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CONDITIONING OF SPENT NUCLEAR FUEL FOR PERMANENT DISPOSAL 

James  J. Laidler 
Chemical Technology Division 
Argonne National Laboratory 

Argonne, Illinois 60439 

ABSTRACT 

A compact, efficient method for conditioning spent nuclear fuel is under development This 

method, known as pyrochemical processing, or ‘pyroprocessing,” provides a separation of fission 

products from the actinide elements present in spent fuel and further separates pure uranium from 

the transuranic elements. The process can facilitate the timely and  environmentally-sound 

treatment of the highly diverse collection of spent fuel currently in the inventory of the United 

States Department of Energy (DOE). The pyroprocess utilizes elevated-temperature processes 

to prepare spent fuel for fission product separation; that separation is accomplished by a molten 

salt electrorefining s tep  that provides efficient (99.9%) separation of transuranics. The resultant 

waste forms from the pyroprocess are stable under envisioned repository environment conditions 

and highly leach-resistant. Treatment of any spent fuel type produces a se t  of common high-level 

waste forms, one a mineral and the other a metal alloy, that can be readily qualified for repository 
. -  

disposal and preclude the substantial costs that would be associated with the qualification of the 

numerous spent fuel types included in the DOE inventory. 
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INTRODUCTION 

A total of nearly 3,000 metric tons of spent nuclear fuel has accumulated within the US. 

Department of Energy (DOE) complex. This government-owned fuel was  used in a variety of 

nuclear reactors, including reactors for the production of national defense materials, experimental 

and research reactors, and  commercial reactors. Although the quantity of spent fuel in the DOE 

inventory is much less than that in storage a t  U.S. commercial reactors (estimated to reach 

40,000 tons by the end  of the century), the DOE spent fuel presents special problems that 

demand prompt attention. The DOE spent nuclear fuel inventory differs in several ways from the 

commercial spent fuel inventory, in that the DOE spent fuel represents the arisings from over 40 

years of the  evolution of nuclear power and reflects a broad spectrum of fuel types, cladding 

materials, levels of enrichment in the fissile isotopes of the actinide elements, and  degrees of 

chemical reactivity. 

1. 
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Over 130 different fuel designs are represented in the  DOE inventory; these can  be 

grouped into 53 different categories according to common design features such as composition, 

cladding material a n d  enrichment level. The fuel can be further reduced into six categories 

according to fuel composition: metal, . -  oxide, graphite, . -  cermet, hydride, and aluminum alloy- Much 

of the  fuel is chemically reactive, to the point that it cannot safely be exposed to air for 

preparation of the fuel for final disposal or for extended dry storage. A great deal of the fuel is 

highly enriched in either U-235 or plutonium, making the final disposition of the spent fuel in a 

geologic repository problematic under present government regulations. The process of qualifying 

such a large number of fuel types for repository disposal, which will probably be necessary for 
,- 
\ 
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those fuel types differing substantially from zirconium alloy-clad low-enrichment oxide fuel (Le., 

commercial light water reactor spent fuel), can b e  prohibitively expensive. 

The  DOE spent  fuel is presently in storage in a variety of facilities, many of which do not 

meet t i e  current standards of safety and environmental protection required of commercial spent  

fuel storage facilities. In some  of the DOE facilities, the spent fuel has  begun to degrade 

significantly (1) and prompt action is necessary. Current DOE planning would place the'spent fuel 

in interim dry storage until such time; some 40-60 years hence, that the means a r e  available for 

permanent geologic disposal of this material. While this interim s tep  would serve to  prevent 

serious environmental consequences that could result from containment failures in existing 

storage facilities, it cannot b e  regarded as the final answer to the spent  fuel disposal problem. 

Although some  of the more stable spent fuel can probably be placed in interim storage in suitable 

containers and then eventually transferred to a permanent repository safely, there are fuels that 

will require extensive conditioning before repository disposal is possible. Placing spent  nuclear 

fuel in a well-engineered surface dry storage facility carries the risk of a future decision to make 

such storage permanent, especially if legal and  political barriers threaten to prevent the 

commissioning of a geologic repository for the disposal of commercial spent nuclear fuel and  

defense wastes. Such a decision would simply . .  defer the problem to later generations, in all . .  

likelihood exacerbated as a consequence of further deterioration of the less stable fuels during 

the period of dry storage. Permanent dry storage of the certain highly-stable spent fuel types 

might be feasible, even for the 300- to 400-year period during which most of the fission products 

present in the spent fuel will decay to stable isotopes. Assuring the protection of the public from 

the long-lived actinide elements, however, is much more difficult, particularly so if the  

concentration of fissionable isotopes in the spent fuel is high. 

2 



A promising solution to this multi-faceted dilemma is the use  of a pyrochemical processing 

techniqu'e, developed by the Argonne National Laboratory, for conditioning the collection of DOE 

spent nuclear fuel types for ultimate disposal. This process is applicable in its current s t age  of 

development to 99% of the DOE spent fuel inventory and  offers the advantages of a simple, 

compact system that is both economical and technically sound. The  pyrochemical process 

produces a separation of the fission products present in spent fuel from the transuranic elements 

b 

that represent the greatest threat to public health and safety. Pure uranium is separated from the 

transuranic elements and can be disposed of as a low-level waste, being free of fission products. 

The  transuranic elements can be  recovered and stored in a secure surface repository for future 

use as a fuel material, or they can be alloyed with the structural materials present in the spent 

fuel elements and placed in ultra-long life containers for repository disposal. It is the purpose of 

this paper to describe the pyrochemical process, its current state of development, and its potential 

application to the conditioning of DOE-owned spent nuclear fuel. 

PYROCHEMICAL PROCESSING 

Pyrochemical . .  . -  processing, or pyroprocessing, refers to the complete se t  of unit operations 

required to separate the actinide elements from fission products present in spent fuel. In the case 

of most spent fuel types, these operations begin with the dismantling of the irradiated fuel 

assembly and  the removal of individual fuel elements. These fuel elements are sen t  to  a 

chopper, where they are chopped into pieces suitable for the next operation. The process then 

follows the flowsheet shown in Figure 1. If the fuel is metallic, regardless of the cladding type or 

any  internal components such as hardware or  heat transfer media, it is sent  directly to the 
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electrorefiner for electrotransport of the actinides to appropriate elecpodes where they are 

collected for further processing. If the fuel is oxide, it is first sent to a reduction step where the 

oxide compounds of actinides and fission products are reduced to the metallic state by reduction 

with metallic lithium. The reduced metal product is then transferred to the electrorefiner for 

separaiion into the various product streams. If the fuel is of a type other than metal or oxide, it 

must first be treated in a head-end operation to convert the fuel materials to metals or oxides, 

which can then be processed as above. 

The operation of the electrorefiner will be described in detail below; it performs the task 

of separating the actinide elements from the fission products present in the spent fuel. The 

process is the same as the electrorefining process used for many years in the minerals industry: 

an impure metal is made the anode, and it is deposited at a cathode in a condition of greater 

purity by electrotransport through a suitable electrolyte. In the pyrochemical processing 

electrorefiner, virtually pure uranium is collected at a solid mandrel cathode and a mixture of 

plutonium, americium, neptunium, curium, uranium, and some rare earth fission products is. 

collected at a liquid cadmium cathode suspended in the electrolyte salt. 

The cathode deposits - -  are recovered after the desired amount of material has been 

collected and are then sent to a cathode processor, which is basically a high-temperature vacuum 

furnace. The deposits are consolidated in the cathode processor by melting; in the process, any 

volatile materials that were included in the cathode deposits are removed by vaporization. These 

include the electrolyte salt in the case of the solid mandrel uranium deposits, and cadmium in the 

case of the liquid cadmium cathode deposits. The distillates from the process crucible are 

transported to the condenser region of the cathode processor, where they are collected for 

. -  

.--. 
; 

4 



recycle to the electrorefiner. The metal ingots resulting from the cathode processing operation 

are theri directed to the final step in the pyrochemical process, waste form production. All of 

these operations are performed remotely, in a highly shielded hot cell facility, because  the 

decontamination factor for fission products in the transuranic product is inherently low; this 

provides self-protection for the waste form and affords a high degree of diversion resistance to 

the nuclear materials contained therein. 

b 

ELECTROREFINING AND THE CHEMISTRY OF PYROPROCESSING 

Electrorefining is the key s tep in the pyroprocess, because it is a t  this point that  the 

actinides are separated from the fission products present in the spent  fuel. The electrorefining 

process is shown schematically in Figure 2. In the pyroprocess, electrorefining is carried out in 

a high-purity inert gas (argon) atmosphere in a steel vessel; current engineering-scale vessels 

are about 1 m in diameter and  1 m high. The electrolyte salt is a eutectic mixture of LiCl a n d  KCI 

(melting point 35OOC). The cell is operated a t  a temperature of about 500%. The chopped spent 

fuel segments are placed in perforated steel anode baskets and lowered into the electrolyte salt 

for electrorefining. The  actinides from the spent fuel are transported from the anode  baskets to 

two kinds of cathodes by means of a n  applied electric current; in the process, all the constituents 

of the chopped fuel, including the cladding hulls, come into chemical equilibrium with the 

electrolyte salt. The chemistry of the electrorefiner operation and  the operating characteristics 

of the electrorefiner (e.g., normal and  off-normal conditions) have been demonstrated during 

more than six years of .operation of a n  engineering-scale electrorefiner facility. This facility is 

essentially full scale but is not equipped for operations with plutonium or irradiated fuels. Fission 

. .  1 
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product behavior is established using non-radioactive isotopes of the key materials. Plutonium 

chemistiy is verified in a smaller scale apparatus. 

T h e  concepts of equilibrium thermodynamics provide necessary insight into the 

electrorefining process (2). It is experimentally observed that the distribution of the ‘various 

elements among the anode baskets, the salt, and the two kinds of cathodes can be calculated 

j. 

with good accuracy from equilibrium constants; from this it can b e  inferred that reactions of the 

metal phases  with the molten salt are rapid with respect to processing rates. Further, 

thermodynamic activities of the metals from the spent fuel can be manipulated to provide product 

streams that have adequate but by no means complete separations of the actinide elements from 

fission products and from each other, and to provide waste streams that a r e  essentially free of 

the transuranium actinides Np, Pu, Am, and  Cm. 

Table 1 presents a n  ordered list of the stabilities of the chlorides of the key elements 

involved in pyroprocessing, expressed as standard free energies of formation at a temperature 

of 50OOC. The chloride electrolyte system was selected for pyroprocessing u s e  because the 

stabilities are arranged in this particularly convenient manner. A s  s e e n  in Table 1, the elements 

can- b e  conveniently grouped into three thermodynamic classes, based on chloride stabilities. The 

first class, the noble metals, includes cadmium, the cladding hull constituents, and  the transition 

metal fission products. These metals have chlorides of such low stability that they react 

immediately when used as reagents, or are never formed under pyroprocess conditions. These 

elements are removed mechanically from the electrorefiner, either in the anode  baskets after 

electrotransport or by filtration. The second class comprises the salt  and  those fission products 

that form highly stable chlorides, mainly europium, samarium, and  the alkali metal and  dkaline 
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earth elements. These  are permanently and  completely oxidized to chlorides that are found only 

in the s a t .  T h e  halogen, chalcogen, and pnictide fission products are found as anions that also 

remain in the salt; they a r e  also included in this class. Elements from this class a re  per iodidiy 

removed from the salt into the waste form by means of ion exchange using zeolite A. The third 
j. 

class is of greatest interest. It includes the remaining rare earth fission products and  all of the 

actinides. At various stages in the pyroprocess, elements of this class exist in equilibrium as both 

metals (possibly in cadmium solution) and as chlorides. 

The  partition of the members of this third class between salt and  metal phases  can be 

calculated from the equilibrium constants for the reactions between each pair of elements in the 

class. The  activities of the elements in each phase a r e  such that all possible equilibrium constant 

expressions are satisfied simultaneously. The reaction between any two elements, M a n d  N, in 

the class is given by: 

T h e  free energy change (AG) in reaction [l] is: 

where AGO, is the standard free energy of formation of compound (x). 

.. . 
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Concentrations of the metals and their chlorides can be  determined from the eqtmllbrium 

constant' and the activity coefficients of metal and chloride species. The  equilibrium constant, K, 

corresponding to reaction [l] is calculated from the free energy change : 

1- 
, Keq = exp (-AG/RT) , 

where R is the gas  constant and  T is the absolute temperature. 

Activity coefficients are defined as: 

Y,= q x ,  

- ;31 

141 

where the ai are the activities of the various species, the Xi are the mole fractions, and  th yi are 

the activity coefficients. The  equilibrium constant for reaction [I] is written: 

Metal activity coefficients can be reduced to  values considerably less than o n e  by the 

formation of intermetallic compounds with the cadmium present in the liquid cathode. A 

reduction in a metal's activity is equivalent to a reduction in the stability of the  corresponding 

chloride. Plutonium activity in the plutonium-cadmium intermetallic compound PuCd, for 

example, is 4 ~ 1 0 - ~  (5). In the presence of solvent cadmium, - .  plutonium behaves as though its 

chloride were only about 0.8 kcallequivalent more stable than Granium chloride, whereas  it is 
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really 7.2 kcaVequivalent more stable. The rare earths aIso form intermetallics with cadmium 

(6,7), bdt, at the process temperature, uranium does not (8). This phenomenon is used to 

advantage in the separation of uranium from the transuranium actinides and the rare earths. 

THE ELECTROREFINING OPERATION 

A concentration of a t  least 2 mol% of actinide chlorides is maintained in the electrorefiner 

salt to support electrotransport. With this concentration of actinide ions in the salt, eiectrotransport 

can  b e  sustained at a high rate when a potential of about one volt is applied between the solid 

cathode and the anode. When chopped fuel is placed in the electrorefiner, the active metal 

fission products reduce some of the actinide chlorides. It is therefore necessary to add some 

compensating amount of oxidant from time to time. Depleted uranium chloride is conveniently 

used to oxidize the fuel actinides and restore the level in the salt of €he actinides targeted for 

removal. Depleted uranium chloride is also used to establish the initial actinide chloride inventory 

in the salt. 

The electrorefining process depicted in Fig. 2 shows . -  the constituents of spg-it fuel (e. g- 

uranium) being oxidized a t  an anode basket. The reaction at the anode involves removal of three 

electrons per atom from uranium metal (or other element), forming W3 ions in the salt phase. 

The electrons that are removed from the uranium metal are conducted through an external circuit 

to the cathode, where they are added to U+3 ions from the  salt to form uranium metal which 

collects on the cathode. The ions of the uranium or other metals being electrorefined carry 
,.,. \-" 
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electrical current through the cell to complete the circuit, and the net res& is a transfer of metal 

from the' anode to the cathode. 

Faraday's law gives 

m = a M Q / n F ,  

the mass of metal transported, m, as: 

161 

where a represents the collection efficiency, M is the atomic weight of the metal, Q is tfie amount 

of charge passed (the integral of current with time), n is the number of electrons involved in the 

reaction, and F is Faraday's constant, 96,485 Coulombdequivalent. About 3 g of actinides are 

electrotransported to the cathode per ampere-hour. 

Two kinds of cathodes are used for electrotransport. On solid steel cathodes, uranium 

collects in the form of a dendritic deposit containing a small amount of occluded electrolyte salt. 

Any dendrites which break off fall to the bottom of the electrorefiner, where they are recovered 

. on a screen. Uranium deposited on a solid cathode is essentially pure because the transuranium 

actinides and the rare earths cannot be deposited on the solid cathode. The chlorides of 

plutonium and uranium are in equilibrium according to reaction m. 
. -  

UCI, + Pu = u + P U C I ,  17 1 

Because the chloride of plutonium, per Table 1, is substantially more stable than the 

chloride of uranium, and because both chlorides of uranium and plutonium are present in similar 

concentrations in the electrolyte salt, any pluionium metal which tends to deposit on the solid 
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cathode immediately reacts with UCI, and  the reaction m is driven strongly to the right The 

deposition of pure uranium is calculated to occur in the presence of PuCI+UCI, ratios even well 

in excess  of 100. Experimentally, deposition of essentialfy pure uranium has been demonstrated 

(8) up to bulk PuCI,:UCI, ratios of a t  least 13. 

In order to enable the collection of plutonium (and the minor actinides Am, Np, a n d  Cm, 

which behave like plutonium), it is necessary to reduce their activities. This is done  by 

electrotransporting them to a liquid cadmium cathode, where stabilization occurs by formation of 

intermetallic compounds with cadmium. Although rare earth metals are similarly stabilized, their 

chlorides a re  much more stable than those of the actinides, and thus only small amounts of rare 

earths a r e  deposited in the cadmium cathode. 

Cadmium cathodes consist of a small amount of liquid cadmium a t  the bottom of a ceramic 

crucible. The  crucible is suspended in the salt phase, and electrical contact is made  to the 

cadmium. When current is passed, Pu, Am, Np and Cm deposit as intermetaflic compounds, 

MCd,, a t  the interface between the cadmiurn and salt in the ceramic crucible, along with some 

metallic uranium. The relative amounts of uranium and transuranium actinides that deposit 

depends on the MCI,:UCI, concentration - -  ratio in the salt and  the amount - -  of metal deposited 

relative to  the amount of cadmium used. Once the proper concentration ratio (roughly 3) has 

been established in the electrolyte salt, the solid cathodes and liquid cadmium cathodes can  be 

operated either simultaneously or sequentially. The desired salt composition is maintained by 

controlling the amount of charge passed to each cathode so that the desired amount of uranium 

is deposited a t  solid cathodes and the desired amount of other actinides are deposited a t  

cadmium cathode& ' A typical liquid cadmium cathode deposit in the current engineer ing-sde 
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equipment will contain approximately 4 kg Pu and minor actinides, together with about 1 kg of 

uranium' and  a small quantity (several hundred ppm) of the rare earth fission products. The  

companion solid cathodes collect about 10 kg of uranium each, with essentially no rare earths 

or transuranium actinides. Collection efficiencies close to 100% have been achieved in 

laboratory-scale tests of the liquid cadmium cathode. 
). 

In the present electrorefiner design configuration, a solid cathode deposit of 10 kg uranium 

per electrode is obtained in a period of about 24 hours. Efforts a r e  underway to optimize the 

anodekathode geometry, so that the deposition rates can b e  increased; improvement factors 

between twenty and fifty appear  to b e  easily achievable by appropriate modifications of the 

collector geometry, as demonstrated in initial experiments. Improved collection rates are  

considered to b e  a n  essential step in the large-scale application of this technology. 

TREATMENT OF OXIDE SPENT FUEL 

Researchers a t  the Argonne National Laboratory have been working to develop a method 

for process oxide spent fuel that is fully - -  compatible with the pyrochemic,al process for metal fuels. 

Summaries of progress to that end have recently been reported (10, 11). Basically, the process 

for oxide fuels involves the reduction of the oxides to metallic form, followed by the standard 

electrorefining process for separation of fission products a n d  the separation of the uranium from 

the transuranic elements. The oxide fuel head-end flowsheet is shown in Figure 3; the oxides are 

reduced by contacting chopped spent fuel segments with metallic lithium in a LiCl carrier salt in 

a stainless steei;vessel operated a t  a temperature of 500-650%. The reduction reactions, as 
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LiCl cafler salt in a stainless steel vessel operated at a temperature of 500-650%. The reduction 

reactions, as typified by the reaction 

UO, + 4 L i  = 2 L i 2 0  + U, \. r.81 

are rapid and complete. The reduction reactions for U, Np, Pu, Am and Cm have been observed 

to be  more than 99.99% efficient over the stated temperature range. At the lower end of the 

temperature range, the reduction product is micron- or submicron-sized particles, whereas the 

particles are a few millimeters in diameter at the higher end of the range. The metallic product 

is collected at the bottom of the reduction vessel on a screen and transferred to an electrorefiner 

where it is placed in an anode basket for electrorefining. The uranium, which represents the bulk 

of the product in most oxide spent fuels, is electrotransported to a solid mandrel cathode where 

it collects as pure uranium, free of fission products. Because of the large tonnages of uranium 

that must be collected, a uranium electrorefiner, intended for uranium collection only, has been 

designed to operate at very high throughput rates, 500-1,000 kg heavy metal per day. A typical 

uranium deposit is shown in Figure 4; the  deposit contains a small amount (less than 2 wt. %) 

of electrolyte salt, which must be removed by vacuum distillation. The transuranic elements are 

left in the electrolyte salt until their concentration . -  builds up to the point that it becomes necessary 

to remove them for purposes of assuring a critically-safe operation. The salt is then pumped into 

a second, smaller electrorefiner that maintains a critically-safe geometry, and the transuranics are 

recovered by electrotransporting them to a liquid cadmium cathode. The transuranic deposit will 

typically contain 30% uranium, 1 % lanthanide fission products, and the balance the transuranic 

elements Np, Pu, Am, and Cm. The liquid cadmium cathode deposit is consolidated by vacuum 
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typified by the reaction 
I 

UO, + L i  = 2 L i , O  + U, C83 

L 

are rapid and complete. The reduction reactions for U, Np, Pu, Am and Cm have been observed 

to be  more than 99.99% efficient over the stated temperature range. At the lower e n d  of the 

temperature range, the reduction product is micron- or submicron-sized particles, whereas the 

particles are a few millimeters in diameter at the higher end of the range. The metallic product 

is collected at the bottom of the reduction vessel on a screen and  transferred to a n  electrorefiner 

where it is placed in a n  anode basket for electrorefining. The uranium, which represents the bulk 

of the product in most oxide spent fuels, is electrotransported to a solid mandrel cathode where 

it collects as pure uranium, free of fission products. Because of the large tonnages of uranium 

that must be collected, a uranium electrorefiner, intended for uranium collection only, h a s  been 

designed to operate a t  very high throughput rates, 500-1,000 kg heavy metal per  day. A typical 

uranium deposit is shown in Figure 4; the deposit contains a small amount (less than 2 wt. %) 

of electrolyte salt, which must be removed by vacuum distillation. The transuranic elements are 

left in the  electrolyte salt until their concentration builds up to the point that it becomes necessary 

to remove . . .  them for purposes of assuring a critically-safe operation. The salt is then pumped into 

a second, smaller electrorefiner that maintains a critically-safe geometry, and the transuranics are 

recovered by electrotransporting them to a liquid cadmium cathode. The transuranic deposit will 

typically contain 30% uranium, 1 % lanthanide fission products, and the balance the transuranic 

elements Np, Pu, Am, and Cm. The liquid cadmium cathode deposit is consolidated by vacuum 

melting, during which process the cadmium in which the deposit forms is distilled off and collected 

for recycle. Typical consolidated liquid cathode deposits contain less than 0.0001 % cadmium.:-' 
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ne lithium converted to Li20 in the reduction reaction is recovered and  recycled by 

means df an electrowinning operation that is carried out in the s a m e  vessel used for the reduction 

process. An inert anode (e.g., Pt) installed in a porous shroud is placed in the reduction salt and 

metallic lithium floats to the top of the  salt bath where it is collected for the next batch reduction 

operatian. Oxygen is evolved a t  the anode and ducted out of the reduction vessel for venting. 
% 

The reduction salt contains the active metal fission products and some rare earth fission products, 

and  is periodically bled off for removal of these heat-generating fission products. 

TREATMENT OF OTHER DOE SPENT FUEL TYPES 

The pyrochemical process can  b e  applied with great effect to the problem of DOE spent 

fuel disposition. Because the process has been developed for use  with metal or oxide fuel, it can 

be easily adapted for the processing of virtually all of the DOE spent fuel types: metal, oxide, 

graphite, hydride, cermet, etc. At this time, pyroprocessing appears  to be practical for all fuel. 

types except aluminum-matrix fuels. These fuels are perhaps better treated by conventional 

aqueous methods, because the aluminum tends to form stable intermetallic compounds with the 

actinide elements . .  .and makes their removal more difficult and hence more. expensive. 

Pyroprocessing is eminently suited for treatment of all other fuel types, requiring only a 

modification to the head end  of the process to adapt it to each broad fuel class. For example, 

a cermet fuel containing oxide fuel particles in a metallic matrix would be treated by electrolytic 

dissolution and deposition of the matrix material, followed by high-efficiency filtration of the 

electrolyte salt to recover the fuel and  fission product oxides. The oxide phase, collected in a 

porous stainless steel filter, can then be treated by the lithium reduction process and the balance 
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of the  flowsheet would be  no different than that for ordinary oxide fuels. Graphite fuel such as 

that used in the Fort St. Vrain reactor would be  treated by removal of the fuel compacts from the 

graphite blocks, roll-crushing to expose the fuel kernels, and oxidation to convert the  (Th,U) 

carbides to oxides. Again the balapce of the flowsheet would be the s a m e  as that for any oxide 

fuel. The pyrochemical process, because it is carried out in a n  inert atmosphere, is well-suited 

for the  treatment of hydride fuels and  any other reactive fuel materials. 

). 

The  use of pyroprocessing for DOE spent fuel management has  a number of benefits: (1) 

the recovery of actinide elements, such as highly-enriched uranium, for subsequent re-use in 

power generation; (2) a substantial reduction in packaged waste volume for ultimate disposal; and 

(3) the production of a common waste form regardless of starting fuel type. Processing can  be 

done with a common basic process, with common equipment and  procedures. This would result 

in greatly improved economics of waste management. The transuranics recovered in the course 

of pyroprocessing are co-deposited and contaminated with rare earth fission products so that 

there is no production of a separate stream of weapons-usable material.. 

WASTE MANAGE-MENT 

An integral part of the pyrochemical process development effort is the treatment and 

packaging of high-level waste materials arising from the pyroprocess operations, and the 

qualification of these wastes  for disposal in a geologic repository. As spent fuel batches are 

processed in the electrorefiner, fission products accumulate in the vessel. Fission products of the 

alkaline earth, alkali metal, and rare earth groups build up in the electrolytKsalt phase.  The 
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transition metal fission products (more electrochemically noble metals) tend to concentrate as 

a sludge in the  anode  basket, or  remain with the cladding hulls. As these fission products 

accumulate, the heat  load due  to their radioactive decay processes increases until it exceeds 

facility or equipment design limits. At that point, it is necessary to remove the heat  generating 

elemerits. The salt and  metal phases  are removed for treatment to recover the TRU elements 
l. 

and remove a sufficient quantity of fission products that the saIt and cadmium can be recycled. 

The removal of fission products from the electrorefiner (and the reduction vessel, for the 

case of oxide fuel conditioning) is done in two ways. The metallic fission products, together with 

the structural materials (Le., cladding) from the chopped spent fuel elements, collect a t  the bottom 

of the electrorefiner anode basket on a screen and are transfened to a melting furnace where the 

deposits are combined with the transuranic deposits collected a t  the liquid cathode and  melted 

under reduced pressure. The alloy of metallic fission products, cladding material, uranium and 

transuranic elements has a nominal composition Fe-15Zr-3U-flRU-2FP or  Zr-16Fe-3U-5TRU- 

2FP, depending o n  the cornposition of the cladding material mere, TRU represents the transuranic 

elements a n d  FP means fission product elements]. This metal alloy has excellent corrosion 

resistance and  is intended to be encapsulated in a normal stainless steel repository container for 

geologic dispqsal as a high-level waste form. Because of its small volume, the metal waste form .~ . -  

could be economically packaged in a "super containef to provide added assurance against 

release of transuranic elements to the biosphere. 

Treatment of the salt from the electrorefiner and  the oxide reduction vessel is only slightly 

more complicated. The  salt is first treated in a series of centrifugal contactors o p e d n g  a t  500% 

to remove any  actinide elements present; the actinides are returned to the  ziectrorefiner as 
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chlorides for subsequent electrotransport and collection, The molten salt effluent from the 

centrifugal contactors is passed through a se t  of zeolite columns where the  fission products are 

immobilized in the zeolite pellets by a combination of ion exchange and molecular occlusion. Tine 

salt exiting from the zeolite columns is free of fission products and  is recycled to  the 

electrorefiner. The  loaded zeolite pellets, containing up to  25 wt.% fission products, are mixed 

with anhydrous zeolite powder to adsorb any salt adhering to the surface of the  zeolite pellets; 

l. 

a small quantity of glass frit is then added to the mixture, which is then hot-pressed at 700-725t 

t o  convert the mixture to a solid monolithic mineral form having the composition of the natural 

aluminosilicate mineral, sodalite. It is then intended that the sodalite blocks b e  loaded into 

standard repository containers for disposal as a high-level waste. Standardized leach tests with 

waste-loaded sodalite have shown this waste form to be exceedingly resistant to groundwater 

leaching, slightly more so than the standard borosilicate glass waste form (12). 

The final product of the pyrochemical processing operations is pure metallic uranium. If 

this product is highly enriched in the % isotope, the metal product can  be blended with depleted 

o r  natural uranium for recycle to commercial reactor fuel manufacturing processes. If the uranium 

is low in 235U content, it can be  calcined to convert the product to U,O, or  U0,for disposal as 

- -  a low-level waste. 

The  packaged volume of high-level wastes arising from the pyrochemical process is 

considerably less than the volume of the original fuel if it were to be packaged for direct disposal. 

Current estimates of the high-level waste volume are about 0.2-0.5 m3 per metric ton of initial 

heavy metal present in the fuel. 
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CONCLUSIONS 
I 

Pyrochemical processing offers an  economical and expeditious means for dealing with the 

ultimate disposal of spent nuclear fuels presently in the custody of the Department of Energy. 

It is a simple, compact process that can accommodate nearly 99% of the DOE inventoQ, and it 

produces three common waste forms regardless of the fuel type being treated. Pyrochemical 

b 

processing places the hazardous transuranic elements in a stable, corrosion-resistant alloy of 

minimal volume and separates the highly radioactive fission products in a mineral waste form that 

is stable under long-term irradiation and resistant to  leaching by groundwater. 
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FIGURE.CAPTIONS 
I 

1. Simplified flowsheet illustrating the treatment of various spent  fuel types by means  of the 

pyrochemical process. The process yields three product streams: a mineral high-level waste form 

that contains the majority of the highly radioactive fission products; a metal high-level wakte form 

that is an alloy of the transuranic elements, lanthanide fission products and cladding materials; 

F 

and a third stream that is pure uranium. If the uranium is highly enriched in the 2% 'isotope, it 

can  b e  blended down to lower enrichment levels with depleted or  normal uranium and recycled 

to  commercial light water reactor fuel fabricators; if it is not significantty enriched in %, the  

uranium can b e  calcined to produce a low-level waste form with composition U,O, or  UO, 

2. Schematic diagram of electrorefining process. Spent fuel segments are placed in the anode 

basket and anodically dissolved. Pure uranium deposits on  the solid cathode, while a mixture of 

transuranic (TRU) elements, uranium and rare earth (RE) fission products deposit in the liquid 

cadmium cathode. Other fission product (FP) elements distribute between the salt and  cadmium 

phases  according to the stability of their chlorides. 

3. Flowsheet for the lithium process for reduction of oxide spent . -  fuel to the metallic s t a t e a n d  

subsequent separation of the fission products from actinide elements. Pure uranium is removed 

in a high-throughput electrorefiner and consolidated into ingot form in the cathode processor. The 

transuranic elements are retained in the electrolyte salt, which is transferred to a fissile 

electrorefiner (ER) for removal of the transuranics together with minor amounts of uranium a n d  

fission products. The  bulk of the fission products are-removed in the electrorefining process a n d  

sen t  to the pyrochemical process Gaste form production step. 
f .__. 
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4. Typical uranium deposit produced at the solid steel cathode in the pyrachemical process 

electrordfiner. Normal deposits for this type electrode contain about t 0 kg uranium and about 0.2 

kg surface electrolyte salt, which is removed by distillation in the cathode processor. 

r”‘ 
, 
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Table 1. ' Standard free energies of formation of fission product, actinide element, and electrolyte 

chlorides at 5OO0C, k c a h o l e .  (3,4) 

Relatively 

Stable 
CSCl 
RbCl 
KCI 
SrCI, 
LiCl 
NaCl 
LaCI, 
PrCI, 
CeCI, 
NdCI, 
YCI, 

/ 
\."I 

AGO, 

-87.8 

-87 

-86.7 

-84.7 

-82.5 

, -81.2 

-70.2 

-69 

-68.6 

-67.9 

-65.1 

Electro- 

Transportable 
CmCI, 
PUCI, 

NPCI, 
UCI, 

AmCI, 

AGOf 

-64 

-62.4 

-62.1 

-58.1 

-55.2 
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Relatively 

Unstable 

ZrcI, 
CdCI, 
FeCI, 
NbCI, 
MoCI, 
TcCI, 
RhCI, 
RuCI, 

- 
AGOf 

46.6 

-32.3 

-29.2 

-26.7 

-1 6.8 

-1 1 

-I 0 
-6 
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TRU: T n n s u n n l t  elenwnts 
FPs: Hsslon products 
RES: Rare enrth elemonts 
HLW: High-level waste 
LLW: Low-level waste 
LWR: LIght water reactor 
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