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A b s t r a c t  

The design and optimization of large-scale systems for electrochemical dissolution of 
PuO2 in the presence of Ag 2+ ions acting as mediators require a knowledge of true 
dissolution kinetics, usually obscured by limiting capacities of the electrolytic cells. 
Analysis conducted in this study identified the PuO2 surface reaction with silver(II) as 
the rate-controlling step and led to a mathematical model of the process based on first- 
order heterogeneous kinetics. By applying the model for simulation of a large-scale PuOa 
dissolution experiment reported by Bourges et al., a first-order rate constant k = 0.0004 
cm min-1 for electrochemical dissolution of Pu02 at 25 °C has been determined. The 
model was then used to demonstrate the stxong effects of the PuO2 size distribution, 
the silver(I) concentration, the anodic current and some other operational parameters 
on the dissolution time and the current efficiency. The results of this investigation provide 
a means for rational design and operation of plutonium-processing systems and stress 
the importance of operation at the limiting current. 

1. I n t r o d u c t i o n  

The d i s s o l u t i o n  of  PuO2 in a q u e o u s  so lu t i ons  of  HNO3 b y  m e a n s  of  
Ag 2+ ions  e l e c t r o c h e m i c a l l y  g e n e r a t e d  a t  the  a n o d e  o f  the  e l ec t ro ly t i c  cel l  
is b e c o m i n g  a m e t h o d  o f  cho i ce  in the  p l u t o n i u m - p r o c e s s i n g  indus t ry ,  r e p l a c i n g  
a m u c h  s lower  p r o c e s s  involv ing  a m ix tu r e  o f  n i t r ic  and  hydro f luo r i c  ac ids .  
The s p e e d  of  the  n e w  p r o c e s s  is such  that ,  v i r tua l ly  all  o b s e r v e d  t r e n d s  
r e p o r t e d  so  far  [ 1 - 4 ]  - l inea r i ty  in t ime ,  a p p a r e n t  i n d e p e n d e n c e  of  so l ids '  
su r face  a r e a  a n d  p r o p o r t i o n a l i t y  (up to  a l imi t )  to  the  a n o d i c  c u r r e n t  --  
p o i n t  to  Ag 2+ g e n e r a t i o n  as  the  on ly  r a t e - l imi t ing  s t ep  of  the  en t i re  p r o c e s s .  

I f  the  h igh  r a t e  o f  d i s so lu t i on  i t se l f  is t a k e n  for  g r an t ed ,  as  the  a b o v e  
r e f e r e n c e s  s e e m  to  imply,  t hen  the  d i s so lu t ion  s t ep  ough t  to  be  l o o k e d  u p o n  
m e r e l y  as  a s ink  fo r  Ag 2+ ions,  w h a t e v e r  i ts  t r ue  k ine t i c s  m a y  be.  However ,  
the  s a m e  d a t a  [ 1 - 4  ] w h i c h  s u p p o r t  t he  n o t i o n  of  an  e x t r e m e l y  h igh  d i s so lu t ion  
r a t e  con t a in  e v i d e n c e  tha t  th is  r a t e  is  in f ac t  fa r  f r om infinite.  E v e n  for  the  
h igh ly  r e a c t i v e  s u b m i c r o n  PuO2 p a r t i c l e s  u s e d  in t hese  e x p e r i m e n t s ,  the  
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quasi-linear plots of dissolution v s .  time exhibit p ronounced  curvature toward 
the end of  the run, demonstrat ing that, despite the increased silver(II) 
concentra t ion at that  stage, the reduction in the solid surface area does 
eventually slow the dissolution rate. This clearly would not  be observed if 
the dissolution process  were instantaneous. 

Fine submicron powders  usually present  handling problems and, if feasible, 
are turned into coarser  materials with sizes ranging from a few microns to 
tens of microns. For  these less reactive materials there is even less reason 
for taking for granted their high electrochemical  dissolution rate. Their 
opt imum processing (minimum dissolution time at maximum current  efficiency) 
may involve, for  example, consideration of a feedback between the rate of  
generat ion and the rate of  consumption of Ag 2+ ions and would not  be 
possible without prior  knowledge of  the dissolution kinetics. Finally, neither 
modeling nor  process  optimization, involving mixed materials, in which PuO2 
needs  to be leached from inert  matrices, can be accomplished meaningfully 
without understanding first the mechanism of  electrochemical  dissolution of  
pure PuO2. 

These are but  a few examples demonstrat ing the need for understanding 
the mechanism(s)  of electrochemical  dissolution of plutonium oxide as well 
as the oxides of some other  actinides. Following the usual practice, our 
descript ion of  the dissolution process  -- be it the reaction or diffusion 
kinetics, taking place at the surface or away from it -- will be regarded as 
adequate,  once a given combination of steps leads to the results consistent 
with available data. In particular, the dissolution rates obtained on a basis 
of  any of  the above assumptions will be checked against the data. Unavoidably, 
some important  but  unnecessary modeling details will be ignored in the 
process.  

2. Mechanism o f  e lectrochemical  d i s so lut ion  o f  p lu ton ium ox ide  

The electrochemical  dissolution of PuO2 resulting in the formation of 
solvable plutonyl(VI) ion PuO2 2 + proceeds  through electron transfer  reactions 
between PuO2 and Ag 2 + : 

PuO2+Ag e+ ) PuO2 + +Ag + (1) 

P u G 2  + - I -Ag 2+ ) P u G 2  2+ -nt-Ag + (2) 

with the overall result  

P u O 2  + 2 A g  2+ ) Pu022+ + 2Ag + (3) 

It has been  argued [1-4] ,  that the monoelectronic  redox reaction is much 
more  probable  than a redox  reaction involving the simultaneous exchange 
of  two electrons. Consequently, the dissolution proceeds  through the reaction 
(1) producing an unstable plutonium(V) ion. The latter immediately reacts 
with a nex t  available Ag(II) ion to form a stable plutonyl(VI) ion according 
to react ion (2). As it takes place in the solution, the second reaction is fast. 
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The key  ques t ion  is where  reac t ion  (1) t akes  place.  If it occurs  on  the sur face  
of  PuO2, t he n  the  rate- l imit ing s tep m u s t  be  assoc ia ted  ei ther  with the reac t ion  
itself or with the  diffusion of  r eac t an t s  o r  p ro d u c t s  be tween  the bulk and 
the surface,  if r eac t ion  (1) takes  p lace  in the  liquid phase,  then  the dissolut ion 
of  PuO~ in HNO3 could  be  the  rate-l imit ing step.  

Consider ,  as a r e fe rence ,  PuO2 with a specific surface o f  2.2 m 2 g-Z, 
for  which  e l ec t rochemica l  dissolut ion ra tes  up to 1.8 × 10 -3 mg cm -2 min-1  
are on  r e c o r d  [1]. Assume first tha t  r eac t ion  (1) takes  p lace  in solut ion.  
This me a ns  that  PuO2 first has  to  dissolve in HNO3. In pure  nitric acid 
solut ions,  PuO2 is, fo r  all p rac t ica l  pu rposes ,  insoluble.  Its the rmodynamica l ly  
ca lcula ted  solubil i ty in 4 M HNO3, for  instance,  is only 0 .06 g 1 -~ [5] and 
is cons i s ten t  with the  va lues  of  0 .03  g l - '  to  0 .07 g l -~ de te rmined  
exper imenta l ly  in the  same work.  Never theless ,  so long as this (admit tedly  
low) solubil i ty is finite, the re  is a co r re spond ing  driving force  for  Pu02 
dissolution.  React ion  (1) would  t hen  be  n e e d e d  only to sustain this small 
driving fo rce  t h rough  scavenging  PuO2 f rom solut ion by forming plutonyl .  
However ,  the  publ i shed  ra tes  of  PuO2 dissolut ion in pure  4 M HNO3 ranging 
f rom a low of  2 . 6 × 1 0  -7 mg  cm -2 m i n - '  [5] to  a high of  1 . 5 × 1 0  -~ m g  
cm -2 min -1 [6] are  two to  four  o rde r s  of  magni tude  lower  than  the above  
r e f e r ence  rate.  It is c lear  tha t  this h igh ra te  would no t  be possible if Ag +2 
ions had  to wait  first fo r  PuO2 to dissolve before  react ing with it. React ion 
(1) t he re fo re  mus t  be  taking p lace  at  the  surface.  

S u p p o s e  now tha t  the  diffusion o f  p lu tonyl  be tween  the  bulk and the 
surface  is the  rate- l imit ing step.  F o r  PuO2 with a specific surface  of  about  
2.2 m 2 g -1  the  average  par t ic le  size dp should  be  a round  0.23 ~ m =  2.3 × 10 -3 
cm, assuming  un i fo rm spheres .  A conserva t ive  est imate  of  mass  t rans fe r  
coeff icient  kD, based  on  the She rwood  n u m b e r  Sh=kDdp/D= 2 for  s tagnant  
media  and the  above  par t ic le  size, would  give 

2D 
k D  = - -  = 0 . 8 7  cm -1 s - ~ = 5 0  cm min -~ 

dp 

where  the  typical  diffusivity in aqueous  solut ions  D = 1 0 -  ~ s -  2. With a mass  
t rans fe r  coeff icient  of  such  a magni tude ,  the  observed  e lec t rochemica l  dis- 
solut ion ra te  of  1 . 8 × 1 0  -3 m g  cm -2 min -1 is a t ta ined easily at  a p lutonyl  
concen t ra t ion  d i f ference  o f  only  3.6 × 1 0 -  ~ g l - '  or  1.3 × 10-7  M. This shows 
that  p lu tonyl  diffusion is, in fact ,  so intense as virtually to  el iminate its 
concen t r a t i on  differential  be tween  the  sur face  and the bulk. The same reason ing  
rules out  o the r  poss ible  ex te rna l  diffusion l imitat ions for  at  least  as long as 
the  par t ic les  are  small,  leaving us jus t  one  possibil i ty -- tha t  reac t ion  (1) 
occu r s  on  the  sur face  of  PuO2 par t ic les  and  is ra te  limiting. 

A similar m e c h a n i s m  involving two one-e lec t ron- t rans fe r  s teps  was also 
conf i rmed [7] in the  case  of  h o m o g e n e o u s  oxidat ion of  formic  acid by  Ag(II). 
Important ly ,  the  fo rma t ion  o f  the  fo rmyl  f ree  radical  in the first rate-l imiting 
step was  shown  to  be  first o rde r  in Ag(II). This  makes  a s t rong  case  for  
the  f i rs t -order  (or  pseudo-f i r s t -order )  kinet ics  govern ing  the fo rmat ion  o f  
plutonyl(V).  The  ra te  o f  p lu ton ium ox ide  dissolut ion will t he re fo re  be  desc r ibed  
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by the following equation: 

dm 
d---~- = -kS[Ag(II)] (4) 

Here m is the mass of the dissolving plutonium oxide, S is its surface area, 
[Ag(II)] is the concentration of Ag(II) and k is the as yet unknown first- 
order rate constant. 

In the special case of material consisting of uniform spherical particles 
their surface would change during dissolution in the following manner: 

( m ~  2'8 
8 = 8 0  - -  (5) 

\mo] 

with the initial surface So given by 

6mo 
So = - -  ( 6 )  

pdpo 

Here mo and dpo are the initial mass and particle size and p--11.5 g cm -a 
is the PuO2 density. 

If, in addition, Ag(II) concentration is held constant during dissolution, 
eqn. (4) can be integrated: 

Y So 
m -2/a din-- -k[Ag(II) l  ~ dt (7) 

, n o  0 

yielding the relationship between the dissolution time t and the fraction of 
dissolved material X= 1 -mlmo: 

t = 311 - ( !  - J O 1 1 a l m o  = [1 - (1  - X ) I / a l o c / ~ o  ( 8 )  

kSo[Ag(II) l 2k[Ag(II)] 

The time v required to complete dissolution (X--1) is thus 

3too pdpo 
T = - (9) 

kSo[Ag(II)] 2k[Ag(U)] 

For uniform spherical particles dissolving at a constant Ag(II) concentration, 
eqns. (8) and (9) provide a basis for determination of the rate constant k. 
In practical applications, however, these conditions are not usually met. The 
linear shape of the electrochemical dissolution curves mentioned earlier 
indicates that, even though the particle size and Ag(II) concentration were 
changing in the process, the dissolution rates of PuOe remained nearly 
constant. Given the structure of the fight-hand side of eqn. (4), this is only 
possible if the product S[Ag(II)] itself was constant. 

The coupling of the Ag(II) concentration and the surface area S, occun~ng 
along linear parts of the dissolution curves, is caused by a combination of 
two factors: the high reactivity of the material and the limited rate of 
replenishment of  Ag e+ ions. This reduces the equilibrium concentration of 
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Ag(H) well below the upper limit corresponding to the total Ag concentration 
(even after the effect of Ag(II) reaction with water is taken into account) 
and keeps the Ag(I) concentration near its initial level. The latter explains 
the constant electrolytic cell output and the former makes it a controlling 
factor. As a result, for example the higher anodic current can increase the 
bulk Ag(II) concentration, leading to a higher dissolution rate, while higher 
material reactivity (either through k by, for example, increasing the tem- 
perature, or through S by increasing the amount  of PuO2 or using finer 
particles) would only further deplete the solution of Ag(II) ions, leaving the 
dissolution rate unchanged. In other words, whenever Ag(II) generation 
controls the electrochemical dissolution rate, Ag(II) concentration acts as a 
buffer adjusting to any change in k or S in such a way as to keep the right- 
hand side of eqn. (4) approximately constant. 

This has important implications. The linear parts of dissolution curves 
are not suitable for the determination of the rate constant because widely 
different k values would fit the same data. The ideal situation for evaluation 
of the rate constant experiment would satisfy the conditions that led to eqns. 
(8) and (9) but, because in most real experiments [Ag(II)] varies to some 
degree, a numerical simulation is required. To illustrate this, the conditions 
of the experiment reported by Bourges e t  a l .  [ 1 ] were modified in the model 
(described in the following section) to reduce the rate of Ag(II) generation 
approximately tenfold. The results of this exercise, which are shown in Fig. 
1, confirm that, as long as the product S[Ag(II)] remains constant, the 
dissolution kinetics do follow straight lines which are almost indistinguishable 
despite the different values of the rate constant k. 

In view of what has been said, the experimental plots of dissolution vs .  

time exhibiting maximum curvature were sought for numerical simulation. 
One such plot with distinctive curvature above about 75% dissolution stands 
out among the many reviewed here. It was obtained by Bourges et  a l .  [1] 
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Fig. 1. A m b i g u i t y  in  d e t e r m i n a t i o n  o f  t h e  ra te  c o n s t a n t  k d u e  to  Ag(II)  c o n c e n t r a t i o n  and  
PuO2 s u r f a c e  a r e a  c o u p l i n g  w h e n  Ag(II)  g e n e r a t i o n  c o n t r o l s  t h e  d i s so lu t i on  rate .  
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from the results of  a large-scale experiment with a powerful electrolytic cell 
and is reasonably well documented by these workers. This plot, shown in 
Fig. 2, has been selected and is used throughout the present  study• 

3. Numerical  s imulat ion  o f  the  exper iment  o f  Bourges  e t  a i .  

A plot of PuO2 dissolution v s .  time, which is depicted in Fig. 2, has 
been obtained by dissolving 315.2 g of  PuOe in 6 1; the apparatus is shown 
in Fig. 3. The apparatus consisted of the dissolution compartment  and the 
electrolytic cell with forced solution circulation between the two within the 
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Fig. 2. A Bourges e t  a l .  [1 ] plot  of PuO 2 dissolution v s .  t i m e  used for the  rate constant  k 
fitting. 
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Fig. 3. The apparatus  according to Bourges e t  a l .  for the  PuO2 dissolution exper iment  used 
for mathematical  simulation. 
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same enclosure. It was therefore  reasonable to t reat  the entire apparatus in 
the model as a single volume. The repor ted conditions of the experiment  
are summarized in Table 1. 

As the earlier discussion made clear, the need to follow the change in 
Ag(II) concentrat ion during dissolution is the prime reason for modeling. 
Such information is derived from a solution of the material balance accounting 
for all essential sources and sinks of Ag(II) ions within a system. For  the 
apparatus used by Bourges et al. [1 ] the material balance with respect  to 
silver(II) takes the following form: 

V d[Ag(II)] -Rgen-RH2o-Rpuo2  mol s -I  (10) 
dt 

Here V is the apparatus volume, Rgen is the rate of Ag(II) generation by the 
electrolytic cell, RH2 o is the rate of  Ag(II) consumption through the reaction 
with water and Rpuo2 is the rate of Ag(II) consumption by the plutonium 
oxide. 

Oxidation of Ag + to Ag 2+ at the anode is a fast process  and the rate 
of  diffusion of Ag + ions from the bulk to the anode surface determines the 
apparent  rate of Ag(II) generation. With adequate agitation, the diffusion 
control  is largely localized within a narrow zone adjacent to the anode - 
the diffusion boundary layer. The conductance of this layer is usually quantified 
by means of a mass transfer coefficient kD, in units of centimeters per  second, 
leading to the expression below, describing the diffusion flux of silver(I) to 
the anode: 

jD = 10-3kD{[Ag(I)]- [Ag(I)]s} mol s -1 cm -2 (11) 

The factor 10 -3 in (11) converts liters to cubic centimeters.  Here [Ag(I)]s 
is the Ag(I) concentrat ion at the anode surface at a given current. In the 
absence of a current  [Ag(I)]s= [Ag(I)], and the diffusion flux terminates. At 
the other  extreme, with too high a current, [Ag(I)]~--*0, and the flux reaches 
its upper  limit determined only by the hydrodynamic conditions in the cell. 
However, a fraction of the current  in this case is likely to be wasted on 
reactions other  than Ag(I) oxidation, causing the current  efficiency e to fall 
below 1. For  a given [Ag(I)] there is therefore a current  capable of delivering 
that maximum flux with the efficiency still close to 1. This limiting current, 
which is optimum from the Ag(II) generation standpoint,  is given by 

I~m = 1 0 -  3 F k D A [ A g ( I )  ] A (12) 

TABLE 1 

Reported conditions for the experiment of Bourges e t  al .  [1] 

mo V A I T [Ag(I)]0 [HNO3] 
(g) 0) (cm 2) (A) (°C) (M) (M) 

315.2 6 1000 60 25 :t= 1 0.05 4 
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where F =  96 487 C mol-  1 is the Faraday constant and A is the anode surface 
area. At any current I<~Ium the cell efficiency e = 1. Once the current I exceeds 
In~, its efficiency drops: 

e =  I <1 (13) 

With the wire mesh anode surface A = 1000 cm 2 in the pilot-scale apparatus, 
Bourges et al. [1] reported I1~--80 A at [Ag(I)] =0.05 M. According to (12), 
the mass transfer coefficient kD= 0.016 cm S -I  for this anode, which is an 
order of magnitude larger than a typical value for a solid anode of a comparable 
size. 

With the above value of kD, the Ag(II) generation term Rgen in the material 
balance (10) can be expressed in the form used in the model: 

eI 
Rgen- F mol s -1 (14) 

The second term in (10) accounts for Ag(II) losses due to its reaction with 
water. The kinetics of Ag(II) reduction by water have been established by 
P o e t  al. [8]: 

RHzo = YkH2o[Ag(II) 12 mol s -  1 (15) 

where 

4a 
kmo = l+fl[H+12[Ag(i)] 1 s -1 mo1-1 (16) 

is a second-order rate constant for this reaction which takes into account 
the effects of Ag(I) concentration and the solution acidity. The temperature 
effect, very pronounced at elevated temperatures, is entered into (16) by 
means of two coefficients a and fl: 

( a = e x p  - 1 0 . 9 1 9 +  1.987T] l s - ~  m°l-~ 

( fl-- exp - 48.254 + 1.987T] 

The rate of Ag(II) consumption by the plutonium oxide is stoichiometrically 
related to the rate of its dissolution, given in (4). According to the overall 
stoichiometry of Pu02 dissolution shown in (3), two moles of Ag(II) are 
consumed by each mole of PuO2 dissolved. Therefore the last term in (10) 
is 

dm 
Rp~o2 = 2 d t  mol s -  i ( 1 7 )  

Summing (14), (15) and (17) yields the net change in Ag(II) concentration 
in the system as dissolution proceeds: 



123 

dIAg(II)] _ eI  kn2o[Ag(ii)12 - 2 d___m M s -~ (18) 
dt VF V dt 

Virtually all parameters in (12) and (13) are fixed during normal cell operation 
except [Ag(I)]. Within a fixed volume V assumed in the model, Ag(I) 
concentration must balance the difference between its initial concentration 
[Ag(I)]0 and the concentration of Ag(II): 

[Ag(I)] = [Ag(I)]o- [Ag(II)] (19) 

Consequently, depending on the relative rates of Ag(II) generation and 
consumption, lAg(I)] can vary from the maximum of lAg(I)] o to much lower 
values. A cell operated at a limiting current would respond to such [Ag(I)] 
variation in a manner specified by (12). Alternatively, when the current is 
fixed, as in the experiment modeled here, its efficiency follows the limiting 
current according to (13). Consistent with the approach of Bourges et al. 
[1 ], the current efficiency defined here is the fraction of a current which is 
productive and leads to generation of  Ag(II). It should not be confused with 
a system efficiency which, in addition, accounts for further losses of Ag(II) 
within the system after it has been generated. The system efficiency is 
therefore always lower than the current efficiency. 

At each time step, eqn. (18), with updated current efficiency (by means 
of (19), (12) and (13)) and rate of PuO2 dissolution, is solved for [Ag(II)]. 
This new Ag(II) concentration, together with a new value of S are, in turn, 
used in eqn. (4) to obtain a new rate of PuO2 dissolution. This brings up 
the important issue of the material surface area S and its change in the 
process. 

The plutonuim oxide was prepared for the experiment by Bourges et 
al. [ 1 ] by calcining plutonium oxalate at 1000 °C but, besides the calcination 
temperature, neither the specific surface nor the size distribution of their 
product was reported. The lacking information was filled in with the results 
of Brnnauer-Emmett-Tel ler  surface measurements performed elsewhere [2, 
4, 5] on similarly prepared PuO2 samples. A strong effect of calcination 
temperature on the specific surface of PuO2 is evident in Fig. 4 representing 
an exponential least-squares fit (with a regression coefficient of - 0 . 9 6 1 )  of 
the data collected from the above references. This treatment provided a 
rough estimate for the specific surface of material used in ref. 1 and was 
assumed to be 2.0 m e g -  1 for the numerical simulation of their experiment. 

At the onset of dissolution, the initial surface So of the plutonium oxide 
is evaluated as a product of its initial mass mo and the specific surface. If 
a material to be dissolved were uniform spheres, then from eqn. (6) its initial 
size would have been do ~ 0.26 ~m and its surface would change during the 
dissolution according to eqn. (5). However, the existing data are insufficient 
for such an assumption. Consequently, the model was made capable of 
processing n different size fractions, each consisting of spherical particles 
of equal size do(i) (1 < i  < n). Regardless of  the size distribution, however, 
their total initial specific surface always summed to 2.0 m 2 g - i  
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Fig. 4. Reported specific surface of PuO2 prepared from oxalate as a function of the oxalate 
calcination temperature. 

The  su r face  and  the  d isso lu t ion  r a t e  in the  m o d e l  a re  t h e r e f o r e  c o m p u t e d  
fo r  e a c h  individual  size f ract ion:  

( m ( i )  ~2/a a m  2 (20)  S(i)=So(i)  \mo(i )]  

w h e r e  

So(i) 6mo( i )  -_ _ _  a m  2 
pdo(i) 

a n d  

dm(i____) _ 1 0 -  8kS(i)[Ag(II)]  
dt 

(21)  

m o l  s -  I (22)  

In  o rde r  to  fol low the  d iminish ing  s u r f ace s  S(i) of  n size f r ac t ions  b a s e d  
on  the i r  r e m a i n i n g  m a s s e s  m(i) ,  t he  r a t e s  dm(i) /dt  of  the i r  d i s a p p e a r a n c e ,  
as  the  d i sso lu t ion  p r o g r e s s e s ,  have  to  be  fo l lowed  first. U p o n  c o m p u t a t i o n  
of  the  r igh t -hand  s ides  o f  eqns.  (22) ,  the  n e w  m a s s e s  mj+  1(z) a re  ob ta ined  
b y  in tegra t ing  (22)  ove r  the  t ime  in te rva l  At: 

d m ( i )  = - r j ( i )  dt (23)  

m~(i) e 

wi th  the  va lue  o f  r j ( i )  be ing  the  resu l t  o f  p r e v i o u s  c o m p u t a t i o n  of  the  r ight-  
h a n d  s ide  o f  (22):  

mj+ l (i) = mj(i) - r~(i) At (24)  

T h e s e  n e w  m a s s e s  of  the  size f r ac t ions  a re  u s e d  in (20)  to  u p d a t e  the i r  
su r faces .  Once  all su r faces  S(i) are known,  eqns .  (22)  a re  s u m m e d  p r io r  to  
the i r  u se  in (18):  
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dm dm(i)  
- E ( 2 5 )  

dt i~ 1 dt 

A third-order Runge--Kutta procedure (see the work by Carnahan et al. [9]) 
was implemented for the numerical integration of eqn. (18): 

At 
[Ag(II) ]3- +1 ---~ [Ag(II) ]2- "~ --6-- (kl + 4ke + k3) (26) 

where 

kl =f([Ag(II) 1/) (27) 

and 

ka = f ( [Ag~I I ) ] j -~ -  2 At k2 - At kl) (29) 

The function f is formed by the right-hand side of eqn. (18). 

4. R e s u l t s  and  d i s c u s s i o n  

The model described in the previous section with the design and op- 
erational parameters listed therein was used for simulation of the Pu02 
dissolution experiment of Bourges et  al. [1 ]. Besides the size distribution, 
whose variation, however, was restricted by a fixed specific surface constraint, 
the only free parameter in the model was the rate constant k whose values 
were independently picked in a series of simulation runs aimed at matching 
the experimental dissolution curve shown in Fig. 2. Our simulation followed 
the actual procedure in which the experimental cell was allowed to run for 
approximately 5 min prior to the introduction of Pu02. The initial build-up 
of Ag(II) in the system caused the dissolution to start at a rate noticeably 
faster than was more typical for the run. Besides matching the original and 
the simulated dissolution curves, the calculated average current efficiency 
was also checked against its reported counterpart, which gave us one more 
criterion of successful simulation. 

Following this approach, the best fit to the data was found for k = 0.0004 
cm min-1. The results of that simulation run (full curve) are shown in Fig. 
5. In addition to a good fit to data achieved with the above k value, the 
average current efficiency was also closely matched. Surprisingly, this match, 
obtained with material of uniform size do = 0.26 tzm, turned out to be superior 
to any obtainable with distributed sizes. The uniqueness of the numerical 
value found for k is evident after k is halved (broken line) or doubled (dotted 
line), causing the dissolution rate to respond accordingly. This "high res- 
olution" in evaluation of the rate constant was made possible by the relatively 
high rate of silver(II) generation with respect to its consumption, confirming 
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Fig. 5. Fitt ing the  ra te  cons tan t  k to the  data  ( • )  in Fig. 2 obtained at  fixed anodic current  
of  60 A, assuming PuO2 part icles of uniform size. 
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Fig. 6. Fitting the rate constant k to the data ( • )  in Fig. 2 using the limiting current. 

our  choice of the experiment.  It should be compared  with the hypothetical  
"poor  exper iment"  in Fig. 1 in which the Ag(II) generation rate was an 
order  of  magnitude lower. As in Fig. 1, the relationship between the linearity 
of  the dissolution curves and the coupling of  the PuO2 surface and Ag(II) 
concentra t ion is clearly evident in Fig. 5. 

The exper iment  modeled  in Fig. 5 was conducted at constant 60 A 
current,  while the repor ted  current  efficiency averaged around 64%. The 
same results, obviously, could have been achieved with 100% current  efficiency 
if the cell operated at  the limiting current.  In this case, shown in Fig. 6, 
the experimental  data of  ref. 1 are reproduced  using on average only two 
thirds of the actual current.  

The effect of size distribution is demonstrated in Fig. 7. It shows how 
different simulation runs with the same PuO2 specific surface but  progressively 
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Fig. 8. Effect of PuO2 reactivity (particle size) on its dissolution time and Ag(II) concentration. 

wider size distributions deviate from the data. In each run the PuO2 load 
was composed  of three equal weight fractions where the particle sizes followed 
a geometr ic  progression with the common ratios of  1 (uniform size), 1.5, 
2 a n d 3 .  

With the dissolution model  proved and the value of the rate constant 
established, the model can be explored to obtain a bet ter  insight Into complex 
interactions among principal process  parameters.  In Fig. 8 and Fig. 9, PuO2 
was loaded after the cell was run for 1 h. The steady state Ag(H) concentrat ion 
in Fig. 8 is achieved after operat ion for only 10 min but remains well below 
the total silver concentrat ion because of  the Ag(II) react ion with water. It 
drops sharply further once highly reactive 0.26 /~m PuO2 has been loaded 
(dotted curve). A similar but much smaller drop occurs  in the case of the 
ten times coarser  2.6 /~m PuO2 (broken curve). The dissolution curves are 
represented  in Fig. 8 by thin and bold full curves. The complete dissolution 
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Fig. 10. Effect of HNO~ concentration on PuO2 dissolution kinetics. 

t imes  fo r  two  sizes  differ  b y  a f a c t o r  o f  5. Accord ing  to  eqn.  (9),  th is  f a c t o r  
wou ld  have  b e e n  10 ff the  AgCII) c o n c e n t r a t i o n  w e r e  the  s a m e  in b o t h  cases .  

The  ef fec t  o f  the  Ag(I)  c o n c e n t r a t i o n  on  d isso lu t ion  of  0 .26  /~m PuO~ 
a t  f ixed anod ic  cu r r en t  is dep ic t ed  in Fig. 9. The  initial Ag(I )  concen t r a t i on  
w a s  va r i ed  he re  in five i n c r e m e n t s  b e t w e e n  0 .05  and  1.0 M. The  initial 
s i lver(II)  c o n c e n t r a t i o n  bui ld-up  dur ing  the  first  h o u r  is s h o w n  on  the  lef t  
( b r o k e n  curves) .  Again,  the  addi t ion  of  PuO2 c a u s e s  a sha rp  dec r ea se  in 
Ag(II)  c o n c e n t r a t i o n  a n d  the  l ineaxity of  the  d isso lu t ion  cu rves  (full cu rves )  
is m o s t  p r o n o u n c e d  w h e n  Ag(II)  c o n c e n t r a t i o n  is a m i n i m u m .  Wi th  an  anod ic  
cu r ren t  o f  60  A, the  m a x i m u m  effec t  f r o m  the  inc rease  in s i lver  concen t r a t i on  
is rea l ized b e t w e e n  0 .05  and  0.1 M. Once  the  cu r ren t  eff iciency r e a c h e s  
100% a t  [Ag(I)] -- 0.1 M and  beyond ,  a f m ~ e r  m o d e s t  ga in  in d isso lu t ion  
ra te  o c c u r s  only  a s  a resu l t  o f  lower  w a t e r  r eac t i on  ra t e  cons t an t  g iven  by  



129 

(16) .  Even  at the  r i sk  of  h igher  losses  to w a t e r  reac t ion ,  m u c h  h igher  overal l  
d issolu t ion  ra tes  cou ld  have  b e e n  real ized by  boos t i ng  the  anod ic  cu r r en t  
in p r o p o r t i o n  to the  Ag(I)  concen t r a t i on  b e y o n d  [ A g ( I ) ] = 0 . 1  M. 

The effect  o f  so lu t ion  ac id i ty  on  the  PuO2 dissolu t ion  k ine t ics  is p r o n o u n c e d  
only at  the  lower  end  o f  H + concen t r a t i on  and,  as is ev iden t  in Fig. 10, 
b e c o m e s  negl ig ible  a b o v e  [H + ] = 4 M. The  la t te r  value,  c o m m o n l y  r e g a r d e d  
as op t imum,  is t h e r e f o r e  justified. 

5. C o n c l u s i o n s  

This  s tudy  d e m o n s t r a t e s  tha t  the  e l ec t rochemica l  d issolut ion o f  p l u t o n i u m  
oxide  in the  p r e s e n c e  of  Ag(II)  ions  is by  no  m e a n s  ins tan taneous .  I t  b r ings  
to  light the  i m p o r t a n c e  of  the  role  p l ayed  by  p lu ton ium oxide  d issolu t ion  
k inet ics  and  shows  h o w  the  kinet ic  in fo rmat ion  can  be  e x t r a c t e d  f r o m  the  
e x p e r i m e n t a l  data .  The  m o d e l  d e v e l o p e d  in the  p r o c e s s  revea l s  the  c o m p l e x i t y  
of  in te rac t ion  b e t w e e n  the  key  p r o c e s s  p a r a m e t e r s  and  lays  ou t  a theore t i ca l  
g r o u n d w o r k  for  u n d e r s t a n d i n g  the  m e c h a n i s m ( s )  o f  e l ec t rochemica l  disso-  
lut ion o f  p l u t o n i u m  ox ide  as  well  as the  ox ides  of  s o m e  o the r  act inides .  In 
par t icular ,  it d e m o n s t r a t e s  the  s t rong  effects  o f  the  PuO2 size, the  Ag(I)  
concen t r a t i on  and  the  anod ic  cu r r en t  on  the  d issolut ion t ime  and  the  cu r r en t  
eff iciency and  s t r e s se s  the  i m p o r t a n c e  o f  ope ra t i on  a t  the  l imit ing current .  
The  resu l t s  o f  th is  inves t iga t ion  p rov i de  a m e a n s  for  ra t ional  des ign  and  
ope ra t i on  o f  ful l-scale p l u t o n i u m  p r o c e s s i n g  uni ts  at  Lawrence  L ive rmore  
Nat ional  L a b o r a t o r y  as  well  as  o the r  US D e p a r t m e n t  o f  E n e r g y  facilities. 
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