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. ABSTRACT 

Spent Light' Water Reactor (LWR) fuel with burnups o f  9 , 2 8  and 6 4  
. . 

MWd/kg U were leach tested a t  2 5 ' ~  in deionized water ' in  a ~ a i g e  apparatus. 
No di scerni bl e:di fferences i n 1 each ra tes  were observed due to  burnup. Addi - 
t iona l ly ,  the 28 MWd/kg U fuel was IAEA leach tested in f ive  d i f fe rent  leach- 

ants using the IAEA method. Deionized water gave the h,ighest leach rates  and 

a calcium chloride solution gave the lowest leach rates .  An accelerated leach- 

ing period was observed during the Paige leach t e s t  of the 54 MWd/kg U spent 

fuel .  

Comparison between spent fuel and borosi l icate  waste glass leach rates  

were made.. In sodium bicarbonate solution the leach rates  are  near equal and 

the glass becomes increasingly more durable with CaC1 solution, fol 1 owed by 

sodium chloride solution, WIPP B brine and deionized water where the glass i s  

two to  three orders of magnitude more leach r e s i s t an t  than spent fuel .  



LONG TERM L'EACHING'OF LRRADIATED SPENT 'FUEL 

INTRODUCTION 

In 1975, the Pacific Northwest Laboratory (PNL) , operated by Battel l e  

Memorial Ins t i tu t e ,  s ta r ted  a spent Light Water Reactor (LWR) fuel leaching 

study fo r  the Department of Energy ( D O E ) .  This study was designed to  yield 

radionuclide release ra tes  on spent LWR fuel caused'by the action of water. 

The resu l t s  a1 lowed comparison of leach resis tance.  w i t h  sol idif ied nuclear waste 

forms being designed and engineered a t  PNL, and a lso  allowed the estimation. 

of radionucl ide releases from accident scenarios where the fuel core' contacts 

water. 

There a re  many types of- leach t e s t s  being used t o  evaluate so l id i f ied  

waste forms  e end el 1973). A t  PNL the Paige procedure (Paige 1966) was 

chosen f o r  leaching radioactive samples of so l id i f ied  product from the Waste 

sol i d i f i c a t i ( m ' ~ ~ ~ i n e e r i n ~  . . Prototype (WSEP) program (McElroy, e t  a1 . 1972). The 

f i r s t  leach t e s t s  of spent LWR fue ls  were in these Paige leach systems. In ' 

1977, spent fuel leach t e s t s  were s tar ted using a modification of the Interna- 

tional Atomic Energy Association (IAEA) procedure. In 1979, spent fuel leach 

t e s t s  were s ta r ted  using a s t a t i c  1each. test  procedure. 

The IAEA and s t a t i c  leach t e s t s  are par t  o f  the Waste Isolation Safety 

Assessment Program, a project sponsored by the Office of Nuclear Waste Isola- 

t ion. The purposc of t h i s  program i s  to  gather experimental data and develop 

t~iodel s t o  assess the safety of nuclear waste. i so la t ion  in geologic fo r~~ ia t i sns .  



In t h i s  paper we w i l l  present spent fuel leach data from the  Paige t e s t s  

and IAEA t e s t s .  The  contents a r e  extracted from two more de t a i l ed  publ icat ions  

(Katayama, 1979; Katayama, e t  a1 . , 1979). 

EXPERIMENTAL PARAMETERS 

Two leachin'g procedures (Paige and IAEA) were used t o  generate the  data 

presented in t h i s  paper. The Paige t e s t  apparatus i s  shown i n  Figure 1 .  In 

t h i s  system the  leachant i s  rec i rcu la ted  w i t h  an a i r l i f t  pump a t  a flow r a t e  

of 75 l i t e r s l day .  The leachant i s  changed a t  the  time of sampling. Sampling 

was done da i ly  f o r  t he  f i r s t  week, weekly f o r  three  weeks, and monthly 

thereaf te r .  Plateout samples f o r  t he  Paige apparatus have not been taken. 

However, analyt ical  samples a r e  ac id i f i ed  t o  prevent p la teout  i n  the  sample 

bo t t l e s .  

The IAEA leach apparatus i s  shown in  Figure 2. In t h i s  system the  

leachant i s  s t a t i c  during t he  leaching in terval  between sampling periods. 

The IAEA sampling period i s  da i l y  f o r  the  f i r s t  week, weekly f o r  8 weeks, 

monthly f o r  6 months, and then semi-annually. Plateout samples were taken 

and analyt ical  samples were ac id i f i ed  t o  prevent plateout i n  the  bo t t l e s .  

All the . l each  t e s t s  t o  da te  have been with unclad fuel  in the  form of 

fuel  fragments (Figure 3 ) .  The f u e l s  used i n  the Paige leach t e s t s  were 

from three  d i f f e r e n t  r eac to r s  and had d i f f e r e n t  average burnups. The Zori ta  

Reactor fuel  had a burnup of 54.5 MWd/kg U ,  t he  I-I. B. Robinson-I1 Reactor 

fuel had a burnup of 28.0 MWd/kg U ,  and the  Quad Cft ies-I  Reactor fuel  had 

a burnup of 9.0 MWd/kg U .  Only one fuel  burnup ( H . B .  Robinson-I1 Reactor 

fuel w i t h  a  burnup of 28.0 MWd/kg U )  was leached in  the  IAEA apparatus. The 

IAEA t e s t s  were i n  the  following f i v e  leach solut ions:  1 )  deionized water, 

2)  1.76 g/e NaCl, 3 )  1.66 y / a  CsC1, 4 )  2.52 q/e NaHC03, and 5 )  sa tu ra ted  WIPP B 

sa l t bri r ~ e .  

The leach r a t e s  presented i n  t h i s  paper a r e  a l l  per iodic  leach r a t e s  and 

a r e  calculated from the  following equation: 

2 
leach r a t e  = *=- . - - -  an I  - grams of solids/cm -d s ' tn --  

0 i 
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FIGURE 1. Paige Leach T e s t  Apparatus Used 
a t  t h e  P a c i f i c  Northwest L a b o r a t o r y  
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Figure 3. Spent LWR Fuel Fragments Photographed Through 
Hot-Cell Perisco e (each d i v i s i o n  on scale 
equals 1/16 inch ! 



where: an = amount o f  s p e c i f i c  rad. io isotope leached i n  t ime  tn 

A, = amount o f  s p e c i f i c  r a d i o i s o t o p e  i n i t i a l l y  p resent  i n  f u e l  
sampl e  

w = weight  o f  sample, g 

s  = geometr ic sur face area o f  sample, cm2 

tn = d u r a t i o n  o f  nth l each  per iod,  days. 

The cumulat ive f r a c t i o n  o f  rad ionuc l  ide:  yqlieasedl ."! t o  ; . : .  t h e  i I..:.,, 1 eachant i s  
2 . . <  . ' t . .  ' . - ..:<. y,: ,:,! 3 

c a l c u l a t e d  by the  f o l  low ing equat ion: 

Lan f r a c t i o n  re leased = - 
A 0  

where: an = amount o f  s p e c i f i c  r a d i o i s o t o p e  leached i n  t ime n  

A. = amount o f  s p e c i f i c  r a d i o i s o t o p e  i n i t i a l l y  p resent  i n  f u e l  
sample 

The experimental  u n c e r t a i n t i e s  assoc ia ted  w i t h  l each  t e s t s  on f u e l  f r a g -  

ments i n  a sh ie lded  f a c i l i t y  and t h e  radiochemical  a n a l y s i s  o f  t he  leachant  

a r e  o f  many o r i g i n s  (Mendel, 1973).  We es t imate  the  exper imenta l  uncer- 

t a i n t i e s  f o r  t he  Paige t e s t  leach r a t e s  t o  be about 1/2 o rde r  i n  magnitude 

f o r  t he  cesium, and about one o r d e r  i n  magnitude f o r  t h e  plutonium, uranium 

and curium. 



RESULTS AND DISCUSSION 

Paige t e s t  l each  r a t e  da ta  f o r  t h e  54.5 MWd/kg U f u e l  i n  de ion ized  

water  a t  25OC are  shown i n  F igu re  4  f o r  d u p l i c a t e  samples 2-6 and 2-7. The 

curves f o r  t h e  p e r i o d  up t o  approx imate ly  550 days appear as con t i nua t i ons  

o f  t h e  da ta  r e p o r t e d  a f t e r  140 days (Katayama, 1976) and a r e  s e l e c t i v e  w i t h  

respec t  t o  t h e  rad ionuc l i des .  From 600 days t o  800 days t h e  curves converge 

and t h e  l each  r a t e s  f o r  a l l  t h e  r a d i o n u c l i d e s  become n e a r l y  equal.  Th i s  

p e r i o d  i s  cha rac te r i zed  by a  hump i n  t h e  l each  r a t e  curves and i s  r e f e r r e d  

t o  as t h e  "acce le ra ted  l each ing  p e r i o d "  i n  t h i s  paper. A f t e r  750 days t h e  

l each  r a t e s  s t a r t  t o  decrease i n  va lue.  

Not shown i n  F igu re  4  a re  t h e  l each  r a t e  curves f o r  14'+Ce and 1 5 4 E ~ ,  

which were n o t  cont inuous leach curves.  These r a d i o n c u l i d e s  were a n a l y t i c a l l y  

de tec ted  d u r i n g  t h e  f i r s t  200 days o f  t h e  l each  t e s t  and then were n o t  r a d i o -  

chemica l l y  de tec tab le  u n t i l  t h e  s t a r t  o f  t h e  acce le ra ted  l each ing  pe r i od .  The 

reappearance o f  144Ce and 1 5 4 E ~  d u r i n g  t h e  congruent l each ing  p e r i o d  i n d i c a t e  

t h a t  new sources o f  these r a d i o n u c l i d e ~ ~ a r e  . . ava i l ab le - -p robab ly  new f u e l  sur -  
faces a r e  exposed. A d d i t i o n a l  exper imenta l  work i s  be ing  done a t :  PNL: , 

. a  

t o  b e t t e r  understand the  re lease  mechanism of r a d i o n u c l i d e s  from spent f u e l .  
. . . . - . .  

Graphica l  r ep resen ta t i on  o f  f r a c t i o n a l  r e 1  ease o f  37Cs, 2 3 9 f 2 4 0 ~ ~ ,  and 

244Cm, as a  f u n c t i o n  o f  days leached., a r e  shown i n  F igures  5, 6  and 7,  respec- 

t i v e l y .  A f t e r  1013 days of l each ing ,  1.72% of t h e  cesium, 0.35% o f  t h e  

p lutonium, and 0.28% o f  t h e  cur ium were re leased  t o  t h e  de ion i zed  water .  The 

change f rom s e l e c t i v e  l each ing  t o  acce le ra ted  l each ing  i s  most pronounced f o r  

t he  244Cm re lease  curve (F igu re  7), where t h e  f r a c t i o n  re leased inc reased by 

3 o rders  o f  magnitude. 

Spent LWR f u e l  w i t h  a  burnup o f  54.5 MWd/kg U i s  be ing  leach t e s t e d  i n  

a  s y n t h e t i c . s e a  b r i n e .  Cesium-based l each  r a t e  da ta  f o r  652 days o f  cumula- 

t iv.e l each ing  i n  b r i n e  and de ion i zed  water  a r e  shown i n  F igu re  8. Based on 

t h e  re lease  o f  137Cs, t h e  l each  r a t e  o f  spent  LWR f u e l  i s  112 o rde r  i n  magni- 

tude lower  i n  sea b r i n e  than i n  de ion i zed  water .  



TIME, d 

' ,  F[GURE 4. Leach Rate o f  54.5 MWd/kgU Spent LWR Fuel  
. i n  D e i o n i z e d  Water a t  .250C. D u p l i c a t e  

saniples a r e  des igna ted  2-6 and 2-7 



TIME, d 

FIGURE 5. Fraction of 1 3 7 ~ s  Released from Spent LWR Fuel, 
54.5 blWd/kgU, in Deionized Water at 25% 



TIME, d 

FIGURE 6. F r a c t i o n  o f  23gt240pu Released f rom Spent LWR Fuel ,  
54.5 MWd/kgU - a <  :. i n  De ion ized  Water a t  250C . . , '  . I  



10 100 
TIME, d 

FIGURE'7. F r a c t i o n  of 2 4 4 ~ m  Re,leased f r om Spent LWR Fuel ,  
54.5 MWd/kgU, i n  De ion ized  Water a t  250C 





Spent LWR f ue l s  w i t h  three  d i f f e r e n t  burnups (54.5, 28.0 and 9.0 MWd/kg U) 

a r e  being leached i n  deionized water  a t  25OC. Figures 9,  10, '11 and 12 show 

leach r a t e  curves f o r  these f u e l s  based on the  r e l e a se  o f -  137Cs, 2 3 9 + 2 4 0 ~ ~ ,  

t o t a l  uranium, and 2 4 4 ~ m ,  respect ively .  The spread i n  the  curves shown in 

Figures 9, 10 and 11 a r e  about equal t o  the  experimental uncer ta in t i es  f o r  

the radionuclides shown. Burnup appears t o  have no e f f ec t  upon the leach r a t e  

based on re lease  of 137Cs, 2 3 9 + 2 4 0 ~ ~  and. t o t a l  uranium. The curium-based 

leach r a t e s  a r e  spread out  beyond t h e  estimated experimental uncer ta in t i es .  

Further work i s  needed t o  understand the  re lease  of curium from spent f u e l .  

The I A E A  leach r a t e  data f o r  t he  28.0 klWd/kg U fueq i n ' 5  d i f f e r en t  leach- 

an t s  a t  25°C a r e  shown i n  Figures 13, 14 and 15 f o r  137Cs, 2 3 9 + 2 4 0 ~ ~ ,  and 

2 4 4 C m .  The highest  leach ra tes  a r e  in deionized water and the  lowest i n  

CaC12 so lu t ion .  

Comparison of I A E A  and Paige leach r a t e s  a t  a cumulative time of 467 

days shows about one order d i f fe rence  (higher in  IAEA compared. t o  Pa ige )  in  

the  values f o r  re leases  based on lnCs, 2 3 9 + 2 4 0 ~ ~ ,  and 2 4 4 ~ m .  The d i f fe rence  

may be due t o  radionuclide pla teout  on the  Paige apparatus which was not 

measured. 

Paige leach r a t e s  f o r  spen t  fuel  (deionized water a t  25OC) were 

found t o  be comparable' t o  the  f i r s t  generati  on boros i 1 i ca te  g lasses  

v i t r i f i e d  during the  WSEP demonstration a t  PNL (Katayama 1976). Com- 

parison spent  fuel  and glass  leach rates' using t he  I A E A  procedure a r e  

tabula ted i n  Table I .  The 244Cm and 2 3 9 P ~  based g lass  leach r a t e s  a r e  

f o r  a 76-68 bo ros i l i c a t e  g lass  (Bradley, Harvey and l 'urcotte 1979). 

In t he  reference deionized water leachant the  spent  fuel  leach r a t e  i s  

two t o  th ree  orders of magnitude higher than g lass .  These di f ferences  

decrease as you go .from deionized water t o  WIPP B br ine  t o  NaHC03 solu- 

t ion  t o  NaCl solut ion and become nearly equal i n  NaHC03 solut ion.  



TABLE I .  Comparison of IAEA Leach Rates (g/cm2-d). a t  25OC 

76-68 'GI ass Spent:Fue1 ' 76-68 'Gl ass Spent Fuel 

Deionized Water 5 x 2 4 2 

WIPP B Brine 2 x 2 x 1 x lo-8 3 x  

NaCl 7 x 3 x 2 4 x 

( ' I  151 days 

454 da j s  

The pH of the IAEA leach so lu t ions  decreased during the  t e s t  f o r  a l l  

solut ions  except the sodium bicarbonate solut ion.  Figure 15 shows the  

uranium concentration and pH of t he  leachate  f o r  t he  sampling periods. 

The t r i angu la r  symbol s a r e  the  sodi,um bicarbonate r e s u l t s  . Three U O ~ ( H ~ O ) ~  

s o l u b i l i t y  l i ne s  (Holland and Bush 1978) and one l i n e  representing the  

e f f e c t  of C0i2 on uranini te  d i s so lu t ion  (Grandstaff 1976) a r e  a l so  shown 

i n  the  f igure .  O u r  leach solut ions  have not reached t he  s o l u b i l i t y  l im i t  

of uranium and there  i s  no apparent chlor ide  e f f ec t . on  our uranium release  

values. There appears t o  be a co r r e l a t i on  of our uranium re lease  data 

i n  sodium bicarbonate solut ion t o  t he  curve shown by Grandstaff (1976). 



TIME, d 

FIGURE 9. L e a c h  Rate '  o f  Spent  F u e l s  Based on   el ease' o f  1 3 7 ~ s  
i n  De ion ized  Water a t  250C w i t h  Burnups o f  9.0, 28.0 
and 5 4 . 5  MWd/kgU 



- 239 t 240pu - 0 QUAD CITY 9,000 MWd IMTI 

A HB ROB l NSON 2 8 : ~  MWd l MTI 

ZORITA 54,500 MWd I MTI 

TIME, d 

FIGURE 10. : Leach Rate o f  Spent F u e l s  Based on Release o f  23gt240pu 
i n  D e i o n i z e d  Water a t  250C w i t h  Burnups of 9.0, 28.0 and 
54.5 MWdIkgU 



!o-3 - TOTAL U 0 QUAD CITY . 9,000 MWdlMTu - - 
- A HB ROBINSON 28,000 MWd 1 MTu 
- 

8 ZORITA 54,500 MWd lMTu 

TIME, d 
. . 

FIGURE - 1. .Leach Rate o f  Spent Fue ls  Based on t h e  Release o f  
Uranium i n  De ion ized  Water a t  250C 



. . TIME, d 

FIGURE 12. Leach  R a t e  o f  Spent LWR Fuels  Based on t h e  Release o f  
2 4 4 ~ m  i n  Deionized Water g t  25oC w i t h  Burnups o f  9.0, 

" 28.0 and 54 .'5 ,MWd/kgU" . .  . . 
..:L - . . ... ' :,?2 : ;t:. : ; ,>. . . .  . . .  ... . . . < :. 



I IME, days . 

FIGURE 13. IAEA Leach Rate f o r  28 MWd/kg U Spent 
LWR Fuel a t  25°C Based on Release o f  137Cs 



TIME. days 
.- 

FIGURE 14. I A E A  Leach Rate f o r  28 MWd/kg U LWR 
Fuel a t  2 5 O C  Based on Release of 
239+24Opu 
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FIGURE 15. IAEA Leach Rate f o r  28 MWd/k U LWR'Fuel 
a t  25OC Based on Release o f  S44Ctn 





The spent fuel l e a c h ' t e s t s  a re  ongoi,ng. A few conclusions may be . 

drawn from the  progress of these  t e s t s . .  

The choice of leach t e s t  procedures may introduce di f ferences  i n  

leach r a t e  values (up t o  one order of magnitude between Paige procedure 

and IAEA procedure). Comparison of leach r a t e s  f o r  spent fue l s  w i t h  

burnups of 9 ,  28, and 54 MWd/kg U showed no d i scern ib le  e f f e c t  of burnup 

on leach r a t e .  The leach r a t e s  a r e  highest  i n  deionized water (reference 

leachant)  and lowest i n  1.66 g/!t CaC12 solut ion.  Based on the re lease  

of plutonium and curium, spent fuel has a comparable leach r a t e  t o  76-68 

glass  i n  sodium bicarbonate solut ion and i s  two t o  th ree  orders of magni- 

tude l e s s  durable than 76-68 glass  i n  .deionized water and WIPP B brine 

solut ion.  

Studies a r e  underway a t  PNL t o  determine t he  re lease  mechanism of 

radionuclides from spent f ue l s  i n  various leach so lu t ions .  
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