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Molten Salt Extraction (MSE) of Americium from Plutonium 
Metal in CaCh-KCl-PuCb and 

CaCh-PuCb Salt Systems 

Abstract 

Molten salt extraction (MSE) of americium-241 from reactor-grade plutonium has 
been developed using plutonium trichloride salt in stationary furnaces. Batch runs with 
oxidized and oxide-free metal have been conducted at temperature ranges between 750 
and 945°C, and plutonium trichloride concentrations from one to one hundred mole 
percent. Salt-to-metal ratios of 0.10,0,15, and 0 30 were examined. The solvent salt was 
either eutectic 74 mole percent C&G2-26 mole percent KC1 or pure CaCl2. Evidence of 
trivalent product americium, and effects of temperature, salt-to-metal ratio, and oxide 
contamination on the americium extraction efficiency are given. 

1. Introduction 

Reactor-grade plutonium metal contains a mixture of isotopes: 3 8 Pi : , 2 3 9 Pu, 
2 4 0 Pu, 2 4 l Pu and 2 4 2 Pu. The 2 4 0 Pu content in reactor-grade plutonium is greater than 6 wt 
percent The decay of 2 4 1 Pu results in the formation of its daughter product, 2 4 1 Am, 
which is an alpha emitter with a half life of 13.2 years. Americium-241 further dec ays to 
its daughter product 2 3 7 Np, a 60keV gamma emitter with a half life of 458 years.1 This 
radiation emission presents a health hazard to those working in both the energy and 
weapons related fields. In addition, the impurities in the plutonium met^i ailoy change 
both its nuclear and mechanical properties. Americium can be periodically removed from 
plutonium by a molten salt extraction (MSE) process. MSE separates americium from 
plutonium metal by a pyrochemical oxidation reaction followed by molten salt solvent 
extraction. 

For MSE development reported here, plutonium metal was contacted with a 
molten salt mixture containing plutonium trichloride (PuCb). The PUCI3 selectively 
oxidized Am 0 to either americium dichloride (AmCl2) or americium trichloride (AmCl3) 
that was extracted into the molten salt phase. After cooling, the salt containing the 
americium was separated from the plutonium metal (button). The button can be further 
purified, if required, by removing most of the remaining impurities by electrorefining. 
The separated salt can be processed (calcium scrubbed) to recover the residual plutonium 
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and americium. There are numerous industrial uses for the recovered americium such as 
smoke detectors (alpha source), oil well logging (Am/Be neutron sources) and gauging 
(gamma source).^ 

Experiments were conducted at the Lawrence Livermore National Laboratory 
(LLNL) with nominal two-kg plutonium batches. The PuCl3 oxidizing salt was prepared 
by chlorinating plutonium hydride and was greater than 98 percent pure. Solvent salts of 
pure CaCh or the eutectic KCl-74 mol percent CaCl2 were greater than 99.9 percent pure 
and contained no more than 0.05 percent moisture. Fresh salt was used for each batch 
run. The MSE experiments were carried out under an argon atmosphere containing less 
than ten ppm moisture, hydrogen, oxygen, or nitrogen* 

To optimize the extraction system, the equilibrium distribution of the arnericium 
partitioning between the salt and metal phases has been determined at various 
temperatures, salt compositions, and salt to metal mass ratios. Also, to understand better 
the chemistry associated with the oxidation-reduction reaction, characterization of the 
final form of americium in the salt (i.e*, divalent or trivalent americium) has beep, made. 

LI Background 

Mullins, et al, separated americium from plutonium (during plutonium 
electrorefining) by partitioning americiuni between a molten salt confining piutonium 
(HI) ions and molten plutonium metal; however, the time cycle was excessive and 
plutonium yields were poor.3 Knighton, et al, demonstrated that americium could be 
separated from plutonium by equilibrating molten chloride salts containing MgCl2 with 
magnesium alloys, such as Mg-Zn-Pu-Am in a much reduced time cycle.4'5 Long 
investigated the distribution of americium between a molten NaCl-KCl salt containing 
1.8 mol percent MgCl2 and molten plutonium metal and found that americium favored 
the salt phase in comparison to plutonium-6 Long and Perry determined that there was no 
additional extraction of americium after approximately on^ hour of stirring a NaCl-KCI-
MgCl2 salt mixture with salt to metal ratios as high as 1.0 and MgCl2 concentrations as 
high as -6 wt percent; however, the greatest percent of americium extracted in any one 
run was approximately 80 percent.7 Knighton et al later found that by increasing the 
MgCl2 concentration in the NaCM£Cl-MgCl2 salt mixture to 30 wt percent (NaCi/KCl 
mole percent ratio =1), approximately 90 percent of the americium could be extracted at 
a salt/metal ratio of O.5.8 It was also found that the reduced magnesium left with the 
plutonium product metal would condense out above the melting crucible during casting 



and would ignite when scraped with a metal object, hence a safety hazard. Additionally, 
MgO reacts with alpha particles producing neutrons (alpha-neutron reaction); a more 
severe health hazard than the gamma rays emitted by ^ U m , An additional processing 
step of pickling to remove the magnesium from the pluton^m before casting had to be 
implemented. 

LLNL investigated the distribution of americium between a molten CaCl2-KCl 
salt containing between 17 and 35 mol percent MgCh arid a molten plutonium metal,9^0 

The americium extraction was found to be significantly greater than that obtained with 
past salt systems (americium distribution coefficient of approximately 125 for the CaCl2r 
KCl-MgClo salt system versus 33 for the N aCl-KCl-MgCl2 salt system); however, two to 
three extractions had to be completed to remove approximately 99 percent of the 
americJ.um from the metal. Additionally, the magnesium had to be vacuum distilled from 
the button before casting. 

Production molten salt extraction processes have been implemented at Rocky 
Flats and at the Los Alamos National Laboratory (LANL). At the Rocky Rats Plant 
(RFP), multi-kg quantities of plutonium metal were processed by the molten salt 
extraction process,7"8* n ' 1 2 Since the implementation of MSE at Rocky Flats, 
improvements have been made to decrease the amount of salt requiring subsequent 
chemicai processing for recovery of plutonium and americium. 

LLNL, LANL, and RFP have explored the use of PuCl^ salt as an americium 
oxidant. 1 0 ' J 3 " ' 6 The use of PuCl; eliminates the magnesium contamination of the 
plutonium. It has been found that the ^ericium could be decreased to a desirable level 
in one extraction stage, thus decreasing the spent salt volumes and radiation exposure to 
personnel- The purpose of this report is to cover the research and development, 
conducted at LLWL, for using PUCJ3 salt as an americium oxidizing reagent. 

L2 Chemistry 

MgCl2 or PUCI3 selectively oxidizes americ\um from piutonium by the following 
reactions: 

MgCl2 as oxidizing salt 

3/2MgCl2 + Pu° —> PUCI3 + 3/2Mg° (1) 

and 

3/2MgCl2 + AmO —> AmC!3 + 3/2Mg° (2) 
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and/or 

MgCl2 + Am 0 —> AmCb + Mg° (3) 

or 

P11CI3 as oxidizing salt 

PUCI3 + AmO —> AmCl3 + Pu<> (4) 

and/or 

2/3PuCl3 + AmO _ > AmQ 2 + 2/3Pu° (5) 

Oxidation of the americium metal produces an americium chloride salt that is 
extracted into the molten salt phase. Likewise, the reduction of P1JCI3 produces 
plutonium metal that is extracted into the liquid metal phase. This separation depends 
upon the free energies of formation of the chlorides comprising the salt 

The free energies of formation (AG£) of various chloride salts are given in Table 1 

in units of kcal/gram atom of chloriue. The more negative the free energy of formation, 
the more stable the chloride compound Any chloride less stable than AmCl3 will 
selectively oxidize americium metal to form the salt The solvent salt for the MSE 
process should be more stable than the oxidant or product salts so that it will not be 
involved in any oxidation/reduction reactions. Pine CaCl2 or 74 mol percent CaCl2-26 
mol percent KG was the solvent salt used for the research and development reported 
here. The eutectic salt was chosen for its lower melting temperature (627°C versus 
782°C for pure CaC^). 



Table 1* Free energy of formation17 at 1000 K in kcal/g atom of chlorine. 

Chloride -AG; 
BaCI2 83.7 
CsO 82.7 
KC1 81.6 
SrCl2 80.8 
LiCl 78.8 
CaCl2 76.8 
NaCl 76.2 
LaCl3 66.1 
CeCl3 64.5 
YC13 61.1 
AmCl3 60.0 1 8 

ErCl3 59.8 
DyCl3 59.5 
FuCl3 

58.6 
MgCLj 58.0 

The liquidus projection for the KCl-CaCh-PuCh salt system calculated by Chart 
is shown in Figure 1. The dashed line is the operating line used for MSE development 
studies at LLNL. When PUCI3 is not present̂  the melting temperature of the eutectic 
KCl-CaCl2 is 900K or 627°C As one moves down the operating line to 100 mol percent 
PUCI3, the mdting temperature increases to 1022K or 760°C Since the melting point of 
plutonium metal is 641°C, the salt/metal system should be molten when temperatures are 
maintained between 750°C and 760°C regardless of salt concentration. 
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Figure 1. Calculated liquidus projection for KCI-CaCl2-PuCl3 salt system. 
SOURCE: Chart, T. G„ Putland. F. H., Potter, P. EM Rank, M. EL, 
National Physical Laboratory Report SI 90/1298, December 1980. 

The phase diagram for the PuCl3-CaCl2 salt system is shown in Figure 2, As can 
be seen, all compositions of PuCl3-CaCl2 && molten at temperatures above 1050K or 
777°C, A MSE with any composition of PuCl3-CaCl2 salt feed will be molten when the 
operation is conducted at temperatures > 800°C. 



1200 

1100 

1000 

* 

p 

900 — 

800 -

700 

1 1 1 1 

/, 

Liquid 

v/ 

* 

882 

1 1 1 1 
CaCI 2 0.2 0.4 0.6 0.8 PuCI3 

F11CI3 

Figure 2* Liquidus projection for the CaCl2-PuCl3 salt system. 
SOURCE: Johnson, K. W, R., Kahn, M., Leary, J. A., Phys. Chem. 
£5 2226 (1961). 

The solvent salt feed was prepared in plutonium-free areas outside the glove box 
to minimize the number of operations conducted in the plutonium-contaminated glove 
box. PuCl3 preparation is described in Section 2.2.2. 

By assuming the controlling reaction for americium extraction is Equation (4)T the 
thermodynamic (activity) equilibrium constant (Ka) can be expressed in tenns of mole (or 
atom) fraction (X) and activity coefficients (y) of the reactants and products as follows: 

XAmCb* X P u + yAmCl3* yPu Ka = M r i H n r f 

XAm*XPuCl3 W W * 
(6) 



The equilibrium constant is related to the standard free energy change (AG0) ty 

-RTm(Ka) = A G £ r a C l 3 - A G ^ c l 3 ™ 
where AG A m pt a n d A<^PuCh a r e * e s t a t l d a r d free energies of formation of AmCl3 and 
PuCl3, respectively. 

The distribution coefficient (Kj) for americium is defined as the ratio of the wt 
percent americium in the salt to the wt percent of americium in the metal, 

^ wt percent Am in product salt 
^ ~ wt percent Am in product metal ' -* 

Determination of Kd requires analysis of americium in the product salt ana in the 
product metal. Americium quantities in the salts are determined by nondestructive assay 
(i.e., calorimetry and segmented gamma scanning) of the entire salt cake. Americium 
concentration in the metal was determined by wet chemistry techniques. The apparent 
Kd* was calculated by using americium concentrations in the feed and product metals. 
This is shown in the following equation: 

Kd (apparent) = j ^ (9) 

where for single contact extraction 

Am concentration in feed metal - Am concentration in product metal , 
£ — _» , , . .. — • • .—. ,—..— * — „ ^ — ^ _ . grift 

Am concentration in product metal 
s/m = feed salt to feed metal weight ratio 

In MSE runs where the product salt and metal weights are substantially different 
from the salt and metal feed weights, the s/m should be the ratio of product salt weight to 
product metal weight The apparent Kj dees not require analysis of the MSE spent salt* 
Additionally, side reactions involving salt and metal insoluble impurities do not have to 
be considered. For these reasons, the apparent K4 is most often used for measuring 
americium extraction in first stage runs* Values of the true Kd can be obtained from 
second stage metal extractions because salt and metal insoluble impurities are removed 
from the plutonium in the first metal extraction. 

3y substitution and rearrangement, the distribution coefficient may be expressed 
in logarithmic form as: 

AG0 

L o * K d = 23RT + ^ ^ P u + LogY^) + (-I*g<^ci 3

 + ^ W l 3 > <l0> 
where a = activity; and y = acth uy coefficient 



The first group of terms on the right-hand side, 2 ? DT > depends on the value of the 

standard free energy of formation of AmCl3 relative to the value for PUCI3. This first 
group also depends on the temperature. The second group of terms, -LogOL + LogyA 

depends upon the composition of the plutonium metal and upon the temperature. It is 
independent of salt composition, Ths third group of terms, -Logo^Q + Logy A m C l is 

dependent upon the composition of the salt and upon the temperature. 
The metal composition is essentially constant because of the small amounts of 

impurity present in the plutonium metal. Additionally, purified plutonium metal is the 
usual metal extraction product. Variables that can be manipulated and that influence the 
value of the distribution coefficient are the salt composition and the temperature. 

2, Process Details 

2.1 Description 

Molten salt extraction, a liquid-liquid extraction, separates americium from 
molten plutonium metal. The immiscible liquid phases consist of a molten salt and an 
impure molten plutonium metal. The americium metal is selectively oxidized by MgCl2 
or PuCl3, and fluxed into the molten salt. 

The MSE stationary furnace and related process equipment is shown in Figure 3 
and materials of construction are listed in Table 2, The process operation consisted of 
loading approximately two kg of plutonium metai and an approximately 300 g mixture of 
solvent and oxidant salt into a reusable metal crucible, The loaded crucible was 
transferred into the furnace cell. The closed furnace cell was backfilled with argon three 
times to protect the plutonium, crucible, and tantalum stirrer from reactants such as 
oxygen, nitrogen, and water vapor. The furnace temperature was raised to an operating 
temperature high enough to insure the plutonium and salts were molten. After the 
operating temperature had been obtained, a flat-blade tantalum stirrer was lowered into 
the melt and the salt and metal were equilibrated for sixty minutes. The equilibration 
normally consisted of bi-directional stirring at 200 rpm followed by ten minutes of 50 
ipm single direction stirring. The slower, single-direction stirring assisted in phase 
separation and setding- After mixing was completed, the stirrer was raised above the 
melt and allowed to stand at operating temperature for at least ten minutes, before the 



furnace was turned off, to allow molten metal and salt to drip from the stirrer. After 
cooling, the crucible was removed from the furnace and transferred to the breakout area 
where the salt and metal were removed from the crucible and separated from each other. 

Thermocouple Well 
Stirrer 

Liner 

Heater 

Back-up Crucible 

Reaction Crucible 

Furnace Thimble 

fclj 

Mm 

r.—'•••vs. 

vsss.'.t-:-.-

S.'fr.y'r,-,',' 

••.<-yy.- -• • • * 
; : « • » : jtf 

toymmmn 

Figure 3. MSE process equipment* 



Table 2. MSE process equipment: materials of construction* 

Item Material 
MSE stirrer 
Thimble 
Bearing housing exr. 
Hand adjustable screw 
Coupling sleeve 
Seal housing ext. 
Cover plate 
Spacer, bearing 
Washer 
O-ring 
ER furnace adapter, thermocouple well 
Thermocouple well 
Clamping foot 
Barrel nut 
Outer safety crucible 
Support rod 
Crucible support plate 
Ceramic disk insulator 
Safety crucible 
MSE curcible 
Clamp 
Coupling, v-retainer 
Bearing, sealed 
Retaining ring 
Seal, rotary 
Thimble, modified 

Tantalum 
Stainless steel 
Stainless steel 
Stainless steel 
Stainless steel 
Stainless steel 
Stainless steel 
Stainless steel 
Stainless steel 
Viton 
Stainless steel 
Tantalum 
Stainless steel 
Stainless steel 
Stainless steel 
Stainless steel 
Stainless steel 
Magnesium oxide 
Tantalum 
Tantalum 
Stainless steel 
Stainless steel 
Stainless steel 
Stainless steel 
Viton 
Stainless steel 



2.2 Feed stocks and Reagents 

2.2.1 Feed Metal 

The plutonium metal feed consisted of approximately twenty-year-old cylindrical-
shaped ingots weighing an average of 2149-3 g each. Each ingot was wrapped in 
aluminum foil and was packaged within a sealed can that was sealed within another can 
(double canned). Several grams of oxide, 4.6-693 g, were recovered from the inner can 
and aluminum foil enclosing each ingot The plutonium isotopic composition of the 
ingots are shown in Table 3. The ingots contained an average of L6 wt percent2 A l Am 
and an average of 16.2 wt percent 2iK>Pu (reactor-grade). 

Oxide and drilled metal samples were obtained from ingot 295, These samples 
were dissolved and analyzed for impurities by emission spectrometry. The results are 
shown in Table 4, The calcium and magnesium concentrations in the oxide were greater 
than those of the metal. This is probably due to the lower density calcium and 
magnesium being located at the outer, top surface of the ingot 

X-ray diffraction analysis of the oxide shows plutonium as the major component 
and calcium as a secondary constituent As expected, Pu02 was found to be the major 
phase and PU2O3 as the secondary phase. 



Table 3* Plutonium isotopic composition of MSE feed ingots. 

Ingot 2 3 £ u • % M P u * % 240^ • % 241pu 

No, (wt%) Error (wt%) Error {V\%) ETTOT (wi%) 

395 0.053S 2.32 82.0277 0.14 16.3103 0.67 1.0413 
374 0.0535 2.90 82,8570 0.17 15.6683 0.84 0.9209 
311 0.0495 3.14 82.9394 0.17 15,5333 0.87 0.9586 
76 0.0568 2J4 81.7652 0.14 16.5924 0.65 0.9897 
288 0,0506 3.19 82,6538 0,18 15.7443 0.90 0.9821 
305 0.0503 3.74 82.4833 0.21 15,9373 1.02 0.9706 
284 0.0600 2.07 81.4023 0.14 16.8429 0.65 10618 
385 0.0540 1.58 81.8978 0.09 16.4053 0.42 1.0427 
370 0,0541 2.52 82.4776 0.15 16,0049 0.75 0.9338 
389 0.0557 2.64 81.4598 0.17 16.8200 0.77 1.0436 
354 0.0576 2.26 82.4754 0.14 15.9449 0.71 0.95J 0 
292 0.0506 2.76 82.5004 0.15 15.9100 0.77 0.9774 
77 0.0558 2.00 81.8978 0.13 16.5028 0.60 0.9815 
314 0,0522 2.95 82,5394 0.17 15.9259 0.83 0.9651 
394 0,0537 1.59 81,7720 0.10 16.5468 0.47 K0563 
387 0,0572 2.29 81,6012 0.15 16.7002 0.69 1.0449 
295 0,0523 2.13 82.3437 0.12 16,0499 0.61 0,9749 
Avg, 0.0540 2,48 82.1820 0.15 16.2023 0.72 0.9939 

* ALUnilyses *rc referenced to ihe d*tc of wlorimeiry muiuremenl*. Uncertainties ire bissd on tfie counting sutiuics, 

*% *fci ^Am * % 

Error (wl<&) (wt%) Error 

0.55 05670 1,6544 0.52 
0.71 0.5004 1.5870 0.64 
0.71 0.5191 1.5661 0.66 
0.54 0.5960 1,6483 0.50 
0.73 0,5693 1.5774 0.68 
0.85 0.5585 1.5762 0.79 
0.54 0.6330 1.7347 0.51 
0,34 0.6002 1.6758 0.32 
0.63 0,5296 1.5825 0.57 
0,64 0.6209 1,6957 0.60 
0.58 0.5712 1.6266 0.54 
0.64 0,5615 1.5687 0.59 
0.50 0.5621 1.6478 0.47 
0X9 0.5174 1.5671 0.63 
0.39 0.5712 1.6956 036 
0.57 0.5966 1.7053 0.55 
QJSl 0.5191 U5546 0.41 
0.60 0.5678 1.6273 0.55 
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Table 4. Impurity analyses of ingot 295. 

Element Metal (ppm) Oxide (ppn 

Ag 6 6 
Al 62 200 
B 5 6 
Be <1 <0.5 
C Not determined 4840 
Ca 4-450* 7100 
Cd <20 <20 
Co 14 <6 
Cr 15 40 
Cu 28 20 
Fe 61 350 
Mg 28-850* 1200 
Mn 4 6 
Mo <7 20 
Nb <60 <60 
Ni 24 60 
Np 360 Not determined 
Pb 10 20 
Sb <20 <20 
Si 3 4 
Sn <4 60 
Sr <1 10 
Ti <10-560* 180 
U 2150 Not determined 
V <6 Not detected 

Zn 113 180 
Zr 11 <6 

I I I - • • ' - * * — ' ' 

*The concentration varied with sample location. 



2.2.2 Plutonium Trichloride Feed Salt (P11CI3) 

The plmonium trichloride feed salt was prepared by chlorinating plutonium 
hydride with hydrogen chloride gas in an argon carrier gas at 400°C- The reaction is as 
follows: 

PuH x + 3HCl(g) -> PUCI3 + ̂ y ^ H 2 (11) 

The conversion yields (i.e., quantity of PuHx converted to PuC13) of the PUCI3 
feed salt ranged from a low of 98.84 percent to a high of 99,49 percent X-ray diffraction 
analysis of each salt cake was obtained before feeding it to an MSE run. Since some 
batches of the salt were stored for more than a year, it was thought that PuOCI may have 
been produced. However, only x-ray patterns for PUCI3 were found. 

2.2.3 Solvent Salt 

Two different solvent salts were used for the PUCI3 MSE development studies; 
eutectic KC1-74 mol percent CaCl2 with a melting point of 627°C» and pure CaCl2 that 
melts at 782°C Before using the salts in experimental tests, they were dried in vacuum 
ovens. Hydrogen chloride gas was then bubbled through the molten salts at 800°C to 
rechlorinate them. 

Two of the solvent salt batches were spectiochemically analyzed for elemental 
impurities* The results are shown in Table 5. The major impurities, although minor in 
quantity, were found to be strontium and aluminum. 



Table 5. Impurities found in MSE solvent salts by wet chemistry analysis* 

KC1-74 mol% CaQ2 CaCl2 

Element Impurities (ppm) Impurities (ppm) 
A S <1 <1 
Al 60 60 
B <2 <2 
Be <1 <1 
Bi <3 <3 
Ca p.c. p.c. 
Cd <10 <10 
Co <3 <3 
Cr 2 4 
Cu 25 15 
Fe <10 15 
K p.c. Not determined 
Li <100 <100 
Mg 15 40 
Mo <1 <1 
Na <30 <30 
Nb <10 <10 
Ni 3 40 
Pb <10 <10 
Sb <30 <30 
Si <10 13 
Sn <3 <3 
Sr 50 75 
Ti 20 5 
V 5 <3 
Zn 10 <10 
Zr <5 <5 

Note: p.c. s principal constituent. 

2.4 Process Equipment 

The high temperature MSE experiments were conducted in u glove box enclosed 
furnace. External surfaces of the furnace were water cooled to prevent burns. The 
furnace was equipped to maintain both positive and negative pressures and the furnace lid 
was fitted with stirring and temperature measurement assemblies. Tantalum or tantalum-
10 percent tungsten was used for the construction of crucibles and stirrers because of it's 



ability to withstand the high temperatures within the furnace and for it's corrosion 
resistance to molten plutonium and salts. 

A furnace thimble was located beneath the glove box floor within a well. 
Cylindrical resistance heating elements were housed around, ;s thimble and a stainless 
steel liner that contained the reactor equipment and plutonium charge thai was lowered 
into the thimble. Primary furnace cooling requirements were met with cooling coils 
external to the furnace well which limited the presence of water within th*t glove box. 
The furnace head contained the stirring iod and thermocouple well assemblies and could 
be sealed to the furnace thimble with an o-ring. 

The top view of the furnace head is shown in Figure 4. The thermocouple well 
consisted of a 0.25-in, tantalum tube that was sealed at one end. The well was inserted 
through the furnace with the sealed end down, and was attached to the head via an o-ring 
assembly, A thermocouple was tHen inserted into the well until the tip of the 
thermocouple was at the sealed end of the tantalum well. 

Sealed Bearing 

Stirrer 

Furnace Cover Plate 

Thermocouple Well Assembly 

Figure 4. Top view of stationary furnace head. 

The flat paddle MSB stirrer is shown in Figure 5. The paddle was made of 
tantalum and the lGwer six inches of the stirrer shaft was made of tantalum-10 percent 
tungsten, with the remainder of the shaft made of stainless steel. The MSE reaction 
crucible is shown in Figure 6* The crucible was spun from 346-in. tantalum "heet metal. 
The reaction crucible was backed by ano:her tantalum crucible (Figure 7). This crucible 
is called the safety, or backup, crucible aid would catch any material that might seep 
through a damaged reaction crucible. The backup crucible was mounted on a tantalum 
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stand that provided spacing and insulation between the hot crucible and the stainless steel 
furnace thimble liner. 

3£ 

Figure 5. Flat-paddle MSE stirrer. 

Tantalum 
Sheet 
3/16" Thick 

I 
' 

0 

Figure 6. MSE reaction crucible* 

Tantalum Sheet 
.060 Thick 

Figure 7* Tantalum backup crucible* 



2.4*1 Materials of Construction 

The MSE crucible and stirrer were made of tantalum or tantalum-10 wt percent 
tungsten. The crucible was heated in the presence of air to produce a surface oxide layer. 
The oxide coating was to prevent wetting of the crucible, allowing easy removal of the 
plutonium metal from the cooled crucible. The crucible also provided shielding from 
radiation and could be reused if re-oxidized between runs (see Research and 
Development section). The stiner paddle and lower 6 in. of the stirrer shaft, made of 
tantalum, were not oxidized; the molten metal and salt was allowed to drip from the 
raised stirrer prior to turning the furnace off- The Engineering Standard Reference for 
tantalum composition of annealed, 99,9 percent tantalum, purchased by LLNL, is shown 
in Table 6. 

Table 6. Engineering Standard reference issued by LLNL for tantalum 
composition. 

Chemical Composition3 

Element minimum (wt%) maximum (ppm) 

Tantalum 99.9 
Colombian 1000 
(Niobium) 

Tungsten 
Molybdenum 
Zirconium 

500 
200 
5C 

Silicon 30 
Calcium 25 
Iron 25 
Magnesium 
Oxygenb 

Nitrogenb 

Carbonb 

5 
60 
50 
40 

Hydrogenb 10 
4 

'Specification requirements; balance of properties are typical average values 
*The total of the interstitials (oxygen, nitrogen, carbon, and hydrogen) shall not exceed 120 ppm. 



2.5 Analytical Measurements 

25.1 Analytical Chemistry 

Several methods for analysis of MSE feed and products were used and are shown 
in Table 7« 

Table 7« Analytical methods for MSE operations. 

Element Method 

Transition metals and uranium DCP analysis 
Impurities of transition metals and Emission spectrometry 

alkaline earths 
Impurities or rare earths Emission spectrometry 
Pu isotopes (239,240,241, and 242) Mass spectrometry 
Pu isotopes (238,239,240,241) Gamma spectrometry 

a n d 2 4 1 Am 
2 3 8 P u / 2 3 9 P u + 2 4 0 Pu ratio Alpha spectrometry 
Neptunium Gamma spectrometry count 
Carbon Combustion, infrared using 

LECO carbon analyzer 

In addition to the wet chemistry techniques shown in Table 7, the NDA 
techniques described in Sec. 2,5.2 may be combined with calorimeter measurements to 
determine total plutonium and americium quantities. The combined nondestructive 
techniques are favoied for the analysis of highly radioactive spent MSE salts. 

25.2 Nondestructive Assay (NDA) 

Because of the high level of radiation flux associated with MSE spent salts, they 
could not be analyzed by wet chemistry techniques because the analytical laboratory at 
LLNL was not equipped to reduce the radiation exposure to personnel; therefore, they 
were assayed by nondestructive methods. 

An isotopic spectrometry system, equipped with two high purity germanium 
gamma-ray detectors, was used to characterize the 2 4 l Am/2 3 9Pu ratio; calorimetry was 
used to determine the heat output of the salt. These measured values were used to 
calculate the quantity of plutonium and americium in the salts, and it was assumed that 
the actinides were present as chloride salts. 



3. Discussion 

3.1 Development Basis and Criteria 

Development of MSE with MgCl2 oxidant salt was completed in July of 1988 at 
LLNL;8 and yielded reactor-grade buttons containing 0.6 g or less americium. The 
average plutonium yield was 91.6 percent; americium removal averaged 99.3 percent. 
The americium level was lowered from an average of 18,351 ppm to an average of 132 
ppm. 

Even though it was clearly shown that MgCh will selectively oxidize americium, 
there were problems associated with magnesium contamination of plutonium. 
Magnesium undergoes an alpha-neutron (ccf n) reaction 

^MgCcui^Si —> 2 7A1 + 2.21 MeVv (12) 

which increases neutron and gamma radiation dose- The high vapor pressure of 
magnesium increases splattering during casting which results in residues which must be 
increased recycled. Magnesium chloride also has a low K<j value which requires multiple 
extraction stages. Therefore, the development of using PuCl3 as the oxidant salt was 
started in October 1988. 

Approximately 533 kg of reactor-grade plutonium containing 52.2 kg plutonium 
and 0-8 kg 2 4 1 Am (the remaining .3 kg was other impurities) has been processed with 
PuCls oxidant salt in stationary furnaces. Batch runs consisted of nominal 2.1 kg metal 
ingots or buttons. The ingots were processed atHanford, Washington approximately 20 
years ago. They contained an oxide surface layer and additional impurities such as 
uranium, neptunium, magnesium, and calcium. Other batch runs consisted of feed metal 
that had recently undergone MSE (i.e., feed consisted of product metal from a MSE of the 
Hanford metal described above), Plutonium trichloride concentrations in the solvent salt 
phase ranged from 1 to 100 mol percent Salt to metal ratios were usually 0.10 or 0.15 
and the solvent salt was either eutectic 1A mol percent CaCl2-26 mol percent KC1, or 
pure CaCl2* The extraction runs were conducted in a high-purity argon atmosphere at 
operating temperatures of 750°C to 850°C. Stiiring consisted of sixty minutes at 200 rpm 
bi-directional, followed by ten minutes at 50 ipm single direction. The reusable tantalum 
reaction crucibles were heated in air to form a surface oxide coating as described in 
Section 2.4.1. 



3.2 Development Results 

3*2.1 Experimental Data 

The overall material balances for the PUCI3 MSB runs are shown in Table 8. All 
weights were determined by weighing individual components on a calibrated electronic 
balance. The process equipment included the stiner, reaction crucible, backup crucible, 
thermocouple well, and for some runs, various spacers and insulators- Box sweeps 
consist of salts and metal that were swept ftom the glove box floor after the breakout of 
the run is completed. The weight gain of the process equipment was assumed to be 
plutonium metal. The greatest weight discrepancy for the overall weight balance in any 
single MSE run is only about 0.16 wt percent of the total feed weight. 
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3.2.2 Americium Distribution Coefficients 

Plutonium and americium quantities in the feed metal were determined by 
nondestructive assay (i.e., calorimetry and gamma scanning). The product metal was 
analyzed by wet chemistry techniques (gamma spectrometry of the dissolved metal). As 
shown in Table 9, the percent of americium extracted was increased from 15.4 to 99,9 
percent as the concentration of PuClj in the feed salt was increased from 1 to 100 mol 
percent. Some spent salt batches contained metal shot, an indication of poor phase 
separation. Poor plutonium yields were observed in those runs where metal was found in 
the salt; however, the overall average plutonium metal yield remained high at 97.9 
percent. Runs with plutonium yields greater than 100 percent were those that were made 
with processing equipment that had residual plutonium from previous use. 

The low amount of amencrtm extracted from ingot 374 is believed to be due to 
26 g of impurities that were present in the feed ingot. If the major impurity were calcium, 
which is typical of Hanford ingots, the PuCl3 would have been consumed in oxidizing the 
calcium since CaCte is a more stable (more negative free energy of formation) salt than 
AmCl3- The reason for low americium extraction from ingot 394 (61 mol percent PUCI3 
feed) was not known; therefore, the run was repeated with ingot 286 and the americium 
distribution coefficient doubled in value. 

At the completion of some of the MSE runs, the spent salts were analyzed for 
plutonium and americium by NDA techniques of gamma scanning and calorimetry. For 
these runs, the americium distribution coefficient, K<j, was calculated by the two methods 
given in the Chemistry Section, Equations (8) and (9), The calculated values are shown 
in Table 10. As can be seen, the two methods yield similar values with ten of the sixteen 
values differing by less than 10 percent. It can be concluded that the quantity of 
americium in the product salt is approximately the difference between the americium in 
the ft • i and product metals (as determined by wet chemistry analysis), and will not yield 
a si ificantly inaccurate value. Wet chemistry americium analysis of the product metal 
is efficient for determining an approximate americium distribution between the salt and 
metal phases. This type of determination will significantly reduce the radiation exposure 
to personnel to an as low as reasonably achievable (ALARA) value because the high 
radiation flux spent salts will require minimum handling. 



Table 9. Plutonium yield and americium removal! for PuCl3 MSE. 

Ingol* 
No. Solvent salt 

PuCl3 

(mol %) 
Temp 
CC) 

Salt/ 
metal 
ratio 

Puin 
feed 

metal 
(g) 

Puin 
product 
metal 

(6) 

Pu 
metal 
yield 

Am in 
feed 

metal 
(£) 

Am in 
product 
mctai 

Am 
removed Apparent 

395 CaCf2 LO 800 0.15 2150.8 2133.4 99.2 35.5 30.0 15.4 1.2 
54-2 CaCI2 4.3 800 0.15 2036.9 1994.6 97.4 0,4 0.0 89.9 56.9 
374 
311 

CaCt̂  
KCUCaCl2 

5.0 
5.2 

800 
750 

0.15 
0>15 

2085.9 
2084.9 

2032.1 
2023,6 

97.4 
97.t 

33.9 
33.4 

143 
4.5 

57.8 
86.4 

8.8 
37.2 

76 KCI-CaCl2 5.2 750 0.15 2148.1 2115.0 98.5 35.9 4.5 87,5 47.0 
293 KCl-CaCl2 10.0 945 0.15 2053.0 2021.3 98.5 34.7 3.4 90.1 60.6 

76-2 CaCl2 10.0 800 0.15 2085.8 2150.3 103.1 6.2 0,2 97.6 257.6 
288 CaClj 10.0 800 0.15 2127.1 2120.9 99.7 31.3 1.2 96.1 1473 
305 KO-CaCl 2 10.0 850 0.15 2034.0 20103 98.8 33.3 1.9 94.4 100.8 

311-2 
284 

CaCl2 

KClCaClj 
10.0 
10.4 

800 
750 

030 
0,15 

1944.6 
2125.1 

1971.6 
2073.7 

101.4 
97.6 

6.0 
37.5 

0.1 
1.7 

99.0 
95.4 

323.5 
121.0 

385 KCl-CaClj 20.6 750 0.10 2149.3 2150.2 100.0 36.7 L6 95.6 203.8 
370 KCl*CaCl2 20.6 750 0.10 2155.6 200UO 92.8 343 1.4 96.0 121.0 
389 KCi-CaCI2 25.8 750 0.10 21043 192^. J 9L6 35.7 1.2 96.6 158.8 

374-2 
354 

CaC^ 
KCI-CaCi2 

30.0 
30.0 

800 
850 

0.15 
0.15 

1976.1 
2046.0 

1929.5 
1927.8 

97.6 
94.2 

14.9 
34,5 

0,2 
0.7 

98.9 
98 0 

543.4 
225.9 

292 CaC^ 30.0 800 0.15 2084.1 2088.9 100.2 33.7 0.6 98.1 333.1 
77 CaClj 30.0 800 030 2007.4 2022.8 100.8 33,9 0,2 99.5 592.4 
314 KClCaCl 2 30.8 750 0-10 2137.1 2080.4 573 33.6 1.0 96.9 271.6 

395-2 CaCtj 57.5 800 0.15 2122.9 2122.3 100.0 30.9 0.2 993 810.9 
54 CaCl2 60.0 800 0.15 2096.9 2047.9 97.7 35.5 0.2 99.4 857.0 
286 
394 

KCl-CaCl2 

KClCaClJ 
60.0 
61.0 

750 
750 

0.15 
0.10 

2084.6 
2095.7 

2046.9 
1895.8 

98.2 
90.5 

36.0 
35.9 

0.2 
0.5 

993 
98,6 

964.5 
480.6 

387 None 100.0 750 0.10 2162.2 2111.7 97.7 37.0 03 99.2 1440.0 
295 

Average 
None 100.0 820 0.10 2059.0 

20863 
2009.8 
2041.2 

97.6 
97.9 

333 0.0 99,9 6610.4 

•The -2 follow In, g (he ingot number indicjlH * *econd itigc emraciion. 



Table 10. Americium distribution coefficients. 

Kd ^ d 
Ingot number (Equation 9)* (Equation 10) 

374 7.1 8.8 
311 36.5 37.2 
076 47.4 47.0 
288 160.4 147.3 
305 99.0 100.8 
284 124.5 121.0 
385 174.8 203.8 
370 120.2 121.0 
389 152.9 158.8 
354 210.3 225.9 
292 302.3 333.1 
077 507.5 592.4 
314 221.1 271.6 
394 388.2 480.6 
387 960.3 1440.0 
295 6618.6 6610.4 

* Salt composition determined by nondestructive assay, 
** Americium concentration in the salt is assumed to be the difference between 
americium in the feed and product materials. 

The distribution of americium between the metal phase and the PuCl3-based salt 
phase is shown in Figure 8 as a function of PUCI3 feed concentration. The apparent 
distribution coefficients range from a low of 1.2 for a feed salt concentration of one mol 
percent PuC^ to a high of 1440.0 for pure PUCI3 (no solvent salt). The extremely high 
americium distribution coefficient of 6610.4 for pure PUCI3 may be an inaccurate value 
due to inaccuracies associated with the chemical analysis of very low quantities of 
americium Additionally, as the americium concentration in the product metal approaches 
zero, the distribution coefficient approaches infinity (see Equations (9) and (10)). It is 
clearly seen that all the sets of data follow the same general trend; however, those runs 
conducted at salt/metal ratios of 0 3 and those with oxide free feed metal (2nd stage) yield 
the higher distribution coefficients. 
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Figure & Distribution of americium between the salt and metal phases. 

Two different solvent salts were examined for their effect on americium 
extraction. The eutectic KC1 - 74 mol percent CaCl2 was tested because of it's lower 
melting temperature and presumed less wear on process equipment, A plot of the 
apparent americium distribution coefficients as a function of PuCl3 feed salt composition 
for tests made with CaCh at 800°C and the eutectic KCt-CaCl2 at 750°C is shown in 
Figure 9, The salt/metal feed ratio for both plots is 0.15. As shown, there is no 
significant difference in americium extraction from the metal into either salt system. 
Based on the plot of this data, a PuCl3 concentration of approximately 14 mol percent, 
and a salt/metal ratio of 0.15, would decrease the level of americium in the metal from 
5000-200 ppm in one extraction stage with either salt system. 
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coefficient (Kd)* 

There was an increase in the amount of americium extracted when the salt/metal 
ratio was increased from 0.10 to 0.30 {Figure 10). The americium distribution coefficient 
increased from 333 to 592, at 30 mol percent PuCl^ when the feed salt/feed metal ratio 
was increased from 0.15 to 0.30. This is most likely due to the principle of Le Chatelier 
whidh predicts a shift in the position of equilibrium as the volume changes.19 By 
increasing the volume of the system, the ratio of the substances in Equation (6), when 
expressed in terms of volume, must be increased to maintain a constant equilibrium 
constant. Therefore, the quantity of americiun: chloride, or americium extracted into the 
salt phase, must increase. 
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The difference in Gibbs free energy of formation forPuClj and A1T1CI3, according 
to Equation (7), is estimated by Oetting37 to be the same over the experimental 
temperature range examined here. By solving Equation (7) for Ka (i.e., K a = 
exp(-AG/RT)), it is seen that as T is increased, Ka is decreased for constant values of AG. 
In other words, as the temperature is increased, the quantity of americium extracted into 
the salt phase must increase according to Equation (6) because the product metal is 
approximately pure plutonium. As shown in Figure 11, die apparent distribution 
coefficient, and die quantity of americium extracted into the salt phase does increase as 
the temperature was decreased. 
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3-2.3 MSE Product Metal 

Analyses of MSE metal buttons were done by wet chemistry techniques such as 
gamma and emission spectrometry. Analysis results of MSE buttons are shown in Table 
11. All the concentration values are in wt percent The tow labeled "Total" is the 
summation of the concentration values for each button. 



11. 
Wet chemistry 
analysis of MSE 
product buttons. 

Element 
JWi. %) 314 389 385 387 295 370 394 2S4 311 76 374 288 

Pu 9.92E+01 9 .71E+01 9.9SE+01 9.88E+01 9.68E+01 9.99E+01 9.55E+01 9.76E+01 9.70E+01 9.55E+01 9.33E+0 9.99E+01 
Am 4.95E-02 6.07E-02 7.41E-02 1.40E-O2 O.OOE+OO 6.93E-02 2,48i:-02 8.00E-02 2.16E-01 2.03E-01 6.92E-01 5.70E-02 
Ag 2.0QE-04 I.00E-O4 
Al L25E-02 l.OOE-03 1.00E-03 O.OOE+00 5.00E-O4 3.30E-03 2.00E-02 1.37E-02 l.OOE-03 S.60E-03 l.OOE-03 6.00E-04 
B U2E-02 O.OOE+00 1.00E-04 O.OOE+00 2.00E-O4 2.50E-Q4 3.50E-O4 3.50E-O3 9.50E-04 l.OOE-03 O.OOE+00 K00E-04 
Be 3.O0E-05 I.00E-04 1.U0E-04 4.00E-O5 l.OOE-04 l.OOE-04 5.00E-O5 6.67E-05 l.OOE-04 O.OOE+OO l.OOE-04 O.OOE+00 
Bt 2.00E-04 2.00E-04 
C 2.50E-02 4.17E-02 7.10E-02 5.90E-02 2.30E-02 
Ca 1.00E-04 1.00E-03 4.00E-04 O.OOE+00 5.00E-4M 5.00E-O4 2.25E-03 5.33E-03 8.25E-03 6.00E-03 2.00E-03 3.00E-O4 
Cd 9.40E-04 3.00E-03 1.00E-O3 2.00E-4)3 l.OOE-03 6.00E-44 L50E-O3 2.00E-03 2.00E-03 3.17E-05 4.00E-03 4.00E-04 
Co 2.70E-04 0.00E+00 O.OOE+OO 8.00E-03 O.OOE+OO 3.00E-04 5.00E-O4 3.33E-04 1.27E-03 2.00E-O5 O.OOE+OO l.OOE-04 
Cr 6.00ii-04 3.00E-04 3.00E-04 O.OOE+OO 4.00E-04 5.00E-O4 2.50E-O3 2.33E-04 2.67E-03 2.00E-05 1.5PE-03 O.OOE+OO 
Cu 6.00E-04 O.OOE+OO 2.O0E-04 1.50E-O4 3.00E-04 1.40E-O3 2.00E-02 1.33E-02 O.OOE+OO 7.50E-03 O.OOE+OO 3.00E-04 
Fe 5.10E-03 l.OOE-03 2.OOE-04 8.00E-04 1.20E-O3 1.55E-02 B.50E-03 8.67E-43 3.33E-03 2.87E-02 4.00E-03 4.00E-04 
H 5.60E-O3 2.16E-03 

Me 9.00E-02 5.00E-04 2.00E-04 2.00E-03 5.00E-04 5.00E-04 2.O0E-O3 2.17E-03 5.25E-03 3.0QE-03 l.OOE-03 3.O0E-O4 
Mn 3.33E-04 1.00E-04 L00E-04 l.OOE-04 1.00E-O4 3.50E-04 5.0GE-Q4 3.67E-Q4 6.O0IMW 7.00E-04 l.OOE-04 1.00E-O4 
Mo 5.33E-04 O.OOEt-OG l.OOE-04 4.00E-04 l.OOE-04 1.50E-04 3.50E-O4 6.00E-04 1.83B-03 1.97E-03 l.OOE-03 l.OOE-04 
N 1.00E-02 1.00E-02 
Ni 1.20E-03 l.OOE-03 4.00E-04 O.OOE+00 3.00E-04 6.00E-O4 4.25E-03 X33E-03 1.G0E-O3 2.S3E-03 l. 'DE-03 
Np 3.45E-02 3.40E-02 3.40E-O2 3.35E-02 3.35E-02 3.00E-02 3.00E-O2 
O 3.25E-02 2.40E-02 
Pb 4.77E-03 LOOE-03 l.OOE-04 1.20E-03 l.OOE-04 5.00E-04 3.00E-03 2.50E-03 2.17E-03 1.50E-03 O.OOE+00 3.00E-04 

Si 0.00E+00 O.OOE+00 5.00E-O3 O.OOE+00 1.50E-03 2.10E-O2 2.O0E-O3 1.00B-O3 l.OOE-04 
Sn 3.00E-04 5.O0E-C4 L^OE-04 l.OOE-04 l,00E-at 2.J0E-04 2.O0E-04 3.00E-O4 8.33B-04 1.00E-03 l.OOE-04 l.OOE-04 
Sr 3.03E-O5 O.OOE+00 O.OOE+00 4.O0E-O5 O.OOE+OO 5.00E-O5 5.00E-O5 3.33E-05 l.OOE-04 l.OOE-04 O.OOE+00 l.OOE-04 
Ta 4.70E-03 1.40E-03 3.50E-03 1.60E-03 2.6OE-0J 2.20E-03 4.20E-03 2.10E-O3 1.69E-0I 
Ti 3.41E-0i O.OOE+OO l.OOE-03 1.00E-04 5.00E-04 2.50E-04 1.25E-03 U7E-03 3.33E-04 9.O0E-O3 l.OOE-03 O.OOE+OO 
U I.96E-01 1.94E-01 1.9GE-01 1.91E-01 1.75E-01 1.75E-01 
V 2.00E-04 1.00E-03 l.OOE-03 4.00E-03 1.O0E-O3 1.85E-03 3.00E-04 5.33E-04 1.25E-02 1.1U-02 O.OOE+00 3.00E-04 
Zn 1.98E-03 l.OOE-03 O.OOE+00 4.GGE-G3 O.OOE+00 3.00E-03 1.75E-03 4.33E-03 8.40E-Q3 8.90E-03 2.50E-03 7.00E-O4 
Zr 6.87Ii-04 

99.45 
1.50E-O3 2.00E-04 

97.49 99-83 
4.00E-03 3.00E-O4 1.20E-03 

99,10 96.95 100.26 
2.00E-O4 

95.64 
6.33E-04 4.97E-03 

97.27 
6.B3E-03 

95.84 
l.OOE-03 

99.28 
3.00E-04 

Total 
6.87Ii-04 

99.45 
1.50E-O3 2.00E-04 

97.49 99-83 
4.00E-03 3.00E-O4 1.20E-03 

99,10 96.95 100.26 
2.00E-O4 

95.64 97.76 
4.97E-03 

97.27 
6.B3E-03 

95.84 
l.OOE-03 

99.28 100.41 



Table 11. 
(continued) 

Element 
f WL %) 

Pu 
292 77 305 354 395 054 374-2 54-2 76-2 311-2 , 395-2 293 286 

Table 11. 
(continued) 

Element 
f WL %) 

Pu 9.81E+01 9.88E+01 9.82E+01 9.97E+01 9.86E+01 l.OOE+02 9.70E+01 9.87E+01 l.OOE+02 l.OOE+02 l.OOE+02 9.93E+01 9.94E+01 
Am 
Ag 
Al 

3.05E-O2 9.O0E-O3 9.70E-O2 3.5SE-02 1.39E+001.10E-O2 8.O0E-03 2.00E-03 7.O0E-O3 3.00E-03 1.00E-O2 1.69E-03 I.20E-02 Am 
Ag 
Al O.OOE+00 6.00E-O4 5.0QE-O4 t.OOE-04 1.50E-O2 1.50E-02 1.20E-O2 7.50E-03 7.00E-O3 7.O0E-O3 2.00E-02 3.75E-02 
L O.OOE+00 1.00E-04 1 .OOE-04 l.OOE-04 1 .OOE-04 l.OOE-04 1-OOE-04 2.O0E-04 5.O0E-O4 5.0QE-04 2.00E-04 1.50E-O3 
Be 
Bi 
C 

1 .OOE-04 O.OOE+OO O.OOE+00 O.OOE+00 3.O0E-O5 3.O0E-05 3.00E-O5 3.00E-05 2.O0E-O5 2.00E-05 2.O0E-O5 5.O0E-O5 Be 
Bi 
C 2.60E-02 
Ca 2.O0E-O3 3.00E-04 3.00E-04 6.O0E-O4 1.00E-03 3.50E-O3 3.50E-03 2.00E-O3 2.50E-O3 2.50E-03 2.50E-O3 8.00E-03 2.00E-02 
Cd 4.00E-03 4.00E-04 4.00E-O4 O.OOE+00 l.OOE-03 1.00E-03 l.OOE-03 5.00E-O4 l.OOE-03 l.OOE-03 l.OOE-03 2.50E-03 
Co O.OOE-iOO 1 .OOE-04 1.00E-04 t.OOE-04 3.00E-O4 3.00E-04 3.OOE-04 3.O0E-O4 1. OOE-04 1.00E-04 l-OOE-04 2.00E-O4 

a 4.00E-04 1.00E-04 O.ME+00 O.OOE+00 2.50E-03 2.50E-03 4.00E-04 2.50E-03 2.50E-03 1.50E-O3 6.00E-03 2.50E-02 
OJ O.OOE+OO 3.O0E-04 3.O0E-O4 3.00E-04 1.50E-O3 1.50E-03 l.OOE-03 1.50E-03 1.50E-O3 2.50E-03 l.OOE-03 1.50E-03 
Fe 
H 

5.O0E-O4 l.OOE-03 L00E-O3 7.50E-O3 1.00E-02 1.00E-01 
1.94E-03 2.28E-03 3.83E-03 3.79E-03 6,08E-03 6.24E-03 2.S8E-03 

6.00E-O3 
5.34E-03 

5.00E-03 9.00E-03 2.40E-O2 2.O0E-02 
3.96E-03 

5.00E-02 

Mg 1.00E-Q3 3.00E-04 3.00E-O4 5.00E-04 2.00E-03 2.00E-O3 2.00E-03 1.50E-O3 1.50E-O3 2.50E-03 2.50E-03 l.OOE-03 1.50E-02 
Mn O.OOE+OO 1,OOE-04 1 .OOE-04 l.OOB-04 l.OOE-03 l.OOE-03 5.00E-O4 3.00E-O4 l.OOE-03 l.OOE-03 5.00E-04 200E-03 
MD 

N 
Nb 

3.00E-04 3.00E-O4 1.OOE-04 t.ME-04 l.OOE-03 l.OOE-03 
1.O0E-O2 1.00E-02 1.O0E-O2 1.O0E-02 1.10E-O2 1.00E-02 1.00E-02 

2.50E-03 1.00E-02 

2.00E-O4 
6.00E-O2 

8.00E-04 t.00E-O3 1.00&O3 1.00E-04 
5.00EO3 I.OOE-02 

Ni 
Np 
0 

l.OOE-03 l.OOE-03 5.00E-O4 5.O0E-O4 1.00E-02 1.50E-03 
3.O0E-O2 3.00E-02 3.O0E-O2 3.00E-O2 3*008-02 2.OOE-02 
2.90E-02 1.50E-02 1.90E-02 2.50E-O2 2.20E-02 1.80E-O2 3.90E-Q2 

8.0QE-O3 

4.96E-01 

7.50E-03 5.00E-03 5.00E-03 4.00E-03 

7.70E-02 

1.25E-02 

Pb 1.00E-O4 1.00E-04 3.O0E-04 3.00E-O4 5.00E-04 1.50E-03 4.00E-04 5.00E-O4 5.00&O4 l.OOE-03 4.00E-04 l.OOE-03 
Si l.OOE-03 1 .OOE-04 1.OOE-04 4.00E-O4 4.00E-O3 2.50E-03 6.O0E-O3 3.50E-O3 3.00E-03 3.00E-03 6.00E-03 2.50E-O2 
Sit 1.O0E-O4 1.00E-O4 1.00E-O4 1.O0E-O4 3.00E-O4 3.O0E-O4 3.00E-O4 1.00E-04 1.OOE-04 2.00E-O4 1.00E-04 1.00E-04 
Sf O.OOE+OO 1.0GE-04 1.O0E-O4 1.00E-O4 3.00E-O5 3.00E-05 3.00E-O5 3.00E-05 2.O0E-O5 2.00E45 2.00E-05 5.00E-05 
Ta 3.10E-03 1.26E-01 6.57E-01 3.O0E-O3 2.80E-03 3.00E-O4 4.O0E-03 L40E-O3 2.00E-03 1.10E-O3 1.60E-03 2.00E-03 200E-03 
Ti 
U 

l.OOE-03 0.00E+O0 0.00E+00 O.OOE+00 1.00E-03 l.OOE-03 
I.75E-01 1.75E-01 1.75E-01 K75E-01 2.00E-O1 1.60E-01 

2.00E-O4 
2.O0E-O1 

1.00E-O4 5.00E-O4 5.00E-04 1.006-04 l.OOE-03 

V O.OOE+OO 3.00E-O4 3.00E-04 3.00E-04 5.00E-05 1.OOE-04 5.00E-O5 1.00E-O4 2.00E-O4 5.00E-O4 1.00E-04 1.00E-O4 
Zn O.OOE+00 3.00E-04 3.00E-O4 6.0DE-04 1.50E-02 2.50E-03 1.60E-O2 1.50E-03 7.00E-03 7.00E-O3 4.00E-03 1.50E-02 
Zr 
Taial 

O.OOE-tOG 3.00E-O4 5.00E-O4 5.00E-O4 1.00E-O5 LOOE-04 1.OOE-04 
99.50 

1.OOE-04 1.00E-05 1 .OOE-04 5.00E4J4 3.OOE-04 
99.63 

Zr 
Taial 98.40 99.19 99.23 99.97 100.03 100.35 97.39 

1.OOE-04 
99.50 100.05 100.50 100.35 99.47 

3.OOE-04 
99.63 

to 



A major impurity found in most of the MSE buttons was uranium, with wt percent 
concentrations ranging between 0,16 and 0.20. Uranium was also found by microprobe 
analysis in a cross section sample of an MSE button and by mass spectrometry of the 
oxide recovered from the feed ingot. The 2 : M U and ̂ U isotopes that were found are the 
daughter products of 2 3 8 P u and ^ P u decay, respectively. 

As shown by the totaled concentration values, there was some material 
unaccounted for in some of the MSE buttons- The Analytical Chemistry Group has 
reported that the wt percent of plutonium may be as much as 2 percent low; therefore, 
total values greater than 98 wt percent were acceptable- Contamination or oxidation of 
the metal samples may have caused low plutonium values. Modifications of sampling 
procedures and of procedures for transferring samples to the Analytical Chemistry 
Laboratory were introduced* These updated procedures were applied to buttons formed 
from ingots 374, 288,292,77, 305, 354, 395,054, 374-2,54-2,76-2,311-2, 395-2, 293, 
and 286 and as can be seen, material balances did improve. The updated procedures 
require metal sampling to take place in high-purity argon glove boxes and that the 
samples be stored in high-purity argon until immediately before dissolution of the metal. 

A cross section sample from the MSE button formed from ingot 311 has 
undergone microprobe analysis. As expected, the top of the button, shown in Figure 12, 
did contain some americium-rich salt inclusions with a variety of different phases and a 
large number of surface pits. The americium was seen both with and without chloride. 
The top layer also contained significant amounts of titanium (a corrosion product from 
titanium evaporators used in the Han ford process) as both a metal and an oxide. Below 
the salt layer, the plutonium button was better than 99 percent pure; however, large 
inclusions of plutonium hydride, and smaller inclusions of plutonium nitride and 
plutonium carbide, and some plutonium oxide were found. Trace amounts of chlorine 
were found around surface voids. Additional trace impurities included uranium, iron, and 
nickel. 

3.2.4 Oxide Contamination 

The Hanford metal ingots used for the PuCb MSE development work were more 
than twenty years old and were covered with an oxide layer. Much of the oxide was 
easily recovered (quantities ranged from 4.<M>9.3 g); however, there was a coating of 
oxide on the ingot that would have required substantial brushing to remove. To reduce 
the amount of radiation exposure to the handler, some oxide remained with the ingot and 
was fed to the MSE process. Additional oxide was introduced to the system from the 
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Figure 12, Cross section of MSE product button 
(6>6x magnification). 



oxidized tantalum reaction crucibles. The oxidized tantalum layer prevents the plutonium 
from wetting the crucible; therefore, the plutonium could be easily removed from the 
reaction crucible* 

It is believed that the plutonium oxide and the tantalum oxide from the crucible 
reacts with PUCI3 and plutonium metal to form PuOCl. The VACt20 thermodynamic 
database can be used to evaluate the probable reaction for producing PuOCl at 800°C. 
By estimating the quantity of plutonium oxide and tantalum oxide present when a 
Hanford metal ingot is reacted with pure PUCI3 (i.eM no solvent salt) in a newly oxidized 
tantalum crucible, the following equilibrium reaction is postulated: 

8.4 Pu (1) + 0.6 PuCI3 (I) + 0.15 Ta 2 0 5 (s) + 0.043 Pu02(s) -> 

(2007.6 g) (207.3 g) (66.3 g) (11.7 g) 

7.886 Pu(l) + 0.321 PuCI3(l) + 0.836 PuOCl(s) + 0.3 Ta(s) (13) 

(1884.8 g) (110.9 g) (242.8 g) (54.0 g) 

As shown by Equation (13), plutonium is consumed in the reaction. By 
reexamining Table 9 f one can see that the product plutonium, on the average, weighed 
approximately 2.2 percent less than the feed plutonium. Additionally, as shown in Table 
8, the salt product weight was increased as would be predicted by Equation (13) (product 
PuOCl + product PUCI3). Further evidence of the production of PuOCl was shown with 
x-ray diffraction of the salts (see Section 3.2.5), 

A second-stage run, as defined nere, consists of an oxide-free metal (i.e., product 
metal from a first stage MSE) and new salt As shown in Figure 13, the quantity of 
americium extracted from the oxide free metal into the salt is increased for 5,10, and 30 
mol percent PUCI3 feed concentrations. This is most likely due so the consumption of 
some of the PuCl3 during the reaction with PUO2 shown in Equation (13). In other 
words, there was a competing reaction involving PUCI3. Sixty mol percent PUCI3 was 
such a large excess of oxidant, that the competing reaction with Pu02 has no effect on the 
americium extraction. 
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Figure 13, Effect of oxide on apparent americium distribution 
coefficient (K<j). 

3*2*5 MSE Product Salts 

To better understand the chemistry of the MSE process, it was necessary to know 
the composition of the MSE spent salt Since the spent salts contain high concentrations 
of americium, and thus high levels of gamma flux, wet chemistry analyses were not 
feasible because the Analytical Chemistry Laboratory at LLNL is not equipped to handle 
highly radioactive materials (i.e., the glove boxes were not fitted with lead-Uned gloves or 
lead-impregnated glass windows). Therefore, the method used at LLNL for analyzing the 
salts consists of ralorimeiiy, nondestructive gamma scanning, and x-ray diffraction 
analysis 

X-ray diffraction samples were prepared as x-ray capillaries in high-purity, argon 
atmosphere glove boxes. They were analyzed via a Debye-Scherrer camera. The films 
were read using a Nies scale overlay and/or comparing them to a standard film. X-ray 



diffraction analysis results are shown in Table 12. PuOCl was found to be a major 
constituent in seventeen of the twenty-three spent salt batches. One of the x-ray films 
was too dark to read due to overexposure of the films by gamma radiation. Additionally, 
all identifiable americium was trivalent and was found to be AmCl3 and/or AmOCl. 

Radiation flux measurements have been made of the product salt and metal from 
PuCl3 MSE runs. The gamma flux from the spent salts was normally about 7.5-25 R/h at 
contact through 30-mil lead-lined gloves. First stage MSE buttons have gamma readings 
of less than 1 R/h to greater than 25 R/h, depending on the concentration of americium in 
the feed-metal, at the bottom of the button. Gamma readings range between 7-8 R/h at 
the button top. Second stage buttons, have gamma readings of <1 R/h at the top and 
bottom of the button. When cross sections of the buttons from the higher PuCl3 
concentration MSE runs were visually examined, a thin layer of black salt at the top of 
the button was seen. The black salt layer composition was determined by x-ray 
diffraction analysis to be similar to that of the bulk salt cake (Figure 12, discussion 
above)* Since the americium in the salt was not self-shielded as it was in the metal, 
higher gamma readings at the top of the button, containing the black layer, would be 
expected. The black layer formation may be due to PuOCI, a solid at 800°C, collecting at 
the interface between the metal and salL Since the quantity of oxide fed to a second stage 
MSE nin was minimal (i.e., the oxide associated with the feed ingot was removed during 
a first stage run), formation of PuOCl was minimized. 



Table 12. Composition of MS E spent salts es : determined by x-ray difTraction. 
Solvent PuCl3 

s/m 
Ingot No. Salt (mol %) ratio Identification 

395 CaCl2 1.0 0.15 CaCl2, PuCl3,AmCl3 

54-2* CaCL, 4.3 0.15 CaCl2, PuCl3, AmOCl, PuCl3, AmCl3 

374 KCl-CaCl2 5.0 0.15 PuOCl, AmOCl, CaCl2 

311 KCl-CaCI2 5.2 0.15 PuOCl, AmOCl 
76 KCl-CaCl2 5.2 0.15 CaCl2, PuOCI, AmOCl, Pu0 2 

76-2 CaCl2 10.0 0.15 CaClj, PuCI3, AmCl3 

305 KO-CaC^ 10.0 0.15 PuOQ, AmOCl, K 2 0, CaCl2, KC1 
311-2* CaC^ 10.0 0.30 CaCl2, PuCl3, AmCl3 

284 KCl-CaOj 10.4 0.15 PuOCl, AmOCl, unidentified minor phase 
288 CaCl2 10.0 0.15 CaCl2, Pu02, PuOCl, AmOCl 
385 KCl-CaCI2 20.6 0.10 CaCIa. PuOCl, AmOCl 
370 KCl-CaCl2 20.6 0.10 CaCl2, Film too dark to read ( 2 4 ,Amg) 
389 KCl-CaCt2 25.8 0.10 PuOCl, AmOCt, unidentified minor phase 
314 KCl-CaCl2 30.8 0.15 PuOCl, AmOCl, unidentified minor phase 

374-2* CaCl2 30.0 0.15 PuCl3, AmCl3 

292 CaCl2 30.0 0.15 PuOCl, AmOCl, PuCl3, AmCl3 

354 KCi-CaCI2 30.0 0.15 PuOCl, AmOCl, CaCl2 

77 CaCl2 30.0 0.30 PuCl3, AmCl3, PuOCl, AmOCl, Pu02, TaCl4 

395-2* KCl-CaCl2 57.5 0.15 CaCl2, PuCl3, AmCl3 

54 CaCl2 60.0 0.15 PuCl3, AmCl3 

394 KCl-CaCl2 61.0 0.10 PuOCl, AmOCl, PuCl3, AmCl3 

387 None 100,0 0.10 PuCl3, AmCl3, PuOCl, AmOCl 
295 None 100.0 0.10 PuCl3, AmCI3, PuOCl, AmOCl 

•The -2 following the ingot number indicates a second stage extniction 



3,2.6 Ionic Americium Valence 

There has been an ongoing debate as to whether the americium in the americiuni 
chloride salt produced during MSE is divalent or trivalent Knighton and coworkers have 
described the reaction between PuCl3 and Am 0 to produce AmCtj 1 1 while West and 
coworkers have described the reaction as producing AmCh- 2 2 Irv Johnson has described 
the americium chloride sait to be a mixture of divalent and trivalent americium.-^ 
Baybaxz34 has produced AmCl2 with difficulty for the purpose of an x-ray diffraction 
pattern determination; however, after separating particles of AmOz from a mixture of 
AmCl2-AmG3 powder, the AmCfe was found to be stable in argon at room temperature 
for at least four weeks. 

West et. al . 2 2 have written a generalized reaction between PuCb dissolved in 
CaCh and americium metal dissolved in plutonium metal as 

Am(l)m + (y/z)PuClz(I)s = AmCly(I)s + (y/z)Pu(l)m (14) 

where y is the valence state of americium in the salt phase, z is the valence state of 
plutonium in the salt phase, ( l ) m refers to a solution in liquid plutonium metal, and (l) s 

refers to a solution in liquid CaCl2- The equilibrium constant for the equation can be 
described as 

„ /vPu J VAma v ^ TAmClv

 T?u , 1 C X 

Keq=—r ** ^TjT~ (15) 
Afy/ *N v *'V y / 

where the mole fractions of plutonium, americium chloride, plutonium chloride, and 
americium are designated JV_ t ^ A m Q »^puci * ^ ^ A m ^ * e corresponding activity 

coefficients are indicated by yw YAmCy YPuClz» a n d Y A m B y a s s u m i n g NS*^ = l 

because of the purity of the plutonium metal after MSE; and y and YAmQ are constant 

because of the dilute quantities of Am and AmCly. Additionally, it has been shown that 
YpuCl *s a c o n s t a n t *n s o m e s aft systems21 and by making the assumption that it is also 
constant in a CaCl2 salt system, the quotient of the activity coefficients can be given as 



Ky = ^— = constant (16) 
YAm* welt 

and Equation (15) is reduced to 

N y / z *iV "PuCt ^Am 

where K = R ŷlCy. 
By taking the log of both sides of Equation (17), the simple linear equation can be 

written as 

^ ^ E f t t - J t a g N p | i C t . t o g K » . ( 1 8 ) 

Am 

A plot of log(N A m C J /Ny^) versus logfNp^ ) should yield a straight line with a 

slope of y/2. Since trivalent plutonium is the stable form of chloride salt in the presence 
of plutonium, the slope of the line should equal 2/3 if americium in americium chloride is 
divalent and 3/3 if the americiuni is trivalent. A plot of the data obtained by West and 
coworkers22 produced a straight line with a slope of 0.70 indicating divalent americium. 
However, a plot of the data of Bird, West, and Schofield14 gives a straight line with a 
slope of L01. Figure 14 is a plot of the data presented by West et al., 2 2 Bin! et al., 1 4 

and that presented in this paper The least square fit through the data yields a slope of 
1.05. 
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3.3 Materials Issues 

Oxidized tantalum reaction crucibles were used for the MSE process. The 
oxidized tantalum layer prevents wetting of the crucible, and therefore prevents the 
plutonium metal from sticking to the tantalum, thus allowing easy removal of the metal 
from the reaction crucible. Tantalum also behaves as an effective radiation shield. To 
decrease radiation exposure to the plutonium handler and increase the lifetime of the 
crucible, the thickness of the cmcible was later increased from 0,06 in-0.1875 in. Both 
crucible types were manufactured by a spinning process starting from tantalum sheet 
metal. 

Tantalum analyses of buttons formed in both the thin and thick-walled crucibles 
were obtained by wet chemistry techniques and are shown in Table 13, As can be seen, 
the tantalum content in the thin-walled crucible buttons is low with the greatest 



concentration in any one button being 47 ppm< Two different thin-walled crucibles were 
used Each crucible was used for five MSE runs and was oxidized only once, prior to the 
first run. The fifth MSE run in each of the crucibles yielded a button that stuck to the 
tantalum. However, all other buttons (i.e., buttons from crucible runs one through four) 
broke away from the tantalum with little effort, In both "button-stuck1* cases, the reaction 
crucible was turned upside down in the furnace and the outer surface of the button was 
melted. The partially melted button easily dropped from the crucible-

Table 13. Wet chemistry tantalum analysis of MSE buttons. 

Crucible Tantalum in 
Ingot No. thickness (inches) MSE button (ppm) 

389 0.06 47 
385 0.06 14 
387 0.06 35 
295 0.06 16 
370 0.06 26 
394 0.06 22 
284 0.06 42 
374 0.1875 21 
288 0.1875 1690 
292 0.1875 31 
077 0.1875 1260 
305 0.1875 6570 
354 0.1875 30 
395 0.1875 28 
054 0.1875 3 
293 0.1875 <20 
286 0.1875 <20 

374-2* 0.1875 4 
054-2* 0.1875 14 
076-2* 0.1875 20 
311-2* 0.1875 11 
395-2* 0.1875 16 

* « B * p « B H ^ n n f l i ^ _ ^ 0 M n ^ ^ ^ _ ^ ^ ^ ^ P v a B k K ^ _ ^ ^ H ^ ^ ^ W M * 

The -2 following the ingot number indicates a second stage extraction. 

The tantalum content in some MSE buttons formed in a thick walled crucible was 
much higher than the desired limits of 100 ppm. The crucible had been freshly oxidized 
prior to each of the three runs (runs with ingot numbers 288,077, and 305); however, the 



buttons stuck to the crucible. The reason for the concentration of tantalum being higher 
in the buttons formed in the one crucible has not been determined. 

Three different thick walled crucibles were used. The net weight gain of the thjee 
crucibles after several runs was assumed to be plutonium metal and was measured to be 
12-8 g. However, after plutonium NDA of the oxidized material that was burned from 
the crucible surfaces during the reoxidation process, it was found that there was actually 
31-1 g of plutonium affixed to the crucibles. Therefore, 59 percent more plutonium was 
associated with the crucibles than what was predicted by the net weight gain. This was 
due to the solubility of tantalum in the molten plutonium as indicated by the chemical 
analysis of the product buttons. 

A cioss section from a thin-walled tantalum crucible, used for five MSE runs, was 
analyzed by metallography techniques to determine the soundness of the crucible wall, 
type of plutonium attack, depth of wall penetration by the plutonium, and general micro 
structure. The metallographefs interpretation21 of the micro structure was that the 
tantalum had been severely damaged by molten plutonium- Below the metal/salt 
meniscus, the wall thickness was reduced in some areas to 23 percent of its original size. 
In those severely eroded areas, the plutonium had penetrated to the surface of the outer 
wall* The severity of the plutonium attack on the inside wall of the tantalum crucible i$ 
shown in Figure 15. After the tantalum grain boundary was dissolved, the grain was ftee 
to be lifted from the wall and into the molten plutonium. After a period of time, the wall 
thickness would be reduced to a point of failure. 

Three different thick-walled crucibles were used for thirteen MSE runs. In six of 
the thirteen MSE runs, the button stuck to the crucible and was removed by the method 
described above (heating the crucible in an upside down position) or was removed by 
banging the crucible on the glove box floor until the button was released. There were 
obvious layers of tantalum on the bottom of the released button, or the bottom of the 
button remained in the crucible. Two of the crucibles could not be reused unless they 
were re-oxidized between runs, while tho third crucible was used six times before it had 
to be re-oxidized. The crucibles were either oxidized in a muffle furnace with air 
circulation, or an oxygen-acetylene torch was used to oxidize a thin layer of tantalum. 

Tantalum stuck to a button bottom formed in a thick-walled crucible is shown in 
Figure 16, This button was the product of an MSE run made with five mol percent 
PuCl3> The top of that same button is shown in Figure 17. The button top was very clean 
with no visible signs of salt adhesion. Phase separation was excellent for PUCI3 
concentrations of ten moi percent or less. Fo: higher concentrations of PUCI3, the button 
tops were rough and contained a visible layer of black salt. 



Figure 15. Plutonium attack on tantalum crucible (lOOx magnification). 
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Figure 17. Top view of MSE button. 



The flat blade MSE stirrer was made of tantalum while the lower six inches of the 
stirrer shaft was made of tantalum-10 wt percent tungsten. The stirrer and shaft were not 
oxidized. One MSE stirrer, shown in Figure 18, failed during a tenth run when the paddle 
blades broke loose from the shaft as shown in Figure 19. It was found with 
metallography analysis that the weld between the stirrer blades and shaft had been 
severely eroded by plutonium grain boundary attack. As shown in Figure 20, the 
tantalum had recrystallized in the weld area and the grain size was increased; therefore, 
the total grain boundary length from one side of the blade to the other was less than that 
through the smaller grained area. Also, note the smaller grain size of the stirrer shaft 
made of tantalum-10 wt percent tungsten. The testing of crucibles made of tantalum-10 
wt percent tungsten should be made in future studies. 

A saturated tantalum-carbon alloy produced from passing methane over tantalum 
at 1200°C has been shown to be a good candidate for use as a crucible material for 
molten plutonium and salts. Small scale tests conducted at LLNL have shown that 
molten plutonium and salt do not wet the tantalum-carbon alloy, plutonium does not 
attack the Ta2Cs grain boundary, and that the cooled metal and salt were easily removed 
from the crucible. Testing is continuing at LLNL, and plans for testing with full scale 
crucibles have been made. 



48 

Figure 18. MSE flat blade stirrer before failure. 
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Figure 19. MSE flat blade stirrer after failure. 
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Figure 20. Etched cross section of MSE flat blade stirrer after failure 
(9x magnification). 



4. Conclusions 

Six conclusions are apparent from the research carried out at LLNL: 

1. A PUCI3 concentration of approximately 14 mol percent, and a salt/metal 
ratio of 0-15, will decrease the level of americium in plutonium metal from 
5000 to 200 ppm in one extraction stage in either a KC1 - 74 mol percent 
GiCh (at 750°C) or pure CaCl2 (at 800°C) solvent salt system. 

2. The quantity of americium extracted from plutonium metal is increased from 
15.4 percent to 99.9 percent when the PUCI3 concentration is increased from 
1 to 100 mol percent, 

3* The extraction of americium from plutonium metal is increased when the 
salt/metal feed ratio is increased. For example, americium extraction into a 
CaCl2-10 mole percent PUCI3 salt mixture is increased from 97-6 percent to 
99.0 percent when the sali/metal feed ratio is increased from 0* 15 to 0.30. 

3. The extraction of americium from plutonium metal into a KCl-CaCl2-10 mol 
percent PUCI3 salt mixture was decreased from 95.4 percent to 90.1 percent 
when the temperature was increased from 750°C to 945°C. 

4. Oxide contamination decreases the extraction of americium from plutonium 
metal at PUCI3 feed concentrations less than 30 mol percent 

5. Americium (HI) ions aie produced during MSE with PUCI3 oxidant salt 

6. Molten plutonium metal attacks tantalum at the grain boundary causing 
failure of process equipment and tantalum contamination of the plutonium 
metal. 
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