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ELECTROLYTIC DISSOLUTION OF NUCLEAR:FUELS:
Part I. .Zirconium:in HCl-Methanol'

J. R. Aylward’
E. M. Whitener
H. T ahn .

=

The electrolytic'dissolution of.zirconium in‘Hlemethanol was .
studied as a function of potential, solution composition, and temperaj
‘ture. The dissolution 1s characterized by two regions At high
potentials the zirconium is electropolished and complete dissolution 1s
achieved. At low potentials the current is an exponential function of
the potential (Tafel behav1or) In this region a small amount of finely.
d1v1ded a- 21rcon1um wh1ch is 1nsoluble in HCl methanol separates from
the bulk metal. ] .

. The energy of activation for the corros1on reaction (0.0 volt) is
16.5 Kcal/mole, in the electropolishing region. (l O volt) the activation
energy is 7.7 Kcal/mole. ' , _

) A broad solvent capability for metallic reactor fuels is offered
by the HCl-methanol medium since, in addition to z1rcon1um, stainless
steel is also dissolved electrolytically while uranium and aluminum

dissolve chemically Other process 1mplications are discussed.



ELECTROLYTIC DISSOLUTION OF NUCLEAR FUELS
Part T. :Zirconium in HCl-Methanol~

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

I. SUMMARY

Present aqueous chemical processing of zirconium reactor fuel
elements'is complicated by the presence of fluoride ion required to
effect dissolution. Use of agueous nitrate or chloride solutions has
not been promising; even electrolytic dissolution of zirconium alloys in
these media is incomplete and -results in the production of relatively
large amounts of potentially uranlum—bearlng solids. As;an alternative
to aqueous media, organic solvents were cons1dered as eleotrolytlc disso-

- lution media and solutions of hydrogen chloride in methanol selected.
Potential—current'density relationships were determined for'ilrcon-

ium metal in solutions 'of up to 13M hydrogen chloride in methancl. These

data were used to define the factors affecting tﬁe-dissolution,lthe
reactiOnsltaking place, and their'mechaniSms. The results of this in-

vestigation'may be summarized as follows: A

1. At low overvoltage values, both the anodic and cathodlc reactlons

'are activation controlled. The reaction rates in thls region are
independent of HC1l concentration.

2. " Dissolution in the overvoltage range O to +0.4% volt is accompanied
by the separation of finely divided alpha‘ zirconium from the elec-
trode. The amount of re31due decreases with increasing overvoltage,
with no residuc formed at hlgh anodic overvoltages

3. At high anodic overvoltages,where complete dissolution is attained,
the current density is. independent of potential. This limiting
current'density decréases with increasing hydrogen chloride concen-’

. tration and here the rate is controlled by mass transport.

L. The energy of activation for the corrosion reaction (0.0 volt) is

16.5 Kcal/mole; the electropolishimg reaction (1.0 volt) has an

activation energy of 7.7 Kcal/mole.



5. The data support the hypothesis that in the .activation' controlled’
region the rate-determining step is electron transfer.  In the
- electropolishing region the controlling step is the dissolution of ‘a
film, possibly ZrCl) . S )
6.  The rate of dissolution or current density for a zirconium electrode

in HCl-methanol solution is given by:

| 829k h (5o g0 . (829 + 4350 n)

I=exP[2°'O9' T 5o3x:Lo-TFr—oo9881 x| 20.09 - T J
: . 0.469 . - 4430 . n ]
R exP!.6'o7 T 503xlO""T-OO988J

where b = UVE.L vultd,ge (-0.5 to 12,0 volto)
T = femperature (273 to 323 K)
C = HC1l concentration (1.5 to 13M).

7. In limited tests, stainless steel, iron, nickel, and chromium were
found .to dissolve electrolytically while aluminum and uranium
dissolved chemically in HC1-methanol with no evidence, at feasible

oo

rates’, of solids formation.

ITI. INTRODUCTION

The dissolution of reactor fuel elements contalnlng 21rcon1um‘as
the major nonstwtuent can be carrled out successfully in hydrofluorlc
acid or hydrofluoric- nltrlc acid mlxtures. Systems contalnlng fluorldeA
ion, however, plesent problems in the solvcnt extractlon and waste stor-
age phases of fuel element reproce551ng. It was the purpose of the:
present work to attempt the dlssolutlon of 21rcon1um in other media in
the hope of flndlng a more attractlve process. It was also de51red to‘
find a system which would be sultable for the dlssolutlon of other fuel
element materials (stalnless steel and aluminum alloys)

The above requlrements suggested an’ 1nvest1gat10n of electrolytlc '
dissolution since the appllcatlon of electrlc potentlal may serve to
remove protective films which impede normal chemical actlom. Although'“
both stainless steel and aluminum can be dissolved eleotrolytieally~in

aqueous nitric acid, zirconium dissolution is incomplete, resulting in



the production of relatively large amounts of potentially uranium-
bearing solids. Similarly, scoping experiments in agueous chloride
.solutions were disappointing in that .approximately 15 per cent of the
zirconium remained as an undissolved sludge irresbective of the pH;
temperature, or current density employed. These unsatisfactory results
led to the consideration of the non-aqueous chloride solutions, and a
review of zirconium chemistry in various organic solvents resulted in
the choiée of HCl-methanol as the dissolving ﬁedium. - '
Potentiostatic determinations of the potential-current density re-
lationships for zirconium in HC1l-methanol solutions were undertaken to‘
define the factors affecting the dissolution, the rcactions taking place,

and their mechanisms.

III. EXPERIMENTAL

The cell and electrode desigﬁ.used in .this work is shown in Fig. 1.
Vacuum annealed reactor grade zirconium rod was machined to fit tightly
in the Teflon holder so that one square centimeter of electrode surface
would be exposed to the solution. A 12-gsuge copper wire was inserted
into a nipple on the zirconium and crimped. 1In all cases the resistancc
from the eieétrode surface to the end of the copper lead was less than
0.002 ohm-l A stainless stéel screw mechanism facilitated removal of
the zirconium froﬁ the Teflon'holder upon completion of an experiment.
The holder was cut with a 19/38 standard taper (®) and provided with
stainless steel hooké to give a leak-proof fit in the polished § 19/22
glass Joint of'the.cell. The counter electrOde was‘machined from Has£el-
loy C to fit the other ® 19/22 polished glass joint and a tapered Teflon
sleéve used to prevent leaking. A solutionibridge with a Luggin capil-
lary connected the cell to a satﬁrated calomel reference electrode :
(S.C.E.). The absence Qf IR drop error and shielding cffects with this
capillary was confirmed by the use of interrupter techniques.-

.The solutions were freshly prepared by saturating absolute methyl

alcohol with anhydrous hydrogen chloride gas at 15°C and diluting this
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with methanol to the desired‘concentration. The solution concentrations
were determined by titration with sodium hydroxide.

- During a given exﬁeriment-the solu%ion temperature was controlled
to within *1°C and the stirring speed maintained at 140 10 rpm. Prior
to each experiment,:the eqused surface of the zirconium electrode was
refaced by macﬁining underian argon atmosphere."The resultiﬁg work-
hardened surface was removed by dissolution at-.a high curregt'aensity in
an Hdl:meﬁhenel solution of the same'concehtfation as used in the ensuing
experiment.

An electronically controlled thentiOStat* was used to obtain the
potential-current density curves. Measurements were initiated at the
steady state mixed potential (approximately -O;5h~v with respect to the
S.C.E.). The potential was increased in 50 mv increments to +1.0 volt,
then decreased'stepwise back to the steady state mixed'potential. The
eathodic potential-current density curve was measured after completion
of the anodic measurements.- A

This procedure was repeated three times for each run and the current
at a given potential found to be reproducible to within ¥ 10 per cent.

. Duplicate experiments were also carried out for each temperature and HC

concentration to check the overall reliability of the data.

IV. RESULTS

The anodlc and cathodlc overvoltage**—current density: relation-
ShlpS for a zlrconlum electrode in HCl-methanol solutlons are shown in
Fig. 2 as e functlon of ‘HC1 concentration.

- At low overvoltage values a Tafel relatlonshlp*** is obtained 1nd1-

cating that both the anodic and cathodic reactions are activation.

¥ A block diagram of the circuit is given on page 23.

%% Qvervoltage is defined in this case as the difference between the

potential at any current density and the steady state mixed potential.

It is, as usual, positive for the anode and negative for the cathode.

*¥¥¥%¥ The overvoltage n follows an equation of the form n = a + b log I
where a and b are constants and I is the current density.

-~
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controlled. It can be seen that the reaction rates in this region are
1ndependent of HC1 concentratlon The rate of "chemlcal" dlssolutlon or
the corros1on rate as glven by the 1ntersect10n of the Tafel llnes ex-
trapolated to zero overvoltage, is also independent of HCl concentratlon
within the llmlts of reproducibility (3 to 5 x 10 -4 amp/cm ). . The repro-
duc1b111ty of the steady state mixed potentlal (-0.5% vo1t’ vs the” S C B.
for 6. oM HC1l) was in the order of + 10 mv. Because of thls, it was dlffl-
cult to determlne with any accuracy the varlatlon of the steady state
mlxed_potent;al as a function of solutlon composition. However, there
appeared to be a trend toward more positive values with increasing HC1l
.concentration (=30 mv in going from'iM to 10M HC1).

Zirconium dissolution in the overvoltage range from zero to approxi-
mately +0.4 fpit results in an etched surface and is accompanied by the
separation oﬁ a -finely divided blaék residue from the électrode. This
residuefis'pyrophoriC'and»gives~ah x-ray.pattern.corresponding“to
: a-zircdhium;l The relative,amounﬁAof residue-decreases-witﬁ increasing .

E overvoltage, finaily becoming ‘zero at high anodic overvoltéges - The
partlculate z1rcon1um residue is also quite passive in HCl-methanol solu-
 tions in contrast to bulk zirconium which corrodes at a rate of 3. b x

lO_h amp/cm .

At hlgh anodic overvoltages the- current density is 1ndependent of
potential. . This limiting current density decreases with increasing HC1
concentration. Also, in this region “the zirconium is electropollshed
and complete dlssolutlon attained. ] ‘ ' '

_ As ShOW'n‘ in Flp;. 3+ the anodic behavior af zirennium in moré dilute

. HCl-methanol solutions (< luSM) is different in that the limiting current
j;density is not well definéd‘and its value at constant overvoltage decreases
with decreasiﬁg HC1 concentration. In this case the surface at high
.overvoltages is etéhed (as opposed to electropolished) but the overall
surface is brighter than the etched surface obtained at low overvoltages.

A comparison of the different surface features obtained under the

various dissolution conditions mentioned above is shown in Fig. 4. 1In

~-8-
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Figure 3

Anodic Overvoltage of a Zirconium Electrode in
Dilute HC1l-Methanol Solutions at 20°C

A and B‘of Fig. 4 the effect can be seen of a higher dissolution rate at
the electrode boundary. This is due to the presence of a considerable
product concentration gradient'which plays a predominant role in control-
'ling the reaction rate in the limiting current density region. The fact
that the gradient ié larger at the electrode edge results ih a higher
dissolution rate at this point. In the region where the reaction is
activation—contrélled, an even dissolution rate is observed over the
whole surface (electrode‘C of Fig. 4). Schlieren photographs of the
metal-solution interface under conditions corresponding to A, B and C

of Fig. 4 are shown in Figs. 5A, B and C, respectively. The light areas



Fig. 5C obtained at approximately

100 ma/cm? (activation controlled

tration gradient.

Figure k4

Electrode Surface Obtained Under

represent regions of higher refractive
index (dissolution product concentra-
tion). In A of Fig. 5, the streaming
off of the viscous layer is character-
istic of electropolishing, while in B
a quiescent concentration gradient
typical of concentration polarization
is evident. Both A and B were taken

at the same current density (1 amp/cme).

region) shows no significant concen-

The effect of HC1l concentration

on the limiting current density at

Various Dissolution Conditions: an overvoltage of 1.0 volt is shown

A - 6.0M HC1, +0.8 v in Fig. 6. The concentration range

m&mﬂm@,:lm@kﬁ

B - 1.0M HC1, +0.8 v
= 2
overvoltage, =1 amp/cm

C - 6.0M HC1, +0.3 v 5
overvoltage, = 100 ma/cm Figure 9 shows the effect of

polishing by a positive slope.

temperature on the anodic overvol
curves in 6.QM HCl-methanol. From these data the energy of activatio

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

for electropolishing is characterized

by a negative slope and non-electro-

tage

n

corrosion and electropolishing reactions,respectively). This is shown

in the Arrhenius plots of Figs. 7 and 8. At an overvoltage of 0.0 vol
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.
low energy of reaction obtained for the electropolishing region is

compatible with a mass transport controlled mechanism.

t

)

The
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Figure 5

Schlieren Photographs of Metal-Solution
Dissolution in HCl-Methanol
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Miscellaneous Experiments. Although no attempt was made to deter-

mine the solubility of zirconium in HCl-methanol, it was observed that
this solubility exceeded é.SM. Concentratien of the zirconium-HCl-
methanol solutions by evaporation produced‘a gless. B

ln limited tests of other reactor metals-aluminum ard uranium were
found to dlssolve rapldly by chemlcal ‘means. in HCY-methanol. In-the - :
same medlum stainless steel and its maJor combonents, 1ron,'n1ckel and
chromlum, were dissolved electrolytlcally at feasible rates (>.0.5. amp/

cm )

V. DISCUSSION

When zirconium is placed in an HCl-methanol solutlon, dissolution
of the. metal takes place at a verv slow rate to give as products hydro-
gen gas, and a mlxture‘of the various chlonozmrqonlum methoxides. Thic

i,everall reaction iSjéthn in (1) where x has values from O to L.

3

' Evidenqe for this'reaction is supported by the identical optical spectra

Zr3+ (k-x)HCY T xCH_ OH —> qul(h-x)(OCH3)x + 2H,. (1)
of dissolver solutiohs and solutions prepared by adding zirconium tetra-
: chlorlde to methanol Reaction (1) is believed to take place in two
pr1n01pal steps. F1rst, zirconium reacts with hydrogen,chloride to form

21rcon1um tetrachlorlde and hydrogen gas at the metal solutlon interface.
m+hm1f—>mmh+ﬂg (@)

The next -step (3) takes place primarily in the bulk of the solution (at
HC1 concentiafion > lM) and so has little, if any, effect on the disso-

lution rate.
K

ZrCl) + XCH_OH === == ZrCl(h )(OCH ) + xHC1. | (3)

3

The equllibrlum coqstants K for the above reaction were determined by
Simmons and‘Hansen(l) (pK 1.62, K, = 5. 18, pK, = 10.4, rK), = 18.2).
From these data it 1s obv1ous that ZrClu and ZrCl

¥

3
3OCH3 are the main, |

pec1es in solutionm.,

-1h-.



For the purpose of this discussion it is convenient to divide =~
reaction (2) into two half-reactions, one representing an oxidation (k)

and .the other a reductlon (5) (anodlc and cathodlc reactlons),

zr + ko1~ ———->ZrClu+LLe' o | (h)

hH +he—>2H2_ o o (5)
If zirconium is made the anode of an electrolytlc cell An which HCl-
methanol is the electrolyte, reactlon (h) predominates; if it is the
cathode, reaction (5) takes place at a faster,faté.-kln reaction (4) it
is not to be construed that the reactive species is the chloride ion.as
such because molecular HCLl is present at a higher concentratlon and mayA
serve Just as well. However, if the ioniZzation equlllbratlon (H + Cl
T—— HCl) is rapid,the two would be kinetically equivalent.

When reactions (4) and (5) are activation controlled, their respec-

tive .rates 1, and L are given by:

- fem|fn] e
and i, = iLe@(,'%ﬂ): o - - (1)

where d is the overvoltage, b, and b, constants -characteristic of the -
reaction mechanism and i;_thg‘reaction_rate at-zero overvoltage. At .
zero. overvoltage: the anoaic (4) and cathodic (5) rates are equal, and,
the;efore, i; ié the corrosion or chemical dissolution rate (reaction.
(2) ). The cell current density, I, will be given by the difference in
the rates of reaction (h)band”(i)ﬂ Thus, : . _ _
This particular form of the equation gives negative values for the cell
current when zirconium is the cell cathode and positive When.it is "the
Under circumstances where a limiting current density is observed,
e.g., in the electropolishing region, it can be shown(2’3) that  the

equation exbréésing the current density as a function of ovefvdltage

* In Fig. 2 thie gign convention is diéregarded.

-15-



takes the form

oot )

I=Jf7; =" T
1 +i/7 l+aﬂ,em4bn)

where l, is the limiting current density. Equatlon (9) can be simplified

cons1derably for certain overvoltage ranges. For example When n is

more negative than about -0.05 volt, * 2 << Zc afid 21 $6 “thét 9) reduces

tO P v PN ' . LS
i

R

Mmi ﬁ'

-L1kew1se, if § < +0.05-volt and 1, /i, ran he npglented then 1: <<

2. 20 b, log) - 5.30 b, log . o - (11)

_a
and.equation:(9) simplifies to.
I=ifik@{ﬁ4 S ey
or . .
N = -2.30 by log? + 2.30 b, log I. S (13)

Finally %hen §;/{, > 1 then I — 1, . - Under conditions where-
equations -(11) or (13) are valid, a plot of'overvoltage'q'VérSus-ldg*I”
gives a straight line from which the Tafel slope (-2.30 b, or 2.30b; )
Canid the ‘ulervépl I, can'be detérmined. | L

" 5ince the wvalue of the Tafel'slope dgpends on the tyﬁe of reactibn
step that is rate-determining, it is one of the important criterisa used
in esﬁablishing the reaction mechanism. . From electrode kinetic theory
b, is given by )

. . :
e TRaE, T o (14)

where y is the stoichiometric number¥*, B the symmetry factor**, ﬁ the

* The number of tlmes the rate-determlnlng sfep must take place durlng
one act Of the overall process. '

** For the symmetrical energy barriers normally encountered B = 0.5.

- =16--



number -of electrons transferred.during one act of the overall prbbéss
(equal to four from reaction (4) ) and the other térms have their usual’
significance.. The stoichiometric number calculated from the average‘
experimental anodic Tafel slope (2.3 by = 0.115 * 0;005 volt)'énd
equation (1k4) is 3.96 £ 0.16. From this it can be concluded that the °
rate-determining step in the activation controlled region for the anodic
. process represented by equation (4) must take plaéé four times for each
act of the overall reaction. However, the behavior-of the corrosion
rate and the steady state mixed potential with changing HC1l concentration
can not easily be associated with any simple sequence of reaction steps
for the overall process. The change in the steady state mixed potential
of approXimately 30 mv in going from 1M to 10M HCl is not of real signif-
icance because of the posesible changes in the liquid Junction potential
(HC1-methanol || KC1 aqueous) with HC1 concentration. Unfortunately, the
Ag,AAg2Cl2‘electrode_was found to be unsuitable as a reference in con-
centrated HCl-methanol because of the high solubility of Ag2Clé.

The lack of dependence of.the corrosion rate on HCl concentration
can possibly be explained by assuming complete coverage of the zirconium
surface with specifically adsorbed C1 . This adsorption step could be
rapid at the potentials and HC1 concentrations invblved.( The next
step would then result in the formation of a positively charged zirconium
chloride species which could react further with chloride ion or methanol
in the :double layer to form a soluble product. Thué, the reaction may
be divided into three parts: '

M-Zr'+ pCl~ —> M-zrCl® - - - - - (15a)
M—ZrClI;p —_— M—Zr01§(1."P) + be - : (15v)
M-z:clg(”:‘P‘) + (k-p)Cl” —> I +.ZICl.h. ' | :' (15¢)

The stoichiometric number of four indicates that the rate-determining
step may he assaciated with the formation of the zirconium chloride
species of (15b).
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-Under conditions of electropolishing, it is generally believed .

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

(5.,6)

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

state  is dissolving -as fast as: it is formed. The rate-determining .
pendent of electrode potential. :Increasing the potential merely increases
.the. steady state film thickness. Since the filﬁ isiﬁhe controlling -
factor.in the dissolution, the differing rates of gemeval of .cations from
the metalrlattiee dvue to.their special positions within-the lattice are,
‘no_lenger of significance. On the other hand, in.the non-electropolishing
region,~preferential attack at grain boundaries, etc., resultsiin etching
and ‘the separatlon of small hits of metal from the surfaee._ Fedollev
and Grlllkhes( ) attrlbute electropollshlng to the formation of .oxide
films rather than salt . films. This may be true for the most part in ...
aqueous systems but we dOnﬂot believe it to be the generallcase in non-
aqueous solutions. It is difficult to see how increasing the HC1l 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 HCIl concentrations and high. current densities the transport
of HC1l to the electrode surface becomes rate-determining (concentration
polarization) and the value of the limiting current density decreases as
the HC1 .concentration is decreased (see Fig. 3). Under these conditions
the electrode surface can not be completely covered with adsorbed Cl1  so
that it. becomes pdssible 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 inferface' This,combincd with
the fact that the rate of transport of Cl to the metal surface would
increase with increasing potential (in the absence of supportlng -
electrolyte),may explain the ill-defined limiting current density observed

at low HC1l concentrations.

VI. PROCESS IMPLICATIONS

It was shown previously that the rate of zirconium dissolution in
HCl-methanol is a function of overvoltage, temperature, and HC1l concen-

tration. From the data in Figs. 6, 7 and 8 the corrosion rate i; and
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the limiting current den51ty 1, (both‘in amp/cm.) can be expressed 1n

terms of HC1 concentratlon C and absolute temperature T as follows

: ¥, =.exp[20 09 - AH*/RT] ‘ - S (16)
1, =c° %9[exp k.02 -l /Rr] o B | '(17)- |

where AH* = 16.5 Kcal/mole is the energy of activation for the- corrosion
reaction (2) and.,AH* 7 7 Kcal/mole is the activation energy for'the
electropolishing process.. Substituting. equations (16) and-(17) into (9)

results in:
exp (20.09 - 8294/T +h/n, ) - exp (20.09 - 8204 /T - "'?‘/bc)
T = i —t— : .
1+ Co.%? exp (6.07 = 4430/T + n/p,) ~ (18)

The experimental anodic Tafel slopes were foundito.differ.slightly from
the temperature ‘dependence shown in:equation”(1l4). .This i$ probably due
to changes in the symmetry factor.p with temperature .The data-were bést
fitted by .the empirical -formula:. A o

b_5o3x101*T-00988' S (19) |

The cathodic slope was determlned only at 293 K These data comblned
with (18) and (19) yleld "the current den31ty I at a z1rcon1um electrode
in HCl-meétharol’ solutlons as a functlon of overvoltage ( 0. 5 to +2 0

volts), HCl concentratlon (l 5 to l3M) and temperature (273 to 323 K)

_ f 829h R : <829h + h3sorz)

I_exP [20-09 = = +503xlO“‘T-OO988]_ {2009 J

ST L o, 30 P '
o tHc [6,-'07' T +503;:10‘@-00988] (20)

Equatlon (20) reduces to more 51mple forms in some overvoltage ranges

For example, 1f (20) is rewrltten as .

== o o - . (2)
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the follow1ng 51mplifications are possible. When Q is. more negative
than about -0. 05 volt, A = O and D = l 0 that I.= =B. The negative
sign 1ndicates that the zirconium is the cell cathode, a case which is
only of theoretical interest. If n is >:+0.05 but < f0.3'volt; then

=0 and D=1 so that I = A. For values of p above +0.6 volt; B = 0O
and D >>1 so that I = A/D = i . This is the electropolishing region
where the current. dens1ty 1s’ independent of’ overvoltage “ In this case
the desired dissolution rate must be obtained by controlling the variables
of temperature~and HCl concentration. The Current‘density'aS”a‘function
of these two parameters is given by (17) and is rewritten below With the

proper numerical constants.
'exp[ih.oé.= 3864/T1]. , - (22)

‘ Since.the reaction rate in. the- electropolishwng region is- essentially
mass transport controlled, a- con51derablc concentratlon gradient is

.. present in the solution-next to the electrode.: Stirring reduces the
. gradient thickness thereby increasing the dissolution rate. The type-

and rate of solution flow next to the dissolving metal depends to such a
.great extent on dissolver geometry that it was felt g quantitative study
of dissolution rates Vs stirring speed on a laboratory scale would be .of
llttle use’ ThlS solution flow factor must therefore . be con51dered in
applying equation (22) to other dissolver systens ‘ )

Tt has been shown that the dissolution of zirconium in HCl—methanol
at an overvoltage of less than approx1mately +0.5 volt is.accompanied
:by the separation of .some flnely d1v1ded nmetal particles from thé bulk
zlrconium. . This residie is completely 1nsoluble 1n HCl-methanol and
the amount formed decreases with 1ncreas1ng overvoltage Only in the
electropolishing region is complete dissolution obtained Therefore,
in order to avoid possible uranium loss ‘from the undissolved materlal 1t
would be necessary to carry out the dissolution entirely within the

electropolishing region.* This starts at an overvoltage of approximately

* The nature of the overvoltage-current density curves necessitates use
of a constant voltage or very low impedance power supply to maintain
stable operation in the electropolishing region.

v -
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.40.5 volt, but limited operation down to +0.4 volt would not be
detrimental. The upper limit of overvoltage for the electropolishing
region has not been sharply defined but appears to be about +2 volts.
_Operation up to +3.volts has been maintained for short periods of time,
but the onset of gas evolution at high overvoltages tends to break up
the concentration gradient and produces instability of the limiting

. current density. Beyond‘the limiting current density for zirconium
dissolution, evolution of chlorine gas -is encountered with a resultant
decrease in current efficiency for the dissolution process. Complete
dissolution may also be possible- under ‘these conditions but experimental
difficulties discouraged study in this region.

The complete dissolution of zirconium fuel elements with a complex
geometry presents some préblems in that the potential across the metal-
solution interface at all points must be within the electropolishing -
region. Although the useful range between minimum and maximum potential
over the surface is relatively large for this system (1.5 volt ), the
ten-fold higher resistance of the electrolyte* compared to aqueous solu-
tions of similar concentration counteracts this advantage somewhat. In
-other words, .a system with excellent throwing power is needed to compietely
dissolve complex elements. The requirements for good throwing power
are (1) high polarization (limiting current density is ideal) and (2) low
solution resistance. Only the first of the above requirements is met
‘fér HCl-methanol solutions, the result being a system with only medium
throwing power. An alternative to improve the potential distribution
over an element surface would be to modify the element and/or dissolver
geometry. For example, it may be possible in some cases to reduce a
complex fuel element to a more simple shape by a cutting or'crushing
operation.

Operation of a large scale dissolver entirely within the electro-
polishing region may be -impossible to achieve when dealing with fuel

elements of complex geometries. A separate treatment for the small

* This high electrolyte resistance will also create a heat dissipation
problem. . S : ' ‘
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amount of -undissolved residue .(about 1 pér cent) might then be necessary.
For example, dissolution:in a small- amount' of hydrofluoric acid is rapid
and complete. However, since:the precipitate is a-zirconium and not
zircénium.oxide, uranium:inclusion-may'be'minimal,'an&'it may be boSSible
to discard the precipitate.without further treatment. ‘

Other materials that can be dissolved in’ HCl-methanol are iron,
nickel, chromium, or.their:alloys (stainless steel), alumirum and uranium.
In some cases dissolution proceeds at a sqfficient-rate without an
external -current, e.g., aluminum and uranium. . Although there was a
.1limited number of dissolution experiments carried out with the above
materials, no evidence of incomplete dissolution was observed aé with
zirconium at low overvoltages. - | :

Uranium dioxide is not dissalved hy Hclimethanbl solutions, so
that the decladding of UOQ-type elements is possible. This was demon;
strated in the laboratory by dissolving a zirconium clad fuel pin corn-
taining'UO2 pellets. No uranium could be detected in the dissolver
solution,and subsequent treatment of the remaining solids with nitric

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

“

_aqueous uranium nitrate solution obtained by this procedure lends itself
well to treatment by existing solvent extractidn methods. |
Anbther feature of process.significance is’ the larger zirconiﬁm
capacity of the HCl-methanol system relative to ‘aqueous fluoride salutions,
The greater solution stability offers greater'flexibilitY‘ﬁn both;chémical
separation énd‘waste storage aspects. In the Ya*ter case final storage
as a glass may be possible. ' '
Although “there are. some major problems to be solved or invéstigétéd
in developing the HCl-methanol system:into a process, e.g., radiation
stability, equipment development, and uranium separation, the abiliﬁy of
this solvent to dissolve a large number of reactor fuellmetalé and its
relatively high metal capacity suggest further research to define its

capabilities.
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