconium Qxiee. The hydrous zirconium oxide 
product of eq, 6, the principal product obtained from the STR fuel, retained 
a large aslo'smt of fluoride, most of which was removed by washing with 1004 
of the amoamt of 1 MH4OH initially required for the reaction (Fig. 3.11) e 

When the dissolution product was treated with 7.5 3 amrraonium hydroxide, 
using 300% of the stoichiometric mount required by eqs. 5 and 6 (Sect. 2.3), 
and the mixture stirred with ammonia gas for 0.5 hr at room temperature, the 
oxide precipitate was easier to wash free of fluoride than were precipitates 
brought down with a smaller excess or w i t h  less concentrated ammonium hydroxide. 
Approximately 40$ of the fluoride was found in the filtrate from this step. 
Washing the oxide -precipitate removed part of the remaining fluoride. 
Neither water nor  more concentrated ammonium hydroxide washed the precipitate 
efficien%ly. 
two washes (recommended in the flowsheet), 65$ was removed. In the flowsheet 
runs (Table 2.1) each wash contained only 5O$ of the ammonia initially re- 
quired for reactioas 5 and 6 rather than loo$ as in the runs in Fig. 3.3 ,  
with no apparent decrease in washing efficiency. 
"4 recycle" figures in Table 2.1, based on six washes, are probably higher 
than will be obtained. iT only two washes are used. 

With six washes, 854 of the fluoride was removed and with only 

Tfae uranium and zirconium 

Oxide Dissolution and Oxidation, In preliminary experiments with STR fuel, 
dissolution of the -shed bydrous oxides after metathesis gave a stable solution 
of 1 M zirconium and 4 
when The temperature was lowered. slowly to -22pC. 
in less concentrated nitric acid, but the oxide solubility in these solutions 
has not been thoroughly irtvestigated. 
determine the optimum concentration for the solvent extraction feed solution. 
The solubili%y of zirconyl nitrate in water was found. to be about 3 E. 

"I3. Precipitation from this solution occurred only 
The hydrous oxides dissolve 

Experimental work is being continued to 

With EBW fuel, -the hydrous oxides after metathesis dissolve readily in 
nitric acid. 
precipitation of zirconium compounds. 
the stability of these aolu%ions under reflux. 

Solutions of about 1.4 g uranium have been obtained without 
However, no investigations were m& of 

b. Direct Oxidation-Digestion 
In two flowsheets for the STR- and the EBW-tyge fuels (Figs. 2.1 and 2.2), 

complete dissolution was accomplished in 6 g NH F as described in Sect. 2.1, 

adding nitric acid to the ammonium fluoride solution after dissolution. 
Aluminum was also added to partially complex the large amount of fluoride, 
and, in the STR ease, chromic acid was added to oxidize all uranium to U(VI) .  

A mixed fluoride-nitrate solvent extraction fee k solution was prepared by 

Since the STR solvent extraction fee solution differs slightly from that 
produced by hydrpofFaduoric acid dissolution& in that 1.4 
some preliminary stability tests were made. 

NH4+ is present, 
The following quantit,ies of 
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. .; 

materials were added t o  separate samples of the feed solution before pre- 
c ip i ta t ion  occurred a t  2 5 O C :  

47$ by vacuum evaporation a t  25-30°C during a period of 8 days before 
precipitation started. 
a -lo$ volume reduction over three weeks Several samples of the feed 
solution formed l i g h t  precipi ta tes  upon standing fo r  10 weeks a t  room 
temperatwe, The temperatwe of the feed solutions can be lowered t o  
-22OC before a reversible precipitation will occur immediately after pre- 
paration 

1'7 moles of NH4NO 0.11 mole o f  hydrofluoric 
acid (36 M ) ,  3.6 moles of &(NO 
sample of-the solvent 

.9+0, per li 2' er of feed solution. A 
solution was decreased i n  volume 

In'-mother sample, precipitation started after 

The s t a b i l i t y  of the EBWR feed solution obtained by adding n i t r i c  
acid and aluminum n i t r a t e  after complete dissolution i n  6 4 NH4F (oxidatJon- 
digestion s tep  i n  Fig. 2.2, route b )  depends on the n i t r i c  acid concentration 
(Table 2.3), "03, reversible 
precipitation occurred when the temperature was lowered t o  -3OOC. 
HN03, t h i s  temperature was -13OC. 
standing several weeks a t  room temperature. 

3.3 Fused Ammonium Bifluoride (Biflex)18 Process 

were a l l  made i n  &,large F'yrex test tube placed i n  an o i l  bath. 
mately LO tim&s the stoichiometric amount of monium bifluoride was used. 
The ammonib bifluoride w a s  continually replenished as it evaporated. 
metals, alloys,  and oxides commonly used i n  reactor fuels dissolve rapidly 
a t  160-220Oc. 
i n  a f e w  minutes. 
coat that forms on Zircaloy-2 i n  contact with pressurized mter. 

In 33-hr tests i n  pure ammonium bffluoride a t  220°C, the corrosion rates 
of 310 and 347 s ta in less  steel, Monel, and Hmtelloy C were 21.5, 15.6, 8.5, 
and 5.2 mils/month, respectively. 
rosion rates are all approximately 10-fold lower a t  19OoC. 

In  a solvent extraction feed solution of 5.0 
A t  3.0 

These solutions remained s table  upon 

The dissolution rate studies with fised ammonium bifluoride (Table 3.1) 
Approxi- 

Manjr 

EBWR fuel dissolves completely i n  less than 1 hr'and STB fue l  
Fused ammonium bifluoride a l so  rapidly dissolves the oxide 

Four-hour tests indicated that the cor- 

4.0 EXPLOSION BAZARD AND CORROSION PROBLEM WITH URAMNM-RICH ALLOYS 
The most desirable way t o  prepare reactor fuels  fo r  solvent extraction 

is by dissolution i n  n i t r i c  acid when such dissolution i s  possible since 1 

the n i t r i c  acid solutions can go d i rec t ly  t o  solvent extraction after a 
minimum of feed adjustment.l,e Uranium-rich al loys such as the EBWR core 
wiU dissolve a t  sat isfactory rates i n  n i t r i c  acid but eqdosionsmayoccur. 
The i n i t i a l  rates are lower than i n  mixed fluoride-nitrate solutions (Fig. 3.4) 
but the t o t a l  dissolution times are about the same, 6-10 hr. W i n g  n i t r i c  
acid dissolution, much of niobium remains undissolved on the surface, rather 
than foPming the amorphous niobic oxide precipi ta te  which great ly  hinders 
dissolution i n  mixed fluoride-nitrate solution. This niobium-rich surface 
deposit can explode violently. Since corrosion increases with the  amowrt 
of uncomplexed fluoride, and uncomplexed fluoride is required t o  pr'event 
formation of explosive surface deposits with a l loys such as the EBWR core 
alloy, the corrosion problem i s  unavoidable with these al loys i n  solutions 
such as mixed f luoride-ni tmte solution used i n  the flowsheet i n  Fig. 2.3. 

12 
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Table 3.1. Dissolution Rates i n  Fused Ammonium Bifluoride 

Duration T ~ ~ .  , U i  s s olu - 
of Test I t ion  $te, 

Material min Oca mg/mz 0mi.n 

U 60 
Th 10 
Be 1 5  
Zircaloy-2 1 

Nb 80 
A 1  15 

u -~o$  S i  1 

86% U-104 Nb-4$ Z r  15 
90$ U-lO$ A1 15 
90% u-io$ MO (PRDC) 15 

93.5$ u-5% zp-i.5$ m (EBWR) 15 
93.5% U-5% Z r - l e 5 $  ~b (EBWR) 2lb 
93.546 U-54 Zr-l.54& Nb (EBWR) 55b 
Sintered U02 (PWR Blanket) 15 

1% U-Zr Alloy (STR) 2.5b 

Sintered U02 (PWR B l a n k e t )  420b 

15b 
3.6% vo2-96. 44 Tho2 (Consolidated Edison) 
3.6% u02-96.4qd Tho2 (Consolidated Edison) 300 

220 
160 
220 

160-220 
160-220 

220 
220 

160-220 
220 
220 

160-220 
220 
180 
160 
220 
220 
220 
220 

19 
9 

100 
1000 
1000 

1.6 
0.2 
9 
4 

1 7  
250 
210 
175 
99 
6 

6 7 0 3  

7.5 

Reflux temperature = 220Oe. a 

bComplete dissolution of a sample of nonirradiated reactor f i e l .  

Several cations which are strong fluoride-complexing agents i n  acid 

The ef fec t  of these cations on the f ree  fluoride 
solutions (Table 4.1) a re  commonly found i n  n i t r i c  acid solutions used t o  
reprocess spent f'uels. 
concentration during dissolution, and therefore on corrosion rates and on 
the poss ib i l i ty  of explosions, must be considered. 
w i l l  exist  i n  comparisons made on the basis of Table 4.1 because of effects  
caused by differences i n  ionic strength and other experimental conditions. 
@onsequer!2y, t h i s  table should be used only as: a qual i ta t ive guide. 
constant for  the 2s (3,k) reaction i n  Table 4.1 (ZrF3+ + HF* ZrF4 + H+) 
was not found i n  the l i t e r a tu re ,  but it i s  surely smaller than tha t  of the 
Z r  (2,3) reaction and i s  thought t o  be larger  than that of theU.(0,1) 
reaction (U02++ + HF _L3 UO,F+ + H+). 
observed t o  have any ef fec t  on the explosions which occur during dissolution 
i n  mixed fluoride-nitrate solutions, while the Z r  (3,4) reaction apparently 
has some ef fec t  on these ex:plosions.li! 
that the fluoride i s  complexed approximately as w e l l  i n  a solution with a F/Zr 
mole r a t i o  of 3 as i n  a solution with a F/A1 r a t i o  of 1 Thus, no aluminum 
was added as a complexing agent i n  the fluoride-recycle flowsheets when the 
f i n a l  F/Zr mole r a t i o  was l e s s  than 3 (Figs. 2 .1  and 2.2, routes a) .  These 
constants a l so  indicate that the flowsheet i n  Fig. 2.3,whic.h ca l l s  fo r  a 

Considerable uncertainty 

The 

The l a t t e r  reaction has not been 

The constants given i n  Table 4 , 1  show 
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f i n a l  solution mole r a t i o  of FfAl = 1 and F/Zr = 4.7, i s  bordering on a 
hazardously low concentration of uncomplexed fluoride. A decrease i n  the 
aluminum concentration i n  t h i s  flowsheet would be highly desirable i f  the 
r e su l t s  of corrosion tests now underway show that such a decrease w i l l  not 
cause excessive corrosior,. 
has been known t o  result. i n  an explosion on one occasion.12 
run a small explosion occurred a t  solution mole r a t io s  of F/A1 = 1 and 
F/Zr = 4,3 during dissolution of the EBWR core a l loy  i n  a fluoride-nitrate 
mixture. 
t o  be pa r t ly  responsible for  t h i s  explosion. 

me use of a solution mole r a t i o  of F / A ~  = 1 
In  t h i s  one 

The use of very di lu te  fluoride solution (0.076 M,) was thought 

If nonhazardous al loys a re  dissolved i n  mixed fluoride-nitrate solutions, 
it may be desirable t o  keep the fluoride very w e l l  complexed t o  prevent ex- 
cessive corrosion. However, even w i t h  nonhazardous al loys,  considerable 
uncomplexed fluoride i s  generally required t o  obtain prac t ica l  dissolution 
rates. 20 

Table 4.1. Comparisons of Cmplexing Power i n  Acid Solutions a t  
25OC Among Some Fluoride-cohplexing Agents13 

(Highest Valence States)  

Fluoride Association Reaction log  K 

5.8 
4.7 
4.3 
3 . 1  
2.8 
2.8 
2.3 
2 . 2  2 0.6 
2.0 
1.6 
1.5 
1.0 
0.9 
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