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ABSTRACT

Boiling 13 M HN03--0.0^ M" NaF appears to be a suitable
dissolvent for the 96$ ThOg--^ UOg fuel element core material
similar to that to be used by Consolidated Edison. Dissolution
of unirradiated l/4-in.-dia pellets was 98$ complete in 5.3 hr,
producing a final product solution of 8.6 M HNO3--I M Th(N03)^—
0.0^+1 M U02(N03)2 at an overall average dissolution rate of
3'h mg7cm2-min. Extrapolation of the rate data indicates that
complete dissolution could be achieved in 6-7 hr. A stepwise
procedure with fresh dissolvent would produce faster dissolution
rates. The total dissolution time was 1-2 hr for pellets that
had been crushed to a powder. Sulfuric, nitric, and hydrofluoric
acids and aqua regia were ineffective dissolution agents.
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1.0 INTRODUCTION

This investigation was performed to find a suitable aqueous
dissolvent for ThOg-UOg sintered pellets which are to be used as
fuel in power reactors. The study was confined to 96% Th02--^# UOg
pellets which are similar to those to be used in the Consolidated
Edison Power Reactor. Further studies will deal with pellets con
taining other ratios of thorium to uranium. The effect of additives

to produce desirable sintering effects will also be studied.

An extensive laboratory investigation was made on nitric acid—
sodium fluoride mixtures as a possible dissolvent for this fuel.
Previous studies^-~° have shown the feasibility of dissolving thorium
metal and thorium oxide in nitric acid--fluoride mixtures. Dissolu

tion of the fuel by nitric acid—fluoride mixtures is particularly
attractive since the fuel could be reprocessed in the same way as
thorium metal is now handled in the Thorex process.7-H

The author expresses sincere appreciation to G. W. Wilson and
his group of the Analytical Chemistry Division who performed all
analyses, and to W. E. Clark who made many helpful suggestions through
out the course of the work.

2.0 RESULTS OF DISSOLUTION TESTS

The concentrations of fluoride, nitric acid and thorium nitrate,
the initial dissolvent volume/surface-area ratio, and the fine pulveri
zation of the pellets were studied for their effects on the dissolution
rate of Th02-U02.

2.1 Fluoride Concentration

The 3-hr dissolution rates of 96$ ThOg—4$ UOg pellets were,
within experimental error, independent of fluoride concentrations
in boiling 13 M HNOo over a range of fluoride concentrations from
0.01 M to 0.5 M (Table 1). However, ThF^ was precipitated with
fluoride concentrations of 0.1 M or greater. Thus the fluoride
released from pellet dissolution (about 0.20 wt $) should have no
effect on the dissolution rate or precipitate formation. Nitric
acid containing 0.0^ M NaF was chosen as the dissolvent for further
study since thorium fluoride does not precipitate with this dissolvent,
and the fluoride concentration of this dissolvent is the same as that

now uscu. m the Thorex process.
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Table 1. Dissolution of 96% ThOp—4$ UO2 Sintered Pellets
in 13 M Nitric Acid--Fluoride Mixtures

Sodium Fluoride

Cone, Eate,a ThFi*. Pellet
M mg/cm -min Precipitation Dissolution,13

0.01 5.5

0.04 5.7
6.2

0.1 5.1

0.5 2.9
2.9
5.4C

None 98

None 93
None 87

Slight 87

Excessive 48

Excessive 49
Excessive 89

a .
Single pellet tests.

At 90$ dissolution, the dissolved thorium concentration is about 0.2 M.
c

The ThF^ did not adhere to the sample in this case. This specimen was
run' in a stainless steel container in which the boil-up rate was higher
than in the Teflon pot used for the other two.

2.2 Nitric Acid and Thorium Nitrate Concentrations

Practically speaking, the results indicated that the dissolution
rate is acceptable with 13 M HNO3—0.04 M NaF solutions and that it is
markedly decreased by increasing ^(NOq)^ concentration and/or decreasing
acid concentration. Thus, it appears that 13 M HN0~—0.04 M NaF is a
practical dissolvent for this material if the dissolution is not allowed
to proceed much farther than when the solution becomes 1 M in Th(N0oV
and 8-9 M in HNO3. The dissolution rate of 96$ ThOo—4$ U02 pellets *
in nitric acid containing 0.04 M NaF increased rapidly with increasing
nitric acid concentration to a maximum of 11.2 mg/cm2.min in 13 M HNO3.
The rate decreased markedly as the thorium nitrate concentration-
increased (Table 2 and Fig. 1). The change in the dissolution rate
with nitric acid is most rapid in the 2-8 M range. By graphical methods
(see Appendix) it was shown for this acidity range that the dissolution
rate is approximately proportional to the third power of the acid concen
tration for solutions containing no thorium nitrate and to the fourth power
of the acid concentration for solutions containing 0.3 M and 0.9 M
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Th(N03\. In the region 8-I3 MHNO3 the dissolution rate is approximately
proportional to the first power of the nitric acid concentration for all
thorium concentrations.

Table 2. Effect of Nitric Acid and Thorium Nitrate Concentrations
on Dissolution Rate

Instantaneous Dissolution Rate, mg/cm2-min
HNOo

M 0MTh(N03)4 0.3 mTh(N03)^ 0.9 MTh(NO ^

2

3 a
4

0.19 0.013 a

a 0.05

a!-39 0.17

6 ^5 O.67 a
6.6
8

a a O.36
7-20 2.12 1.04
8.35

11.2
15.8 9.I5

l° 8-35 3^84 2.'7o
13 11.2 I4.85

Data not taken.

a

a a

The decrease in dissolution rate with increasing thorium nitrate
concentration indicates that thorium is reducing the fluoride below its
optimum concentration by the formation of the moderately strong complex^12'13
ThF+3 and ThF2+ . Additional studies are needed to develop a procedure *
for maintaining optimum fluoride concentration.

2•3 Dissolvent Volume/Surface Area Ratio *

Since the surface area of the cylindrical pellets rapidly changes
as dissolution proceeds, a more practical approach to the problem is to
measure the dissolution time required to produce certain desired
thorium nitrate and nitric acid concentrations at various extents of
pellet dissolution for several initial v/s (dissolvent volume/surface
area) ratios. Such a study permits determination of a_wide range of
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conditions for the dissolution of the pellets. Thorium nitrate and
nitric acid concentrations were studied as a function of dissolution

time for seven initial v/S ratios which ranged from O.795 to 6.45 cm.
and the results plotted (Figs. 2,3). The extent of pellet dissolution
and average dissolution rates was calculated from the measured thorium
nitrate concentration (Table 3).

A v/S ratio of 3.84 appears to be the best compromise, considering
over-all dissolution rate, acid consumption, and extent of pellet
dissolution (Fig. 4). At this ratio, pellet dissolution was 98$
complete producing a product solution of 8.6 M HNOo-1 M Th(N03)l^
0.04l M U0g(N0o)2 at an averaSe over-all dissolution rate of 3.4 mg/cm -min
(Table 3)> Extrapolation of the data rate data indicates that complete
dissolution could be achieved in 6-7 hours (Fig. 2). The total dissolution
time could be decreased by the use of fresh dissolvent in later stages
of the dissolutions. This would eliminate lowered dissolution rates

because of low acid and high thorium nitrate concentrations near the end
of the dissolution process.

2.4 Pellet Pulverization

Pulverizing the 'pellets to fine powders (^-'1190 u.) prior to
dissolution greatly decreased the time required for complete dissolution
of the pellets. The powder dissolved about five times as quickly as
the uncrushed pellets (Fig. 5)-

2.5 Alternate Solvents

Sulfuric acid (4 and 6 M), nitric acid (3, 10, 13, and 15.8 M),
hydrofluoric acid (2, 5> 9> and 12 M), hydrochloric acid—nitric acid
mixtures (2 M—5 M, 9 M--4 M, and 4 M—12 M), and 6 M HgSO^—0.04 M
NaF were investigated as possible alternate dissolvents. All measured
rates were below 0.60 mg/cm2-min (Table 4). These dissolvents therefore
are of little value for dissolving this fuel.
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Fig. 3. Nitric acid concentration as a function of time in dissolution of sintered
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S = initial surface area.
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Table 3. Effect of Initial Volume/Surface Area Ratio on
Dissolution Time in Boiling 13 M HNC7-0.04 M NaF

"3

T •' " -

Dissolvent volume: 100 ml
Specific surface area: ~ 1 cm /g

96% Th02--4# U02 sintered pellets

V/S,
cm

Final

Th(N0 )
Conc,^ H

M

Dissolutior

Time,
hr

Extent

1 Pellet

DissolL

56

of

ition,

Over-all

Dissolution

Rate,8,
mg/cm .min

Acid

Consumed

Per mole

of ThO,
moles

6.45 0..5 3.5 85 h.3 4.1

3.84 0.5 1.3 49 6.8 4.3
2.60 0.5 0.90 34 6.6 4.2

1.90 0.5 0.55 26 8.0 4.6

1.50 0.5 0.45 20 7.7 4.2

1.14 0.5 0.33 16 7.9 4.2

0.795 0.5 0.20 10 9-3 4.0

3.84 1.0 5.3 98 3.4 4.4

2.60 1.0
• 3.3 68 3.7 4.4

1.90 1.0 1.8 52 4.8 *.3
1.50 1.0 1.4 40 h.9 4^
1.14 1.0 1.1 32 h.l 4.8

0.795 1.0 0.55 20 6.1 4.1

1.90 1.5 *.5 78 2.9 4.0

1.50 1.5 3.6 60 2.9 4.3
1.14 1.5 2.5 48 3.2 4.3
0.795 1.5 1.4 30 6.9 4.3
1.50 1.75 5.6 70 1.4 4.2

1.14 1.75 4.5 % 2.1 4.4

0.795 1.75 2.3 35 2.8 4.2

Calculated from initial surface area; 0.04l M U0 (NO ) is also produced when
1MTh(N05)^ is produced by the dissolutions. d •> d
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Table 4. Di ssolution Rates of £

in Various

)6<jo Th0o-4^b U0o Sintered Pellets
Dissolvents

Dissolvent Temperature, °C Test Time, min Rate, mg/cm^-min

4M HgSO^ Boiling 2 0.034

6 M H2S0^ 2 0.040

6 M H2S0^ 180 0.026

6 M HgSOj^-0.04 M NaF 180 0.041

3 M HNO 2 0.17

10 M HN0_ 2 0.14

13 M HNO 2 0.09

15-8 M HNO 2 0.20

2 M HF 90-95 2 0.60

5 M HF
. 2 0.23

9 M HF 2 0.24

12 M HF 2 0.18

2 M HC1-5 M HNO Boiling 2 0.060

2 M HC1-5 M HNO 180 0.060

9 M HC1-4 M HNO 180 0.014

4 M HC1-12 M HNOq 180 0.031

13 M HNO -0.04 M NaF 90-95 2 1.62

13 M HNO -0.04 M NaF 180 3.9

13 M HNO -0.04 M NaF Boiling 180 5.7

a o
Tests at 90-95 C were done in polyethylene bottles immersed in a boiling
water bath.

Surface area changed with time so rates are comparable only for the same
test time.
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3-0 EXPERIMENTAL DETAILS

3-1 Materials and Chemicals

The pellets used for dissolution tests were fabricated by the
American Lava Company, They are cylindrical in shape and were
prepared by sintering at 1700°C. The composition is:

96.O wt <$> thorium dioxide, Th0?
0.4 wt <$, calcium fluoride, CaF^as binder)
3-6 wt # uranium dioxide, U02

The pellets were l/4-in. dia and 1/2 to 3/4 in. long.

Reagent grade chemicals were used in preparing all dissolvent
solutions.

3.2 Apparatus

A cylindrical stainless steel vessel equipped with a pyrex glass
bell connection to a reflux condenser was used for dissolutions in
which nitric-fluoride mixtures were used. A parallel experiment in
a Teflon vessel equipped with a polyethylene tubing condenser showed
that the dissolution products resulting from mild attack of the
stainless steel vessel by the dissolvent had no effect on the
dissolution rate of the pellets. The volume of dissolvent used in
all tests was 100 ml.

3-3 Dissolution Testing Procedures

Since the surface area of the cylindrical pellets changes as
dissolution proceeds, two methods of dissolution testing were used:
(1) determination of dissolution rates at very small and/or the same
extent of pellet dissolution and (2) measurement of the increase in
thorium concentration with time for different v/S ratios (initial
dissolvent volume to surface area ratios). The surface area changes
with dissolution because of the cylindrical shape of the pellets and
because the initially smooth ceramic surface becomes roughened. Pitting
of the pellets was observed in a few cases.

Dissolution rates were determined by measuring the quantity of
material that reacts in a given time with the dissolvent. Preliminary
tests showed that the dissolved thorium and uranium are in approximately
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the same ratio as in the solid pellets. The rate was calculated,
using the initial surface area as determined by measurement with
calipers, from the relation

_. . _ (mg of material reacted)
(initial surface area) (time)

The buildup of thorium nitrate concentration in the dissolvent
with time for the v/s ratios was determined by taking 1- to 2-ml
samples of the solution at several preselected times during long-term
dissolutions. The data obtained were used to calculate rates at
different extents of pellet dissolution for the formation of thorium
nitrate concentrations of interest. The thorium nitrate concentrations

were corrected for the volume of solution removed for analysis. The
inherent error in the procedure is 5-10$.
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5.0 APPENDIX

Since the true surface area of the pellets was not determined and
the adsorption phenomena occurring on the surface were not investigated,
it was not possible to give the data a fundamental kinetic interpretation.
However, for practical purposes an apparent order of reaction with
respect to nitric acid was calculated from the data in Table 3- Such a
calculation permits, within limits, assigning of a numerical order-of-
magnitude effect of nitric acid concentration on the dissolution rate.
It should be clearly emphasized that this apparent order is not proposed
to be the true kinetic order of the reaction. The calculation'is justified
entirely on the basis of its usefulness.

By assuming the general equation for the reaction between a dissolved
substance and the surface of an insoluble solid and that, for the purpose
of this calculation, the two components UOp and ThOo need not be considered
separately, the equation

f=*H[™°3]n (i)
was derived where

Qi = loss of pellet weight with time
At

k = the specific rate constant

A = surface area of the pellet

[HNO = nitric acid concentration

2J
n = apparent order of reaction with respect

to nitric acid

AW

By defining R as At/A and rearranging Eq. 1, the following equation results:

R ='k HN03]n (2)
If log R is then plotted against log [HNO3], a straight line of slope n
should result when the order of reaction does not change with nitric acid
concentration, and with thorium nitrate concentration. Figure 6 is a plot
of log R versus nitric acid concentration for solutions containing 0,
0.3, and 0.8 M Th(N0'\. The apparent order changes with both nitric acid
and thorium nitrate concentration, but the curves are approximately linear
in the region 2-8 M HNOo,after which the slope rapidly decreases with
increasing nitric acid Concentration. In the 2-8 M HN0_, the apparent
order is approximately 3 for solutions containing 0 M Tn(N0o)j, 'and
approximately 4 for solutions containing 0.3 and 0.8 MTh^O^. From
8 to 13 M HNO,, all curves show about first order dependence.

The practical Implications of the results are evident. Apparently,
little is gained by attempting to dissolve the pellets in 13 M HNO.3--O.04 M
NaF solutions to much greater than 1 M Th(N0ok, at which concentration

/3nr»0/3 ~t"*~\ T O o c + V1C1TK M M.-v»o
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