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Abstract

Argonne National Laboratory is investigating salt transport and lithium
pyrochemical processes for recovery of transuranic (TRU) elements from spent
light water reactor fuel. The two processes are designed to recover the TRU
elements in a form compatible with the Integral Fast Reactor (IFR) fuel cycle.
The IFR is uniquely effective in consuming these long-lived TRU elements. The
salt transport process uses calcium dissolved in Cu-35 wt % Mg in the presence
of a CaCl2 salt to reduce the oxide fuel. The reduced TRU elements are separated
from uranium and most of the fission products by using a MgCL, transport salt.
The lithium process, which does not employ a solvent metal, uses lithium in the
presence of a LiCl salt as the reductant. After separation from the salt, the
reduced metal is introduced into an electrorefiner, which separates the TRU
elements from the uranium and fission products. In both processes, reductant and
reduction salt are recovered by electrochemical decomposition of the oxide
reaction product.



Introduction

Argonne National Laboratory (ANL) is investigating pyrochemical processes for
recovery of the transuranium (TRU) elements in spent fuel from light water
reactors (LWRs). The processes are designed to recover the TRU elements in a
form compatible with the Integral Fast Reactor (IFR), an advanced reactor under
development at ANL. The high energy neutrons in this metal-fueled and metal-
cooled reactor result in high fission-to-capture cross-section ratios for the heavy
actinides. Hence, the IFR reactor is uniquely effective in consuming the long-lived
TRU elements.

This paper describes describes flowsheets for two alternative recovery processes,
designated as the salt transport process and the lithium process, and laboratory-
scale testing in an argon-atmosphere glovebox to refine the process flowsheets.

Spent LWR fuel is primarily composed of UO2 (-95%) and TRU (Pu, Am, Np, and
Cm) oxides (-1%), with the balance being fission products. The concentration of
the individual fission products depends on the extent of fuel burnup and the
length of time that the fuel has been out of the reactor. For the purpose of this
paper, the fission products have been grouped into chemically similar groups.
These groups are: (1) VFP, volatile fission products such as xenon, (2) FPS, those
elements which remain in the salt phase, such as Cs and Sr, (3) RE, rare earth
elements such as Ce and Nd, which behave similarly to the TRU elements, and
(4) NM, noble and refractory metals such as Pd and Zr, which are less reactive
than the actinide elements.

The first step in the processes under consideration is reduction of the LWR fuel
with calcium or lithium in the presence of a salt. The salt collects the CaO or
Li2O reaction product and the FPS group of fission products. Uranium and the
TRU elements are reduced along with the NM group. With calcium as reductant,
the RE group is also reduced, but with lithium it is not reduced. The elements in
the VFP group are released into an inert cover gas, from which they are isolated
cryogenically. The reduction processes differ in the procedures used to separate
and recover the TRU elements and uranium.

Because of the importance of minimizing wastes, reagents are recovered and
recycled. Each process employs an electrorefining step to remove NM fission
products from the uranium. The oxide reaction product (CaO or Li2O) is
electrochemically decomposed to recover the reductant and reduction salt.

Description of Salt Transport Process

The current version of the salt transport process is represented schematically by
Fig. 1. The process, which is based on technology investigated earlier for the
pyrochemical processing of mixed-oxide fast reactor fuel [1], uses calcium dissolved
in a liquid alloy of Mg-42 at.% Cu (Cu-35 wt % Mg) for the reduction step. A
CaCl2-based salt is employed to enhance the reduction kinetics and collect the
CaO reduction product and the FPS fission products. The reduction reaction is
conducted at 8Q0°C. For plutonium, the reaction is
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Similar reactions occur for the other actinides and many of the metallic fission
products (the RE and NM groups). Most of the uranium and NM elements are
insoluble in the Cu-Mg alloy and thus precipitate, but the TRU actinides and the
RE fission products are soluble.



The Cu-Mg alloy was selected because of its solvent properties in the subsequent
salt transport step. The TRU elements, which are dissolved in this alloy during
the reduction step, are extracted at 800°C from the alloy into a MgCl2 salt during
the "donor" portion of the salt transport step. For plutonium, this extraction is
a result of the following equilibrium reaction:

3 (MgCU.H + 2PU™*, -» S M g ^ + 2(PuCl3)M3t. (2)

The extent of the extraction depends upon the relative quantities of the metal and
salt phases, the free energy for the reaction, and the activities of reactants in
each phase. These reactions reach equilibrium quickly.

After the extraction reactions reach equilibrium in the donor vessel, the salt is
transferred to the "acceptor" vessel, where it k equilibrated at 800°C with a liquid
Zn-23 at.% Mg (Zn-10 wt % Mg) "acceptor" alloy. The reverse of reaction (2)
occurs, and the TRU elements are extracted into the zinc alloy. If this salt
transport "cycle" is repeated, the activity of a solute will finally become equal in
all three phases (donor, acceptor, and salt), and one "equilibrium stage" will have
been accomplished for that element. Elements that have relatively high extraction
efficiencies (favorable distribution coefficients) approach equilibrium most rapidly.

Because the activity coefficients for the TRU elements are much lower in the zinc
alloy than in the copper alloy, the concentrations of these actinides are much
higher in the zinc alloy at equilibrium. This difference in activity coefficients
makes the copper alloy a good "donor" and the zinc alloy a good "acceptor." Only
about 1% of the uranium will have transported when the TRU elements reach
virtual equilibrium. In addition, the RE fission products transport along with the
TRU elements.

The TRU product is recovered from the acceptor alloy in a retorting step in which
the volatile Zn and Mg solvent elements are evaporated at temperatures up to
950°C and collected for recycle. The remaining TRU-U-RE ingot becomes a feed
to the IFR fuel cycle, where it is used to enrich the reactor fuel. The RE fission
products are removed in the IFR process.

Following the salt transport step, the donor alloy is recycled to a salt recovery
step. In this step the Cu-Mg alloy serves as the cathode for the electrochemical
decomposition of CaO that is present in spent reduction salt. This step also
operates at 800°C. The oxygen is given off as CO2 and CO at a carbon anode, and
the calcium is deposited in the liquid Cu-Mg cathode. The Cu-Mg-Ca alloy and
most of the recovered salt are recycled to the next reduction run. A portion (-1%)
of the salt is removed to establish the desired concentration of the FPS fission
products (Sr, Ba, Cs, Rb, I, Te, Eu, and Sm) in /he waste salt.

After the Cu-Mg alloy is removed from the donor vessel for recycle, the vessel will
contain the uranium, the NM fission products (Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd,
In, Sn, and Sb), and a small heel of donor alloy and salt. The vessel will then be
used for an electrorefining step, in which purified uranium is deposited on a solid
cathode and the TRU elements not extracted in the salt transport step are



deposited in a cadmium cathode. A LiCl-KCl salt is used as the electrolyte, and
the operation is performed at 500°C. The NM fission products remain in the
crucible.

The uranium, which forms a dendritic deposit, is stripped from the cathode and
charged to a cathode processor. In this unit, residual salt is distilled off and
recycled, and the uranium is melted to form an ingot, which requires
temperatures to about 1300°C. The TRU elements are recovered from the
cadmium cathode by distilling off the cadmium, which is recycled.

Description of Lithium Process

The current version of the lithium process is represented schematically by Pig. 2
and was selected because of its compatibility with the IFR process [2] and its
potential to use common materials of construction. The process does not use a
solvent metal. The precipitated uranium and TRU elements are electrorefined
after the reduction salt is removed and the electrorefining salt is added.

The reduction salt is LiCl or LiCl-KCl and has some solubility f° r hoth Li2O and
lithium. The quantity of salt is selected to dissolve all the Li2O reaction product;
this step is important to avoid physical mixtures of the reduced fuel and Li2O.
The quantity of excess lithium reductant is also selected to be within the solubility
limit; therefore, both the excess lithium and the Li2O

 a r e removed from the
reduction crucible with the reduction salt.

The reduced metal is placed in the electrorefining salt after the reduction step.
A steel cathode is inserted, and a potential is applied to make the precipitated
metal an anode. Both TRU elements and uranium are oxidized to their chlorides
at the anode, but only uranium will deposit on the cathode until the ratio of TRU
chlorides to UC13 becomes very large. The TRU chlorides are allowed to build up
over several runs, then a liquid cadmium cathode is substituted for the steel
cathode. Both TRU and uranium deposit in the cadmium. The mixture is isolated
as an alloy ingot for use in an IFR by distilling off the cadmium for recycle. After
being stripped from the cathode, the uranium product is heated to about 1300°C
in a cathode processor to melt the uranium and residual salt. The salt ingot is
separated from the uranium after they are melted and frozen. The salt is
recycled.

In the salt recovery step, the IA2O in the spent reduction salt is decomposed
electrochemically to recover the salt and lithium. The oxygen is liberated as CO2
and CO at a carbon anode, and the lithium accumulates as a pure liquid at the
cathode. Both the salt and the lithium are recycled to the next reduction step.
As with the salt transport process, a portion of the salt will be discarded to
remove fission products. In this process both the FPS elements and the RE
elements remain in the salt; however, the RE elements add little to the heat
generation for fuel cooled for 10 y.
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Experimental Procedures

The laboratory-scale experiments usually employed 25-50 g of simulated spent
LWR fuel, which is a mixture of sintered UO2 pellets and powdered oxides of Pu,
Np, and nonradioactive fission product elements. In the most recent experiments,
a mock fuel containing a co-sintered mixture of UO2, PuO2, and oxides of fission
product elements was employed along with powdered NpO2. These simulated fuels
were reduced at high temperatures (>500°C) with salt, reductant, and metal phase
(salt transport only). After reduction, the melted mixtures were cooled and
analyzed. Experiments were also run to study the salt transport step.

The experimental melts for the calcium-based process were contained in 57-mm
i.d. MgO crucibles that include integral mixing baffles. The lithium-based runs
were conducted in these crucibles or in 75-mm i.d. stainless steel beakers with
spot-welded mixing baffles. The melts were stirred with 23-mm dia x 19-mm high
agitators blades, which were made from tantalum and were either a four blade
turbine or a flat paddle type. The stirrer motors provided speeds of 70-1200 rpm.
Backup containment consisting of a tantalum crucible in a graphite crucible was
provided for the MgO crucibles. The crucible assemblies were located in an open
furnace well that extended downward from the bottom of an argon-atmosphere
glovebox and was heated with external resistance elements. The box atmosphere,
which was purified by circulation through molecular sieves and a hot titanium
bed, contained about 0.6 ppm of oxygen, <5 ppm of nitrogen, and <0.1 ppm of
water. A series of heat shields minimized heat loss from the melts. A passage
through the heat shields permitted sampling or addition of reagents to hot melts.
Filtered samples of salt were taken by sucking a small amount (-2 cm3) of melt
through a tantalum frit (50-um pores) into a 5-mm i.d. tantalum tube.

The salt reagents used in the experiments were purchased as high purity,
carefully dried materials or were reagent grade materials that had also been
carefully dried prior to use. The metals used were all of high purity. Analyses
of non-TRU elements in the samples were obtained using an ion coupled
plasma/atomic emission spectroscope, (ICP/AES). Transuranic elements were
determined by gamma-spectroscopy of bulk samples or entire ingots.

Experimental Results

Reduction in Salt Transport Process

Numerous experiments have been conducted to evaluate the efficiency and
chemistry of the reduction step of this process. The results of these experiments
have then been used to modify the flowsheet given in Pig. 1. All of these
experiments were done at 800°C using a Cu-35 wt % Mg alloy as the metal phase
and calcium as the reductant. The variables examined for the reduction step
included the effects of CaO loading in the salt, the effects of reaction time, the
reduction efficiency as a function of excess calcium, and the compositions of the
salt.



Most of the preliminary laboratory-scale experiments used 15 wt % (20 mol %)
CaF2 in the salt phase. The fluoride was added because it significantly lowers the
melting point of CaCl2, is believed to enhance phase separation of salt and metal,
and increases the solubility of CaO in the salt. However, the CaF2, which will be
present in the salt waste stream, is not compatible with the zeolite and sodalite
materials being considered for waste disposal. Hence, because there is a
significant advantage in using a salt that is free of fluoride, later experiments
were conducted using pure CaCl2.

The CaO solubility in the salt, 10 wt % for CaCl2-15 wt % CaF2 [3] and 6.4 wt %
for CaCl2 [3], is important because it is desirable to use as little salt as possible
and to load it to the highest possible limit with CaO. However, the higher the
CaO concentration in the salt, the lower the calcium solubility [4]. Because the
reductions progress rapidly at temperatures below the melting point of calcium,
the dissolved calcium in the salt is believed to be the active species in reducing
the fuel. Therefore, the CaO concentration must be limited to maintain calcium
solubility. Experiments designed to have the salt loaded to 7 wt % with CaO for
the CaCl2-15 wt % CaF2 and 5 wt % for pure CaCI2 have resulted in reduction
efficiencies as good as lower salt loadings (4 wt % each). Because some reaction
occurred between the calcium and the MgO crucible, the actual loading was
usually higher than the calculated loading.

Experiments were also conducted to determine the stirring time required to
complete the reduction. Stirring times of 1/2,1, 2, and 4 h were investigated. In
the reductions, the uranium product, which is not soluble in the Cu-Mg phase,
usually formed into a hard ball. This ball, which normally begins to form within
5 min after calcium is added, interferes with the stirring and necessitates raising
the starrer, which lowers the stirring efficiency. Examination of the Cu-35% Mg
phase, which is very brittle and easily crushed, showed unreacted UO2 in the 1/2-
and 1-h reductions. At 2 and 4 h, no unreacted UO2 was observed.

The possibility of unreacted UO2 being incorporated within the uranium, ball was
a concern. A uranium ball was broken and examined under a microscope. The
interior appeared to be composed of three areas. The largest was a dark metal,
presumably uranium. A shinier metal, presumably Cu-Mg alloy, and a white
material, presumably salt could also be seen. There was no indication of the
reddish-brown UO2 within the ball. As a further check, the uranium ball was
dissolved in zinc. The uranium would dissolve in the zinc, whereas UO2 would
not, hence a separation would be effected. Analysis of a filtered sample of the zinc
melt indicated that all the uranium charged to the reduction was in solution in
the zinc. After breaking away the MgO crucible, the zinc ingot did not appear to
have any UO2 exposed on its bottom surface. The ingot was sectioned, and the
lower central region was examined carefully for UO2 granules. None were
observed. It appeared that the UO2 reduction had gone to completion in 2 h, and
that reaction times approaching 4 h are desirable to assure complete reduction.

Several experiments were conducted with varying amounts of excess calcium.
Experiments with 100%, 50%, and 16% excess calcium were all equally complete.
Since the excess calcium has to be destroyed prior to the salt transport step, large



amounts of excess calcium are undesirable. Because of the lower activity of the
calcium at the lower concentration, there is some concern that magnesium from
the Cu-Mg alloy might become involved in the reduction, in accordance with this
equilibrium:

CaO + Mg <-> MgO + Ca (3)

When the higher calcium levels in the Cu-Mg alloy were used, the equilibrium was
shifted to the left, and little MgO was detected in the salt phase. Analysis of the
salt from the 16% excess calcium experiments showed amounts of MgO which
indicated that the magnesium was contributing between 0 and 1.5% of the
reduction. Therefore, essentially all the reduction is expected to be by calcium.

Eight reduction experiments have been conducted using synthetic and mock fuel.
The results for the actinide and fission products are summarized below.

Transuranic Elements. Table I summarizes the extent of reduction of TRU
elements as measured by analyses of the reduction salt and uranium ingot. These
experiments were done with both simulated and mock fuel, and all employed a
CaCi2-15 wt % CaF2 salt. With the exception of Experiment AR-185, the results
are reasonably reproducible and do not seem to be affected by variations in excess
calcium or CaO loading of the salt. Some Pu and Am and a significant fraction
(-1/3) of the neptunium co-precipitated with the uranium. Because the
neptunium was charged separately as NpO2 powder, its reduction probably was
much faster than that of the sintered UO2,. Thus, neptunium was probably
present at its maximum concentration in the Cu-Mg throughout the uranium
reduction and precipitation. In actual fuel, the NpO2 reduction rate would be
limited by that of the UO2 in which it resided, and its average concentration
during the uranium reduction and precipitation would be half the maximum.
Therefore, according to Doerner-Hoskins theory [5], the coprecipitation would be
only half that observed here. Curium was added to experiment AR-185 as a
tracer. It could be detected only in the Cu-Mg product following reduction. For
the actual process, electrorefining will be used to separate the residual TRU
elements in the uranium ingot from the uranium.

Rare Earth Elements. Following the reduction step, La, Ce and Nd are observed
only in the Cu-Mg alloy. None of the uranium ingots contained detectable
amounts of these rare earths. Experiment AR-87 was deliberately doped with 0.15
g each of Eu2O3 and Sm2O3. Because of the stability of the +2 ion of these
elements, we thought they might form dichlorides, as in the reaction,

E u A + 2 CaCL, + Ca -» 2 EuCl2 + 3 CaO. (4)

Analysis of salt and metal showed that all of the europium was in the salt phase,
and none was detectable in the metal phase. Approximately 2/3 of the samarium
was in the salt phase, 1/3 was in the metal phase.

Nobler Metal Fission Products. Filtered samples of the Cu-Mg phase taken at
800°C showed <iiat about 2/3 of the palladium was in solution, along with the RE
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elements, Ce and Nd; none of the Ru, Mo, or Zr could be detected. Analyses of the
bulk metal, which was ground and quartered to obtain a representative sample,
and the uranium ball showed that essentially all of the Ru, Mo and Zr could be
accounted for in the uranium ball. Most of the palladium not found in the filtered
Cu-Mg sample was also accounted for in the uranium ball.

Salt-Seeking Fission Products. Barium and strontium react directly with CaCl2
in reactions such as

BaO + CaCL, -» CaO + BaC^ (5)

that are thennodynamically more favored at 727°C than the reduction reaction.
Thus, Ba, Sr and, as indicated previously, Eu are only found in the salt phase
following reduction. Based on thermodynamic considerations, cesium was
expected exclusively in the salt phase. If. was found, however, to distribute -2/3
in the reduction salt and -1/3 in the metal phase. Because cesium is not readily
detected by ICP/AES, the radioactive isotope 137Cs, was added to determine its
distribution. Separate reduction experiments were performed in which iodine as
Csl and Te as metal were added to the synthetic fuel. In each instance, the I and
Te were found quantitatively in the salt phase.

Salt Transport Step

On a laboratory scale, the salt transport steps were conducted as a series of salt-
metal contact experiments. The Cu-35 wt % Mg, which is the "donor" alloy, was
first contacted with MgCl2 at 800°C. Equilibrium was established, then the
product cooled and broken out of the crucible. The MgCLj was then added to
another MgO crucible containing Zn-10 wt % Mg, which is the "acceptor" alloy.
The contents were heated to 800°C, equilibrated, cooled, and broken out. The
cycle was then repeated one or two more times, after which most of the TRU and
rare earth elements had been transported to the Zn-Mg phase. Because the
fission products associated with the CaC^-Cal^ salt phase (FPS group) are
removed prior to the salt transport step; they are not addressed in this section.
Also, none of the less reactive metal fission products (NM group) was ever
detected in the MgCl2 transport salt. These elements (Ru, Rh, Pd, Mo, and Zr)
remained in the Cu-Mg alloy or uranium ingot and are not discussed in this
section. Hence, for the salt transport step, only uranium and the rare earth and
TRU elements are of concern.

The results of four series of salt transport experiments are summarized in Table
II. The data presented in the table represent a composite of all these
experiments. Because of the low concentration of the elements in the salt and
metal phases and the low sensitivity of the ICP/AES, the results showed
considerable scatter, so averaging them seems appropriate. Also, not all the series
included all components or were completely analyzed. Hence, each series was not
complete in itself.



TABLE I. TRU Element Distribution in Reduction Step Products

Experiment
No.

AR-18

AR-40

AR-55

AR-72

AR-87

AR-126

AR-133

AR-185

Fuel

Simulated
25.0 g

Simulated
25.0 g

Simulated
25.0 g

Simulated
25.0 g

Simulated
50.0 g

Mock
50.0 g

Mock
50.0 g

Mock
50.0 g

Excess
Calcium

100%

90%

100%

100%

50%

16%

16%

16%

CaOin
Salt (%)

4

4

4

7

7

7

7

7

Salt (% of Charged)

Pu

0.35

<0.26

<0.16

0.37

0.16

<0.65

0.37

<1.4

Am

0.14

0.10

0.22

0.12

0.06

0.32

0.22

7.9

Np

0.68

0.14

0.14

0.11

0.39

0.24

1.4

Cm

—

—

—

<0.01

Uranium Ingot
(% of Charged)

Pu

<1.0

<1.0

<1.0

<1.0

6.0

4.2

MD

<2.3

Am

0.52

1.2

3.5

2.3

2.4

1.8

ND

1.1

Np

37

22

NDb

22

49

ND

31

a - = Not Present in the Experiment
bND = Not Determined
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The results clearly show that the TRU elements, Ce and Nd are being transported
from the Cu-Mg donor alloy to the Zn-Mg acceptor alloy. A significant amount
(~l/3) of the americiura stays in the salt, but because 100% of the salt is recycled,
this represents an in-process inventory.

TABLE II. Summary of Salt Transport Results

Reduction Salt

Uranium Ingot

Cu-Mg Ingot

First Salt Transport Cycle
Cu-Mg
Zn-Mg
MgCl2

Second Salt Transport
Cycle

Cu-Mg
Zn-Mg
MgC^

Third Salt Transport
Cycle

Cu-Mg
Zn-Mg
MgCl2

% of Amount Charged

Pu

0.3

2.3

97.4

>34.1
>61.4
<1.9

>12.7
>82.8
<1.9

>4.9
>89.6
<2.9

Am

0.2

1.9

97.9

6.5
64.6
26.4

1.5
67.6
30.3

1.4
59.7
36.2

Np

0.3

32.5

67.2

26.9
38.2
1.6

9.3
55.9
2.0

6.7
58.1
2.4

Ce

NDa

ND

100

31
37
32

<9
>57
>24

<10
>66
>24

Nd

ND

ND

100

23
50
27

<:12
<58
>30

<10
>68
>22

•ND - Not Detected

Distribution coefficients, K,j , denned as the ratio of (wt % in salt) to (wt % in
metal), were calculated from the results of the various extractions. These are
presented in Table III, and with the exception of cerium in the Cu-Mg/MgCl2

system, the results are in reasonable agreement with measurements made
previously on single-solute systems [1,6]. The low cerium value, compared to the
value measured previously, has not been explained.

Reduction in Lithium Process

The many advantages of lithium over calcium were enumerated earlier, but
lithium is less effective than calcium as a reducing agent. For example, the
reduction of UO2 with lithium has a AG°(727°C) of-4.67 kcal mol1, whereas with
calcium the AG°(727°C) is -36.03 kcal mol'1. Fortunately, the free energy change
decreases at lower temperatures and becomes -9.95 kcal mol*1 at 527°C.

11



Table III - Distribution Coefficients (Ed) for Salt Transport

Cu-35% Mg

Element

Pu

Am

Np

U

Ce

Nd

Cm

1.1

10.6

1.1

0.7

1.4

2.0

0.48

K,j (literature)*

1.1

0.2

89

Zn-10% Ms

0.019

0.34

0.031

<0.10

0.7

0.4

0.028

Kj (literature)8

0.015

0.35

0.016

0.0045

0.75

0.75

0.019

aLiterature value based on single-solute element [1, 6].

Many of the initial experiments for this process were conducted using only UO2
as a stand-in for LWR fuel. Variables studied were salt composition, temperature,
and the amount of excess lithium. Initial experiments were conducted using LiCl-
5 wt % LiF and were successful. As with the calcium reductions, the problems
caused by fluorides in waste salt disposal made it desirable to remove them from
the salt. Hence, subsequent experiments were conducted with pure LiCl (m.p.
602°C), which limited the reduction temperature to >650°C. Experiments were
also conducted at lower temperatures by using various salt mixtures: IiCl-56
wt % KC1 (m.p. 352°C), LiCl-40 wt % KC1 (liquidus 458°C), IiCl-62 wt % CaCL,
(m.p. 496°C), and LiCl-77 wt % SrCl2 (m.p. 478CC). Some 15 reductions using
these salt mixtures as well as pure LiCl, UO2 as fuel, and lithium as reductant
were conducted at temperatures between 500°C and 750°C. Usually, the
reductions were complete, but in several of the salt mixtures at lower
temperature, the Li2O solubility in the salt was exceeded. Based on these
experiments, we decided to use LiCl as the reductant salt and operate at >650°C.
At lower temperatures, the LiCl-KCl salt mixture could be used because it is
compatible with the IFR waste salt and does not require additional waste-form
development or certification.

The amount of excess lithium used ranged from 10 to 100%. However, as long as
the lithium is present at concentrations above its solubility in the salt (-0.5 mol
% or 0.082 wt %) [7], the activity will be one, and hence, the amount of excess
should not affect the extent of reduction.

The solubility of Li2O in LiCl was measured because it is important to our process
and was not available in the literature. Excess Li2O was equilibrated with LiCl
at 650°C and at 750°C, and filtered samples were taken at each temperature.
These samples were then dissolved in water and titrated with dilute hydrochloric
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acid. The measured solubility of Li2O in LiCl is 8.7 wt % at 650°C and 11.9 wt %
at 750°C.

The particle size of the precipitated uranium product from these reductions varied
with temperature. At 500°C, the product was extremely fine and was suspended
in the bottom of the salt layer. At 750°C, the product was small beads of up to
3-mm in dia, which collected at the outer bottom edge of the salt. Filtering
experiments were conducted to separate the uranium from the salt phase. The
metal products were placed in a 100-mesh steel screen and heated to 650°C
overnight. The larger beads from the high temperature experiments had good
separation and were almost salt-free. The much finer uranium particles from the
lower temperature experiments retained more salt, and the amount of salt was
approximately equal in weight to the uranium. Even with the fine particles, no
uranium was evident in the filtered salt, which was white. Hence, filtering the
salt through a screen is one possible means of separating the metal product from
the salt phase.

The next phase of this work involved the use of mock fuel in the reductions. The
initial experiments were conducted with LiCl at temperatures of 650, 700, and
750°C. Unfortunately, the results indicated relatively poor reduction efficiencies
for the TRU elements. We expected that the TRU oxides would reduce more
readily than UO2, which appeared to reduce completely. The amount of TRU
elements remaining in the salt phase varied from 5 to about 40% of the amount
charged. Lowering the temperature by using LiCl-KCl salts resulted in somewhat
better reductions. A significant increase in reduction efficiency occurred at lower
temperature. This is illustrated in Table IV.

It is not evident why the reductions at higher temperature are so inefficient.
Thermodynamic calculations suggest that PuO2 should be reduced 100% at all
temperatures considered. However, based on these results, the flowsheet was
modified to include a 500°C reduction using LiCl-40 wt % KCl as reductant salt.

In the reduction at 500°C, the Ba, Sr, and Eu fission products appear to be in
solution in the salt, all presumably as chlorides. The RE fission products Ce and
Nd are not found in solution and do not appear to be in the metal phase. One
would not expect these elements to react with lithium, based on their
thermodynamic stabilities. Hence, the rare earth metals probably remain as
precipitated oxides in the salt phase. The noble metal oxides are all reduced and
are found in the precipitated metal phase.
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TABLE IV. TRU Elements Remaining in Salt as a Function of Temperature

Temp.,°C

500

600

650

700

750

Pu, %a

0.004

1.2

7.4

10.5

37.7

Am, %a

0.06

4.4

13.7

25.8

29.6

Np, %a

2.5

5.0

9.6

4.8

0.01

8.4

Percent of the amount charged, typically 0.21 g Fu, 1100 ps Am, 30 mg Np,
and 0.5 ug ^

Conclusion

The laboratory results for the salt-transport and lithium processes are promising
and suggest that either approach could be used to reprocess spent LWR fuel.
Because of the lower temperatures and less stringent materials requirements, the
lithium process is preferred. The other process steps in the flowsheets (salt
recovery, retorting, and electrorefining) are or will be examined. The salt recovery
step, which involves the electrowinning of calcium or lithium from CaO and Li2O,
has been extensively investigated. The investigations, which are beyond the scope
of this paper, show that electrowinning is feasible. A retort is being constructed
to demonstrate the feasibility of the evaporation steps. The electrorefining step
is very similar to that in the IFR fuel cycle, which has been demonstrated, and no
special problems are expected using the feed from our processes.
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