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DISSOLUTION EXPERIMENTS ON ALLOY SAMPLES

OBJECTIVES

The investigation to be described was undertaken at the request of
Professor Harold A. Ohlgren as part of Engineering Research Institute Project
2240. The specific purposes of the investigation were to evaluate the follow-
ing aspects of the dissolution of two-component alloy samples:

(1) Effect of nitric acid concentration on the rate of dissolution
of alloy samples.

(2) Effect of hydrofluoric acid as a catalyst on the nitric acid
dissolution process.

(3) Dissolution kinetics at optimum nitric acid concentrations.
(4) Effect of dissolved iron on the dissolution kinetics.

(5) Extent of the acid-insoluble material produced in the dissolution
experiments.

SUMMARY OF RESULTS

The following statements are an attempt to answer in specific fashion
the questions raised in the previous section. It will be apparent from the
more detailed subsequent discussion of the work that the generalizations gilven
must be evaluated cautiously when extrapolating to sample sizes and experi-
mental conditions other than those actually used.

(1) and (2): Nitric acid solutions, originally 4.5 or 6.0 M, which are
also 0.05 M in hydrofluoric acid, will dissolve the two-component alloy to




an effective concentration of 100 grams of major component per liter within
a reasonable period of time.

(3) and (4): The rates of dissolution at various stages in the alloy
dissolution process have been measured. These rates seem not to be affected
by the presence of dissolved ferric iron if the effective nitric acid con-

centration is kept constant.

(5): The amount of nitric acid- insocluble material in the alloy seems
to be remarkably constant in the range of L + l%.

EXPERIMENTAL PROCEDURES

Alloy Samples

The samples used for the dissolution tests were pie-shaped pieces,
formed by cutting into eighths the 3-mm-thick discs obtained from a massive
sample. These wedge-shaped pleces were furnished by Dr. J. Lewis; they varied
in weight from 8 to 12 grams each. For the kinetic runs, pieces weighing
approximately 2, 4, 6, 8, and 10 grams each were prepared by Dr. Lewis and
by the authors as needed.

Chemicals

The acids used (nitric acid, sulfuric acid, and hydrofluoric acid)
were of C.P. or reagent-grade quality. Suitable dilutions were made using -
the label composition data in the case of the nitric and sulfuric acids and
the results of titration in the case of the hydrofluoric acid. The concen=-
trations of the 3 M and 4.5 M stock nitric acid solutions were checked by
titration with standard sodium hydroxide solution; the values found were 3.12

and 4.77 M, respectively.

The uranyl nitrate used Waé Mallinckrodt analytical reagent-grade
uranyl nitrate hexahydrate. The ferric nitrate was Baker and Adamson A.C.S.
reagent-grade ferric nitrate nonahydrate.

Apparatus

All dissolution experiments were carried out in pyrex 250-m1 round-~
bottomed flasks connected to water-cooled condensers by glags-to-glass
standard-taper joints. The flasks were heated by Meker burners. Ignition

no




of the filter papers containing the residual sludges was carried out in
porcelain crucibles, using standard analytical techniques.

Procedures

In the preliminary dissolution tests the samples were cleaned by
rinsing with acetone, weighed to the nearest hundredth of a gram, and trans-
ferred to the flasks. The calculated quantity of nitric acid or sulfuric
acid was then added and observations were made of the behavior of the sample
in contact with the acid at room temperature. Then the temperature was in-
creased slowly and any changes in color of the sclution or appearance of
precipitate were noted. The soluticns were all refluxed at a rate of about
one drop every two seconds. After a predetermined period of time such as
0.5 hour, 1 hour, or complete disintegration, the heating was discontinued
and the flasks were disconnected from the condenssrs and cooled under running
water. The remaining sample, if any, was washed free of solution, rinsed
with acetone, dried, and weighed. In cases where the sample was completely
disintegrated, the residue was filtered off on paper, ignited, and weighed.

In the kinetic experiments, a set of five cleaned samples {approxi-
mately 2, 4, 6, 8, and 10 grams) was weighed. The test solutions were then
prepared by mixing the appropriate amounts of nitrate salts, nitric acid,
hydrofluoric acid, and water. The calculations on the basis of which these
solutions were prepared are given in Tables I and II; these calculations are
an attempt to depict the composition of a solution at various stages in the
dissolution process as discussed in the next section. The samples were added
to the appropriate solutions, which were then refluxed for 4 hours or some
other selected period at the rate of one drop of returning condensate per
two seconds. After completion of the heating period, the undisintegrated
sample was separated from the sclution, dried, and weighed. The disintegrated
residue, composed of finely divided silver-gray particles, was filtered off,
washed with water, and ignited. The product of this ignition had a bluish
irridescent color; the sclution was orange. The ignited residue was weighed
and the percentage calculated.

Basis of Calculations in Tables I and EE

\

The figures given in Tables I and IT are based on the follcwing
assumptions, the validity of which is considered to be adequate for the
purpose of the present exploratory study:

(1) The prime salt factor to be considered during the dis-
solution process is the uranyl nitrate formed; the amount of
chromic nitrate formed is assumed to be negligible or of little
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effect. Accordingly, only uranyl nitrate was added to account
for the amount formed by the dissolved alloy.

(2) If iron were present, it was assumed that its rate of
dissolution would be very much greater than that of the alloy
and that consequently all the iron would be dissolved before '
any sizable fraction of the alloy had dissolved. On this basis,
ferric nitrate equivalent to an assumed iron content was added
at the start of each test.

(3) The major assumption, i.e., the one in which gross error
is most likely, is that made to account for the amount of nitric
acid that would be consumed in forming the uranyl and ferric
nitrates. The half-cell reactions for nitric acid are usually
assumed to be (a) or (b) or a combination of the two processes:

(a) In low, i.e., less than 6 M, acid concentrations

NOZ  + bt + 3e —> NO + 2H,0 .

(b) In high acid concentrations

NO% + 2Ht + e —> 0.5 No0O, + HoO .

There is an enormous difference in the amount of acid required to
dissolve a given weight of metal by these two processes: reaction
(b) would consume three times as much nitric acid as reaction (a).
Since this work was carried out in nitric acid concentrations be-
tween 3 and 6 M, reaction (a) was assumed for the calculationms. -
Observations were made, especially in the tests involving 6 M nitric
acid, to see whether the colorless NO or the dark-brown NQOA* was

the primary product; such observations must be interpreted with care,
however, since a small amount of NoO) would color a large amount of
NO and since NO is immediately converted to N50) on contact with oxy-

gen of the air.

The equations for the reactions in the dissolution of uranium and
iron are then assumed to be as follows:

(¢) U + LHNO3 —> UO,(NO3z)p + 2NO + 2H,0

and

B
_'NpOl itself is colorless, but its monomer or decomposition product, NO,,
is reddish brown. At 100°C, N50) is 90% dissociated into NOs. '




(d) Fe + hHNO5 — Fe(NO3)5 + NO + 2Ho0 .

If chromium dissolves, the reaction would probably be

(e) Cr + YN0z —> Cr(NOs)s + NO + 2Hy0

On the basis of equations (a), (c¢), (d), and (e), 100 grams of uran-
ium dissolved per liter would lower the molarity of the nitric acid content
by 1.68, 24.6 grams of iron dissolved per liter would lower the nitric acid
molarity by 1.76, and 5.1 grams of chromium per liter would lower the nitric
acid molarity by 0.40. It is apparent that dissolution of such amounts of
uranium and of iron would lower the molarities of nitric acid solutions from
4.50 to 1.06 or from 6.00 to 2.56. Moreover, if reaction (b) occurred to any
appreciable extent the residual nitric acid concentration would be even lower.

Tables for the 6 M nitric acid experiments would be similar to
Tables I and ITI except for the nitric acid figures. The selection of the
nitric acid concentrations used was determined from the preliminary dis-
solution experiments subsequently described.

PRELIMINARY EXPERIMENTS ON DISSOLUTION

Variation of Extent of Dissolution

The first experiments were designed to examine the effects of nitric
acid and hydrofluoric acid concentrations. The samples, data for which appear
in Table III, were refluxed for 0.5 or 1 hour. Although none of the samples
disintegrated completely, every one reacted to some extent with the nitric
acid. Refluxing for a period of 10 minutes caused all the solutions to turn
green; some, of course, required less time. After the predetermined reflux
time had elapsed, the flasks were disconnected from the condensers and cooled
under running water. The remaining alloy sample was washed free of solution
and loose particles, dried after rinsing, and weighed. The percent loss in

weight was then calculated. h
AN

Sulfuriec acid solutions were also examined, but the results were
very poor. The two samples treated with sulfuric acid did not disintegrate
completely in 24 hours of refluxing. There is, however, a possibility that
they would react faster if tested in the presence of hydrofluoric acid. Their
behavior under this condition has not yet been investigated.




TABLE III
VARIATION OF ALLOY DISSOLUTION WITH

ACID CONCENTRATION, CATALYST, AND TIME

A Weight HNO HF . Weight Loss
Experi- of Conce?l- Concen- _ Time of of Solid in
N??nt Samgle, | tra;ion, tra;ion, Exngi?:nt’ Res;due, Weight,
1 9.51 3.1 0.5 9.20 2.38
2 8.33 3.1 0.003 0.5 8.06 3.35
3 9.02 6.0 0.5 8.20 9.20
L 9.20 6.0 1.0 6.82 25.9
5 11.57 6.0 1.0 8.06 33,2
6 10.78 6.0 0.002 1.0 8.23 2%.7
9 9.17 3.1 0.05 1.0 7.27 20.7
11 7.95 3.1 1.0 .27 8.55
15 11.67 (L.73)* 2k ,2 10.10 13.5
16 11.55 (3.45)* 24,2 9.53 17.6

*HESOh concentration, M.




The solution obtained from the samples treated with sulfuric acid
was dark green. The residue was dark brown, almost black, and the remaining
undisintegrated sample was black.

Time Required for Complete Disintegration and Completion of Dissolution

The samples, data for which appear in Table IV, were treated with
nitric acld or a mixture of nitric and hydrofluoric acids and were refluxed
to complete disintegration.

The difference between complete disintegration and complete dissolu-
tion should be noted. The sample is considered completely disintegrated but
not completely dissolved when there is a residue of finely divided silver-gray
particles present. Complete dissolution, i.e., no solid residue of any kind
present, was never obtained.

The solution in all cases was yellow after separation from the resi-
due. The residue was silver-gray; after ignition, however, it assumed a
bluish irridescent color. The latter color may be due to surface oxidation,
producing very thin layers of chromic oxide.

The residue was weighed and its perhentage calculated for all the
samples. It is highly significant that the data for the percentage of mate-
rial insoluble in nitric acid approximate the expected content of material
nonreactive with nitric acid. It was planned to check the residues by emis-
sion spectroscopy for their content of major alloy constituent which may be
present due to entraimment, but the time factor prevented this study. Sim-
ilarly, it would have been desirable to check the amount of minor constituent
present in the solutions obtained.

The data in Tables IIT and IV indicate that hydrofluoric acid,
present in 0.05 M concentration, seems to be an effective catalyst.

The data in Table IV indicate that 4.5 and 6.0 M nitric acid solu-
tions containing a low concentration of hydrofluoric acid are capable of
dissolving the reactive constituent of the alloy within a reasonable period
of time. Accordingly, it was decided to investigate the relative rates of
dissolution at various stages of dissolution in these two concentrations of
acid. It is again pertinent to recall, as previously indicated, that the
presence of iron of a postulated amount would probably decrease the effective
acid concentration to react with the alloy from 4.5 and 6.0 M to 2.7 and 4.2

M, respectively.




TABLE IV

TIME REQUIRED FOR COMPLETE DISINTEGRATION

AND COMPLETION OF DISSOLUTION OF ALLOY

‘ Weight HNO HF Time for
Egper; of . ConceZ- Concen- Complete Iﬁzzigzie
1§en Sample, tration, tration, Disintegration,
O- g M M hours g %
12 8.13 3.1 16 0.55 6.8
8 8.84 6.0 6.5 0.59 6.6
10 9.77 3.1 0.05 19.3 0.46 L7
13 9.20 .5 0.05 - 6.8 0.49 5.2
14 9.16 6.0 0.05 4.5 0.52 5.6

10




KINETIC EXPERIMENTS ON DISSOLUTION

As previously discussed and as outlined in Tables I and II, a series
of experiments was run to determine the relative rates of disintegration and
dissolution of the alloy in media originally 4.5 or 6.0 M in nitric acid at
various stages in the dissolution process. Interpretation of the result§
obtained must be made with a great deal of care, since the studies 'to be de-
scribed involve all the uncertainties inherent in determining the rate of
dissolution of a more or less irregularly shaped solid of varying surface
area in a medium of varying composition. Assumptions peculiar to the specific
problem concerned have been detailed in the subsection on the Basis of Calcula-
tions in Tables I and II. In spite of these difficulties in interpretation,
it is believed that the results described below may serve as a cautious guide
to the tentative evaluation of certain factors involved in the dissolution of
the two-component alloy under consideration.

Duplicate sets of runs in originally 4.5 M nitric acid solutions
were made by two different investigators; the data for these tests are sum-
marized in Tables V and VI. Runs in (a) originally 4.5 M nitric acid con-
taining dissolved iron, (b) originally 6.0 M nitric acid, and (c) origi-
nally 6 M nitric acid containing dissolved iron are detailed in Tables VIiT,
VIIT and X, and IX respectively. The 4.5 M acid solutions were heated for kL
hours, and the 6.0 M solutions for either 4 or 2.5 hours; the shorter time
was used in the latter case to permit evaluation of the relative change in
rate of dissolution, since dissolution was complete for three of the five
samples used in the L4-hour experiments of Table VIII.

The behavior of the solutions during the dissolution process is
described in the following sections.

Behavior of the "4 M Acid" Solutions

The "4 M Acid" solutions (Table VI) behaved differently when heated.
During the initial 30 minutes of heating, the following phenomena were noted:

Solutions la and 2a gave off rather large quantities of NO, when
brought to refluxing temperature. The appearance of the solutions changed
from the initial color (colorless for la, yellow for 2a) to a greenish gray
within the first minute. As heating was continued, this darkened to a grayish
green, opagued with some suspended solid. After about 25 minutes, the
evolution of N02 from solution 2a had abated and only a faint brown color
was noticed over the solution. The brown color of NO, did not abate in the

flask of solution la until an hour had passed..

1L
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, Solution 3a changed from yellow to greenish yellow about 5 minutes

after heating was started. The solution remained clear for 15 mimutes; then
the suspended solid appeared. The amount of this suspended solid increased,
but never became as great as for la and 2a. Only a faint brown color was
noted in the gases evolved from the solution.

Sample La behaved much the same as sample 3a, except that the
greenish coloration after 5 minutes of heating was somewhat lighter. Opacity
due to the suspended solid material appeared after 10-15 minutes of heating.
As with solution 3%a, only a faint brown color due to NO, was ever noticed

above the solution.

Sample 5a developed a slight greenish coloration after 5 minutes
of heating. Slight opacity, due to a suspended solid, appeared about 15
minutes after heating was started. The amount of the suspended solid was
noticeably less than that present in ha, Any quantity of N02 evolved was
so slight that its color was not apparent over solution Ha.

The following conditions, noted after 90 minutes of refluxing,
remained essentially the same for the rest of the refluxing period:

Solution la: dark gray-green color, opaque, large quantity of
suspended solid, trace of NOp in gas evolved.

Solution 2a: .same as la.

Solution %a: yellowish gray-green, opaque, large quantity of
suspended solid, faint trace of NO2 in gas evolved.

Solution La: yellowish gray-green (slightly lighter .than 3a),
large quantity of suspended solid, faint trace of

NOo.

Solution 5a: light yellowish gray-green, some suspended material
(not as much as in 4a), no NO, visible in gas evolved.

Behavior of "6 M Acid" Solutions

The "6 M Acid" solutions (Table VIII) behaved somewhat differently
‘from the "4 M Acid" solutions.

Solutions lc and 2c gave off rather large quantities of NOp when
brought to refluxing temperature. The initial appearance of these solutions
(colorless for lc, yellow for 2¢) changed to a greenish gray within the first
minute. As heating continued, the solutions darkened to a grayish green.
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The suspended solid material appeared within the first few minutes, as before.
The evolution of NO, decreased throughout the refluxing period. Appreciable
quantitiés, Jjudged by color, were still being evolved from solutions lc and
2c when they were removed from the heat, however, in contrast to the behavior
of la and 2a, which evolved only traces of NO, after the first hour of reflux-
ing.

Solution 3c also gave off quantities of NOQ, but not gquite as much
as lc and 2c. The solution changed from an initial yellow color to a green-
ish gray in the first minute and darkened to a grayish green as heating was
continued. The solution presented essentially the ‘same appearance as lc and
2c, except that the color of 3c never became as dark as that of lc or 2c.
Evolution of NO, continued throughout the heating period for 3c, in marked
contrast to the behavior of solution %a. The final appearance of the 3c
solution was Judged somewhat darker than that of the 3a solution.

Solution kc behaved similarly to solution 3c. The initial yellow
color changed to a greenish gray in the first 2 minutes. The appearance of
the suspended solid material was somewhat slower than in solution 3c, taking
about 2-3 minutes. Solution appearance paralleled that of solution 3c, ex-
cept that the color was lighter.

Solution 5c behaved quite differently from 5a. NO, was evolved by .
the reaction and the initial yellow color darkened to a yellowish green-gray
in about 5 minutes. The appearance of the suspended solid is usually coin-
cident with the gray appearance. The evolution of N02 persisted from solu-
tion 5¢ for about 1 hour, by which time it had diminished until only a faint
brown color was visible. This brown tint never disappeared from the gases
evolved from solution 5c.

The following conditions, noted after 90 minutes of refluxing,
remained essentially the same for the rest of the refluxing period:

Solution lec: quantities of NO, still evolved, but not as much as
during the first 30 minutes of heating; dark gray-
green color, opaque, large quantity of suspended
solid material.

Solution 2c¢: same as lc.

Solution 3c¢: same as lc, except that solution color was somewhat
lighter.

Solution bc: NO, evolution decreased, but the brown color was
still evident in the evolved gases; yellowish gray-
green, opaque, fairly large amount of suspended
solid.
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Solution 5c¢: trace of NO2 visible in evolved gases; color scme-
what lighter than that of solution hc, fairly large
amount of the suspended solid.

In general, NO, evolution for the "6 M Acid" solutions was depend-
ent on the rate of heating. At low rates of boiling, just sufficient to hoil
the solution with a very low reflux, N02 was glven off copiously from all the
solutions. On the other hand, if the temperature increased so that the re-
flux rate doubled or tripled, the quantity of NOo evolved reduced to just &
trace of brown color. The above observations on the individual solutions
were made at the specified reflux rate of one drop per two seconds.

Summary of Kinetic Experiments

In the following paragraphs an attempt is made to summarize cer-
tain deductions which are readily apparent from the data of Tables V=X or
which appear rather likely on the basis of that data. Due to the time and
other limitations imposed, no attempt was made to plot the data or to see
if the data would fit any particular rate expressions; 2ll the data are ex-
pressed, however, in such form as to facilitate any attempt at curve fitting.

One impressive result is the relative constancy of the undissolved
alloy residue or sludge (not to be confused with undisintegrated residue)
at sbout L4-5% of the weight of alloy actually disintegrated (see Tables V,
VI, VIII, and X. For iron-containing solutions, where considerable percent-
ages of the alloy were not disintegrated, the percentages of ignited residues
based on the weight of disintegrated sample were 3.5, k.2, 4.9, 3.9, and 3.8%
in Taeble VII and 4.3, 3.9, 3.0, 3.7, and 5.6% in Table IX. It may then be
safely concluded that the presence of iron dissolved in the solution does
not cause appreciable additional dissolution of the alloy component which
does not react with nitric acid.

The slower rates of dissolution in the presence of iron (Table VII
compared to Table VI, and Table IX compared to Table X) are probably due to
the decreased effective nitric acid concentrations in the iron-containing
solutions. Comparing the data in Table IX (effective’ nitric acid concentra-
tion of 4.25 M and 2.5 hours' heating) with the data in Table VI (effective
nitric acid concentration of 4.5 M and 4 hours of heating) gives additional
evidence for this viewpoint. The differences in extent of dissolution in
the latter case can reasonably be ascribed to the difference in exposure
time. Accordingly it would be safe to say, at least as a first approxima-
tion, that the presence of iron does not affect the rate of dissolution of
the alloy if the effective nitric acid concentration is kept unchanged. It
would have been desirable to repeat the experiments of Table IX using an
effective nitric acid concentration of 4.5 M and 4 hours of heating.
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