ECORDS ADMINISTRATION

i AN oPSPU 783018

Pl ?‘;u . 7
RAFID DISSOLUTION OF PLUTONIUM METAL Kb b

IN SULFAMIC ACID FOLLOWED BY
CONVERSION TO A NITRIC AGID MATRIX

Leonard W. Gray

G o par OF

E. |. du Pont de Nemours and Company

Coamma f Bionr Plant
aavaininan niver riant

Aiken, South Carclina 29801

July 1979

A paper proposed for publication in /&EC Process Design and
Developrment.

This paper was prepared in connection with work under Contract AT(07-2)-1 with the U.S. Department of
Energy. By acceptance of this paper, the publisher and/or recipient acknowledges the U.S. Government’s right to
retain a nonexchisive royalty-free license in and to any copyright covering this paper, along with the right to
reproduce and to anthorize others to reproduce all or any part of the copyrighted paper.



This document was prepared in conjunction with work accomplished under Contract No.
DE-AC09-76SR00001 with the U.S. Department of Energy.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States Government.
Neither the United States Government nor any agency thereof, nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or responshility for the accuracy,
completeness, or usefulness of any information, apparatus, product or process disclosed, or represents that
its use would not infringe privately owned rights. Reference herein to any specific commercial product,
process or service by trade name, trademark, manufacturer, or otherwise does not necessarily congtitute or
imply its endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

This report has been reproduced directly from the best avail able copy.

Available for sale to the public, in paper, from: U.S. Department of Commerce, National Technical
Information Service, 5285 Port Royal Road, Springfield, VA 22161, phone: (800)

553-6847, fax: (703)  605-6900, email: orders@ntisfedworld.gov  online  ordering:
http://www.ntis.gov/ordering.htm

Available electronically at http://www.doe.gov/bridge

Available for a processing fee to U.S. Department of Energy and its contractors, in paper, from: U.S.
Department of Energy, Office of Scientific and Technical Information, P.O. Box 62, Oak Ridge, TN
37831-0062, phone: (865 ) 576-8401, fax: (865) 576-5728, email: reports@adonis.osti.gov



Rapid Dissolution of Plutonium Metal in Sulfamic Acid
FolTowed by Conversion to a Nitric Acid Matrix

Leonard W. Gray
Separations Technology Department
E. T. du Pont de Nemours & Co., Inc.

Savannah River Plant

Aiken, SC 29801
Abstract

Plutonium metal dissolves readily in sulfamiec acid; the dissolution rate is a
function of surface area, sulfamic acid concentration, and temperature. Below a
temperature of about 50°C the dissolution mechanism appears to proceed through a
Puﬁz intermediate which yields a pyrophoric sludge. Above a temperature of about
60°C, neither the intermediate nor the sludge forms unless the sulfamic acid concen-
tration drops below 0.4M. Overall dissolution rates of 400 to 500 g Pu/h per dis-
solver are obtainable with typical plutonium buttons.

Downstream processing requires conversion of the sulfamate to a nitrate medium.
Approximately 907 of the residual sulfamate ion can be precipitated as sulfamiec acid
by the addition of two volumes of 72% HNO3 to one volume of the plutonium sulfamate
— sulfamic acid solution if the solution is chilled to ~10°C. The small amount of
sulfamate remaining can be oxidized either by diluting the nitric acid to about 3M
and irradiating the solution with ultraviolet light or by diluting the solution with

preirradiated 3M HNOj.
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Intreduction

Plutonium metal that does not meet product purity specifications and aged
plutonium metal into which 2%1Am has grown must be recycled through a recovery and
purification process. At the Savannah River Plant (SRP), the initial recycle step
is dissolution of the metal. Sulfamic acid has been the accepted dissolvent in the
SRP process since about 1962 (Gray, 1978).

Prior to 1962, mixtures of HNO; and HF were used to dissolve recycle plutonium
metal (Jenkins, 1962 and 1963). The dissolution, however, is slow and the dissolvent
is highly corrosive to stainless steel equipment. Fluoride and the aluminum added
to decrease the corrosiveness of the fluoride become highly undesirable to down-
stream processing if ingrown 24%1am is to be recovered. To minimize processing pro-
blems downstream of dissolution, a dissolution method was needed that is rapid and

that provides as near a pure plutonium nitrate — HNO3; solution as possible.

ht and Fox (1977) developed a
metal. Using a dissolver solution composition of 10M HNO3z — 0.05M HF and a "travel-
ing“ cathode which maintained a minimum constant separation from the plutonium metal
surface, the dissolver had a maximum dissolution rate of about 400 g Pu/h and an
average rate of about 300 g Pu/h. This method, however, maintains the fluoride. Also,

the high current density flowing through 10 to 14M HNO3 results in NOX gases which

give visibility problems and off-gas handling problems.
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Laboratory experiments at SRP have demonstrated that overall dissolution rates
of 400 to 500 g Pu/h per dissolver can be obtained using 3.34M sulfamic acid at 70°C.
Sludge formation, which is a major problem with room temperature sulfamic acid dis-
solution, is nonexistent if the sulfamic acid concentration is not allowed to drop
below 0.4 to 0.5M. After the dissolution is complete, most of the residual sulfamic
acid can be removed by precipitation, without carrying plutonium, by the addition
of two wvolumes of 72% HNO3 to one volume of dissolver solution. If the combined
solutions are chilled to -10°C, approximately 85 to 90% ofAthe sulfamate will pre-
cipitate as sulfamic acid. After dilution to about 3M HNOj, the residual sulfamate
can be destroyed by irradiation with ultraviolet light or the solution can be diluted
with preirradiated 3M HNOj3.

Use of this flowsheet yields a solution which is acceptable to downstream pro-

cessing even if 2%1lAm recovery is to be considered.

Experimental Procedure

1. The volume of hydrogen gas generated as a function of time was determined for all
plutonium dissolution rate experiments by measuring the volume of water displaced
from the gas-tight reservoir. The volume of water displaced was measured using a
graduated cylinder and it was corrected to standard temperature and barometric
pressure. Plutonium metal turnings were used to determine the stoichiometry of the
reaction, Reaction rates were determined on both alpha- and delta-phase plutonium
metal. Reaction rates for alpha-phase metal were determined on pieces of plutonium
removed from the SRP production dissolver. These pieces of metal were cut to size
and their surface areas were calculated from dimensions measured with calipers.

Reaction rates for delta-phase metal were determined on pieces of plutonium cut



from rolled sheets. The surface areas of these pleces of metal were also calculated
from dimensions measured wit
to the temperature of a waterbath at the desired reaction temperature before the
plutonium metal piece was introduced.

The solubility of sulfamic acid in various concentrations of HNO3 was determined
by allowing a known amount of sulfamic acid to come to equilibrium with a known
volume of standardized HﬁOg soluticn at a measured temperature. After equilibrium
was obtained, the crystals remaining were filtered, air-dried, and weighed.
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residual gulfamic acid in the solutions was demonstrated using
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a water—cooled ultravielet lamp.

Stoichiometry

Table T shows the disselution rates and total gas evolved for varying weights

of plutonium metal turnings. These data show an average cof 98,04 = 0,787 of the
theoretical H,(g) was evolved, assuming the reaction is
+ +
Pu® + 3H - Pu®' + 3/2 H,y(g) (1)

A residue of from 0.1 teo 1% of the original mass of sample remained after dissolu-
tion. X-ray diffraction analysis of the residues indicated the major component to
be Pu0,. Equation 1, therefore, is the correct stoichiometric relationship for the

reaction,

Calculation of Button Surface Area

Plutonium buttons are produced in the ceramic liner (Figure 2) of a bomb reduc-
tion furnace. A typical button is 1.90 cm (0.75 in.} thick, weighs about 2250 g, and
has a density of 19.3 g/cm3. To estimate the surface area, all surfaces were assumed
to be smooth. For calculatieonal purposes, the surface was divided into four segments:
the first segment is a flat circle with a radius (r;) of 4.763 cm; the second segment

is the curved surface of the frustum of a right cone with a base radius (rp) of
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4.763 cm, a top radius (r3) of 4.366 cm, and an altitude (hy) of 1.1600 cm; the third
segment is the curved surface of the frustum of a right cone with a base radius (rz)
of 4.3656 cm, a top radius (r3) of 3.5719 cm, and an altitude {ho) of 0.6250 cm; and

the fourth segment is the curved surface of a spherical segment with a h

eight (hs) of
0.4800 cm, and the radius {(r,) of the sphere equal to 13.075 cm. The surface area of

the button is then calculated with the equation

A=1  {(r] + 1) \/ hi2 + (r] + r)2] +

[(ry + x3) \[ hp? + (rz = 13)2] + 2 xy b3 + 132 (2)
The volume of the button is calculated with the equaticn
V= (1/3) [h3? (2ry - h3) + hy (r22 + ry r3 + r32) +

2 2
hi(r1? + 1y 1) + 152 3)

1 ¥2 iz
Both the surface area and the volume of a typical button are shown (Figure 3) as a

function of mass of plutonium remaining undissolved. The surface of a typical button

is calculated to be 171.2 em? and the volume is calculated to be 116.4 cm3.

Dissolving Rates of Plutonium Metal

Hydrogen generaticon vs. time was determined for a series of plutonium metal
pieces starting at varying temperatures. Typical uncorrected curves for these dis-
solutions are shown in Figure 4. The rate of dissolution was determined from the
tangent of the early portion of the curve for evolved hydrogen gas. This value was
divided by the initial surface area of the plutonium metal piece being dissolved to
determine ﬁhe rate of hydrogen evolved in terms of surface area [ml Hz/(min—cmz)].
from the dig-

in th

5 shows the variation rate of hydro
solution of plutonium metal in 1.67M sulfamic acid as a function of temperature.
With both alpha- and delta-phase metal there is a sharp break in the dissolution

rate at about 50°C.



Figure 6 shows the variation in the rate of hydrogen evolution from alpha-phase
plutonium at room temperature as a function of sulfamic acid concentration. Figure 7
shows the variation in the rate of hydrogen evolution from delta-phase plutonium at
70°C as a funct

Although there is no explanation as to why alpha-phase plutcnium metal dis-—
solves faster than delta-phase metal, the data do suggest a possible explanation of
the break in the dissolﬁtion rate curve at about 50°C. Since the formation of sludge
appears to stop at the same temperature as the dissolution discontinuity, the sludge
may be an intermediate which forms in the 20-50°C temperature dissolutions. The
product which most closely fits the facts known about the sludge is a plutonium
hydride, Pu"x. Below the temperature discontinuity, i.e., about 50°C, the dissolu~-
tion apparently proceeds through the intermediate PuHx; above the temperature dis-
continuity, the intermediate apparently does not form. This intermediate would
explain why the dry sludge is pyrophoric and shock sensitive. It would also explain
the release of a gas and the retort when dry sludge suddenly ignites and why only
Pul, is found in passivated sludge.

For calculational purposes, typical dissolving cycles were assumed to be:

1) charge a plutonium button to 3.0 L of sulfamic acid; 2) allow dissolution to
proceed for a peried of time; 3) displace 2.0 L of plutonium sulfamate - sulfamic
acid solution with fresh sulfamic acid; 4) repeat steps 2 and 3 until the plutonium
metal inventory decreases below a predetermined value; 5) charge another plutonium
button; and 6) repeat steps 4 and 5 as long as necessary.

Using these assumptions, plutonium concentration, hydrogen off-gas rate,
residual plutonium mass and surface area, and residual sulfamic acid concentration

can be calculated as a function of time. Results for a variety of dissolving con-

ditions are given in Table II.




Results obtained for room temperature dissolution of plutonium metal in 1.67
sulfamic acid agree very well with plutonium cencentrations obtained from 3.0 L
production-size dissolvers. In general, the first batches after startup of a cleaned-
out dissolver will contain 45 to 55 g Pu/L. After the second button is charged to a
dissolver heel of 1300 g Pu, plutonium concentrations will typically increase to
60 * 10 g Pu/L. If the second button is charged to a dissolver heel of 1700 g Pu
instead of 1300 g Pu, the plutonium concentration will typically increase to
70 + 10 g Pu/L.

Increasing the temperature of 1.67M sulfamic acid dissolution is expected to
increase the Pu concentrations to 100 to 125 g Pu/L. This one change decreases the
sulfamate to Pu mole ratio from 6.7 to 23.5, eliminates sludge formation, amnd
doubles the dissolution rate.

Increasing the sulfamic acid concentration of the dissclvent to 3.34M would
retain a sulfamate to Pu mole ratio of <3.5, but it would redouble the dissolution
rate over that of the 1.67M — 70°C dissolution. Or, compared to the 1.67M sulfamic
acid —~ room temperature dissolution, the dissolution rate is increased by a factor

of four.

Sludge Formation and Composition

On a laboratory scale (230 g Pu total), dissolution at ambient temperature
(20—28°C) always left from 0.1 to 1% of the original mass of metal. On a productiom.
scale, the residue amounts, in general, to 0.1 to about 3% of the original mass.
The residue was pyroﬁhoric and shock sensitive but was easily passivated with dilute
nitric acid. Additional sulfamic acid dissolved the residue if the solutiom was
heated to 75°C. Attempts to identify the residue by x—ray diffraction indicated the

major component to be Pul;. However, none of the samples which reached the x-ray



diffractometer were pyrophoric or shock sensitive; this indicates that the initial
residue is oxidized to PuO; on ceontact with air. Dissolution of the metal at temper-
atures about 60°C, however, did not leave a residue unless the reaction was driven

en ion concentration of less than ahout 0 4M

5
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variable appears to change at about 1.7M sulfamic acid from diffusion of H+ to the

surface to diffusion of H, gas bubbles away from the surface,

Precipitation of Sulfamic Aéid from Plutonium Sulfamate — Sulfamic Acid Solutions

When neither recovery of ingrown 241Am nor storage of dissolved plutonium is to
be considered, sulfamate ion poses no major problems for downstream processing other
than extra waste costs. However, if either of these situations is to be considered,
sulfamate ion poses major problems.

Sulfamic acid is moderately soluble in water (14.68 g dissolve in 100 g of
water) at 0°C and 47.08 g at 80°C. All sulfamates, except the basic mercury salt,
are very soluble. Lead, ammonium, sodium, and magnesium sulfamates are the most

hiohly solubhle

highly soluble : e golubhle than the nnrvpepgnﬂinn

more soluble than the correspondin g n , sulfates s

they are m
chlorides, and acetates.
The least soluble sulfamate salt, barium sulfamate (129 g or 0.088 mole per
100 g water at 25°C), cannot be used to precipitate the sulfamate because of the
relative solubility of acceptable barium salts for barium addition to precipitate
the sulfamate., The only common barium salts of sufficient solubility are chloride

and acetate; neither of these are compatible with downstream processing in stainless

dissolving solutions

then must depend upon

the acid is meoderately soluble, the volume

its removal as sulfamic acid. Because

of solution at the point of precipitation
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must be minimized. Also, because the solubility of the acid is temperature dependent,
the temperature should be reduced as much as practical to ensure maximum removal of
sulfamate.

The solubility of sulfamic acid in HNOj; is shown in Figure 8. When precipitated
from either sulfamate - HNO3 solutions or from Pu - sulfamate - HNOj3 solutions,
sulfamic acid precipitates as orthorhombic crystals about 1 to 3 milimeters in size.
When it was precipitated from Pu’t solutions, the residual blue Pu3+ solution could
easily be removed by washing with a small volume of cold, concentrated HNQ3. The
resulting washed crystals of sulfamic acid contained less than 1 vg of residual
plutonium per gram of solid.

The solubility curve obtained was used to calculate the sulfamate remaining in
solution at about 25°C as various amounts and concentrations of HNO; were added to
the dissolver solution. The minimum solubility occurs when 2.0 to 2.25 L of concen-
trated HNO3 is added per liter of dissolver solution. The solubility is about 20%
less if 727 HNOj3 (15.7M) is used than if 64% (14.07M) HNO3 is used.

Using 15.7M HNO3 would reduce the sulfamic acid te 0.67 mole per liter of
original dissclver solution. If 3.34 moles of sulfamic acid is used as the dissol-

id fed to the d

TF
= [P - A1

vent, there is a reduct issolver.
14.7M HNO3; is used, the sulfamic acid would be reduced to only 0.84 mole per liter
of original dissolver solution.

Additional sulfamate éould be removed if the combined HNO3 - dissolver solution
were chilled below 25°C before the precipitated sulfamic acid was filtered. The
amount of additional sulfamic acid removed would depend upon how low a temperature
could be obtained within the available time in the processing cycle. Up to a maximum

1, ay

of about an additional 60% of residual sulfamic acid could be removed without freezing
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the solution. Chilling, therefore, could reduce the amount of sulfamate ion in the

final solution by 70 to 90% from the original solution.

Elimination of Residual Sulfamic Acid with UV Light

Any downstream processing of plutonium solutions requires that the plutonium be
oxidized to the (IV) oxidation state. To accomplish this, sulfamate ion must be
totally removed. This is. accomplished by oxidizing the sulfamate to nitrogen gas and
sulfate ion with nitrous acid. The classical method for generating nitrous acid is
to add sodium nitrite. This, however, adds solids to the waste volume that must be
processed and then stored. If ingrown ““!Am is to be recovered from the waste stream,
sodium is even less desirable as it complicates americium recovery. Oxidation of the
sulfamate with nitrous acid generated in situ with ultraviolet light, however,
eliminates the problems generated by adding sodium ion to the system.

Results of attempts to oxidize sulfamate with UV light are shown in Figure 9.
At approximately 10M HNO3, the reaction of nitrous acid with HNO3 is more rapid than
the reaction of nitrous acid with residual sulfamic acid. However, if the HNOj
solution is diluted to about 3M, the reaction of nitrous acid with sulfamic acid is
the faster reaction. Dilution of the solution to about 3M HNO; is therefore
necessary before irradiation to allow the oxidation to proceed toward reasonable
cpmpletion within convenient overall cycle times.

Since the HNOj must be diluted to allow the reaction to proceed, an additional
option is évailable. Instead of irradiating plutonium containing solutions, a stock
solution of nonradioactive 3M HNO; can be irradiated to generate the nitrous acid

and this can then be used to dilute the 10M HNO3 - Pu solution.
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Coneclusions

Processing of plutonium metal requires conversion te an aqueous solution that
is compatible with both stainless steel procesé equipment and downstream processing
of the solutions. This is best accomplished by dissolving plutonium metal in 3.34M
sulfamic acid at 65 to 80°C. To make the solution more compatiﬁle with downstream
R T] + 1
chilled 72% HNO3 to the ﬁissolver solution, followed by further chilling of the
resulting solution to about -10°C. For storage of the solution to await fufther
processing, the Pu must be diluted from the approximately 80 g Pu/L - 10M HNOj3 to
26 g Pu/L and about 3M HNOj. Downstream processing is further simplified if the 3M
HNO3 used for this dilution is first irradiated with UV light to saturate the HNOj
with nitrous acid.

The solution presented for further processing contains only HNGO3, Pu(IV), and
a small amount of sulfuric acid. If maximum use of the dissolution and removal
system given were made, this procedure would dissolve about 8 kg Pu per 24-h day
per dissolver (assuming 65% attainment) and present a solution for downstream pro-
cessing containing little or no sodium and a sulfate to Pu mole ratio of <0.5. The

sulfate to Pu mole ratio compares to 6.7 for the room temperature dissoclution pro-

cedure which has been used for years.
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TABLE I
Dissolving Plutonium Metal Turnings

Plutonium Hydrogen
Dissolution Evolution
Rate, g/h Rate, ml/sec Volume of Hydrogen Evolved, ml
per g Fu per g Pu Measured Theoretical
Pu, g charged charged Uncorr At STP (STP)
5.6600 37.14 1.047 840 773 796
3.6846 30.20 0.8530 550 507 518
6.0020 20,43 0.8628 910 21¢ ass

s UL U S oy L8 L )

4.0021 - 600 552 562
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TABLE 11

Plutonium Button Dissolving Under Various Conditions

Sulfamic Acid,

molar - 1.67 1.67 3,34
Temperature, °C » 25 /0 _ o 0 ,
NH,S03 /Pu NH,803 /Pu NH3S803 /Pu
Time, min Pu, g/f wole ratio Pu, g/f mole ratio Pu, g/f mole ratio
1st Cut
0 0 0 0
15 19 21.0 44 9.1 54 14.8
30 33 12.1 73 5.5 106 7.5
45 42 9.5 92 4.3 153 5.2
60 50 8.0 105 3.8 188 4.2
75 57 7.0 114 3.5 211 3.8
2nd. Cut
0 13 30.7 37 10.8 75 10.6
15 28 14.3 66 6.1 110 7.3
307 42 9.5 85 4.7 161 5.0
45 48 8.3 100 4.0 190 4.2
60 35 7.3 110 3.6 210 3.8
75 60 6.7 118 3.4 225 3.5

v T

e

e AT RN N N, SRR PR TR T

Ll e SRR A T e T R M gt SN T e g



Calibrated Vessel
te Measure Yolume
of Displaced Water

Water-filled,
Gas-tight
Resafvoir

FIGURE 1. EXPERIMENTAL APPARATUS

VA
Wy

l’ N
i E
/ N
/ 7.62 cm
13.02 cm Slag Cover
Sphericai R

/

1 9.52 {0.06) cm Dig -———d

| '1.27 cm R*\

Typical Plutonium Button:
9.21 cm Diaq; Approx 1.90 cm
Thick; 2247 g

FIGURE 2. CERAMIC CRUCIBLE FOR PREPARING PLUTONIUM

BUTTONS

15



16

180 180
16C — 160
140 —1 140
120 - 120
o 100 — 100
g
<
2 80 - 80
5
W
60 — 60
a0 — 40
20 — — 20
o I | [ ] 0
¢ 500 1000 1500 2000 2500
Butren Mass, g
FIGURE 3. CALCULATED SURFACE AREA AND VOLUME OF A

TYPICAL PLUTONIUM BUTTON DURING DISSOLUTION

T N, T SR TR TR T

L AR e e e

Yolume, cm?




900

800

700

O~
o
[ ]

-
(=3
[~

Hydregen Gas Evolved, ml
g

300

200 |-

100 —

7210 | /‘67 to | 61 1o
74°C : 70°C 64°C

Oyoﬁ
.y

/
/ o
i |
100 200 300 400 500 1000 1500 2000 2500
Time, seconds
FIGURE 4. TYPICAL UNCORRECTED HYDROGEN GENERATION CURVES

LT



18

0ot

08

QI3¥ JIMVITINS WZ9'L NI TYLIW WNINOLNd 40
NOILNTIOSSIG WOdd NOILNTOA3 N3OS0HGAH 40 3LV 'S 3¥N9I4

D, ‘@injosadwa |

09 oy 0Z 0 0
] | ] ] N
B —1
— —z
B —¢
B —~1 ¥
pr— — m
B — 0l
—
\ |D4aW asoyd-oyja(] —4—
LIELY wmc__n_-c;n_,q O
[ —s1
| | 1 |

(zwa-ugm)/(ﬁ)zH jw ‘voijnjoay usbospiy




Hydrogen Off-gas Rate, ml/(min-cm ?)

4.0 ]

3.0 —
r

2.01— ]

1.0 b —

/ "
0.01 I / | |
0.0 0.5 1.0 1.5

Sulfamic Acid Concentratios, M

FIGURE 6. RATE OF DISSOLUTION OF PLUTONIUM METAL AS A FUNCTION

OF SULFAMIC ACID CONCENTRATION (ROOM TEMPERATURE)

19



ERIAS EPL PN TV UL -1

e R T N

Hydrogen Off-gas Rate, ml/{min-cm?)

10

o

| f [
~ O
A\
O O—0
O
'®) O
O
I l | |
1.0 1.5 2.0 3.0
Suifamic Acid Concentration, M
FIGURE 7. UNCORRECTED RATE OF DISSOLUTION OF PLUTONIUM METAL AS A

FUNCTION OF SULFAMIC ACID CONCENTRATION (TEMPERATURE 70°C)

0¢



21

0L

QDY DJI¥LIN NI dID¥ DIWVAINS 40 ALITIGNT0S 1vndls3y

uo1§n|0g 1aA|0SSL(] 40 18417] 42d pappy EONH %ZZ S84
8 9 14

'8 JdN3i4

i _ | _ ] _

0°0

S0

gL

gl

uo14n]0G 18A|0SSI(] §0 19317 42d

UO!,].nIOS ul BU!U!DUJSH uo| GJDLUDHHS }0 SQ'OW
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