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ABSTRACT

The future viability of nuclear power as an electricity generation technology depends greatly on addressing all
aspects of radioactive waste disposal. A closed fuel cycle with recycle and burnup of actinides is one important
option for solving long-term waste sequestration issues. The 50 years of accumulated experience in application
of solvent extraction to the processing of spent nuclear fuels uniquely qualifies this technology for actinide
partitioning. However, employment of new reagents and development of new processes must be reconciled with
21st century expectations for environment protection. The interrelationship between the separations potential
and waste disposal aspects of new reagents and processes are discussed in this report.
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1 - INTRODUCTION

During the more than 50 years since the first production of weighable amounts of plutonium (using precipitation
techniques), considerable experience has been accumulated world-wide on various approaches to separating
actinides for reuse and recycle. The original precipitation methods ultimately proved ill-suited to large-scale
processing, suffering comparatively poor efficiency (less than 98%). This approach was shortly replaced by
methods based on the use of immiscible liquid phases (solvent extraction). Though future generations of
industrial-scale actinide recycle processes could be radically different (e.g., relying on molten metal and/or salts
or unconventional solvents like supercritical CO2), the so-called hydrometallurgical separations (solvent
extraction, ion exchange, and related techniques) remain the industry standards at the beginning of the 21st

century. Because of their cumulative history and favorable characteristics, they are likely to remain so for at
least the next decade and quite possible longer.

Opposing the accumulated experience in solvent extraction and ion exchange for radioactive materials
processing is the reputation acquired by this separation technology for producing considerable volumes of
difficult-to-handle wastes. This characteristic is in conflict with current demands for more careful environmental
stewardship. Continued (or expanded) deployment of actinide recycling technologies based on aqueous
processing will have to conform to a much higher standard of waste minimization than was acceptable during
application of this technology in prior generations. The millions of gallons of liquid/solid wastes contained in
underground storage tanks at closed plutonium production facilities is one side effect of the previous generation
that stands in the way of actinide recycle in the US. If we are to see a revival in the U.S. (or an expansion of
existing efforts worldwide), clean methods for actinide isolation will be required. It is therefore imperative that
waste minimization techniques be incorporated into process development and reagent design for future
generations of this technology.

The French concept of only employing CHON (carbon, hydrogen, oxygen, nitrogen) reagents clearly responds
to this reality. The goal of using no reagents that produce species other than CO2 and H2O upon incineration
should reduce the volume of ash created as reagents are destroyed upon the conclusion of their useful lifetime.
However, some classes of organophosphorus compounds that either have been or could be employed for
actinide processing exhibit unique complexation ability for actinide metal ions. It is conceivable that, under
appropriate conditions, ash-generating complexants could, for example, be employed to synthesize more
capable waste forms for disposal of the radioactive waste generated during actinide recycle. Phosphate waste
glasses and ceramics have been developed for actinide sequestration. (1) Th, U, and the lanthanides are
commonly found in phosphate mineral deposits in nature. Geochronology dating procedures typically estimate
the age of these materials at several hundred million years.
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Further complicating the tasks of
reagent design and process
development are the harsh conditions
that process reagents must be
designed to endure. For reprocessing
spent nuclear fuel, high heat,
moderate concentrations of nitric acid,
and considerable radiation-induced
destruction must be accommodated.
On top of this difficulty is the
realization that fluids generated by
fuel dissolution contain the
transuranium elements as minor
components of a complex mixture
representing about 1/3 of the periodic
table (Figure 1). The PUREX process
has enjoyed nearly 50 years of
successful industrial-scale deployment
precisely because it exhibits such high
specificity for U and Pu with
surprisingly few serious interferences
from among this diverse mixture.

The modern model for actinide recycle includes the need (not universally agreed upon) for recovery and
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usage of the fuel (though the cost-effectiveness of this aspect has been argued - (3)). From a separations
perspective, recovery of the minor actinides is somewhat problematic. In the case of Np, oxidation state control
is a long-standing and well-known problem in PUREX processing. For Am and Cm, the difficulty arises in the
extreme similarity of the chemistry of these metals in the predominant trivalent oxidation state to that of the
trivalent lanthanides (principally La-Tb plus Y) which are produced in 40% of the thermal neutron induced
fission events in 2j5U and 239Pu. This separation must be accomplished if these actinides are to be incinerated, as
some lanthanides have high cross sections for absorption of thermal neutrons and so would interfere with the
process. Without actinide transmutation, Ln/An(III) partitioning can still yield a substantial reduction in high
level waste volumes.

In this report, the considerable effort that has been invested in the development of new reagents for actinide
partitioning via aqueous processing during the past 20 years will be discussed. The various reagents and
processes based on their use will be compared within the context of those issues most relevant to their utility for
actinide recycle in the age of environmental enlightenment.

2 - KEY REAGENTS AND AQUEOUS PROCESSES

The key solvent extraction-based processes for actinide recycle and their phase transfer reagents are listed in
Table 1. While the Redox and Butex processes have experienced some industrial scale application, far more
work has been done on the PUREX process. The remaining processes and reagents in this listing have been
developed specifically to foster better options for actinide partitioning. Most have been subjected to some
degree of pilot-scale testing with actual wastes or waste simulants. Detailed process flowsheets have been
developed for most of them (4-6).



This list does not address those processes and reagents that specifically target trivalent actinide/lanthanide
separations, though at least one process does explicitly address this issue (DIDPA). Redox and Butex suffer the
defect of large volumes of salt waste byproduct. These processes will not be discussed further in this report. The
PUREX process has been the subject of considerable analysis and discussion (besides the 50 years of
implementation). Among the remaining processes, some are designed to work in conjunction with PUREX
while others are intended as substitutes for PUREX. In the following discussion, the key features most likely to
control the development and deployment of these separations technologies will be discussed.

Table 1. Characteristics of hydrometallurgical processes for actinide partitioning.

Process Primary Extractant Important Features of the Process

PUREX TBP 40+ years experience, rejects minor actinides
Redox MIBK U lost to waste stream, large waste volume
Butex Dibutylcarbitol Comparable to Redox
TRUEX CMPO Extracts tri-, tetra-, hexavalent actinides, complements

PUREX
Russian TRUEX CMPO' Extracts tri-, tetra-, hexavalent actinides, special phase

modifier
DIAMEX DMDBTDMA Extracts tri-, tetra-, hexavalent actinides, CHON reagent
TRPO Trialkylphosphine oxide Extracts tri-, tetra-, hexavalent actinides
DIDPA DIDPA Extracts tri-, tetra-, hexavalent actinides

TBP - tributyl phosphate, MIBK - Methyl(isobutyl)ketone, Dibutylcarbitol - P,P'-dibutoxy diethyl ether, CMPO
- octyl(phenyl)-N,N-diisobutylcarbamoylmethyl phosphine oxide, CMPO' - Diphenyl-N,N-
dibutylcarbamoylmethyl phosphine oxide, DMDBTDMA - N,N'-Dimethyl-N,N'-dibutyltetradecylrnalonamide,
TRPO - trialkylphosphine oxide, DIDPA - di(isodecyl)phosphoric acid

3 - KEY FEATURES

Complexity of the Reagent

Lipophilic extractants essential for hydrometallurgical separations must successfully balance several functions.
The must: 1) form complexes of moderate (but not excessive) stability with the target metal ion(s), 2) reject
competing species (metal ions, their complexes and acids), 3) maintain good phase compatibility with the
diluent, 4) readily disengage from the aqueous medium, 5) readily release the target metal under suitable
conditions, and 6) exhibit good integrity (i.e., resistence to degradation) under realistic process conditions. The
ideal reagent exhibits all of these qualities and is inexpensive to produce. In reality, more demanding separations
often require complex (i.e. expensive) reagents. Of the extractants in the processes indicated in Table 1, the
comparative complexity of the reagents increases in the order TBP < DIDPA = TRPO < CMPO' < CMPO =
DMDBTDMA (excluding the no longer used reagents MIBK and dibutylcarbitol). The molar volume of the
reagents increases in the same order (with the reversal of position for TRPO and DIDPA). This property is
important, as a larger molar volume can limit the maximum concentration of extractant that can be loaded into
the organic phase without addition of a co-solvent. The basicity (hence cation bonding strength) of the
phosphine oxides is the greatest while TBP is the weakest, as judged by the criterion of the ease of extraction of
the trivalent actinides. Though expensive reagents can impact the decision to deploy a particular separation
technology, any cost-benefit analysis must look beyond the expense of the reagent to consider the potential for
reduced costs in other areas of the process, including reduced waste disposal costs.

Effectiveness of the Reagent

The accumulated 50 years of process-scale experience on TBP-based separations has demonstrated its
exceptional specificity for An(VI) and An(IV). Few fission products are extracted from nitric acid into TBP-
kerosine phases and the accumulated years of experience on TBP extraction has supported many adjustments to
suppress the interference of those few that do extract. For total actinide recycle, TBP cannot stand alone, as
trivalent actinides are poorly extracted from acceptable aqueous media. This limitation of TBP and PUREX has
fostered the development of other processes and reagents designed to complement PUREX. Primary among



these is the TRUEX process, many variants of which have been developed around the world to handle numerous
different process streams (4,5). The TRUEX process allows extraction of tri-, tetra- and hexavalent actinides
from nitric acid (and in fact from other mineral acids) into a single solvent. Selective partitioning of the
actinides in these oxidations states is possible upon stripping. Unfortunately, the comparatively low
concentration of CMPO employed in solvent extraction requires that if it is to be used for recycle of dissolved
spent nuclear fuels it must be preceded by a process (PUREX) to reduce the concentration of U(VI) in the
solution. Phase compatibility problems also demand the use of TBP as a co-solvent.

The diamide extractants were initially promoted as completely incinerable alternatives to CMPO, albeit with
somewhat different extraction characteristics. As research has progressed on this extractant system, mono- and
diamides have come to be regarded as a potential replacement for PUREX and an alternative to TRUEX. Both
the TRPO and DIDPA reagents will extract tri-, tetra- and hexavalent actinides, though over a somewhat
restricted range of acidity. In most cases, selective partitioning of actinides in a given oxidation state is possible.
In some cases, processes have been demonstrated based on these extractants that will also permit trivalent
actinide-lanthanide separations. Optimum efficiency (i.e., waste minimization) in accomplishing this difficult
separation may ultimately require the development of new highly specific reagents that are not currently
available.

Reagent Stability and Cleanup for Recycle

Radiolytic and hydrolytic degradation of extractants, phase modifiers, and diluents is a fact of life for
hydrometallurgical processing of radioactive materials. The critical issues are the rates of degradation of these
species, whether the degradation products interfere with process operation (e.g, stripping efficiency, phase
compatibility, phase separation), and the ease with which the reagent can be cleaned up for recycle. TBP is
moderately susceptible to degradation. However, 50 years of process-scale application have fostered the
development of good methods for solvent cleanup. The degradation products (dibutyl and monobutylphosphoric
acids) can interfere with stripping of actinides from the loaded organic solution. The degradation of CMPO has
been extensively investigated. Radiation stability is greater than that of TBP, but acidic reagents are generated
that can interfere with actinide stripping. Scrubbing and other cleanup procedures have been developed. Similar
behavior should be expected from the Russian TRUEX reagent, though fluorine-based radiolysis (from the
fluoroalkane diluent) might make this process solvent more susceptible to the effect of reagent degradation.
Stability of the Diamex class of reagents has been investigated and solvent cleanup procedures are known. A
particular advantage of this reagent lies in the fact that the degradation products do not extract actinides from
dilute acid media and so do not interfere with stripping of the actinides from the loaded solvent. The TRPO
extractant is more-or-less comparable to CMPO as to its effectiveness as an extractant following radiolysis.
Cleanup procedures are also comparable to those for CMPO and TBP.

Aqueous Media

Because spent nuclear fuels are typically dissolved in 3-6 M HNO3, the medium of preference for actinide
recycle is usually nitric acid. Stripping is often accomplished by reducing the [HNO3], though complexing and
reducing agents are used on many cases. The earlier SX processes of REDOX and Butex used salts to assist in
phase transfer with the unfortunate side effect of generating large volumes of intractable wastes. The use of any
salts other than ammonium (nitrate) must result in amplification of the waste volume unless some salt recycle
process is employed. Some processes currently under development for actinide partitioning do require the
introduction of salts to assist in phase transfer efficiency. Ammonium nitrate (or hydrazinium or
hydroxylammonium nitrates) are employed, but must be used with caution because of the risk of chemical
explosion.

Aqueous complexing agents are have been employed for specific purposes in actinide recycle. For example, in
both PUREX and TRUEX flowsheets oxalate is employed to suppress the extraction of zirconium. Carbonate is
used to remove residual uranium from the extractant solution prior to recycle to the head end of the process. The
aqueous complexant diethylene triamine-N,N,N',N",N"-pentaacetic acid (DTPA) used in conjunction with
lactate are central to the effectiveness of the TALSPEAK actinide-lanthanide separation process. (7) This
process relies on the slightly stronger interaction strength of trivalent actinides with amine donor atoms (in
aminopolycarboxylate ligands) than the corresponding lanthanides. To accommodate the need for chelating
agents in strongly acidic solutions, a class of readily decomposable diphosphonic acid complexants (TUCS)
have been developed and demonstrated as effective actinide complexants in concentrated nitric acid solutions



(8). These reagents are designed to decompose upon treatment with heat and mild oxidants to yield H2O, CO2

and H3PO4.

Diluents, Modifiers. Phase Compatibility

The diluent of choice for recycle of actinides is an unsaturated normal alkane, preferably containing at least 12
carbon atoms. The most common diluent is probably odorless kerosine, a mixture of C12-C)8 alkanes with some
minor aromatic components. Dodecane has also been employed. These long chain alkanes are preferred for their
low flammability, resistence to degradation, and good phase separation properties. Aromatic hydrocarbons are
avoided due to their comparative volatility/flammability and toxicity. Though chlorinated solvents have been
used in the past in the U.S. defense complex, they are more susceptible to radiolytic damage, yielding
moderately corrosive byproducts. The Russian TRUEX process relies on a fluorinated diluent (Fluoropol732)
for adequate solubility of the primary extractant molecule.

It is often necessary to add co-solvents to prevent phase separation at high metal loading in hydrometallurgical
separations. In the case of hydrometallurgical processing of actinides the most common phase modifiers are
TBP, trilaurylamine, and octanol. Each of these reagents slightly increases the polarity of the extractant solution
and thus assists in retaining moderately polar metal complexes in the organic phase. In the case of the TRUEX
process, TBP is an essential component of the extractant solution, though there is no evidence for direct
coordination of TBP to any actinide metal ions in their extracted nitrate complexes.

Third phase formation, separation of the organic phase into heavy and light components at high metal loading, is
an issue of obvious relevance. In addition to creating havoc in mixing equipment, the formation of concentrated
solutions of fissionable metal ions in liquids phases can lead to the accidental formation of critical geometries
and the prospect of explosions. Third phase formation also generically includes the formation of solid materials
(also known as cruds) that can adversely impact mass balance in the separation process. Such solids formation is
also deleterious in that it can require shutdown of the process to clean up the system potentially increasing
worker exposure. Though these phenomena have been investigated phenomenologically for many years,
emphasizing the avoidance of conditions leading to phase separation, a good physical description of the media
formed and the physico-chemical processes leading to their formation has not yet emerged.

Destruction of Reagents

Among the reagents discussed above, organophosphorus reagents are overwhelmingly predominant. These
reagents cannot under normal circumstances generate an ashless residue upon incineration. In France, the above
mentioned CHON philosophy, requiring completely incinerable reagents (and in fact organic solvent solutions)
is designed to minimize the volume of ash created when reagents are destroyed after having fulfilled their
function. The amide extractants and polypyrrole ligands that have been developed for An(III)/Ln(III)
separations are the principal known reagents conforming to this requirement. Though the CHON reagents
should in principle accomplish the goal of producing an ashless residue, this feature does not come without
some tradeoffs. The principle challenge in developing the ashless class of reagents is to find chelating agents
that bind the actinides sufficiently strong to overcome the comparative weakness of their bonding to actinide
ions (relative to the organophosphorus reagents). Various coordination geometries (and structural backbones)
have been investigated. An improved understanding of the nature of the interactions between metal ions, their
lipophilic complexes and organic diluents might ultimately improve the design of appropriate fully incinerable
reagents for actinide separations. However, in some cases the most favorable coordination geometries cannot be
attained without incorporating a phosphorus atom.

Auxiliary Reagents and Cleanup Processes

Extractant recycle and product polishing is another aspect of actinide separations that can be factored in to a
more environmentally friendly approach to hydrometallurgical separation. In the development of extraction
processes for total actinide recycle, cleanup of the extractant solution prior to its recycle to the head end of the
process requires (preferably) "quantitative" removal of all metallic impurities, removal of organic degradation
products (arising from the extractant or the solvent), and readjustment of the organic solvent to the appropriate
acidity level. Among the troublesome species are residual actinides, ruthenium, and degradad
extractant/diluent/phase modifier residues. A comparatively simple carbonate scrub will usually suffice for
removing acidic extractant molecules and for uranium, which forms the well known triscarbonato complex



which reports to the aqueous wash solution nearly quantitatively. Redox adjustment is needed for the removal of
some metal ions. The TUCS diphosphonate compounds could be employed for quantitative stripping of metal
ions, though care must be taken to assure the absence of phosphate impurities to avoid precipitation of metal
phosphates.

Polishing of actinide products can be accomplished using additional cleanup steps. For such separations, the
option of ion exchange or extraction chromatographic methods becomes more feasible due to the large reduction
in ambient radioactivity achieved through removal of the fission products. These solid-liquid separations
methods offer the principle advantage that extremely large (orders of magnitude) reductions in the volume of
product can be achieved with comparatively little effort. The application of extraction chromatographic methods
for final purification of actinides (and separation of lanthanides from actinides) has been advanced by
researchers at the Bhabha Atomic Research Centre (4). Extremely efficient actinide sequestration "resins" have
been developed based on the 1,1-diphosphonate group featured in the TUCS compounds. A series of
polystyrene-divinylbenzene covalently bonded resins and extraction chromatographic materials are
commercially available. These materials include a silica-based material that could conceivably be directly
converted into a waste form upon relatively simple heating of the loaded resin (9). Application of such liquid-
solid separations techniques can at present be used only for selected separations. Radiation damage to the solid
separations materials and comparatively low throughput of such techniques are limitations.

Ln/An Separations

Transmutation of the trivalent transplutonium actinides in reactors requires an efficient means of separating the
Am and Cm from the substantial amount of trivalent lanthanides present in spent nuclear fuel. Without
transmutation, there is less incentive to develop procedures for this difficult separation. However, two
"environmentally friendly" benefits accrue from a successful separation of lanthanides from trivalent actinides:
1) without actinide burnup, the volume of wastes requiring the most demanding option for waste disposal, a
deep geologic repository, can be reduced by separating the moderately short-lived (or non-active) lanthanides
from the generally long-lived actinides, and 2) with complete actinide incineration (plus transmutation of long
lived I, and Tc isotopes), the time during which a geologic repository must isolate the radioactive byproducts of
fission from the environment could be reduced from millions to hundreds or thousands of years. This realization
has stimulated a considerable amount of research on the development of new processes for the mutual
separation of lanthanides and trivalent actinides.

The first process for accomplishing this difficult separation was reported by Diamond et al. during the age of
actinide synthesis and discovery. (10) It was based on cation exchange from chloride media, from which media
lanthanides are retained on the resin while the actinides pass through due to their slightly stronger chloride
complexes. This method was quickly demonstrated to work using anion exchange for phase transfer, with other
soft donor complexants like thiocyanide, and using liquid cation and anion exchangers like sulphonic acids and
amines in a solvent extraction system. The effects of radiolytic degradation generally prohibit the large-scale
application of chloride or thiocyanate ion exchange for this important separation, though it is employed (along
with a solvent extraction equivalent) at the Oak Ridge National Laboratory for the production of trans-curium
elements.(11) It has become clear over the years that ligand donor atoms "softer" than oxygen are central to all
effective group separations of lanthanides and trivalent actinides. This concept has been discussed in a prior
review (12).

Two observations have been made in the past 20 years to serve to illustrate the potential of this approach. In the
early 1980's Ensor et al (13) reported that a mixture of two soft donor extractants, neither of which is an
effective actinide extractant separately (a thio pyrazolone and a phenanthroline derivative) achieved Am/Eu
separations of about 100, favoring extraction of Am. Almost simultaneously Musikas (14) observed the general
effectiveness of poly-pyridine ligands and thiophosphates for this task. Unfortunately, the first reported
polypyridine reagent exhibited an unacceptably high tendency to distribute into the aqueous phase, rendering it
unsuitable for a useful separation method. Continued research has led more recently to the report of a new
polyaza extractant that achieves Am/Eu separation factors of more than 100. (15) Aqueous solubility is still
somewhat problematic for this reagent, requiring the use of an unconventional diluent to keep the extractant in
the organic phase. This reagent is designed with the CHON principle in mind.

More recently, separations scientists in China have observed Am/Ianthanide separations factors of greater than
1000 for a series of dialkyl-dithio phosphinic acid extractant molecules. The phosphinic acid extractants are



more resistant to hydrolytic degradation than the organophosphates investigated by Musikas. Principle among
these extractants is the commercially available reagent Cyanex 301, (bis (2,4,4,trimethylpentyl)dithiophosphinic
acid), which must be extensively purified from any oxygenated phosphinic acids to maintain the separation. The
principle obstacles standing in the way of process development using this reagent are the radiation and
hydrolytic instability of the extractant, the possible formation of colloidal sulfur as a byproduct of extractant
degradation, the identification of credible reagent recycle procedures for process development, and the
comparatively narrow range of moderately high pH that must be used for effective extraction of actinides.
Nevertheless, the high separation factors observed under process-credible conditions suggests that additional
effort is justified.

4 - SUMMARY OF THE PLUSES AND MINUSES

There are two critical aspects of hydrometallurgical processing for actinide recycle that must be considered
when evaluating the potential future for this technology in the 21st century. The first is the extent to which safety
margins of geological repository can be improved by partitioning of actinides (with or without recycle).
Actinide partitioning without transmutation will have the effect of extending the lifetime of a geologic
repository by reducing the volume of wastes emplaced, assuming that shorter-lived fission products are handled
separately in near-surface burial facilities. Accompanied by transmutation of the actinides, the necessity of
maintaining repository integrity (or more to the point, providing defendable assurance that the repository will
continue to sequester radionuclides from the biosphere) for more than 105years could be reduced by at least two
orders of magnitude. This brings up the second critical criterion, how much secondary waste will be created as a
byproduct of actinide partitioning and what measures will have to be taken to secure this material?

The former question is our typical focus in developing new reagents and processes for their use. Clearly, a
number of viable reagents and processes have been developed during the past two decades that could enable
efficient recycle of actinides. The broader questions of cost and proliferation resistence require additional
analysis beyond the scope of this report. However, expanding energy demand (world wide) during the next
century accompanied by decreasing fossil energy supplies and a technology gap between current energy
generation technologies and possible future alternatives (solar, nuclear fusion, biomass, ...) leave us with few
options in an increasingly technologically complex world. Actinide partitioning and recycle offers many
potential benefits. The second question of waste minimization is addressed directly by a number of
developments during the past two decades. The CHON principle is one approach. The idea of readily
decomposable reagents combined with alternative waste forms targeting specific waste components is another.
Incorporation of waste form compatibility into reagent and process design is also an important component of
actinide partitioning. Ultimately, a complete systems analysis is needed to determine the most efficient approach
to an environmentally-acceptable revival of hydrometallurgical processing or nuclear fuels.
One final point for consideration, in the U.S. a considerable amount of research has been dedicated during the
past ten years to the cleanup of the nuclear weapons complex. Though these programs specifically target waste
remediation, it is apparent that many new technologies developed in these programs could be readily adapted to
a new fuel cycle relying on the proven technologies of solvent extraction and ion exchange. Techniques for the
destruction of organic materials using conditions potenitally more environmentally acceptable than incineration,
including phytoremediation of chlorinated solvents in soils, hydrothermal destruction of organics in solution,
and pyroprocessing to destroy organics, could be employed. Alternate waste forms (phosphate glasses,
Ceramicrete) have been prepared in the lab and employed for some small-scale waste disposal issues. New
methods for decontamination of surfaces while minimizing waste volumes have been developed that could be
employed. A number of other exciting possibilities can be envisioned.
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