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A B S T R A C T .  - - - - - - - -  
. . . . .  .. . I ,  . , :  . 

The electrolytic dissolution of zirconium in, HCl-methanol was .: 
. . , . 

studied as a function of potential, solution composition, and tempera- 
: .  . . '  

ture.  he dissolution is characterized by two regions. At high , , , . ,  
. " 

: , .; 

potentials the zirconium is electropolished and complete dispolution: is - 
. . .  

achieved. At low potentials the current is an exponential function of . 
, . .  , . .. 

the . potential . , ,. (~afel behavior). In this region a small mount ,of finely. 
, ,  ... . . 

divided a-zirconium which is insoluble in HC1,-methanol separates from 

the d k k  metal.. 

, The energy of activation fo,r the corrosion reaction (0.0, yo.lt ) is 
, .  . 

161.5 Kcal/mole; . . in the electropolishing region. (1.0 volt).the actiyation 
. ~ . . . . 

energy . ... is 7.7 Kcal/mole. . . . .  . . 

' A broad solvent, capability for metallic react,or fuels, is offered 

by the HC1-methanol medium since, in addition to zirconium, stainless 

steel is also dissolved electrolytically while-.uranium and. aluminum 
. . . . . . 

. . 

dissolve chemically. Other process implications are discussed. 



ELECTROLYTIC DISSOLUTION OF NUCLEAR FUELS 
Par t  I .  Zirconium i n  HC1-Methanol- 

J: R .  Aylward, E .  M. Whitener, H. T. Hahn 

I .  SUMMARY 

Present aqueous chemical processing of zirconium reactor  f u e l  

elements is  complicated by t h e  presence of f luor ide  ion required t o  

e f f e c t  d issolut ion.  Use of aqueous n i t r a t e  o r  chloride solutions has 

not  been promising; even e l ec t ro ly t i c  d i s so lu t ion  of zirconium a l loys  i n  

these  media i s  incomplete and r e s u l t s  i n  t he  production of r e l a t i v e l y  

l a rge  amounts of po t en t i a l l y  uranium-bearing so l i d s .  AS ;an a l t e rna t i ve  

t o  aqueous media, organic solvents were considered RS e l ~ c ~ r o l y t i c  disso- 

l u t i o n  media and solut ions  of hydrogen chloride i n  methanol se lected.  

Potent ia l -current  dens i ty  re la t ionships  were determined f o r  zircon- 

ium metal i n  solut ions  of up t o  13M hydrogen chloride i n  methanol. These - 
da ta  were used t o  def ine  t h e  f ac to r s  a f fec t ing  t h e  dissolut ion,  t he  

react ions  taking place,  and t h e i r  mechanisms. The r e su l t s  of t h i s  in-  

ves t iga t ion  'may be s h r i z e ~ d  as follows : ' 

1. A t  low overvoltage values, both t h e  anodic a i d  cathodic reactions 
. , 

a r e  ac t iva t ion  conkrolled. The r e a c t i o n  r a t e s  i n  t h i s  region are' 
independent of H C 1  concentration. 

2 .  . '  e is solution . i n  t he  overvoltage range 0 t o  +0.'4 v o l t '  $-s a c c o q a i e d  

by t h e  separation' of f i n e l y  divided alpha-zirconium from the'"e1ec; 

t rode.  The amount of residue decreases with increasing overvoltage, 

wi th  no residue formed a t  high anodic overvoltages. 

3. A t  high anodic overvoltages, where complete' d issolut ion i s  a t ta ined,  

t h e  current  density '  i s .  incl.cpcnilbnt. of po ten t ia l .  This l imi t ing 

current: 'densi ty  decreases'  with increasing hydrogen chloride doneen-. 

t r a t i o n  and here t h e  r a t e  i s  control led by mass t ranspor t .  

4. The energy of ac t iva t ion  f o r  t he  corrosion reaction (0.0 v o l t )  i s  

16.5 Kcal/mole ; t he  electropolishirrg react ion (1 .0  volt) .  ha s ,  an 

ac t iva t ion  energy of 7.7 Kcal/mole. 



5.  The data  support the  hypothesis ' that  i n  t he  a c t i v a t i o n  control led '  

region the  rate-determining ste'p i s  e lect ron t r ans f e r .  I n  t he  

electropolishing region t he  control l ing s t ep  i s  the  d i sso lu t ion  of a 

f i l m ,  possibly ZrC14. - 

6. The r a t e  of d issolut ion o r  current  densi ty  f o r  a zirconium electrode 

i n  HC1-methanol solut ion i s  given by: 

8294 + r 

exp b0.09 - y 5-03 10-9 b , - 0 . ~ 8 ~ 1 -  expl 20 '@ - '(8294 . + . T .&350 Q - ) 1 
. . I = 

: 1 + C 
0.469 

[ 4430 + .. exp 6:07 - - II ... j .  
T 5.03 x 10-4'1' - 0.0988 

where tl = uve~vul tdg t  (-0.5 Co 12.0 vo l to )  

T = temperature (273 t o  3 2 3 ' ~ )  

C = HC1 concentration (1.5 t o  13). - 
7. I n  l imi ted t e s t s ,  s t a in l e s s  s t e e l ,  i ron,  n ickel ,  and chromium were 

found , t o  dissolve e l e c t r o l ~ i c a l l y  while aluminum and uranium 

dissolved chemically i n  HC1-methanoi with no evidence, a t  f eas ib le  

rates' ,  of .  so l ids  formation. .: . . 

. . 

11. INTRODUCTION 
. . 

The dissolut ' ion of'  reactor  f u e l  elements containing zirconium as  
. . .. . .  

the  major con&.?.tllsnt, can be dar r ied 'ou t  successfully i n  hydrofluoric 

acid  o r  hydrofluoric-nitri; '  adid mixtukes . . systems containing f l uo r ide  
. . . . 

Ion, however, p i s e n t  problkms i n  the  soi'vcnt extract ion and waste s to r -  
. . - . . .. 

age phases of f u e l  element reproceusing. 1t was' t he  purpose of t he  
, . 

preient work t o  attempt the  d i s s o l ~ t i b k  of '  zirconium i n  other  media i n  
. . . . 

the  hope of f inding a more a t t r a c t i v e  p rocess .  It was a l so  desired t o  
,- 

f ind  a system which 'would be su i tab le  f o r  the  dissolut ion of o ther  f u e l  
.. . ., . 

element materials  ( s t a i n l e s s  s t e e l  and alumin& a l loys ) .  ' 
. . . .  , 

The above requirements suggested an. i&est igat ion of e l ec t ro ly t i c  
.. . a .  

d isso~. , .~tioh.  s i n c e  t he  a B p l i c a t ~ b h  of" e l e d t r i c  p o t e n t i d  may skrve t o  ' ' . . . . .  

remove protect ive  f h s '  which impede normal chehic$l act ion. '  AAthough 

both s t a in l e s s  s t e e l  and aluminum can be dissolved e lkc t ro ly t i ba l l y  i n  
. : 

aqueous n i t r i c  acid ,  zirconium diissolution' i s  incomplete, r esu l t ing  i n  



t h e  production of r e l a t i v e l y  l a rge  amounts of po t en t i a l l y  uranium- 

bearing so l ids .  Similar ly ,  scoping experiments i n  aqueous chloride 

solut ions  were disappointing in t h a t  approximately 15  per  cent of t he  

zirconium remained a s  an undissolved sludge i r respec t ive  of the  pH, 

temperature, o r  current  densi ty  employed. These unsat is factory r e s u l t s  

l e d  t o  t h e  consideration of the  non-aqueous chloride solut ions ,  and a 

review of zirconium chemistry i n  various organic solvents resul ted i n  

t h e  choice of HC1-methanol as the  dissolving medium. 

Po ten t ios ta t i c  determinations of the  potent ia l -current  density r e -  

l a t ionsh ips  f o r  zirconium i n  HC1-methanol solut ions  were undertaken t o  

define t he  f ac to r s  n.ffectine; the  d i sso lu t ion ,  thc  reactions t,a.ki ~ i e  place, 

and t h e i r  mechanisms. 

The c e l l  and elect rode design.used i n  t h i s  work i s  shown i n  Fig. I,. 

Vacuum annealed reac tor  grade zirconium rod was machined t o  f i t  t i g h t l y  

i n  t h e  Teflon holder so t h a t  one square centimeter of electrode surface 

would be exposed t o  t he  solut ion.  A 12-gauge copper wire was inser ted 

i n t o  a nipple on t h e  zirconium and crimped. I n  a l l  cases the  resictclncc 

from the  electrode surface t o  the  end of the  copper lead was l e s s  than 

0.002 ohm. A s t a i n l e s s  s t e e l  screw mechanism faci1i ta t .ed  removal of 

t h e  zirconium from the  Teflon holder upon completion of an experiment. 

Tke holder was cu t  w5.t.h a 19/38 standard taper  ( 9 )  and provided wil;h 

s t a i n l e s s  s t e e l  hooks t o  give a leak-proof f i t  i n  t he  polished 9 19/22 

g l a s s  jo in t  of t h e  c e l l .  The counter electrode was m,chinerl frnm Hq.,st.el- 

l o y  C t o  f i t  the  o ther  1 19/22 polished g lass  jo in t  and a tapered Teflon 

sleeve u ~ e d  t o  prevent leaking. A solut ion bridge with a Luggin cap i l -  

lary connected t h e  c e l l  t o  a sa turated calomel reference electrode 

(S.C.E. ). The absence of IR d.rop e r r o r  and shielding cffectas  with tllis 

cap i l l a ry  was confirmed by t h e  use of i n t e r rup t e r  techniques. 

The solut ions  were f r e sh ly  prepared by sa tu ra t ing  absolute methyl 

alcohol with anhydrous hydrogen chloride gas a t  lS°C and d i l u t i ng  t h i s  
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with methanol t o  t he  desi red concentration. The solut ion concentrations 

were determined by t i t r a t i o n  with sod'iiun hydroxide. 

During a given experiment t he  solut ion temperature was controlled 

t o  within f- 1°C and .the s t i r r i n g  speed maintained a t  140 2 10  rpm. P r io r  

t o  each experiment, : the exposed surfade of t he  zirconium electrode was 
. . 

ref  aced by machining under an argon atmosphere. The r e s u l t  tng work- 

hardened surface was removed by .dissolution a t , : a  high current."density i n  
. . . . 

an HCI-methanol solut ion of the  same c o n c e ~ t i a t i a n  a s  used i n  t he  ensuing 

experiment. 

An e l ec t ron i ca l l y  controlled potentiostat* was used t o  obtain the 

potent ia l -current  densi ty  curves. Measurements were i n i t i a t e d  a t  the  

steady s t a t e  mixed po t en t i a l  (approximately -0.54 v with respect  t o  the  

S . C . E . ) .  The po t en t i a i  was increased i n  50 mv increments t o  +1.0 v o l t ,  

then decreased stepwise back t o  t he  ~ t e a d y  s t a t c  mixed po ten t ia l .  The 

cathodic potent ia l -current  densi ty  curve was measured a f t e r  completion 

of t he  anodic measurements. 

This procedure was repeated th ree  times f o r  each run and t he  current  

a t  a given po t en t i a l  found t o  be reproducible t o  within 2 1 0  per  cent .  

. Duplicate experiments were a l so  ca r r ied  out -for each temperature and HCI. 

concentration t o  check t h e  overal l  r e l i a b i l i t y  of the  data.  

The anodic and cathodic overvoltage=-current densi ty  re la t ion-  

ships  f o r  a zirconium electrode i n  HC1-methanol solut ions  a r e  shown i n  

~i~ .', 2 a s  a '  function of .'Hc& concentration. ' , .  

At'low overvoltage values a Tafel  relationship*= i s  obtained indi-  

ca t ing t h a t  both the  anodic and cathodic reactions a re  ac t iva t ion .  

* A block diagram of the  c i r c u i t  i s  given on page 23. 

** Overvoltage i s  defined i n  t h i s  case a s  the  difference between the  
po t en t i a l  a t  any current  densi ty  and the  steady s t a t e  mixed po ten t ia l .  
It i s ,  as  usual ,  pos i t ive  f o r  t he  anode and negative f o r  the  cathode. 

*= The overvoltage follows an equation of the  form 7 = a + b log I 
where a and b a r e  constants and I i s  t he  current  density.  



... . 

. . .  . .. .. , . .., . .. . Figure 2 .. _. , .. . . .. . . . . .: . ; . . 

Overvoltage at a Zirconium Electrode as a Function of 
HC1 Concentration at 20°C 



control led.  It can be seen t h a t  t he  react ion r a t e s  i n  t h i s  region a r e  

independent of H C 1  concentration. The r a t e  of "chemical" d issolut ion,  o r  

t he  corrosion r a t e  as given by the  in te r sec t ion  of t he  Tafel  l i n e s  ex- 

t rapo la ted  t o . z e r o  overvoltage, i s  a l s o  independent of K C 1  concentration 
- 4 2 

within  t h e ,  l i m i t s  of reproduc ib i l i ty  (3 t o  5 x 10  amp/cm ) .  .,. The .repro- 

d u c i b i l i t y  of t h e  steady s t a t e  mixed poten-Lial. (.-0.51c" v o l t '  irs tkie"'~. C ;E. 
.. , - 

f o r '  6 ; OM - H C ~  )- was  i n  t h e  order  of + 10 ,  m L  Becaiise of t h i s ,  it was' d i f f  i- 
.. . 

c u l t  t o  d e t e h i n e  with any accuracy t he  var ia t ion  of the  steady s t a t e  

mixed po t en t i a l  as a function of solut ion composition. However, there  

appeared t o  be a t rend  toward more pos i t ive  values with increasing H C 1  

concentration (2 30 mv i n  going from 'lM - t o  10M - H C 1 ) .  

Zirconium _ .... disso lu t ion  i n  the  overvoltage range from zero t o  approxi- 
, . 

.' mately ;*0.4 vo l t  r e s u l t s  i n  an etched surface and i s  accompanied by the  

neparat'ion of a . f ine ly  dividkd black residue from th,e e lect rode.   his 
residue, i s  pyrophoric and gives an x-ray pa t te rn  corresponding t o  

a-zirconium. The r e l a t i v e  amount of residue decreases with increasing 

' overvoltage, f i n a l l y  becoming zero at  high axodic overvoltages. The 

particu%ate .zirconium residue i s  a l s o  qui te  passive i n  HC1-methanol solu- 

t , ions in cont?ast t b  bulk zircoriium which corrodes a t  a r a t e  of 3.4 x 

8mp/cm2 .;,., 

A t  'high. anodic overvoltages the-  current  densi ty  i s  ' independent of 

po t en t i a l .  This l imi t ing  current  densi ty  decreases with increasing K C 1  

~ ~ n ~ e n t r a t i ~ n i .  Also, ' i n  t h i s  region 'the zirconium i s  electropolished 

and complete, d issolut ion a t t a ined .  

As s h o k  i n  Fig. 3 ,., the anodic behsvi,nr nf x i  r r nn t~ .~ .m  i n  mr* d i l u t e  

HCl-methanol solutions ('< 1 . 5 ~ )  i s  d i f f e r en t  i n  t h a t  t he  l imi t ing  current  - 
:' d e n ~ i t y  1s not well defined: and i t s  value a t  constant overvoltage decreases 

with decreasing H C 1  concentration. I n  t h i s  case t h e  surface at  high 

overvoltages i s  etched (astopposed t o  e l e ~ t r o ~ o l i s h e d )  but  t he  overa l l  

surface i s  b r i gh t e r  than the  etched surface obtained a t  low overvoltages. 

A comparison of t he  d i f f e r en t  surface , features  obtained-under t he  ; 
. . . . . . . . . . . . . .  . .  . . 

various d i sso lu t ion  . 'conditions . mentioned above. is  s h o h  i n  ~ i g .  4. In 



Figure 3 

Anodic Overvoltage 'of a Zirconium Electrode i n  
. . Dilute HC1-Methanol Solutions a t  20°C 

' .  , ',. :? 

A and B.of Fig,. 4 the  e f f ec t  can be seen of a higher d i s so lu t ion  r a t e  a t  

t he  electrode boundary. This i s  due t o  t h e  presence of a considerable 

product concentration gradient  which plays a predominant r o l e  i n  control-  

l i n g  t he  react ion kqte i n  t he  l imi t ing  current  densi ty  region. The f a c t  

t h a t  t he  gradient  i s  l a rge r  a t  t h e  electrode edge r e s u l t s  i n  a higher 

dissolut ion r a t e  a t  t h i s  point .  I n  t he  region where t he  react ion i s  

activation-controlled,  an even d i sso lu t ion  r a t e  i s  observed over t he  

whole surface (e lect rode C of Fig. 4 ) .  Schlieren photographs of t he  

metal-solution in terface  under conditions corresponding t o  A, B and C 

of Fig. 4 a r e  shown i n  Figs.  5A, B and C ,  respectively.  The l i g h t  a reas  



represent regions of higher refractive

,
'    ' index (dissolution product concentra-

A tion).  In A of Fig. 5, the streaming

....75/"g:/I off of the viscous layer is character-..'-
istic of electropolishing, while in B

t-

91 1 a quiescent concentration gradient

typical of concentration polarization

is evident. Both A and B were taken

        at the same current density (1 amp/cm2).
Villillillillillir) 911'll//I/1//mi: Fig. 5C obtained at approximatelyFill,       -,i"  

100 ma/cm2 (activation controlled

B <         region) shows no significant concen-

tration gradient.

The effect of HCl concentration
Figure 4

on the limiting current density atElectrode Surface Obtained Under
Various Dissolution Conditions: an overvoltage of 1.0 volt is shown

A - 6.aM HCl, +0.8 v in Fig. 6.  The concentration range
2

overvoltage,   = 1  amp/cm for electropolishing is characterized
B - 1.aM HCl, +0.8 v 2     by a negative slope and non-electro-

overvoltage,   0 1  amp/cm
polishing by a positive slope.

c - 6.OM HCl, +0.3 v 2
overvoltage,  s= 100 ma/cm Figure 9 shows the effect of

temperature on the anodic overvoltage

curves in 6.aM HCl-methanol.  From these data the energy of activation

was found at overvoltages of zero and 1.0 volt  (corresponding to the

corrosion and electropolishing reactions,respectively).  This is shown

in the Arrhenius plots  of Figs.   7 and  8.    At an overvoltage  of  0.0 volt

the energy of activation for the corrosion reaction is 16.5 Kcal/mole,

and in the electropolishing region at 1.0 volt it is 7.7 Kcal/mole.  The

low energy of reaction obtained for the electropolishing region is

compatible with a mass transport controlled mechanism.

-10-



Figure 5 
Sch-lieen Photographs of Metal-Solution Interface During 

Dissolution in HC1-Methanol 



Figure 6 
Effect of HC1 Concentration on Limiting Current Density a t  

1 .0  Volt Overvoltage ( 2 0 ' ~  ) 

Figure 7 Figure 8 

Arrhenius Plot  f o r  the Reaction Arrhenius Plot f o r  the Reaction 
a t  an Overvoltage of Zero Volt a t  an Overvoltage of 1.0 Volt 
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. Figure 9 : .. . . * 

. . 

The Effect  of ~enr je ra tu re  on the  Anodic Overvoltage of . . 

Zirconium i n  6. OM HC1-Methanol - - 



Miscelladeous Experiments. Although no attempt was made t o  deter-  

mine t h e  s o l u b i l i t y  of zirconium i n  HC1-methanol, ., . it was observed t h a t  

t h i s  s o l u b i l i t y  exceeded 2 . 8 ~ .  - Concentration of t he  zirconium-HC1- 
. . . . . . . . 

methanol solut ions  by evaporation produced 'a glass .  

I n  l imi ted t e s t s  of o ther  r e a c t o ~ q e t Q s ~  a1umih.m and ukaiii- were 

found t o  dissolve  rap id ly  by chemical. means. , in  HCT-methanol., . In..  t.he ,: 

. .. 
same medium s t a in l e s s  s t e e l  and i t s m a j o r  , co&,onents . ,..: iron;' n i c k e l  and 

chromium, were dissolved e l e c t r o l y t i c ~ l l y  . "at . f eas iblg  r a t e s  (>. 0.5.. amp/ 

em2 1. 
.. .. 

i , '  

, . ' . V: DISCUSSION 

When zirconium i s '  placed i n  an HC1-methanol solut ion,  dj.ssolution 
. . 
. uf the;.&tal takes  pla'ce at  a ve ry  slow s?te t o  give a.s prod~.,.ct.s hydso- 

* 
. .  gen gas, and a mixture .of t he  various chloapzj.ccon.ii.un mthoxides . T h i ~  
. .. 
., . overa l l  react ion is shown i n  (1.) whe,re x has values from 0 t o  4. . . 

' .  , Z? + (4-x)HCl + ' ~ C H  OH 4 Z r C l  
; 3 (1) 

~ v i d e n ~ e  f o r  t h i s  reac t ion  is  supported by t he  i den t i ca l  op t i ca l  spectra  

of d i s so lver  solut iohs  and solut ions  prepared. by adding zirconium t e t r a -  

. chlor ide  t o  methanol. Reaction ( 1 )  i s  believed t o  take place , i n  two 
, . 

pr inc ipa l  s teps .  F i r s t ,  zirconium reac t s  with hydrogen chloride t o  form 
. , 

. . 

'. zirconium tk t rach lor ide  8n.d hydrogen gas a t  the  metal- iolution in terface .  

. . 

The next .step' '(3) takes place pr imari ly  i n  t he  bulk of the  solut ion ( a t  

H C l  concentration > lM) - and so has l i t t l e ,  i f  any, e f f ec t  on the  disso- 

lu-1; ion r a t e  . . 

Kx zrc14 + XCH OH , , 3 
Z r c l  (4-x ) (OCH3 )x + xHc1. 

The equilibrium constants K f o r  t he  above react ion were determined by x 
Simmons and':Hansenil) . . ( p ~  = 1.62, pK2 = 5.18, pK = 10.4, pK4 = 18.2).  

. . 1 3 
From these  data  it i s  obvious . . .  ,. t h a t  . Z q 4  and>,g,rC& OCH are $he m k i n  ,, . . . - 3  3 
species  i n  solution.  , 

.. . . . 
, , . . .  . 



. .  . .. . , .: 
For the purpose of t h i s  discussion it i s  convenient t6"divide. . 

reaction (2 )  into two half-reactions., one :represeli;ting an oxidation (4 )  
-. 

and the other a reduction ( 5 ) (anodic and. "cathodic reactioris.).,, 
. . 

. /. z r  + 4 ~ 1 -  + ze14  + 4e , 
. . 

, . . 
(4) 

. . . . 
. . .  

4H+ + 4e -, 2~;,. ,; 
8 . .  . . . , .  . . , 

, ,  (5 )  , . .  . 
. . . .. 

If zirconium is  . @de , ,  . the: .qode, of an electrolyt-ic , c e l l  .in which HC1-., . . . 

methanol i s .  the electrolyte ,  reaction ( 4 )  predominates; i f  it i s  the 
. . 

cathode, reaction ( 5 ) takes place a t  a f a s t e r .  ra te .  -In reaction. (4) it 
i s  not t o  be construed tha t  the reactive species i s  the chloride ion.as  

such because molecular HC1 is  present a t  a higher concentration and may 
+ serve just  as well. However, i f  the ionization equilibratibn (H + ~ 1 -  

H C 1 )  i s  rapid, the two would be k ine t ica l ly  equivalent. 

When reactions (4)  and ( 5 )  are  activation controlled, t h e i r  respec- 

t i ve  . ra tes  i, and i, are given by: 

. I  1 
and i,= l,exp(- E>), (7)  

where 6 i s  the overvoltage, b, and b, constants character is t ic  of the 

reaction mechanism and i/, th,e reaction r a t e  a t  zero overvoltage. A t  

zero overvoltage the anodic (4)  and cathodic ( 5 )  ra tes  are equal, and, 

theref ore, 2; i s  the corrosion or  chemical dissolution ra te  (reaction 

( 2 )  ) The c e l l  current density, I, w i l l  be given by the difference i n  

the ra tes  of reaction (4 )  and ( 5 ) .  Thus, 

. .. I = i, - t  = - e x p [ - ~ ~ ) ]  bc ' '. (8) 

This par t icu lar  form of the equation gives negative values f o r  the c e l l  

current when zirconium i s  the c e l l  cathode andposi t ive when it i s . t h e  

anode. * . . . .  . .. . . . 

Under circumstances where a l imiting current density i s  observed, 

e.g. ,  i n  the electropolishing region, it can be shown ( 2 ' 3 )  t h a t  the , 

. . . . . .. 
equation expressing the current density as a furict'ibn of ove&61tage 

' 

* In  Fig. 2 t h i ~  sign convention i s  disregarded. 



takes the. . . form . : . . .  . . . . . .  . . 
. : .  :. .. .  .: . 

r 

where 2, i s  the l imiting current density. Equation (9)  can be simplified . . 
considerably f o r  certain'  overvoltage ranges. . . ' FOI- example, when 9 i s  

. . 
more .fiegat&& than about ' :-0.05 vol t ,  i, << i, and Zl '&t (g'j r e d ~ i e s  

. . : . . . .  
, ::. 

. . 

t o  .' 
. . . . . . 

Likewise, i f  1 < to .  05 vol t  and /j, ran hp neglected.  then i, << 
. . . .  

and.: .eq*t.ion: (9)  simpLi$T.es to.: . . . - , . .  , .  
. . 

. . . . 

. I 
I = 2, = 2, exp 

. . ,  r + . I  

. I( = -2.30 b9 log ii + 2.30 b, log I .  . . . . . . . .  313)  ,:. , 

Final ly Wherl iii /,ij ..',> 1 then' I +. it . . Under. conditions where. , 

equ6tions ( 1 1 )  - b r a  (13) 'a re  +axid, a plot  of overvoltage 9 &rsus i d &  ;I ' '  

g5ves a ' s t ra ight  l l n e  from vihich the Tafel d o p e  (-2.30 b,' or  2'30. b;; ): 
' I  

&~ld. 'iil LeceQp 1 2, can ' be 'detemtned.. ' . 

Since..the value of the Tafel slope depends on the type of reaction 

s tep t h a t  i s  rate-determining, it' is one of '  the imp6rtan-t c r i t e r i a  used 

i n  establishing the reaction. mechanism. . From'electrode kinet ic  theory 

where y i s  the stoichiometric numbe*, p the symmetry f a c t o w ,  n the 
. . .  . . . . 1 . , . . . 

. . .  

* The number of times the rate-det,ermining step ~ 1 s t  take place, during 
one ac t  of: the overall  process.. 

For the symmetrical energy bar r ie rs  normally 'encountered f3 = 0.5. . . . . 



number .of electrons t r a h ~ f e r r e d ~  during one a c t  of the overall: prockiss 

(equal t o  four .from reaction (4 )  ) and the other '  ten% have t h e i r  usual. 

significance. - The .stoichiometric number calculated from the average ' 

experimental anodic Tafel slope (2.3 b, = 0.U5 f 0;005 vol t ) .&d 

. equation (14) i s  3.96 -C 0.16. .From t h i s  it can be' concluded tha t  the " ' 

rate-determining s tep i n  the activation controlled region f o r  the anodic 

process represented by equation (4 )  must take place four times f o r  each 

ac t  of the overall  reaction. However, the behavior.of the corrosion 

r a t e  and the steady s t a t e  mixed potent ial  with changing kc1 concentration 

.can not eas i ly  be associated with any simple sequence of reaction steps 

f o r  the overall  process. The change i n  the steady s t a t e  mixed potent ial  

of approximately 30 mv i n  going from IN t o  10M H C 1  i s  not of r e a l  s ignif-  - - 
icance because of the'.possible charges i n  the liqi.1.3.d junction potent ial  

(HCI-methanol ( 1 .KC1 aqueous ) with H C 1  concentration. ~ n f  ortunately,' the' 

Ag, .Ag C 1  . electrode was fourid t o  'be urkuita'ble as a reference i n  con- ' .  
2 2 

centrated HC1-methanol because of the high so lubi l i ty  of Ag C 1 '  . . *  
2 2' 

. . The lack of dependence o f . t h e  corrosion r a t e  on HC1  concentration . 

can possibly. be explained by assuming complete coverage of the zirconium 

surface with specif ical ly  adsorbed ~ 1 - .  This adsorption step could be 

rapid a t  the potential's and HC1 concentrations involved. (4) The next '. 
step' would then r e su l t  i n  'the formation o f  a posi t ively charged zirconium 

chloride species which could react fur ther  with chloride ion o r  methanol 

.in the .double layer  t o  forin a soluble' product. ~ h u s ,  the reaction may 
. . be divided into three par t s :  

. . M-Zr:  + p ~ 1 -  4 M-zrC1iP (15a > 
. . 

M - Z I C L ~ ~  - M - z ~ c ~ ~  + ( 4 - ~ )  + 4e , (1% 1 

The stoichiometric rimer of four indicates tha t  the rate-determining 

s tep may be ~ s s n c i ~ t e d  with the formation of the zirconium chloride 

species- of (15b ) . 



Under conditions.of electropolishing, it is generally believed 

that a solid film is formed on the metal surface which in the steady 

state is dissolving as fast as it is formed. ( " ) The rate -determining 

step is ,the "physical" dissolution of this film and is, therefore, inde- 

pendent of electrode potential. Increasing the potential merely increases 

the steady state film thickness. Since the film is~.the controlling 

factor..in the dissolution, the differing rates of removal of .cations from 

the metal :lattice due to .their specia.1 positions :within.,the lattice are,. 

no longer of significance. On the other hand, in,the non-electropolishing 

region, preferential attack at grain boundaries, etc . , results i.n etching 

and 'the separation of sma.11 hi.t,s of metal from thc aun-face. Ft.~.luL 'ev 

and Grilikhes(6 ) attribute electropolishing to the format ion of oxide 

fri.lms rather than salt, .films. This nwy be t rue for the lll0s.t. part in 

aqueous systems'but we do ..not believe it to be- the general case .in npn- 

aqueous solutions. It is difficult to see how increasing the HC1 concen- 

tration would decrease the dissolution rate of an oxide film (see Fig. 2) 

but this effect is conceivable if the film were a .chloride of zirconium. 

At'low HC1.concentrations and high. current densities the transport 

of HCl .to the 'electrode surface becomes rate-determining (concentration 

polarization) and the value of the. limiting current density decreases as 

.the HCl .concentration is decreased (see Fig. 3). Under these conditions 

the electrode surface can not be completely covered with a.dsorbed ~ 1 -  so 

that it-..becomes possible for the-solvent (methanol) to play a direct part 

in the dissolution mechanism with the resulting formation of chloro- 

zirconium methoxides at the metal-solution snterface .' This, combined with 
the fact that the rate of transport of ~ 1 -  to the metal surface would 

. ! '  

increase with increasing potential '(in the absence of supporting 
' 

. - 
electrolyte ), may explain the ill-def ined limiting current density observed 

at low HC1 concentrations. 

. 

. .  V I .  .PROCESS IMPLICATIONS . . . . 

It was shown previously that -the rate of zirconium dissolution in 

HC~-methanol is a function of overvoltage, temperature, and HC1 concen- 

tration. From the data in Figs. 6, 7 and 8 the corrosion rate i/, and 



. . 
' - 2  the l imiting current density il' (both iri amp/cm ) can b'e ~ x ~ r e i s e d  i n  

terms of HC1 concentration C and absolute-temperature T as follows: 

20.09 - A H ~ / R T ]  (16) 

where AH: = 16.5 ~ca l /mole  i s  the energy of activation f o r  the corrosion 

reaction (2 )  and AH: = 7.7 ~ca l /mole  i s  the activation energy f o r  the 

electropolishing process. Substituting equations (16) and (17) into (9) 
resu l t s  in :  

. . . . .  

exp (20.09 - 82941~  + q/bq ) - exp (20.09 - 8 2 9 4 / ~  - 9 /be ) 
I = 

1 + ~ ~ ' ~ 9  exp (6.07 .-. 4430/T +. B/b,').' ' .  (18) 
The. experaenta l ,  anodic TafeI. slopes- were found: to -  dif-fer s l igh t ly  from 

the temperature dependence shown in :  equation.: (14) .. ' . This is"  probably due 

t o  c h w e s  in  the symmetry Sact0r.p with temperature. -The data..were.best 
. . 

I _ . .  . . 
f i t t e d  by +the empirical -formila:. 

. .  . . . 
-4 

: be= 5.03 x 10 T ' -  0.0988. 
. . (19) ; 

The c'athodic sloee was determined bnly  ' a t  , 293 '~ .  These data combined . 
. . . ' 3  

with '(18) 'imd ' (19) yield ' the cuken t  density I a t  a zirconium electrode 
.. . 

i n  HCl'-m6"can'ol~~ solutions as a funct ion of overvoltage ( -0.5 t o  +2.0 
. . 

vo l t s ) ,  HC1 concentration' (1.5 t o  13~) ' and  - temperature (273 t p  3 2 3 ' ~ ) :  
. . 

.! . . ( :. , 
: . 

. _ , . . . '  . . . . . a . 3 . . .  

Equation '(20) reduces.to more simple forms i n  some overvolt,age ranges.. . . 
, - 

For example, i f  (20) i s  r e w i t t e n  as  . . 
. . 

. .  . .. . . . ' I , .  . '  



t h e  following . . . . .  s impl i f i ca t ions  . . .  a re .  possib;le. When Q is.. more negative: 
7 ' . . . . . .  . . . . . .  . . . .  . , . . 

than about '-0.05 vo l t ,  . . . . . . . . . .  A 2 0  .I  and.? .. = 1 so t h a t  I =  -B. . . . . .  The negg t ive , .  
. . . . . .  . . . . . . . . .  

s ign ' ind ida t i s  t h a t  t he  zirconium i s  the  c e l l  cathpde, a case which i s  

only of t heo re t i c a l  i n t e r e s t .  I f  q i s  > +0.05 b u t <  +0.3 vo l t  ; ' then 

B Z 0 and D 1 so t h a t  I = A. For values of q above' +0.6' vo l t ;  B = 0 

and D >> 1 so t h a t  I = AID 2 il . This i s  the  e lect ropol ishing region 
. . 

where t h e  c u r r e n t  d e n s i t y  i s  independgbt o f  bv;rvoltage. ; In  t h i s  cask 

t h e  desi red d i sso lu t ion  r a t e  must be' bbtained by cont,rollirig t he  Gkfihbles 

of t e G e r a t u r e  and HC1: concentration.   he Current 'density .a's 'a f k c t ~ o n  

of these  two parameters i s  given by (17) and i s  rewri t ten  b e ~ o w  wi th ' t he  

proper numerical cogs-Lasts. 
. . .  

Since t he  react ion r a t e  i n  t h e  electropolishj.ng region i s  e s ~ e n t i a l l y  

mass t ranspor t  control.l.ed, a considerable concentratiorl gradient  i s  

present i n  the  solut ion-next  t o  t h e  electrode.  S t i r r i n g  reduces tlie 

gradient  thickness thereby increasing the  dissolut ion r a t e .  The type 

and r a t e  of solut ion flow next t o  t he  dissolving metal depends t o  such a . . , 

grekt  extent  on d i sso lver  geometry t h a t  it was f e l t  a quant i ta t ive  study 
. . . .  . . 

of dissblut ion r a t e s  vs s t i r r i n g  speed on a laboratory scale  would be :of 
. . - , , /: '. , .  . 

i i t t l e .  use.   his solut ion flow f a c t o r  must, . . .  therefore ,  be considered i n  .:,; . !  . . . . . . . . .  
applying equation ' (22) t o  . . .  other  . . . .  dissolver  systems. . . , .  . . . .  . . . .  

It has been shown t h a t  t h e  dissolut ion of zirconium i n  HC1-methanol 

a t  an overvoltage ._ . . .  of l e s s  khan approximately +0.5 vol t ,  is.accompanied . . . . . . . . .  . . . . . . .  . . . . . . . . . . . .  
, .. by.'.the separation o f .  some f inely..divide,d: metal. par t i c le6  .from. t h e  b i l k  

t h e  amount formed decreases with increasing overvoltage. Only i n  the  
. . . .  . . .  . . .  

ele~ctropol ishing region i s  complete dissolut ion obtained. Therefore, 

in '  order t o  avoid possible uranium l o s s  'from the  undissolved material  it 

would be necessary t o  ca r ry  out t he  dissolut ion e n t i r e l y  within the  

e ledtropol ishing region.* This s t a r t s  a t  an overvoltage of agwroxim.t,ely 

* The nature of t h e  overvoltage-current densi ty  curves necess i ta tes  use 
of a constant voltage o r  very low impedance power supply t o  maintain 
s t ab l e  operation i n  the  electropolishing region. 

, - 



+O. 5 v o l t ,  but  l imi ted operation down t o  +0.4 vo l t  would not be 

detrimental.  The upper l i m i t  of overvoltage f o r  the  electropolishing 

region has not been sharply defined but appears t o  be about +2 vol t s .  

Operation up t o  +3 .vo l t s  has been maintained f o r  shor t  periods of time, 

but  t he  onset of gas evolution a t  high overvoltages tends t o  break up 

t he  concentration gradient  and produces i n s t a b i l i t y  of the  l imi t ing  

current density. Beyond the  l imi t ing  current  densi ty  f o r  zirconium 

dissolut ion,  evolution of chlorine gas i s  encountered with a resu l tan t  

decrease i n  current  e f f i c iency  f o r  t he  d i sso lu t ion  process. Complete 

dissolut ion may a l so  be poss ible  under these  conditions but  experimental 

d i f f i c u l t i e s  discouraged study i n  t h i s  region. 

The complete dissolut ion of zirconium f u e l  elements with a complex 

geometry presents some problems i n  t h a t  t he  po t en t i a l  across t h e  metal- 

solut ion in terface  a t  a l l  points  must be within the  electropolishing 

region. Although the  useful  range between minimum and maximum po ten t ia l  

over the  surface i s  r e l a t i v e l y  l a rge  f o r  t h i s  system (1.5 v o l t ) ,  t he  
' 

ten-fold higher res is tance of t he  e lect rolyte* compared t o  aqueous solu- 

t ions  of s imilar  concentration counteracts t h i s  advantage somewhat. I n  

other  words, a system with excel lent  throwing power i s  needed t o  completely 

dissolve complex elements. The requirements f o r  good throwing power 

a r e  (1 )  high polar izat ion ( l imi t ing  current  density i s  i dea l )  and (2 )  low 

solut ion res is tance.  Only the  f i r s t  of the  above requirements i s  met 

f o r  HCI-methanol solut ions ,  the  r e s u l t  being a system with only medium 

throwing power. An a l t e rna t ive  t o  improve the  po t en t i a l  d i s t r i bu t i on  

over an clement surface would be t o  modify t he  element and/or d issolver  

geometry. For example, it may be possible i n  some cases t o  reduce a 

complex f u e l  element t o  a more simple shape by a cu t t ing  o r  crushing 

operat ion. 

Operation of a large  scale  dissolver  e n t i r e l y  within the  e lec t ro -  

polishing region may be impossible t o  achieve when dealing with f u e l  

elements of complex geometries. A separate treatment f o r  the  small 

++ This high e l ec t ro ly t e  r e s i s t ance 'w i l l -  a l so  create  a heat  d i s s ipa t ion  
problem. . 



amount o f .  undissolved .resithe .(about -1 pkr cent ) might then be necessary. 

Forexample, dissolution: in.  a small.. amount. of hydrofluoric acid i s  rapid 

and.complete,. However, s5nce:the precipi ta te  i s  'a-zirconium and not 

zirconium oxide, uranium. inclusion. may. be m i n w ,  'and .i't be ' p o ~ s i b l e  

to d i  s card, t h e  prec ip i ta te  ..without, fu r the r .  treatment. 
. . 

Other . . materials t h a t  can be.dtssolved in"HC1-methanol are iron, 

nickel,  chromium, o r  t h e i r :  alloys (.stainless . s t & l ) ,  aluminum aid  u r & i d .  

Insome cases .dissolution proceeds a t  a suf.ficient - rate  without 'an 

exte,rnal .current ,,. e . g . , aluminum and uranium. .Although 'there was . a 

. l imited nmiber of dissolution experiments carried out with the above 

materials,  no evidence of incomplete dissolution was observed as with 

zirconium a t  low overvoltages. 
i 

. . Uranium dioxide i s  not r3.i ssnl v ~ d  .hy ? X l ' ~ t h G o l  oolut'iona , , " 

t h a t .  the decladding of U02-type elements i s  possible. This was demon- 
, . 

stpabed . . i.n the laboratory by disso1ving.a zirconium clad fuel: pin con- 

ta ining ,UO2 pe l l e t s .  No uranium could be detected i n  the dissolver' 

solution,and subsequent t reatment 'of . the remaining sol ids 'with n i t r i c  

acid resulted i n  the complete: separation of uranium from zirconium. The 

aqueous uranium n i t r a t e  solution obtained by t h i s  procedure lends i t s e l f  

well t o  treatment by exis t ing solvent extraction methods, 

Another feature of process.significance i s ' . the  larger  zirconium 

capacity of the HCl-methanol system re la t ive  to. 'aquegua f luor ide  s ~ ~ . . i , ~ + ~ j . n ~ s ,  

The greater  solution s t ab i l i t y ,  offers greater'f,l,ex;ikility. in both'ch.ernicn1 

~ e p a r a t ~ i o n  and'waste storage aspects. I n  the '7 '9 te r  case f i n a l  storage 
. .  . as a glass  .may be* possible. 

Although'there are.. some major problems t o  be 'solved o r  investigated 

i n  developing the .HC1-methanol system into a process, e 1 g . , radiation'  

s tabi l i ty . ,  equipment development, and uranium separation, the a b i l i t y  of 

t h i s  solvent. t o  dissolve a large nllmber of reactor fuel'  metal; arid i t s  

r e l a t ive ly  high metal capacity suggest fur ther  research t o  define i t s  

capabi l i t ies .  . . 
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