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RECOVERY OF URANIUM-233 FROM A THORIUM BREEDING BLANKET 
BY PYROCHEMICAL TECHNIQUES 

Introduction 

One of the options presently being considered for utilization of the 
neutrons obtained from D-T fusion is absorption of slow neutrons (after 
multiplication and moderation in a beryllium lattice) in a blanket of 

?32 fertile thorium metal. Since the fission cross-section of Th is 
negligibly low below the fission threshold of approximately 0.4 MeV, the 
amount of fission products present in such a breeding blanket ire a direct 

533 function of the l e v 1 of U that is allowed to build up in the 
blanket. If a simpTi, inexpensive uranium recovery process can be 
achieved, the uranium concentration, and hence the level of fission in the 
blanket, can be held to a very low value. Although the presence of even 
small quantities of young fission products in the material to be processed 
dictates that the processing must be performed by remote means, it is 
possible to recover the uranium fraction without performing a specific 
chemical separation to remove fission products first. 

We have carefully evaluated several processes that might be suitable 
for uranium recovery from thorium metal, and have chosen two that hold 
great promise. Both are simple non-aqueous methods that can readily be 
performed by remote means, and both require only a few simple process 
steps. 

Our first choice for uranium recovery is a process that exploits the 
high solubility of thorium, and the low solubility of uranium, in molten 
magnesium. Uranium metal is essentially insoluble in both pure magnesium 
and magnesium-thorium alloys while thorium is quite soluble (see Figures 
1,2,3, and 4). We propose to utilize thorium metal directly from the 
blanket, which may contain from 0.5 to 1.5% uranium-233 plus a small 
quantity of fission products, and dissolve it in a bath of molten 
magnesium. The uranium contained in the original blanket will be 
essentially insoluble in the melt at 950 K (677°C) and exist as. 
B-uranium metal. At 950 K the solubility of uranium in 33 wtSS th-67 wt% 
Mg alloy is 1.6 x 10" 5 moles/mole solvent*1'2'3'''^, or 0.032 wtX of 
the thorium in the solvent. If we assume 0.94 wt% 2 3 3 U build-up in the 
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alloy, the uraniuo remaining dissolved in the solvent would be 3.4% of the 233 initial uranium present. Essentially all of this U can be recovered 
by scavenging the solvent alloy with an equal mass of thereby 
diluting the isotopic purity to 5<K ^u. As safeguards regulations 
will probably require isotopic dilution prior to shipment of recovered 
233 

U anyhow, it is possible to protect the product in process by 
diluting the 2 3 3 U by a factor of five with 2 3 8 U at dissolution and 
eliminate the scavenging step after initial precipitation; this would lead 239 to trace amounts of Pu being formed during irradiation of the 
recuvered thorium fraction. 

The thorium is recovered from the magnesium alloy by simply distilling 
the volatile magnesium fraction away from the residual, thorium and fission 
products. This distillation can be easily performed at 950 K under about 
one torr vacuum. The recovered magnesium will be used for dissolution of 
the next batch of blanket feed. The residual thorium and FP fraction can 
be refabricated into suitable metallic shapes for return to the breeder 
blanket assembly. Most of the fission products will remain in the thorium 
metal and decay away during the next irradiation sequence. After many 
blanket cycles the stable fission product concentrations may require 
removal, or alternatively, a replacement thorium blanket. The highly 
contaminated thorium blanket can simply be treated as fission product 
waste. 

Our alternative method utilizes selective extraction of uranium from a 
molten thorium-uranium-copper-magnesium alloy into molten magnesium 
chloride salt at 1000 K. The feed (donor) alloy is formed by dissolving 
the thorium-uranium-FP blanket in a small amount of copper-magnesium 
diluent. The uranium can be extracted from this alloy as the chemical 
activity of uranium in copper-magnesium alloy is very high. 

The uranium is then back extracted from the magnesium chloride molten 
salt by a small quantity of magnesium-zinc (acceptor) alloy. Uranium 
metal is recovered from the alloy by distilling off the volatile metal 
fraction (under vacuum). This process is a variant of the general family 
of molten salt extraction schemes known as "Salt Transport Processes". 
The basic utility of these processes was carefully studied by Argonne 
National Lab in the period 1965-1970, and the basic technology ic fully 
understood and thoroughly documented' * '. Pi Tot-plant seals operations 



of this type have been performed with radioactive feed stocks and perform 
as predicted. 

Magnesium Precipitation Process 

For design purposes we shall assume that the concentration of 
uranium-233 in the blanket thorium metal will be one percent by weight, 
and the mass of thorium blanket that must be processed will be 600 tons 

233 per year. Criticality considerations will limit U batches to 
approximately 10 kilograms each. In order to keep the operating 
temperature of the process as low as practicable, the concentration of 
magnesium must be maintained above 58% by weight; as a practical 
compromise we have chosen to use 33fc Th-67< Mg as a design alloy. The 

(1-4) solubility of uranium in this alloy is well documented1 '. 
The volume of Mg-33Th alloy needed to contain one ton of thorium is 

1235 liters or 326 gallons; this can be contained in a cylindrical tank 48 
inches in diameter by 48" tall (376 gallon capacity). The specific volume 
of 10 kilograms of uranium metal is 0.524 liters in solid form; as a 
finely divided powder a reasonable estimate would be 1.0 to 1.5 liters. 
The separation of one liter of fine powder from 1200 liters of molten 
alloy at 675°C is a formidable task. 

We propose to circumvent this problem by utilizing the known property 
of uranium to wet and adhere to the surface of either tungsten or tanta7um 
sheet to form a thin deposit of uranium metal on the substrate surface. 
This thin deposit can be formed by suspending tungsten foil in the 
thorium-magnesium alloy to collect uranium metal that will be precipitated 
from the melt. The uranium can then be either oxidized to 00- or 
hydrided to UH, to form a crystalline powder that can be mechanically 
removed from the foil collector. If hydriding is chosen, it can be 
converted back to metal by dehydriding under vacuum, and cast into ingot 
metal. 

An alternative recovery method that has been used in similiar 
circumstances is centrifugal collection of the uranium powder by use of a 
rotating bowl that is suspended in the liquid alloy. The bowl shape is 
designed to pump liquid through the bowl during rotation, while collecting 



In light of the above information, it appears practical at this time to 
propose that pyrochemical processing as a possible alternative method for 
uranium recovery from thorium blanket feeds- Estimates of the support 
facility capital costs to perform such a process are expected to be in the 
$100M range, based on FY'83 projections. 

Salt Transport Alternative Process 

Figure 5 shows a conceptual salt transport process for recovery of 
uranium from the thorium blanket. Because the reactor blanket is fission 
suppressed, the concentration of fission products is held to a very low 
level. The major objective of this flow sheet is to separate uranium from 
thorium; no special provisions have been made to remove fission products. 
However, because of the nature of the salt transport process, significant 
separation of uranium from FP-1 and FP-Z* fission products will occur. 
Partial removal of FP-3 elements will also occur. The flow sheet shows a 
thorium metal blanket feed and either an oxide or uranium metal product. 

In the salt transport process, a molten salt is circulated between a 
donor alloy and an acceptor alloy. At the donor, uranium is oxidized by 
MgClp by the reaction: 

U° + 3/2 MgCl 2 + U C 1 3 + 3/2 Mg° 
At the acceptor, uranium chloride is reduced by magnesium by tne reaction: 

UC1 3 + 3/2 Mg° * U° + 3/2 MgCl 2 

'he acceptor reaction is the reverse of the donor reaction, i.e., the 
MgCl 2 consumed at the donor is regenerated at the acceptor. The MgCl 2 

enters into the overall reaction,'but is not consumed and may be reused 
indefinitely. The overall reaction is therefore uranium transfer from the 
donor to the acceptor, and the reverse transfer of magnesium needed to keep 
the chemical reaction balanced: 

*FP-1 Fission products are the volatile elements at "oo°C, 
FP-2 Elements are the refractory and noble metals, 
FP-3 Elements are the rare-earth family of elements. 



"(donor) * 3 / 2 M 9(acceptor) * U(acceptor) + V Z M 9(donor) 

For every raole of uranium transferred from the donor to the acceptor, there 
is the reverse transfer of 1.5 moles of magnesium from the acceptor to the 
donor. The driving force for this overall reaction is the difference 
between the uranium and magnesium activity in the donor and acceptor alloys. 

Up to the present time no thorium based alloys have been identified as 
uranium donor alloys. The donor alloy must be liquid at the temperature 
needed to melt the transport salt, and should have the least possible 
magnesium content. Because of the very high melting point of thorium 
(1750°C), pure thorium metal can not be used as a donor alloy. However, 
the addition of 8 wt!S copper to the alloy causes a very dramatic decrease 
of melting point to 940°C (Figure 6). Both thorium and copper form alloy 
systems with magnesium. The addition of small amounts of magnesium to the 
92 wtS Th - 8 wt% Cu e^tectic should further lower the melting point and 
form a uranium donor alloy. In the absence of experimental data, an alloy 
composition of 89 wt£ Th, 8 wtX Cu, 3 wt% Mg is assumed as the uranium 
donor alloy. (It is interesting to note that regions of immiscibility 
exist in the three binary alloys Th-U, Cu-U, and Mg-U, which suggest that 
the uranium activity coefficient will be greater than unity in this 
proposed donor alloy.) 

In the acceptor reaction uranium metal will be formed at the salt-metal 
interface; this uranium metal is taken up by the acceptor alloy. All zinc-
magnesium alloys ranging from about 98 wt% Zn - 2 wt!6 Mg to about 95 wt% 
Mg - 5 wtX Zn are uranium acceptor alloys. The 80 wtX Mg - 20 wt% Zn alloy 
was selected as the uranium acceptor for the following reasons: (1) uranium 
metal is the equilibrium solid phase and no solvent metal is combined with 
uranium, (2) the alloy density is greater than the density of Mgci 2 (a • 
density inversion is avoided), (3) the uranium solubility of 5 x 10" 2 wt% 
at 800°C is very low, (4) the bulk of the acceptor alloy can be easily 



removed from the precipitated uranium, (5) the volume of the aotaptor alloy 
is very small, and (5) the amount of volatile metals to be removed by 
distillation is held to an absolute minimum. 

Magnesium chloride containing one percent thorium chloride is the 
preferred transport salt. 99* MgCK-l* ThCl, will give the largest 
value for the uranium distribution coefficient at the donor alloy, while 
minimizing build-up of magnesium in the donor as uranium is transported to 
the acceptor alloy phase. To drive the rate of uranium mass transfer 
between the donor and acceptor alloys, each salt-alloy system must be 
mixed, and the common salt phase circulated between the two alloys. 
Etitrainntent of metal in the salt must be avoided. 

Although this process is not specifically designed for uranium-fission 
product separation, the very nature of the process will provide significant 
fission product decontamination of the recovered uranium fraction. 

Transfer of uranium from the donor alloy to the acceptor alloy will be 
equilibrium limited. The following conditions are used to estimate the 
potential of the salt transport process to separate and recover uranium: 

Donor -
U Kd = 5 (estimated value) 
U solubility = 1 (all uranium is assumed to be in solution in the donor 
alloy) 

Acceptor -
U Kd = 2.5 x 10" 1 (known for MgCl 2) 
U solubility = 5 x 10" 2 wttS (known) 

Transport Salt -
99% MgCl 2-l* ThCl 4 

The acceptor' alloy salt equilibrium determines the equilibrium 
conditions at the donor. 

The maximum uranium content in the transport salt in equilibrium with 
the acceptor is the product of the distribution coefficient and the uranium 
solubility in the acceptor. 

Maximum U in salt = Kd x solubility 
= 1.25 x TO" 2 wt* U 



Shielded Containment Facility 
We propose to use the existing argon-atmosphere Hot-Cell Facility at 

the EBR-II site at Idaho National Engineering Laboratory (HFEF-N)* as a 
prototype cell that would be suitable to contain all irradiated process 
materials and hardware needed to perform uranium recovery from irradiated 
blanket feedstock. This facility includes a 30 ft wide by 70 ft long 
fully-inert (argon) shielded cell with 15 master-slave operated work 
stations and viewing windows. The cell is shielded with 48 inches of high 
density concrete (220 Ibs/cu ft) up to a height of 16 ft above the 
operating floor. The ceiling clearance within the cell is 25 ft, and the 
cell is constructed with a 10-foot-deep, readily accessable sub-cell below 
the normal operating floor (remotely removable floor plates). An air 
atmosphere support cell 30 ft x 20 ft adjoins the inert cell and is used to 
decontaminate process equipment prior to service or disposal. 

According to Melvin Feldman, the engineer responsible for the design 
and construction of the existing facility, the entire operating facility 
could be duplicated today for ?65M (1983 dollars)^ 8'. A basic facility 
layout is included in the appedix for engineering information. 

A duplicate HFEF-N should provide adequate space to contain dissolver 
tanks, magnesium stills, electron bdam consolidation furnaces, casting 
capabilities, and extrusion presses for refabrication of new breeder 
blanket targets. A cursory equipment layout indicates that the uranium 
recovery chemical equipment could be placed along one inner wall (7 work 
stations) and the refabrication equipment along the opposite wall (7 work 
stations). Such an arrangement should be able to process the proposed 600 
tons of blanket feed per year. We can only guess at the cost of the fully 
outfitted facility, but $35M seems ample to cover the cost of the basic 
in-cell equipment, as much of the refabrication hardware ii commercially 
available for industrial use. We have not identified the metallurgical 
process that would be needed to re-fabricate the recovered thorium to 
suitable metallic shapes. 

*H0T FUELS EXAMINATION FACILITY - NORTH 



In light of the above information, it appears practical at this time to 
propose that pyrochemical processing as a possible alternative method for 
uranium recovery from thorium blanket feeds- Estimates of the support 
facility capital costs to perform such a process are expected to be in the 
5100M range, based on FY'83 projections. 

Salt Transport Alternative Process 

Figure 5 shows a conceptual salt transport process for recovery of 
uranium from the thorium blanket. Because the reactor blanket is fission 
suppressed, the concentration of fission products is held to a very low 
level. The major objective of this flow sheet is to separate uranium from 
thorium; no special provisions have been made to remove fission products, 
riowever, because of the nature of the salt transport process, significant 
separation of uranium from FP-1 and FP-2* fission products will occur. 
Partial removal of FP-3 elements will also occur. The flow sheet shows a 
thorium metal blanket feed and either an oxide or uranium metal product. 

In the salt transport process, a molten salt is circulated between a 
donor alloy and an acceptor alloy. At the donor, uranium is oxidized by 
MgCl z by the reaction: 

U° + 3/2 MgCl 2 * UC1 3 + 3/2 Mg° 
At the acceptor, ur&nium chloride is reduced by magnesium by the reaction: 

NCI 3 + 3/2 «g° * U° + 3/2 MgCl 2 

The acceptor reaction is the reverse of the donor reaction, i.e., the 
MgCIg consumed at the donor is regenerated at the acceptor. The HgCl 2 

enters into the overall reaction,'but is not consumed and may be reused 
indefinitely. The overall reaction is therefore uranium transfer from the 
donor to the acceptor, and the reverse transfer of magnesium needed to keep 
the chemical reaction balanced: 

*Ft>-l Fission products are the volatile elements at 800°C, 
FP-2 Elements are the refractory and noble metals, 
FP-3 Elements are the rare-earth family of elements. 



Mass transfer will stop when the salt in equilibrium with the donor has a 
-2 similar uranium content of 1.25 x 1Q wt% U. The uranium content in the 

donor at equilibrium will therefore be: 

wt% U in metal = wt% U in Salt = 1.25 x IP" 2 = 2.5 x 10" 3 wt% U 
U Kd (donor) 5 

The uranium content of the thorium blanket is assumed to be about 0.9 wt%. 
The total uranium transferred out of the donor may therefore be 
approximated by: 

% U transferred out of donor = 0.9 - .0025 x 100 = 99.5* 
0.9 

Attainment of equilibriumconditions may take a considerable period of 
time as the transfer rate will decrease markedly as the uranium jontent of 
the donor is lowered. Uranium content of the transport salt will be 1.25 
x 10 wt5S U at equilibrium and the actual amount in the salt will be 
dependent up to the amount of molten MgCl, present in the system. This 
uranium in the salt does not represent a loss* just an in-process inventory. 

The salt transport process is dependent upon the utilization of a 
uranium donor alloy. The proposed donor alloy uses copper and magnesium as 
alloying agents to obtain donor properties at 800°C. The magnesium may 
be removed from the depleted donor alloy by vacuum melting. Other 
processes for separation of copper and FP-4 elements from thorium would be 
required if thorium is to be recycled back to the breeder blanket. The 
economics of remote fabrcation of the thoriun. for recycle may dictate a 
once through cycle for thorium. 

Figure 7 shows a conceptual mode of operation for the salt transport 
process. 
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Solubility of Uranium in Pure Magesium and 
Mg-33 *t% Th Between 600 and 850°C* 

Temperature 
U solubility (atom fraction) in 

indicated solvent 

(°0 IOVT(°K) Mg Mg-33 wt* Th 

600 11.45 7.1 x 10-6 

650 10.83 5.9 x 10- 5 1.3 x 10-5 
700 10.28 1.1 x 10-5 

750 9.78 1.68 x 10-5 2.75 x 10-5 
800 
800 

9.32 
9.32 

. 2.73 x 10-5 
2.38 x 70- 5 

4.22 x 10-5 

850 8.90 4.04 x 10-5 5.07 x 10-5 

•Reference: Unpublished Work, Fred J. Snritii, October 6, 1982, Oak 
Ridge National Laboratory. Sponsored by Division of Chemical 
Sciences, Office of Basic Energy Sciences, D.O.E. 

Fig, 3 
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