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Preface

In the twenty-first century the world will need increasing supplies of electricity to

maintain economic growth, particularly with a growing global population and increas-

ing industrialization in the developing nations. It is also becoming clear that a major

effort will be needed to decarbonize our energy supplies by around 2050 if the more

severe effects of global climate change are to be avoided. Against this background,

there is a renewed interest in nuclear (fission) energy as it has the potential to provide

large quantities of secure, low-carbon energy; although the events at Fukushima, fol-

lowing a magnitude 9.0 earthquake off the coast of Japan, have caused some countries

to decide against new nuclear reactors or to plan an exit from the use of nuclear energy,

Germany and Japan itself being obvious examples. However, elsewhere the growth in

the use of nuclear energy is continuing, being planned, or under serious consideration;

with the new generation of light water reactors expected to deliver new standards in

safety and economics.

However, questions remain as to how to deal with the used nuclear fuel from past,

present, and future generations of reactors. Essentially, two options exist: either dis-

pose of the spent fuel after containment in a suitable waste form in a waste repository

(the “open” or “once-through” fuel cycle option) or separate out the reusable compo-

nents for recycling, disposing of the residual waste products only (the “closed” fuel

cycle option). Many countries have adopted the open fuel cycle in which spent fuel

is to be stored and then moved to a geological disposal facility (GDF), as soon as

one is available. However, despite significant progress now being made in a few coun-

tries, especially Sweden and Finland, no country has yet opened a GDF for spent fuel

disposal. Nor has any country yet implemented a fully closed fuel cycle, as this

requires the deployment of fast neutron reactors that can utilize the full energy poten-

tial of uranium and plutonium fuels. “Partially” closed or “twice-through” fuel cycles

in which plutonium (and some uranium) is recycled as mixed oxide fuel for thermal

reactors have been implemented, to varying degrees of success, in a few countries;

most notably France. The amount of spent fuel, therefore, being interim-stored rather

than disposed of or reprocessed and recycled, is growing. Simple estimates suggest

that, if nothing else is done, there could be over a million tonnes of spent fuel in

interim storage worldwide by 2100. To put this in context, a GDF may hold a few tens

of thousands of tonnes of spent fuel and a typical commercial-scale reprocessing plant

will have a throughput of around 1000 ton/year.

Due to the increasingly urgent need to expand global supplies of low-carbon energy

and, hence, renewed interest in nuclear energy, there are also concerns over sustain-

ability including the security of supply of uranium in a “nuclear renaissance,” safety of

current systems, and proliferation risks across the civil nuclear fuel cycle. Moreover,



there is an increasing realization that GDF space will probably be a “scarce” resource

and fuel cycles that minimize the impacts on the GDF may have significant benefits.

Against this backdrop, the option for closing the nuclear fuel cycle by introducing

Generation IV fast reactor systems is being evaluated by a number of national and

international programs as a potential solution to these issues that could be deployed

around the middle of the twenty-first century.

To achieve the aim of a “fully” closed fuel cycle in which the energy potential of

uranium and plutonium fuels are exploited in fast reactors and the plutonium inven-

tory (and possibly also minor actinide inventory) is stabilized or even decreased will

require actinide recycling. It should be stressed that even fully closed fuel cycles

require a disposal facility for high-level wastes from reprocessing. However, closed

cycles offer advantages for reducing the footprint of the GDF and the overall radio-

toxic lifetime of the material being disposed (this requires the recycling of the minor

actinides as well as plutonium—the so-called partitioning and transmutation or P&T

scenario). While these latter factors do not necessarily benefit the safety case for the

GDF, except against low probability (but high consequence) scenarios such as human

intrusion and geological change, they may help in gaining public acceptance for radio-

active waste disposal and siting of the GDF.

Arguments against closing the fuel cycle include concerns over safety and environ-

mental impacts of fuel recycling plants; increased short-term proliferation risks from

stockpiles of separated plutonium; the time scales to implementation; and the capital

cost of providing complex infrastructure needed. Substantial R&D is also required to

develop and demonstrate the technologies needed for a commercial fast reactor

fuel cycle.

Obviously, closed fuel cycles need reprocessing and recycling capabilities in order

to generate new nuclear fuels from used fuel. To date, commercial-scale reprocessing

has been undertaken in a number of countries using the PUREX process. This pro-

duces separate pure uranium and plutonium oxide products using a hydrometallurgical

process based on liquid-liquid extraction between aqueous and organic phases. The

PUREX process has been an extraordinarily successful process for achieving these

complex and potentially hazardous separations, but it is still used in a form that is only

modestly changed since its initial development in the 1950s; essentially, as a technol-

ogy to recover plutonium from low burn up fuels for nuclear weapons programs. It is

unlikely to be an acceptable option for deployment in the mid-twenty-first century

when economic, waste management, environmental impact, and nonproliferation

demands will be far greater.

So the question arises that if we are to realize the benefits of nuclear energy while

managing the wastes by closing the fuel cycle, what technologies are there that can

realistically be deployed for reprocessing and recycling of spent nuclear fuels by

the mid to late twenty-first century? Recognizing, as well, that 10-20 years may be

needed to design, build, and commission new plants once the R&D phases are

completed.

This book hopes to help address this question by providing a series of state-of-the-

art reviews on many of the key technology developments, science, engineering, and

technical issues related to the research and development of advanced reprocessing
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options. The chapters are authored by a number of leading international experts in the

reprocessing of spent nuclear fuels and partitioning of minor actinides. At the end of

each chapter, authors have been encouraged to speculate on what they see as the future

needs and directions for research in their field. The book is divided into four sections:

Part One, entitled “Introductory issues and future challenges,” is intended to set out

the context for advanced reprocessing R&D. Chapter 1 introduces the technologies

and concepts. Chapter 2 looks more closely at the pros and cons of plutonium recy-

cling with particular reference to the French nuclear fuel cycle. A quantitative meth-

odology for evaluating the impacts of different nuclear fuel cycles is presented. These

types of techniques and analyses are valuable tools to understand the case for closing

the fuel cycle. Chapter 3 describes directions for advanced closed fuel cycle R&D,

introducing themes that recur throughout the subsequent scientific review chapters.

Finally, to frame R&D, an understanding of the wider issues is needed, and

Chapter 4 provides a timely discussion on the safety and security of used nuclear fuel

reprocessing operations. Such wider appreciation of the contextual issues described in

these four introductory chapters will enable researchers to develop processes that

address the concerns, real and perceived, that exist with regard to reprocessing and

thus, in time, hopefully to remove some of the barriers to ultimate deployment.

Part Two covers “Advances in aqueous separation processes.” Aqueous reproces-

sing is the dominant technology and is likely to remain so, at least under many closed

fuel cycle scenarios. However, step changes in the conventional PUREX process and

possibly new non-PUREX aqueous processes will undoubtedly be needed to enable

any deployment by around 2050. Such step changes must mitigate the potential objec-

tions raised against reprocessing used fuel as well as enabling the processing of a

wider range of spent fuel types (high plutonium content, nonoxide matrices, high burn

ups, etc.). Furthermore, it is not sufficient to concentrate solely on the core separation

process but the whole reprocessing and recycling system must be optimized to deliver

the necessary improvements in performance. Therefore, this section starts with a chap-

ter describing current and future dissolution technology in the headend plant area

(Chapter 5). This is the essential stage to prepare used fuel for aqueous processing,

one that must tackle some of the biggest challenges in recycling used fuels. The chem-

ical engineering and process design of reprocessing plants are described in Chapter 6.

Integrating successful lab-scale chemistry with chemical engineering and process

design is a key step in efficiently transitioning new process concepts from R&D to

industrial deployment. Chapters 7 and 8 then review two important aspects of the sep-

aration process chemistry—the design and application of organic ligands for solvent

extraction and the effects of ionizing radiation on these ligands. Chapters 9–11 then

take us into the core separation processes, covering two aspects particularly relevant to

advanced recycling: (a) the reprocessing of fast reactor fuels and (b) the partitioning of

the minor actinides from high-level wastes so that they can be burned (transmuted) in

fast reactors. Recovering the minor actinides is extremely challenging due to the

chemical similarity between the trivalent minor actinides and lanthanides. Neverthe-

less, much progress has been made internationally in this field and this is considered

by two reviews of recent developments in Europe (Chapter 10) and in the

United States (Chapter 11), where some really significant advances have been made.
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Part Two concludes with three chapters describing how the separated actinide prod-

ucts in solution are converted to solid materials in the product finishing lines of a

reprocessing plant. These solid materials are usually oxide powders suitable for pro-

cessing into new nuclear fuels. The focus on these chapters is advanced methods of

coconverting uranium and plutonium (or uranium, plutonium, and minor actinides)

directly into mixed actinide oxides. Chapter 12 covers thermal denitration;

Chapter 13 looks at the oxalate precipitation process; and Chapter 14 describes sol-

gel and other routes. Development of more innovative product finishing routes such

as these coconversion processes can provide better integration between reprocessing

and fuel manufacturing, with potential gains in the overall economics, efficiency, and

proliferation resistance of used fuel recycling.

Part Three, “Pyrochemical processes,” looks at the progress being made interna-

tionally on the main alternative technology to aqueous-based reprocessing and recy-

cling. There is a growing consensus of opinion that aqueous and pyroprocesses are not

necessarily competing technologies but complementary, with each being better suited

to particular nuclear fuel cycle scenarios. Chapter 15 gives an overview of interna-

tional developments in the core pyrotechnology: metal electrorefining. Progress of

international pyroprograms, including the United States and Russia, are then

reviewed. This is followed up by three chapters looking in greater detail at the major

advances made toward pyroprocessing in Korea (Chapter 16), at the European Joint

Research Centre (Chapter 17), and in Japan (Chapter 18). As well as metal electrore-

fining, oxide electroreduction is covered as this is a necessary pretreatment if oxide

fuels are to be reprocessed using pyrochemical methods. From these chapters, it is

clear that the technical maturity of the pyroprocess is growing with significant efforts

now being made to address the issues relevant to industrialization of the process and

associated engineering.

The final section of the book, Part Four “Implementation of advanced closed fuel

cycles,” summarizes progress being made in some leading countries around the

world toward deploying advanced closed nuclear fuel cycles later this century, or at

least to have the option to do so. Regions covered are the United States

(Chapter 19), China (Chapter 20), Korea (Chapter 21), and Japan (Chapter 22).

Chapter 9 also includes a section looking at the Indian plans for closing the fuel cycle

and Chapter 3 includes the French view on a roadmap toward deployment of advanced

fuel cycles. Chapter 23 then considers how multinational or multilateral approaches

could be developed to deliver internationalized fuel cycle services that enhance non-

proliferation and security objectives while meeting world nuclear energy demands.

With regard to removing some of the barriers to the future deployment of closed fuel

cycles, this chapter and the Royal Society report on which it is based (Cashmore et al.,

2011) summarize some important ideas for international nuclear fuel cycle develop-

ment and growth. Lastly, up to this point, the book has concentrated on actinide recy-

cling in the dominant (U, Pu) fuel cycle but, with increasing attention being paid once

again to the role thoriummight play in future nuclear power generation, the section, and

book, ends with an overview of the recycling of thorium-based fuels in the thorium fuel

cycle (Chapter 24). Similarities and differenceswith the (U, Pu) fuel cycle are apparent

but, again, it is clear that R&Dwill still be required to optimize thorium fuel recycling.
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From these chapters, it is clear that, while advanced reprocessing and recycling

technologies can lead to acceptable options to close the nuclear fuel cycle by about

2050, their development and demonstration remains a major R&D challenge. Never-

theless, given the potential benefits of nuclear energy, it is a challenge worth addres-

sing. There is clearly substantial progress being made internationally with both

advanced aqueous and pyrochemical routes looking like realistic options, depending

on the fuel cycle scenario envisioned by a particular country or region. Understanding

wider concerns over safety, nonproliferation, economics, environmental impact, and

public acceptability is vital to direct R&D that resolves the barriers to eventual deploy-

ment. The science base is fundamental to success but engineering and design are

equally important in making real progress. Clearly, much of the R&D relies on highly

specialized, rare facilities for handling radioactive materials and so international

cooperation in R&D can enable faster progress, raising standards, while minimizing

costs to collaborating nations.

To conclude, this book is aimed at researchers in the field of nuclear fuel reproces-

sing and actinide recycling; providing a mix of detailed reviews of specific chemical

processes with overviews of some of the wider issues that influence the directions of

R&D and, ultimately, the likelihood of implementation. Secondly, training and edu-

cation of new scientists and engineers is of critical concern to the nuclear industry in

many countries and, hopefully, this book will be a useful aid to the development of the

next generation of researchers, experts, engineers, and managers that are needed for

the safe, sustainable, and responsible use of nuclear energy in the twenty-first century.

Finally, in some parts, this book covers similar ground to the earlier book in the

Energy Series from Woodhead Publishing, Advanced separation techniques for
nuclear fuel reprocessing and radioactive waste treatment, edited by K.L. Nash

and G.J. Lumetta. Additional details on some of the separation process chemistries

covered herein can be found in this complementary and highly recommended title.

Robin Taylor
National Nuclear Laboratory, Central Laboratory,

Sellafield, Seascale, United Kingdom
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1Introduction to the reprocessing

and recycling of spent nuclear fuels

Kenneth L. Nash1, Mikael Nilsson2
1Washington State University, Pullman, WA, USA; 2University of California
Irvine, Irvine, CA, USA

Acronyms

AGR advanced gas-cooled reactor

AHA acetohydroxamic acid

CEA Commissariat à l’énergie atomique et aux énergies alternatives

COEX coextraction process

CRIEPI Central Research Institute of Electric Power Industry

HDBP dibutyl phosphoric acid

HLLW high-level liquid waste

HLW high-level waste

IFR integral fast reactor

IHM initial heavy metal

LET linear energy transfer

LMFBRs liquid metal fast breeder reactors

LWR light water reactor

MIBK methyl(isobutyl) ketone

MOX mixed oxide

OECD The Organisation for Economic Cooperation and Development

PUREX plutonium uranium reduction extraction

TBP tri-n-butyl phosphate
THORP thermal oxide reprocessing plant

UREX uranium extraction

VVER Voda Voda Energo Reactor

1.1 Introduction

1.1.1 Drivers for expansion of nuclear power/global climate/
base load generation

The Industrial Revolution began in the early to mid-nineteenth century, with the intro-

duction of mechanization of work. Mankind’s new machines (e.g., sawmills, steam

engines) led to a general increase in prosperity and the development of the concept

of leisure time; mechanization of repetitive tasks allowed human society to move

away from amodel for society based on the physical labor of humans and their domes-

ticated draft animals. The combustion of fuel to produce heat engines enabled an
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expansion of free time that led in general terms to an increase of interest in how and

why the universe works as it does. This evolution produced a continuous wave of

increasingly sophisticated newmachines that grew naturally out of mankind’s increas-

ing knowledge and curiosity. By the end of the twentieth century, men had walked on

the moon and split the atom.

It is estimated that in the early 1800s the population of the planet passed the one

billion mark. At the middle of the nineteenth century, about 95% of the power needed

to sustain the pace of industrialization was derived from renewable sources, primarily

hydromechanical power and the combustion of wood (Ristinen and Krushaar, 1999).

The exploitation of this apparently inexhaustible resource at the scale needed to sus-

tain the pace of progress led ultimately to the significant depletion of native forestland

in the United States and in Europe. By the middle of the nineteenth century, the con-

sumption of fossil fuels began with the serious exploitation of the much higher energy

density of coal. Though adventitious petroleum products have been in use since 4000

BCE, modern exploitation of petroleum at a large scale can reasonably be traced to

Edwin Drake’s construction of the first petroleum drilling machine in Titusville,

PA, in 1859 (Dickey, 1959). The introduction of liquid fuels enabled more options

in transportation and led to the development of the automobile and increased mobility

by the end of the nineteenth century. The exploitation of oil also arguably represents

the first deliberate extraction of natural gas. Until the development of the Bunsen

burner and the concept of a natural gas pipeline, methane was utilized primarily

for the production of light. At each stage of evolution in fossil fuel consumption,

the energy density of the fuel decreased (relative to coal), but utility and ease of

distribution increased.

Meanwhile, global population and consumption of energy in all forms continued to

grow. By the beginning of the twentieth century, global population was nearing 2 bil-

lion and power production in the developed world was more than 70% based on coal

combustion. As a result of increasing consumption of power by man’s machines, the

workplace became a less hazardous environment and average life spans began to

increase. Aside from the influence of two World Wars and the Great Depression dur-

ing the twentieth century, average life expectancy tracks almost linearly with energy

consumption (Figure 1.1). Jumping ahead to the twenty-first century, planetwide pop-

ulation passed 7 billion in October 2011. Today total consumption of power remains

somewhere between 80% and 85% derived from fossil carbon combustion; low-

carbon nuclear power represents about 9% of global energy consumption.

The cumulative effects of fossil carbon consumption and increased overall human

knowledge led by the end of the twentieth century to a rise in concerns about the poten-

tial climatological impact of more than 150 years of reinjecting fossil carbon into the

accessible environment. The report of a steep rise in atmospheric CO2 concentration

since the beginning of the industrial revolution (representing a roughly 25% increase)

combined with the perception of increased frequency of more severe weather events

led ultimately to increasing concerns that global climate change was being fueled (pun

intended) by fossil fuel consumption. This observation led to increased activity related

to the means of either (1) replacing energy derived from fossil carbon with less CO2-

intensive alternatives or (2) devising effective strategies for sequestration of CO2.

4 Reprocessing and Recycling of Spent Nuclear Fuel



In response to option 1, renewable resources (wind and solar, primarily) and nuclear

power became favored topics for consideration. Government tax incentives have sup-

ported (in the United States and elsewhere) a significant increase in wind and solar

contributions to the overall energy production balance. This renewable energy has

captured an increasing share of global energy production. Unfortunately, the pace

of industrialization in underdeveloped countries has resulted in a large increase in con-

sumption of energy and effectively little displacement of fossil carbon combustion

(though natural gas is displacing coal1).

How large an impact on the livability of planet Earth the continued combustion of

fossil carbon will have is in the province of climate modeling and mapping of the

paleoclimate. In recent years, climatologists have almost universally agreed that con-

tinued injection of fossil carbon into the atmosphere will have deleterious effects, per-

haps even in the near future. The development of alternative fuels that avoid the

introduction of additional greenhouse gases into the atmosphere has spurred govern-

ment subsidies supporting the creation of other power-production technologies that

avoid fossil carbon combustion (in particular solar and wind technologies). Though
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Figure 1.1 Average life expectancy (at birth) correlation with per capita energy consumption

1850-2010 (U.S. Life Expectancy, 1850-2011; U.S. Energy Consumption, 1775-2009; U.S.

Population, 1810-2010; U.S. Census Bureau, 2013).

1 Though both natural gas and coal combustion result in the transfer of fossil carbon from the subsurface

into the accessible environment (predominantly in the form of CO2), the per-kg emissions of CO2 are

approximately 50% lower for natural gas than coal. There are also no heavy-metal emissions associated

with gas combustion while coal ash contains significant amounts of a variety of heavy metals and other

mineral-derived toxins.
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climate models cannot offer ironclad proof of a negative impact of continued reinjec-

tion of fossil carbon into the atmosphere, the increasing consensus is that severe cli-

mate impacts may/will result from continuing the domination of power production by

fossil carbon.

A companion question is whether renewable energy sources/conservation strate-

gies can be improved adequately to serve the energy needs of the 9 (or more) billion

inhabitants of the planet that are expected by mid-century. Government subsidies and

tax credits have spurred development of new wind and solar installations, principally

in the developed world. Conservation efforts also have been stepped up and they are

having an impact on the rate of power consumption increase, but a growing global

population base and increasing demand for energy-consuming devices (computers,

phones, automobiles, etc.) will ensure that demand will continue to grow. It will be

challenging to overcome the reality that the wind does not always blow, nor does solar

radiation always penetrate to where the solar receptors are located. Developing strat-

egies for efficient storage are critically important for these options to respond ade-

quately to demand cycles. In addition, the transition from electricity grids based on

centralized generation (power plants) to distributed generation (e.g., rooftop solar col-

lectors) will require considerable investment for electricity distribution. Fission

energy represents an important opportunity to reduce the carbon emissions associated

with power production.

Research and development activities for advanced nuclear power options and in

some countries financial incentives for a generation of “new build” have been seen.

At present, there are about 70 new nuclear power plants under construction globally,

led to a significant degree by major construction activities in China, Russia, and India

(World Nuclear Association, 2014). Unfortunately, a magnitude 9 earthquake and tsu-

nami caused damage to four reactors at Fukushima, Japan, inMarch 2011. This natural

disaster and subsequent nuclear reactor accident has led several countries to alter their

new construction plans and, in fact, to consider eliminating fission-based power

completely. Despite this complication, the plants under construction, and recognition

that roughly 17% of the global population remain without electricity, appear poised to

drive continued development of nuclear options. The major builds of new capacity

ongoing in Russia and China particularly are perceived to represent a calculated cam-

paign to develop potential nuclear construction and services commerce opportunities

for these countries.

1.1.2 Nuclear fission with thermal and fast neutrons

Natural uranium is on average 99.3% 238U/0.7% 235U, with a very small percent

of decay daughter 234U. All uranium isotopes are radioactive (t1/2 (238U)¼
4.5�109 years, t1/2 (235U)¼7.0�108 years, t1/2 (234U)¼1.6�105 years) though
238,235U are primordial (Choppin et al., 2002a). In a neutron flux, each isotope has

a moderate neutron capture cross section; for thermalized (0.025 eV kinetic energy)

neutrons, capture by 234,238U leads predominantly to the creation of the next heaviest

isotope(s) of uranium, 235U and 239U; 239U decays by b� emission to produce first
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239Np then, after a second b� decay, 239Pu. The fissile isotopes 235U and 239Pu upon

capture of a thermal neutron have, respectively, an 85% and 73% probability of under-

going fission, producing two large fragments, ionizing radiation and on average 2.5

excess neutrons that can enable a chain reaction (Choppin et al., 2002b). The remain-

ing fraction loses its nuclear excitation energy to produce 236U and 240Pu, neither of

which are fissile. With successive neutron capture reactions in a reactor, heavier iso-

topes (and elements) are produced. These isotopes are largely responsible for the

buildup of transuranium elements in used reactor fuel; an additional neutron capture

reaction by 240Pu produces the fissile isotope 241Pu that, with a higher overall capture

cross section than 239Pu, undergoes fission 73% of the time, each time it captures a

thermal neutron.

In liquid metal fast breeder reactors (LMFBRs), the neutron spectrum is much

harder (higher kinetic energy) due to the absence of a moderator. Under these condi-

tions, overall capture cross sections are much lower than for thermal neutrons, but for

many actinide isotopes the neutron capture cross-section ratio (n,g vs. n,f) generally
tends to favor fission: 235U—77%, 238U—13%, 239Pu—77%, 240Pu—41%, 241Pu—

82% (Choppin et al., 2002b). Per-event fission neutron yields are also typically higher

in fast reactors. Among the most important activation products in discharged reactor

fuel are the transuranium isotopes including (besides plutonium) 237Np,
241,243,242mAm, and 242,244,245,246Cm. Several of these isotopes are comparatively

long-lived and because they are a-emitting nuclides, they contribute significantly

to the long-term radiotoxicity of used nuclear fuel. Americium-241 is particularly

troublesome in aged nuclear fuel because it decays with a significant contribution

to the penetrating radiation dose from a 60 keV g-ray and its concentration actually

increases in storage of intact fuel because of the significant presence of 14.3 year

half-life 241Pu parent nuclide. Lesser amounts of 241Am are generated if plutonium

is promptly recycled back to thermal reactors as mixed oxide (MOX) fuel.

Because of the general patterns of stability of the arrangements of neutrons and

protons in nuclei, the process of fissioning an actinide nucleus produces a double

humped, but more-or-less symmetrical distribution of heavy (average mass number

about 140) and light (average mass number about 95) fission products. Because the

average neutron/proton ratio for actinide nuclei is greater than 1.5 and that of fission

products 1.2-1.4, the primary products of fission are neutron rich. As a result, fission

products tend to undergo b� decay and for some excited isotopes neutron emission.

The average loss of mass in the process of fissioning a single actinide atom is the ener-

getic equivalent of about 200 MeV of kinetic energy, most of which is carried to the

matrix by the massive fission products. The fission products include isotopes of every

element in the periodic table from gallium to holmium plus transuranium actinides;

thus, the chemistry of all groups of the periodic table are represented in used nuclear

fuel. Freshly discharged fuel is intensely radioactive and retains sufficient thermal

heat (after removal from the reactor and the cessation of neutron capture reactions)

to require active cooling for at least several years after removal from the reactor.

The loss of the ability to cool discharged used fuel contributed to the severity of

the accident at Fukushima.
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1.1.3 Radiation, radiotoxicity indices, and thermal signature
of fuel post removal from the reactor

In light water reactors (LWRs) powered by 3-5% enriched uranium, approximately

one-third of the core must be replaced on an average 18 month cycle; the buildup

of fission products (primarily lanthanides, which have a high thermal neutron capture

cross section) makes control of reactor operation within recommended safe operation

limits more difficult. Beyond 18 months of irradiation, degradation of the fuel matrix

due to extensive fission product recoil damage is also a factor in determining the fre-

quency of refueling. One day after discharge of fuel from the reactor, approximately

48,000 curies/kg of initial heavy metal (IHM) is present in spent fuel (Choppin et al.,

2002c) decreasing to about 1000 curies after 1 year of cooling (33,000 MWd/t IHM

burnup). During the first 20 years, average decay energy is about 700 keV, primarily

b� and g radiation; after about 100 years, the dominant mode of decay is a-emission

(from actinides) with a peak energy of about 5 MeV. At one day after discharge, radio-

active decay heat is 193 W/kg (initial uranium), 76% from fission products (Choppin

et al., 2002d); after one year in storage, the heat load decreases to 10.8 W/kg, 95%

derived from fission product decay. After 1000 years in storage, the heat produced

has dropped to 0.054 W/kg, 100% derived from actinides.

1.1.4 Motivation and options for managing risks presented
by used nuclear fuel

Given the intensity and persistence of the radiation field of discharged irradiated

nuclear fuel, it is clear that significant handling precautions are needed for reasons

of safety and security. At the same time, it is clear that the thermal and penetrating

radiation fields decrease to “manageable” levels after about 500 years, heat decreasing

more rapidly than radiation. In a period up to about 200-300 years, intact nuclear fuel

has been considered to be “self-protecting” from intrusion because of the intense

gamma radiation field. This philosophy of using high radiation fields as a “guarantee”

of fuel remainingwhere it is emplaced for an extended period of time was an important

driver for adoption of the open (single pass, or once through) nuclear fuel cycle in the

United States. In this approach, the used fuel is considered as the waste form to be

deposited in a geological repository permanently with appropriate warnings announc-

ing its presence with a “danger, keep out” type of warning.

The question of whether it is appropriate to dispose of fissile material, specifically

isotopes of plutonium, in this manner is not addressed in this approach. Clearly, it is

essential that this hazardous material be isolated from the accessible environment. It is

equally clear that opportunities to someday develop a market in fissile material

removed from a repository might not be a grand concept. A further argument against

direct disposal could arise from consideration of the expense associated with the cre-

ation of a fissile fuel (plutonium) then treating it as an undesirable by-product. In a

fossil-energy constrained world, the direct disposal option for operating a nuclear

power cycle bears further consideration. Another possible motivation for considering

processing of used nuclear fuel after some interval of storage is the presence of several
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potentially valuable elements other than actinides that can be found in used fuel at

concentrations higher than that found in many natural sources. A few fission products

worthy of such consideration are selected lanthanides, xenon, platinum group metals,
137Cs, and 90Sr. Clearly, the decision whether or not to close the nuclear fuel cycle is

complex and there is probably not a single correct solution that is applicable globally.

1.2 Options for spent fuel management (store, dispose,
recycle)

1.2.1 Closed vs. open fuel cycles

The five essential features to be considered in the decision of whether or not to recycle

nuclear fuel are discussed below.

1. Protection of people from the effects of excess exposure to ionizing radiation.
Used nuclear fuel upon discharge from the reactor is intensely radioactive due initially

to beta and gamma radiation from fission product decay. After a few hundred years the

radiation field is dominated by decay of alpha-emitting transuranium actinide iso-

topes. At high-radiation dose levels, ionizing radiation is known to be harmful.

The correlation between dose and effect is less clear at low-radiation dose levels.

For the direct disposal option, long-term radiotoxicity is dominated by plutonium iso-

topes; thus, fuel must be isolated from the accessible environment for 10 decay half-

lives of 239Pu, about 250,000 years. Reprocessing with actinide transmutation shifts

the radiotoxicity focus to fission products 90Sr and 137Cs, and the acute radiotoxicity

threat is reduced to 300-400 years.

2. Prevention of nuclear weapons proliferation. By mass, about 1% of used fuel

from conventional LWRs is plutonium isotopes, which could be isolated from the fuel

using well-known chemistry. Though reactor-grade plutonium does not possess an

optimum isotopic blend for nuclear weapons, separated plutonium reserves could

be used to assemble crude fission devices; thus, it is essential to consider the ideal

means by which such diversion could be hindered. An argument can be made for

the continuous recycling of plutonium to maintain a persistent fission product gamma

radiation “shield” to limit the probability of plutonium diversion to weapons produc-

tion. Whether or not to develop actinide transmutation systems to consume the TRU

elements for power production is a component of this discussion.

3. Ensuring an adequate supply of nuclear fuel. Best estimates are that terrestrial

reserves of uranium might be adequate for current operational practices for around

300 years of continued operation (Uranium 2011: Resources, Production and

Demand, 2012). A larger, but more dilute reserve exists in the world’s oceans; uranium

supplies could be extended by this means. Another alternative would be to develop fuel

cycles based on the transmutation of thorium (terrestrial reserves estimated to be three to

four times that of uranium) to produce fissile 233U. With appropriate development of

safeguards against weapons diversion, it is also conceivable that uranium-plutonium

breeder reactor options could be developed to transform fertile 238U into fissile 239Pu.
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4. Expense of reprocessing. Clearly, there must be a cost differential between direct

disposal of used fuel after a single reactor cycle and the cost of treating that fuel to

partition usable materials (fuel, minor actinides, and other potentially valuable by-

products). Across the fuel cycle, the cost of reprocessing would be partially offset

by reduced expenses for mining and enriching uranium. A further cost saving might

be gained by reducing the need for repository space, as HLW volumes are decreased

by about five times after reprocessing to isolate uranium and plutonium for recycling

(Choppin et al., 2002e). Various analyses of these costs have produced different esti-

mates of the net expense of reprocessing, partitioning, and transmutation of actinides.

If plutonium and minor actinides are transmuted, consideration of an increased safety

margin in repository design and execution should be (but is not always) incorporated

into the analysis. A more challenging calculation would be to include the potential

financial impact of increased climate upsets from continued/expanded use of fossil

carbon as a primary energy source.

5. The challenge of establishing the integrity of an engineered (repository) system
for a time greater than that of all human civilization. The oldest human engineered and

built structures in existence today are probably the pyramids of Egypt, several thou-

sand years old. Though a repository system would be located underground, thus in

principle isolated from the accessible environment, there are no examples of durable

man-made structures with longevity of greater than (the direct disposal minimum)

250,000 years. Actinide recycle and transmutation significantly reduces the time

frame that the waste must remain intact and sequestered and effectively shortens

the required intact life of a repository to less than perhaps 1000 years.

1.3 Technology overview

There are at present two options for developing reprocessing systems: the conven-

tional approach based on aqueous solutions and the alternative concept of pyroelec-

trometallurgy (Nash et al., 2006). More than 60 years of research and process

experience represent the foundation for aqueous methods. Pyrometallurgical

approaches have been investigated and exercised on a smaller scale and primarily with

an emphasis on research and development activities.

1.3.1 Aqueous options

Contemporary reprocessing technology begins with the dissolution of UO2 fuel in

concentrated nitric acid solutions followed by solvent-extraction processes designed

to extract the target metallic species (mainly actinides). As presently configured, used

fuel reprocessing is carried out using PUREX chemistry to extract uranium (95% of

the heavy metal content) and plutonium (1% of the IHM content), and fission products

and minor actinides are treated as wastes for disposal as high-level radioactive waste

that is immobilized in a solid matrix, either glass or ceramic. Plutonium can be

recycled to create MOX fuel by blending the plutonium with natural uranium.
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In France (global leaders in commercial reprocessing) the recovered used uranium is

stored for future use and plutonium converted toMOX fuel. MOX fuel can be recycled

to conventional LWRs to extend the utilization of the mined uranium.

1.3.2 Dry (pyro) processing

Dry (or nonaqueous) methods, as the name implies, require that the process be per-

formed under inert atmosphere and in the absence of aqueous media, as water and

atmospheric oxygen may react violently with some of the chemicals used. Most pro-

cesses that fall under this category use molten salts and/or liquid (molten) metals at

temperatures above the melting point of the material. The benefit of pyroprocessing is

that the chemicals used tolerate high radiation doses, which allows for treatment of

used fuel without having to wait for an extended period of time to let the material

decay to lower levels of activity. High levels of fissile material can also be tolerated

without issues of criticality, as there is no moderator present (water moderates neu-

trons in aqueous processes). This makes pyroprocessing attractive for high burn up

and short cooled fuels and for reprocessing of fuel from fast reactors.

There are still several different concepts of this type of process under development,

unlike PUREX, which is the benchmark for aqueous reprocessing, and detailed

descriptions of different types will be given in later chapters. One of the common pro-

cesses is the molten salt electrorefining method used for example in the IFR (integral

fast reactor) concept (IAEA Nuclear Energy Series, 2011). This process begins with

chopping of the fuel pins and loading the pieces into a basket that is lowered into an

electrorefining cell. The basket with the chopped up fuel is filled with cadmium chlo-

ride (CdCl2) and comprises the anode. The electrorefining cell is filled with a molten

salt, that is, electrolyte, such as a eutectic mixture of potassium chloride (KCl) and

lithium chloride (LiCl) at high temperature. Two cathodes are lowered into the elec-

trorefining cell, one solid cathode made of (for example) low carbon steel, and one

liquid cathode consisting of liquid metal cadmium. An appropriate electrical potential

is imposed across the circuit. At the anode the uranium, plutonium, minor actinides,

and most fission products are dissolved and transported into the electrolyte. The metal

cladding and hulls remain in the basket due to the difference in redox potential

between the different elements. The cladding material, for example, zirconium, iron,

as well as noble fission products, have a higher standard reduction potential than the

actinides and other fission products (Koyama, 2011a). The uranium dissolved in the

electrolyte is deposited on the solid cathode. The plutonium, the minor actinides, and

some of the uranium are deposited in the molten cadmium cathode. The fission prod-

ucts remain in the molten salt. The actinides can be recovered in metallic form, as

ingots. The salt can be purified by (for example) absorption of the fission products

in a zeolite material to allow for the recycling of the salt back into the electrorefining

cell. The salt waste product is processed into a ceramic waste form and the remaining

waste is in metallic form. Although these processes have been studied for as long as

aqueous processes, there is no plant at a scale comparable to commercial aqueous

reprocessing in operation today. One of the challenges associated with pyroprocessing
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is to create a continuous process, as the electrowinning is done batch-wise. This

presents an obvious challenge for scale-up.

The pyroprocessing category also includes the fluoride volatility process that

utilizes the difference in volatility and chemistry of uranium hexafluoride (UF6)

and plutonium hexafluoride (PuF6) compared to other elements in the fuel. Although

this process has advantages in terms of recovery and purity of the UF6 product, there

are challenges in the recovery of PuF6 due to the instability of PuF6 (IAEA Nuclear

Energy Series, 2011).

1.4 Historical development of reprocessing

1.4.1 Nuclear weapons development

Nuclear fission was discovered in the late 1930s in Germany (Rhodes, 1986), shortly

before the outbreak of World War II. The leap from discovery to consideration of the

possible impact of creating weapons based on this discovery took only a very short

time; in fact, it might arguably have predated the demonstration/discovery. The exi-

gencies of wartime scientific discovery ultimately gave rise to the Manhattan Project,

nuclear weapons, the end of World War II, and the Cold War. Though nuclear science

advanced steadily throughout that period, nuclear technology dictated to a large

degree the pace and direction of that progress. When President Eisenhower delivered

his Atoms for Peace speech at the United Nations in December 1953 (Atoms for Peace

Speech, 1953), it marked a transition toward a broader spectrum of potential applica-

tions of this new source of power. This shift led first to nuclear-powered submarines

and ultimately to land-based nuclear power plants based on a scaled-up version of the

submarine-designed water-cooled reactor.

1.4.2 BiPO4/redox/butex/PUREX

The roots of nuclear fuel reprocessing also are found in that same realm of war and

commercial technology. After Seaborg and coworkers discovered plutonium, it was

quickly established as an alternative (more economical and potentially faster than ura-

nium isotope enrichment) pathway to nuclear weapons that could be built around

nuclear reactors and chemical processing (Seaborg and Loveland, 1990). Using

precipitation methods first demonstrated at UC Berkeley/the Rad Lab, the bismuth

phosphate process (BiPO4) was scaled up from its first demonstration at the micro-

gram scale to the kilogram scale (famously a factor of 109) without intermediate

development of pilot-scale demonstrations. The BiPO4 process suffered some impor-

tant limitations: (1) it did not support the recycling of the limited supply of uranium

that was available, (2) 2-3% of the desired plutonium product was lost to waste due to

the inherent inefficiency of solid-liquid separations, and (3) it was amajor generator of

radioactive wastes (dealing with the phosphate from this process still represents one of

the major challenges of the proposed cleanup of the Hanford site in Washington state;

National Academy Press, 1996).
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The inability to recycle uranium drove Hanford’s transition to solvent-extraction-

based processes. The first was the Redox process based on extraction of uranium and

plutonium with separation of plutonium from uranium developed around manipula-

tion of the redox chemistry of plutonium. As the methyl(isobutyl) ketone (MIBK)

extractant is a relatively weak phase-transfer agent, the aqueous medium employed

was based on aluminium nitrate (Al(NO3)3) as a salting-out agent. Wastes from this

process represent the primary source of aluminum in Hanford tank wastes. In the

United Kingdom, a cleaner option based on the polyether extractant “dibutyl cello-

solve” used similar chemistry to partition U/Pu from nitric acid media. Arguably,

the most enduring adjustment was the next one in which plutonium redox chemistry

was still employed but the significantly more efficient extractant tri-n-butyl phosphate
(TBP) enabled the PUREX process, which 60+ years later remains the industry stan-

dard. Decades of plant operation experience and continued research and development

have steadily improved performance of the process.

1.4.3 Reprocessing of commercial fuels

In the 1950s, nuclear fission technology transitioned into a new source of electricity and

commercial nuclear power plants were planned, built, and operated. In its earliest con-

ception, civilian nuclear power was introduced with reprocessing of material as part of

the plan. Used fuels from thermal reactors were to be reprocessed and the products, ura-

niumand plutonium, recycled into new fuel. Furthermore, itwas understoodearly on that

recycling of the material would require a fleet of fast reactors to effectively utilize the

uranium available from mining operations, that is, breeding and burning of plutonium.

The PUREX process rapidly took over from previous methods used (as discussed

above) and in 1954 PUREXwas put into operation at Aiken, South Carolina, albeit not

for civilian purposes. In 1966 Nuclear Fuel Services, Inc., commissioned the first

reprocessing plant in the Unite States for civilian fuel (Benedict et al., 1981). The plant

was located inWest Valley, New York, and operated with a capacity of 1 ton/day. The

plant was closed in 1972 in preparation for upgrades to increase the capacity and to

adhere to new federal regulations. However, as the political situation changed and

emphasis on nonproliferation began to weigh heavily in the debate, President Carter

announced in 1976 that reprocessing should not proceed in the United States. That

same year Nuclear Fuel Services, Inc., announced that the West Valley plant would

not be reopened (Tsoulfanidis, 2013). Since then no commercial fuel has been repro-

cessed in the United States. However, reprocessing on a commercial scale had at that

point begun in countries outside of the United States and those activities have contin-

ued in several countries to the present day.

In France, the UP-1 plant in Marcoule was commissioned in 1958 for processing of

defense waste. This plant used PUREX chemistry. The Windscale plant in the United

Kingdom was commissioned in 1952 and initially used the Butex process (referring to

the extractant used, dibutyl carbitol, i.e., Butex), but with the commissioning in 1964

of the larger Magnox reprocessing plant the site eventually switched to PUREX as this

new technology was shown to be superior. The experience gained using the PUREX

process allowed both France and the United Kingdom to construct and commission

Introduction to the reprocessing and recycling of spent nuclear fuels 13



larger-scale reprocessing plants for commercial use. In 1948 Russia, then part of the

Union of Soviet Socialist Republics, began reprocessing, for defense purposes, at the

Mayak plant in Chelyabinsk-65. In 1977, the RT-1 reprocessing facility was commis-

sioned at the same site with the purpose to reprocess used fuel from VVER-440 reac-

tors, as well as some other commercial, research, and naval reactor types. The plant

was designed with a capacity of 400 ton/year, utilized the PUREX process, and pro-

duced material for MOX fuel. Japan started construction of their first reprocessing

plant in 1971 at Tokai-Mura, which started operation in 1977. The plant had a capacity

of 300 ton/year and provided the experience that would allow for the commercial plant

in Rokkasho-mura to be constructed several decades later. Other countries have con-

structed and operated reprocessing plants larger than lab-scale. For example Belgium,

in a consortium of 13 OECD member countries, operated a pilot-scale reprocessing

plant in Dessel from 1957 to 1974 (Eurochemic—A Belgoprocess Project, n.d.); in

Germany, the MILLI facility with a capacity of 1 kg fuel/day/extraction cycle allowed

for the commissioning of the reprocessing plant in Karlsruhe, which operated

until 1990.

1.5 Survey of modern PUREX-based reprocessing2

The bulk of used commercial nuclear fuel that has been reprocessed cumulatively to

date has been done in France and the United Kingdom, where currently the largest

reprocessing capacity exist. The La Hague site in France with its two reprocessing

plants, UP-2 and UP-3, has a combined capacity of 1700 tHM/year. The UP-3 plant

was built exclusively to reprocess foreign fuel from countries lacking this capability

but with an inventory of used fuel. The Sellafield site in the United Kingdom operates

two plants. The Magnox reprocessing plant operating since 1964 to reprocess fuel

from theMagnox reactors, and the more recent THORP plant is dedicated to reprocess

oxide fuel from LWRs and advanced gas-cooled reactors (AGRs). As the utilization of

Magnox reactors ends, the Magnox reprocessing plant will become obsolete and is

currently expected to end its operation around 2018. The THORP plant, where oper-

ations were initiated in 1994, is scheduled to end its operation in 2018 (Spent Fuel

Management, n.d.). It has been indicated that the United Kingdom is still dedicated

to have nuclear energy as part of its energy production portfolio, as new builds of

nuclear power plants are planned. New build has been justified on the basis that

the used fuel management scenario that will be adopted is an open cycle but alterna-

tive scenarios, even up to 75 GWe, are under consideration that would utilize closed

cycles (HM Government, 2013).

A few other countries have active, or complete, reprocessing plants; the two largest

outside of France and the United Kingdom being Russia and Japan. The Mayak plant

in Russia is considering adding capacity for LWR reprocessing. The Rokkasho-mura

2 As the future of the industrial adaptation of reprocessing technology and implementation of processes is

uncertain, the information provided below should be regarded as a direction the field is heading at the time

this text was prepared.
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plant in Japan was recently completed and has a planned capacity for 800 tHM/year.

Due to the political situation regarding nuclear energy in Japan, the Rokkasho-mura

plant has not started full-scale operation, although small-scale test runs have been car-

ried out successfully. India has operated a reprocessing plant in Kalpakkam for a num-

ber of years and is planning to expand the capacity at this site. China is operating a

pilot-scale reprocessing plant in Lanzhou and is planning on increasing the capacity

at this site to 400 tHM/year in 2017. Also in China, larger plants are planned either

based on domestic technology or in collaboration with AREVA.

These plants for reprocessing and recycling of used nuclear fuel utilize the PUREX

process as described above (and in greater detail in later chapters in this book). During

decades of operation, a large amount of operational experience and insight has been

gathered for the TBP-based PUREX process, both in the commercial fuel reprocessing

and nuclear weapons industries. This, together with improvements in design of equip-

ment and increased understanding of the principles of extraction, has led to improved

PUREX-based processes. In addition, fear of proliferation has also been a driver for

making adjustments to the operation of PUREX processes to avoid pure plutonium

products. Of the adaptations, some worth mentioning are the COEXTM process devel-

oped at CEA, France; the “Advanced PUREX” developed in the United Kingdom;

and, although currently not considered for industrial application, the “UREX” process

developed in the United States.

One common theme in these processes (aside from the fact that they extract metal

ions from a nitric acid solution using a TBP/kerosene solvent) is that the plutonium

product is “contaminated” with other elements making it less useful (i.e., less attrac-

tive) for possible diversion to nuclear weapon production. The COEXTM process

(Herbst et al., 2011) allows some uranium to remain in the plutonium stream, making

the two main products of the COEXTM process a pure uranium stream and a mixed

U/Pu stream. The added benefit of this is that theU/Pumixturemay be treated to produce

a MOX for MOX fabrication.

The “Advanced PUREX” and “UREX” processes instead rely on adjusting the pro-

cess conditions so that the neptunium is routed with the plutonium in a Np/Pu product

stream; a pure uranium stream is produced. Producing a pure uranium stream and a

mixed Np/Pu product is a considerable challenge because the oxidation state of nep-

tunium and plutonium are both prone to change as reducing or oxidizing agents are

introduced. In these processes, Np/Pu partitioning away from uranium and fission

products is accomplished by the addition of acetohydroxamic acid, AHA, to the aque-

ous feed. This reagent acts both to reduce Np(VI) to Np(V) and to complex Np(IV) and

Pu(IV) in the aqueous phase, effectively holding them back allowing U(VI) to be

extracted by TBP without Np/Pu contamination. A side effect of this is the coextrac-

tion of Tc (as TcO4
�) together with uranium, which occurs at the elevated pH that this

process requires compared to conventional PUREX. Without the pH adjustment, the

AHA would be rendered inactive. As a result, these processes would potentially

require a separate U/Tc separation strategy.

Although attempts have been made to replace TBP as the main extraction reagent,

it is likely that PUREX and modern adaptations of PUREX will continue to play a

major role in used nuclear fuel reprocessing, in large part due to the decades of
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operational experience, predictability, and low cost of TBP. No other processes or

extraction reagents have been studied as extensively as PUREX and TBP, although

arguably there are still important discoveries to be made and there is always room

for improvements.

1.6 Basic introduction to the chemistry

As much of what follows in the remaining chapters of this book will emphasize the

technological aspects of nuclear energy and reprocessing, the following section will

focus on laying the fundamental groundwork for the chemistry that enables and limits

efficient use of nuclear power.

1.6.1 Key elements/isotopes of concern

The process of fissioning 235U and 239Pu in conventional reactors releases enough

excess neutrons to sustain the fission chain reaction. The two possible outcomes

for neutron capture by an actinide are fission and the production of heavier actinide

isotopes. At least 400 primary fission products have been identified, implying the exis-

tence of about 200 exit channels for the fission reaction. The diverse mix of species

present in irradiated fuel include kilograms per ton of lanthanides from lanthanum to

gadolinium, 137Cs, 90Sr, long-lived 99Tc and 129I, significant amounts of noble metals

(Rh, Pd, Ag), Xe, and transuranium elements including plutonium, americium, nep-

tunium, and curium. If MOX fuel is utilized, heavier actinides (berkelium and califor-

nium) are produced. Plutonium isotopes are of particular concern as they represent a

potential nuclear weapons proliferation risk; neptunium and americium are a concern

for their role in establishing the long-term radiotoxicity of used fuel. Several of the

lanthanides are strong neutron poisons, so they become important to remove in the

pursuit of minor actinide transmutation systems.

1.6.2 Key process steps

When power reactor fuel is discharged from the reactor, it must first be cooled for

some time (typically several years) to allow for reduction in the intensity of fission

product beta and gamma radiation and coincidentally to reduce its thermal signature.

After adequate thermal cooling, the fuel pins are chopped to breach the cladding mate-

rial and expose the UO2 matrix. Most of the fuel dissolves in hot concentrated nitric

acid, which both neutralizes the basic oxide and oxidizes susceptible components

(e.g., U4+!UO2
2+). The dissolved components are separated from the undissolved

residue of fuel cladding and selected fission products. In the current standard for

aqueous processing, the dissolved fuel is typically contacted with one or more organic

solutions to begin the separation process. Ideally, valuable components are recovered

for recycle and reuse while waste is transformed to some sort of solid waste form for

permanent emplacement in a geological repository.
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1.6.3 Dissolution, aqueous separation, conversion,
waste treatment

The dissolution of oxide fuel creates an aqueous solution that contains uranyl (UO2
2+)

as the major metal ion as well as significant amounts of the transuranium elements and

fission products, as has been noted above. The solution is initially concentrated in

nitric acid and also contains fines (suspended solids) and some other undissolved

material. The solution is subjected to a clarification step in which the solution is either

filtered or centrifuged to remove any solids. The nitric acid concentration is adjusted

to a more moderate level�2-4 M and routed to the separation stage (i.e., PUREX pro-

cess). Before the aqueous phase is contacted with the organic phase, the plutonium

oxidation state is adjusted to the tetravalent state, which is the most extractable state

when using TBP in kerosene (the PUREX solvent); mainly, this is done by maintain-

ing the HNO3 concentration in the 2-4 M range. As the aqueous solution is contacted

with the organic phase, U(VI) and Pu(IV) are extracted as their respective electroneu-

tral nitrate complexes (UO2(NO3)2, Pu(NO3)4) into the organic phase. This is called

the codecontamination step and removes uranium and plutonium from most of the

fission products and minor actinides.

The two phases are contacted, more or less vigorously, using some form of

mechanical device. Industrial applications for aqueous separations have used pulse-

columns, mixer-settlers, and centrifugal contactors to create an unstable emulsion

in which metal ions partition between the organic and aqueous microenvironments.

The emulsion is then allowed, or forced, to separate to restore a distinct biphasic sys-

tem. The chemistry of aqueous and organic media is adjusted to achieve the desired

selective partitioning of plutonium and uranium away from minor actinides and fis-

sion products. After the codecontamination step, the uranium and plutonium are mutu-

ally separated by reducing Pu(IV) to Pu(III) with either U(IV) or hydroxylamine

(NH3OH). Each product phase then goes through a cleaning process to produce pure

uranium or pure plutonium product. The separation of uranium and plutonium, as well

as the cleanup process are all based on solvent-extraction processes utilizing the same

organic solvent but with adjustments in the aqueous phase and addition of redox

reagents. Each operation is appropriately scaled with repeat stages that cumulatively

achieve the desired degree of purity of products and/or reagents to be recycled. Addi-

tional stages translate into greater expense in operation and potentially in complexity,

so maximizing efficiency in each operation is clearly desirable.

The final products are uranyl nitrate and plutonium nitrate solutions that are routed

to conversion where plutonium nitrate is converted to PuO2 by precipitation as an oxa-

late followed by calcination to a solid oxide. Uranium can be precipitated by addition

of ammonium salts and partially reduced to form U3O8 or thermally denitrated, usu-

ally over a fluidized bed. The waste from the commercial PUREX process consists of

an acidic aqueous raffinate with high levels of radioactive materials (HLLW); there

are also significant volumes of lower-level waste streams and degraded organic sol-

vent. Generally, the lower-level waste is concentrated as much as possible to produce

a reduced volume of higher-level waste. The HLLW can be converted to a solid waste

form by vitrification where in the waste stream is fed to a rotating kiln and components
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of borosilicate glass are added. The mixture is melted in a furnace to produce an

obsidian-like glass waste form that is poured into stainless steel containers, welded

closed, and subsequently stored in high-level waste storage facilities. Ultimately, this

HLW would be transported to a subsurface mined geologic repository for permanent

emplacement.

1.6.4 Pyroprocessing alternatives

As mentioned previously, pyroprocesses require an absence of water and the steps

involved in the process are all carried out under inert atmosphere and at high temper-

atures. The high concentration of salt and the elevated temperatures put great stress on

containment materials. The effect of corrosion has been studied extensively and

remains a significant challenge. The high temperatures and often high radiation fields

increases the challenge for the design and use of sensors and probes to monitor the

process continuously. The process may lend itself better to certain metallic fuels,

as the dissolution of uranium metal alloys is accomplished more easily via pyromet-

allurgy than in strong acidic solutions. However, pyrochemical processes have been

tested for oxide fuel as well. Pyroprocessing has traditionally been a batch-wise pro-

cess, although technologies are under development and testing that will increase the

throughput; for example, by continuously scraping off the uranium product from the

cathode. Using moving cathodes and anode baskets to provide better mixing and to

avoid stagnant interfaces between the salt eutectic and liquid metal have also been

examined. Experiments have been carried out in Japan (by CRIEPI) using a system

in which the liquid cadmium can be circulated, theoretically allowing for continuous

recovery of plutonium and minor actinide metals (Koyama, 2011b). Researchers at

CRIEPI have also tested a zeolite column that could be used to continuously clean

the electrolyte salt from fission products by pumping the salt melt through the column

and back to the electrorefiner (Koyama, 2011c).

An oftentimes cited benefit of pyroprocessing (relative to PUREX) is the compar-

ative proliferation resistance of pyrometallurgy. One of the products from traditional

PUREX is pure plutonium dioxide, while the plutonium produced from pyroproces-

sing will be contaminated with minor actinides, making it less attractive as potential

weapons material.

1.6.5 Basic chemistry of separation processes

Designing a successful separation process for used nuclear fuel requires an under-

standing of a wide variety of physical and chemical concepts. The uniqueness of

the process, in that it deals with large quantities of actinides (in particular transura-

nium elements), means that a significant amount of information is found in highly

specialized books, periodicals, and technical reports. However, there are a number

of common features across the periodic table; that is, methods that can be used in sep-

aration processes for strategic metals (e.g., copper refining) can be very successfully

applied to processes for used nuclear fuel.
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1.6.6 Redox, speciation, solvent extraction, ion exchange,
holdback reagents, extractants

One of the unique features of plutonium chemistry, in fact, a key component of the

PUREX process, is the accessibility of four different oxidation states that can be

reached in solution under relatively gentle conditions. The reduction of Pu(IV) to

Pu(III) makes the metal ion largely unextractable by TBP and immediate separation

of U(VI) and Pu(III) is accomplished with this adjustment. The oxidation and reduc-

tion of other transuranics such as neptunium and americium have been investigated as

potential routes to separation processes for Am/Cm separation or Np/Pu coextraction.

The oxidation states of neptunium and particularly of americium are not as easy to

adjust as those of plutonium; neptunium can be stabilized under process conditions

in the IV, V, and VI oxidation states, and the relative stability of the V and VI states

appears to change as nitric acid concentration increases. Without the application of

strong oxidants, americium markedly prefers the trivalent state. The application of

aggressive oxidants or strongly oxidizing electrical potentials often results in degra-

dation of other chemicals in the process, thus rendering the separation significantly

more challenging. This complexity is one of the reasons why aqueous separation pro-

cesses for actinides other than uranium and plutonium have not been implemented at a

scale larger than hot cell demonstrations. Most pyrochemical processes are based on

differences in the redox chemistry of the metal ions of interest as the primary means of

separating them from undesirable impurities. In typical nuclear applications of pyro-

metallurgy, once the chloride salts are formed the relative thermodynamic stabilities

of the different metal halides also plays a role in the selective deposition at the cathode

(IAEA Nuclear Energy Series, 2011).

In the main, aqueous processes for separation of metal ions rely on the formation of

either water soluble or lipophilic coordination complexes. Multidentate chelating

agents are designed for their specific affinity for target metal ions and against unde-

sirable contaminants. Electrostatic and covalent bonding interactions and, in some

instances, steric factors combine to produce the desired complex strength and selec-

tivity. Redox chemistry can also play an important role for extraction of metal ions

with multiple accessible oxidation states. Complexant design for such applications

must balance three factors: complex strength, selectivity, and phase compatibility.

Due to the high coordination numbers of actinides and the variety of valency states

of the metal ions across the series, a detailed understanding of actinide chemistry

is beneficial for predicting the outcome in a given separation process.

Cations, and especially hard cations like the actinides and lanthanides, are prone to

forming hydrolysis products at relatively low pH. This can greatly affect a separation

process and is one of the reasons whymost aqueous separation processes proposed as a

follow on to PUREX operate under acidic conditions. The PUREX process itself

requires the nitric acid concentration to be relatively high. High nitric acid concentra-

tions act to stabilize Pu(IV), to suppress hydrolysis, and to drive the phase transfer

reaction. At very high concentrations, nitric acid competes with actinide nitrates

and oxidizes components of the extractant phase.

One final concern that must always be considered in the handling of plutonium-rich

solutions is the ever-present possibility of the accidental formation of a critical mass
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(Choppin et al., 2002f). Solvent extraction systems are composed of excellent neutron

moderators, so processing plants are necessarily designed in “criticality-safe” geom-

etries. Neutron poisons (like gadolinium) can be added to minimize this risk (Choppin

et al., 2002g). Unintended precipitation of plutonium-bearing solids or the formation

of “third phases” at high metal loading demands vigilance and monitoring of ambient

neutron fluxes.

Ever since the development of PUREX, several separation processes have been

proposed (Nash and Lumetta, 2011). Some have been suggested as a substitute for

PUREX (although no one process has yet achieved efficiency equivalent to PUREX).

More have been developed for application to the waste stream exiting the PUREX

process to accomplish further waste minimization or resource recovery. The R&D

push for improvements in extraction processes have over the years resulted in a large

variety of solvent-extraction reagents as well as holdback reagents that sometimes dis-

play separation factors of 1:105 or more between metal ions that are considered very

similar (e.g., Am(III)/Eu(III)). Details of many of these processes will be discussed in

later chapters.

With very few exceptions, these separation systems are all based on solvent extrac-

tion. The maturity of solvent extraction into an industrial technique was in large part a

result of the development of the PUREX process. Experiences that were gained using

PUREX in industrial as well as laboratory studies have served as a springboard for

the design of novel processes. PUREX is still used as a benchmark for howwell a process

performs. Somework has been done on ion exchange and extraction chromatography, in

which selective ligands are sorbed to a solid support. These technologies can produce

very high purity products and avoid the use of large volumes of organic solvents. How-

ever, there are limitations to using these techniques for solutions containing high concen-

trations ofmetal ions, and continuous operations are also a challenge as the columnsneed

to be flushed or regenerated. Waste management can also be more complicated.

1.6.7 Impact of radiolysis

The high radiation fields that accompany used nuclear fuel, even after years of cool-

ing, provide an interesting challenge to the chemical stability of solutions and solids.

Organic solvents may degrade, aqueous solutions produce free radicals that affect the

redox chemistry of metal ions, and the radiation may accelerate corrosion rates of

pipes and equipment in the separation process. Overall, pyrochemistry has an advan-

tage in that the chemicals used are simple ion pairs that are essentially unaffected by

radiation. However, corrosion is still an issue and as the radiation fields can be higher

in a pyrochemical process this makes R&D on materials a prime concern.

1.6.8 Basic radiation chemistry, impacts on reprocessing

From a radiation chemistry standpoint, there is more knowledge and understanding of

the effects in aqueous processes (Mincher et al., 2009a,b,c). Arguably, the chemical

components of aqueous separation systems are also more sensitive to radiation; thus,
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pyrochemical processes will not be discussed further in this section. The effects of

alpha, beta, and gamma radiation on water have been extensively studied since the

early 1900s, essentially since the discovery of ionizing radiation (Choppin et al.,

2002h). One of the most used techniques to measure dose by a chemical dosimeter

is still the Fricke dosimeter developed in the 1920s that in its most common form uti-

lizes the oxidation of Fe(II) to Fe(III) to estimate dose to water (in actuality, dose to a

salt solution that, within reason, mimics human tissue). As the ionizing radiation

passes through the solutions, a track of ion-electron pairs are formed. The electrons

formed may have a high enough energy to cause secondary ionization and further

damage to the solution. The result is that radicals and reactive species are formed close

to the track and these species will rapidly react with molecules and ions in their vicin-

ity. For low linear energy transfer (LET) radiation, beta, and gamma radiation, the

ionization is sparsely distributed so that the reactive species are more likely to react

with species that were originally present in the solution. High LET radiation, alpha

particles, and FP from spontaneous fission, on the other hand deposit a large amount

of energy in a short distance and the reactive species formed have a higher probability

or reacting with other radiolysis products formed in their vicinity. The result when

irradiating water is that low LET produces a higher relative amount of small products

such as hydrogen atoms, hydrated electrons, and hydroxyl radicals while high LET

produces higher relative amounts of larger products such as hydrogen peroxide (by

recombination of two OH-radicals).

In a solvent-extraction system the radiolysis products in the aqueous phase may

react with chemicals in the organic phase during the mixing stage and, to a lesser

degree, in the settling stage. Radiation may also be directly deposited in organic sol-

vents where a different suite of radicals and reactive species are expected to form in

the tracks and further react with the chemicals in their vicinity. The effect of ionizing

radiation on a solvent-extraction system is difficult to predict and a lot of information

has been found by empirical studies; that is, investigating the degradation products

formed after a certain dose has been deposited. Studies have also tracked the extrac-

tion efficiency of metal ions as a function of dose but this introduces uncertainties as

some degradation products may be more efficient in extraction than the original mol-

ecule. A direct example is in the PUREX process, where TBP degrades by radiolysis to

dibutyl phosphoric acid (HDBP). HDBP is a cation exchanging extractant and is a

very efficient extracting reagent for tetravalent and trivalent metal ions; it also extracts

hexavalent actinide ions (and Mo(VI)) in contact with reduced acid solutions. The

result from extensive radiolysis of the PUREX solvent is that, as HDBP concentration

increases with radiation dose, the plutonium extracted into the organic solvent will not

be readily stripped and so is more difficult to separate from the uranium. Furthermore,

fission products can be extracted into the organic phase causing serious process upsets.

Finally, the introduction of degradation products and extensive dose to organic

solvents can change the viscosity of the organic phase causing changes in the hydro-

dynamics of contactor equipment. In the PUREX process, HDBP increases the pro-

pensity of a third phase to form, which will cause process upsets and may be

potentially hazardous from a criticality standpoint.
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1.7 Prospects for the future

1.7.1 Education of the next generation of specialists

The foundations of nuclear science were established in the last decade of the nine-

teenth and the first decades of the twentieth century. Nuclear technology in the form

of weapons and reactors advanced substantially during the middle decades of the

twentieth century. During this period, many brilliant scientists and engineers were

attracted to this field and major scientific and technological advances were made.

In the United States and elsewhere, university-level investments in educational facil-

ities saw sustained growth from the post-WWII era to the late 1970s. During the last

two decades of the twentieth century, extremely unlikely (based on probabilistic risk

analysis) reactor accidents occurred at Three Mile Island and again at Chernobyl and

the academic community in the United States lost faith in nuclear science and tech-

nology as a discipline for study. Before the Three Mile Island accident, more than

100 nuclear and radiochemistry faculty members in the United States produced 25-

30 new doctoral-level nuclear scientists and radiochemists per year. At the dawn of

the twenty-first century, the number of faculty had declined by at least a factor of three

and new PhD creation had dropped to an annual average of about 7 (National

Academy Press, 2012). At the same time, nuclear engineering programs also

decreased in numbers but less severe declines in the numbers of new graduates were

seen, implying that the surviving programs had reacted to fill the void.

It is generally considered that nuclear engineering programs today are more-or-less

in balance; nuclear chemical engineering, nuclear chemistry, and radiochemistry aca-

demic programs still remain underpopulated relative to perceived needs. During the

first decade of the twenty-first century, the graduation rates for doctoral-level nuclear

and radiochemists have improved somewhat but the rate is far below that required to

replace an aging workforce. As nuclear science and technology is a demanding field,

retraining of students from other disciplines for nuclear positions will produce a future

workforce with reduced overall understanding and the need for a significant amount of

on-the-job training, with that training coming from a vanishing mature workforce.

Addressing this gap in knowledge and competency remains a serious concern, even

though some advances have been achieved. The global situation does not differ appre-

ciably from that of the United States—there is a greater need for experts than is

being met.

For several reasons, the education of next generation experts must be viewed as a

long-term challenge. Nine percent of global electricity production is based on this

demanding technology, which produces waste by-products that must be either trans-

muted or sequestered for millennia; concerns about environmental quality and climate

change virtually ensure that this option will gain increasing importance and likely

expanded use. The depleted expertise base that has been discussed in the previous par-

agraph will recover slowly, given the comparatively small numbers of universities

(and other institutions) engaged in graduate education in nuclear science and technol-

ogy. The long half-lives of weapons-usable actinides will demand ongoing vigilance

regarding diversion of this material to military applications. History has established
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that, barring the intrusion of a global emergency (as happened during World War II,

which sparked the Manhattan Project), developing new science and technology in this

field requires decades of research and development. Each of these factors indicates the

need for a long-term commitment and a strong talent base.

1.7.2 Preview of global perspectives to be discussed in the
following chapters

In the following chapters, several authors will discuss the overall perspective on twenty-

first century issues and approaches to the recycling of nuclear fuel, including the impor-

tant issue of securing nuclear materials from possible diversion to weapons applications

by countries or subnational groups. In subsequent sections, chapters will address aque-

ous recycling, pyrometallurgical reprocessing, and issues that are relevant concerns for

any approach to nuclear materials reprocessing. Finally, authors will focus on the spe-

cific issues of each of the major regions participating in the advancement of nuclear

energy technologies, including prospects for the thorium-uranium cycle.

It is clear that nuclear energy technology has an important role to play in a world

that is challenged by (1) an increasingly unstable climate that demands low-carbon

alternatives to coal-oil-gas, (2) significant development of underdeveloped countries

toward modern economies, and (3) a projected 30% increase in global population dur-

ing the next 40 years. The considerable promise of energy based on the fissioning of

uranium-plutonium and thorium-uranium remains a globally underdeveloped

resource that addresses all of these issues. Fuel supplies and responsible management

of long-term radiotoxic by-products point toward the eventual operation of closed

nuclear fuel cycles as the norm. Whether aqueous or pyrometallurgical (or both)

options are pursued, more efficient exploitation of these resources appears to be in

the best interest of all inhabitants of the planet. It is important that wise decisions

are made and that the correct actions are pursued.
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Acronyms

APM Marcoule pilot plant

COEX coextraction process

DIAMEX diamide extraction

EXAm extraction of americium

FNR fast neutron reactor

FR fast reactor

GANEX grouped actinide extraction

GHG greenhouse gas

HM heavy metal

IAE International Agency for Energy

IAEA International Atomic Energy Agency

IPCC International Panel for Climate Change

LWR light water reactor

MOX mixed oxide

OECD Organisation for Economic Cooperation and Development

OTC once-through cycle

PUREX plutonium uranium reduction extraction

PWR pressurized water reactor

SANEX selective actinide extraction

TBP tri-n-butylphosphate
TTC twice-through cycle

2.1 Sustainability as a driving force for developing
advanced fuel cycles

2.1.1 Sustainability as a key to face the global energy challenge

At the end of October 2011, humankind symbolically went over 7 billion people.

Recent projections made under the auspices of the United Nations (UN) anticipate

the population to be in the range of 9.6 billion by the year 2050 before reaching

10-12 billion around 2100 and stabilizing (UNO, 2013). Although the population is

almost stabilized in the developed areas such as Western Europe and North America,

it is still increasing in the developing and emerging countries in Africa and Asia. As

human and economic development is clearly related to energy consumption, at least as

Reprocessing and Recycling of Spent Nuclear Fuel. http://dx.doi.org/10.1016/B978-1-78242-212-9.00002-2

© 2015 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/B978-1-78242-212-9.00002-2
http://dx.doi.org/10.1016/B978-1-78242-212-9.00002-2


long as it stands below a threshold of around 4000 kWh/person (Pasternark, 2000;

Figure 2.1), this will clearly lead to a significant increase in total world energy con-

sumption. Every international study performed under the auspices of the UN, the

International Agency for Energy (IAE), or the Organisation for Economic Coopera-

tion and Development (OECD) lead to the same conclusions. Although the figures

could be slightly different, they all predict primary energy consumption will increase

by roughly 50% by 2035, and electricity consumption will increase by 75-90% even in

the case of a strong political shift toward the “green economy” (WEO, 2012). Meeting

this increasing need is the first part of the energy challenge to be faced in the twenty-

first century.

On the other hand, the current and drastic global climate change has now been

clearly recognized and at least partially related to human activities (IPCC, 2013). This

influence is first of all related to the very large amount of greenhouse gases (GHGs)

that have been produced since the start of the industrial revolution in the nineteenth

century: the concentration of carbon dioxide (CO2) increased from 275 ppm to nearly

400 ppm in less than 150 years, whereas it had remained stable over the previous

10,000 years. Similar situations can be described for other GHGs like methane

(CH4) and nitrogen dioxide (NO2). Simultaneously, the average surface temperature

on Earth is estimated to have increased by nearly 1 °C on the same timescale, whereas

the sea level has increased by roughly 20 cm. Simulations performed under the aus-

pices of the IPCC and reported in the 2013 report evidenced that this evolution will go

on as long as GHG emissions are not decreased. It could lead to a global surface
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Figure 2.1 The United Nations’ Human Development Index and electricity use for 2011.

Population and electricity use data are taken for the electricity from the US Energy Information

Administration, Independent Statistics & Analysis (http://www.eia.gov/) and Human

Development Index from the United Nations Development Program (UNDP—http://hdr.undp.

org/).
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temperature increase ranging from 2 to 6 °C, depending on the scenario of GHG emis-

sions. Decreasing GHG emissions is today a worldwide issue shared by every country,

even though they do not all agree on the path to follow. Looking in detail at the origins

of GHG, it quickly comes out that the main sources of emissions are related to energy

production. Considering that fossil fuels represent 80% of the current world energy

portfolio, it seems quite obvious that we will not be able to meet the requirement

of decreasing GHG emissions without changing the global energy model and promot-

ing low-carbon energies. This is far more drastic when considering the anticipated

increase of the energy needs depicted previously. Consequently, this energy revolu-

tion toward carbon-free energy is anticipated to become a very strong driver in the

evolution of the energy model. This corresponds to the second part of the energy chal-

lenge to be faced in the twenty-first century.

Therefore, in this early part of the twenty-first century, it is likely that for the first

time in history, humankind has to face the global challenge of meeting our tremendous

energy need while preserving our environment and promoting sustainable human

development. This challenge can only be solved at the world level by addressing

simultaneously three main issues: the energy transition toward new energy portfolios,

the future of the Earth environment and climate, and the promotion of social and soci-

etal stability and equity. This approach is the so-called sustainable development.

Sustainable development was defined in 1987 by the Bruntland commission as

development that “meets the needs of the present without compromising the ability

of future generations to meet their own needs” (UNO, 1987). Clearly, such develop-

ment has to be based on three “interdependent and mutually reinforcing pillars,”

which are economic, social, and environmental fields (see Figure 2.2).

2.1.2 About the meaning of sustainability for an energy source

To meet the requirements of sustainability, an energy source not only has to be rele-

vant in terms of technical efficiency and economics, but also has to preserve the

environment, to be widely accepted, and to promote the development of balanced

and peaceful relationships within a given society (acceptance), between different

Economic

drivers

Sustainable

EquitableLiveable

Viable

Societal

drivers

Environmental

drivers

Figure 2.2 The three

interdependent and mutually

reinforcing pillars of sustainable

development.
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countries (international relations) and between different generations (intergenera-

tional equity). This can be translated into several technical options.

With regard to the environment, the global environmental footprint of the energy

sources has to be reduced as much as possible. Several key objectives have to be

addressed:

l First, the GHG emissions have to be low to mitigate the impact of climate change and limit

the temperature increase to a reasonable level.
l Second, the environmental footprint that describes the impact on the natural environment has

to be as low as possible. This relates in particular to land-use requirements, atmospheric and

aquatic pollution, and water withdrawal and consumption.
l Third, the natural resources used to produce the energy have to be preserved for future gen-

erations, which means that one should aim to save as much as possible by increasing global

efficiency.

These objectives have to be understood in a global approach; that is, estimated by life

cycle assessment approaches in order to consider not only instantaneous production

but also the whole life cycle, in particular the construction, operation, and end-of-life

cleaning and dismantling of the different facilities.

With regard to economics, the energy sources have to globally promote a viable

development of the economy, which means an overall stability and predictability

of the costs. This is related to several criteria:

l First, the cost of production has to be predictable over a very long time, which means it must

be only slightly dependent on external parameters.
l Second, the subsequent energy price obviously has to be achievable in terms of cost of pro-

duction, but it does not mean that it has to be the lowest possible cost. Indeed, current finan-

cial systems do not exhaustively consider the costs of externalities that should be

theoretically included within a global assessment (for instance, the subsequent cost of global

warming through a CO2 price).
l Third, the energy portfolio also has to be a factor of international stability to reduce the risk

of external perturbations on the economic system. The use of scarce and nondistributed

resources should likely be limited.

With regard to social benefits, the energy sources should globally promote human

development and the stability of society, which can be related to the following:

l The national energy portfolio should result from a large and consensual choice made by

the society; that is, energy sources have to be accepted with their relative benefits

and risks.
l The energy sources should not lead to significant risk on human health and societal stability.

Hence, residual risk should be objectively assessed and reduced as much as is reasonably

achievable.
l The energy sources should promote intra- and intergenerational equity and not be developed

for the sole benefit of only part of the society.

These key criteria should be the initial driving forces for selecting the reference energy

portfolio of a given country, considering that the solution for each country could

be different based on the specific situation, resources, technology maturity level, or

public opinion. It also represents the driving forces for improving the different energy
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sources in the future. Therefore, it will be used in this chapter to define the relevant

evolution of nuclear fuel cycles to improve their sustainability footprint on this whole
set of criteria.

2.1.3 Role of nuclear energy in the future energy mix

Among the different energy sources, nuclear power already has one of the lowest GHG

emissions (in the range of 6-100 g CO2eq/kWhe, e.g., Dones et al., 2007; Vattenfall,

2010) alongside the renewable energy technologies such as hydropower, solar, and

wind energies. Furthermore, nuclear power has demonstrated over the past 30 years

its capacity to produce base-load electricity at a relatively low, predictable, and stable

cost due to the very low economic dependence on uranium prices. In addition, natural

uranium resources are widely distributed on earth, unlike fossil fuels, and its mining is

not subjected to high international stresses, as is the case for oil. Nuclear energy is,

therefore, thought to have the potential to curtail the dependence on fossil fuels while

promoting the energetic independence of the countries involved.

However, its relevance is questioned by public opinion after the Chernobyl and

Fukushima accidents, in particular in Western Europe. These events have led people

to be more sensitive to the health and environmental risks associated with nuclear

energy and to question its relevance for energy production. Subsequently, one can antic-

ipate that future energy systems, particularly nuclear, will only sustain and develop if

they succeed in decreasing the residual risk down to a level that is thought to be accept-

able by the population and to increase the understanding and acceptance of this energy

source by a majority of citizens. This defines the third part of the energetic challenge to

face: future energy systems will have to be accepted by the majority of the population.

2.2 Potential improvements of nuclear energy within
the environmental field

The environmental footprint has to be understood across a complete set of environ-

mental indicators that depict the influence of the process on the environment, due

either to the withdrawal or to the release operations. Apart from GHG emissions,

the environmental footprint of nuclear energy is little documented in the scientific lit-

erature, which concentrates mostly on the impact of renewable and fossil energies

(e.g., Turconi et al., 2013). Life cycle analysis can help to better assess the footprint

of nuclear energy. Thanks to a specially designed simulation tool entitled NELCAS,

CEA has assessed the overall environmental footprint of the current French nuclear

fuel cycle (twice-through cycle or TTC) considering data obtained over all the nuclear

fuel cycle facilities and their whole lifetime (Poinssot et al., 2014). This footprint was

compared with the footprints calculated for other energy sources. Figures were also

derived for the once-through cycle (OTC). In the OTC, the spent uranium oxide

(UOx) fuel is directly considered as a waste for disposal. In opposition, in the

TTC, the spent UOx fuel coming from the first use in the reactor is reprocessed to

recover both uranium and plutonium. The uranium is reenriched to be reused as
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new UOx fuel and the plutonium is used to fabricate mixed uranium/plutonium oxide

fuel (mixed oxide, MOX). Spent MOX and reenriched fuels are not reprocessed but

stored for future use in fast reactors (FRs).

2.2.1 Optimizing the nuclear fuel cycle to reduce GHG emissions

As already described, nuclear energy is one of the energy forms with the lowest GHG

emissions per kWhe. These GHG emissions are mostly linked to ore mining activities,

to the construction of the reactors (concrete penalties), and to the geological repository

(Poinssot et al., 2014) (see Figure 2.3). With regard to this criterion, most of the poten-

tial benefits from the use of nuclear energy have already been achieved. Further poten-

tial improvements are only incremental and should be focused in four directions:

1. Feed the different fuel cycle plants with low GHG electricity (nuclear or renewable) to avoid

any detrimental contribution to global GHG emissions, in particular the enrichment plant,

which is quite energy intensive.

2. Limiting the extent of the mining and enrichment operations would lead to a substantial

reduction in overall GHG emissions, as these operations represent roughly one-third of

the total GHG emissions from the nuclear fuel cycle.

3. Optimize transportation and promote the use of efficient transport with low fossil fuel con-

sumption, as this significantly contributes to overall GHG emissions (within mining and dis-

posal operations).

4. Limit the volume of waste to be disposed of in underground repositories to reduce the GHG

related to the construction and operation of the site (very close to an underground mine).

Even though such incremental improvements are achievable, they are second-order

contributions and do not represent a key issue.

Mining 25%

Disposal 25%

Reactors 31%

GHG emissions

MOX
fabrication

0%
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Figure 2.3 Estimates of the GHG emissions distribution over the different steps of the French

nuclear fuel cycle based on a LCA approach with the NELCAS tool (Poinssot et al., 2014).
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2.2.2 Decreasing the other environmental impacts

A set of environmental indicators are commonly assessed in the literature. They

address air and water pollution, as well as their potential impact (acidification, eutro-

phication, and photochemical ozone), land-use, water withdrawal and consumption,

and technological wastes. Three main conclusions come out of this study:

l First, the environmental footprint of nuclear energy is rather low for most of the indicators, as

depicted by Figure 2.4, and in the same order of magnitude as the renewable energies.
l Second, for most of the indicators, the main contribution to the environmental footprint

comes from the front end of the fuel cycle; that is, the ore mining, milling, and conversion

operations (Figure 2.5).
l Third, recycling (TTC) has a beneficial influence on the environmental footprint (see

Figure 2.6) as it leads to significant reductions in most of the environmental indicators com-

pared to the OTC. This is due to decreasing the significant contributions from the front-end

steps while the recycling operations have only a limited impact on most of the environmental

indicators.

From this study, efforts directed toward improving the environmental footprint of the

nuclear fuel cycle should lead to addressing these two main issues:

l First, upgrading and optimizing the processes that are used in the front end of the fuel cycle,

in particular for separating and purifying the uranium ore. The contribution of these oper-

ations to the environmental footprint is significant and any modification in this area will

influence the overall picture.
l Second, implementing the recycling of actinides that allows the reduction of the significance

of the front end for the same electricity production and is, therefore, beneficial in terms of

environmental footprint. It also allows a better conditioning of the ultimate waste and a

reduction of the requirement for surface disposal as evidenced by Figure 2.7.

In addition, addressing the significance of the water withdrawal should also be an

issue but this is primarily related to the cooling of reactors, which is beyond the scope

of this chapter and book.

2.2.3 Preserving natural resources

Preserving the needs of future generations leads directly to addressing the issue of nat-

ural resource preservation. After irradiation, spent nuclear fuel that has been burned to

produce electricity still contains �96% of the uranium and plutonium that are poten-

tially valuable materials for electricity production and could, therefore, be worth recy-

cling in order to increase the sustainability of nuclear energy (see Figure 2.8).

For instance, in producing �80% of its electricity through its nuclear reactor fleet

(in the range of 410 TWhe/year), France actually consumes �60 ton of uranium

(which is either fissioned or transformed to plutonium through neutron capture).

A part of the plutonium is subsequently fissioned. However, if no recycling is imple-

mented, such a fuel cycle requires the mining of�9000 ton of natural uranium and the

charging and discharging of �1100 ton of spent fuel per year (see Figure 2.9)

(HCTISN, 2010).
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This clearly illustrates that the efficiency of such a fuel cycle is relatively low, as

only 0.6-0.7% of the resource is used to produce energy. Promoting long-term sustain-

ability will require the improvement of this key indicator in order to preserve the ura-

nium resource.

Since the beginning of the commercial use of nuclear energy, about 290,000 ton of

spent fuel have been discharged and with the current development of nuclear energy,

an additional 400,000 ton are expected to be generated worldwide between now and

2030 (source: World Nuclear Association). Moreover, one has to bear in mind that

only �30% of the worldwide inventory of discharged spent nuclear fuel has been

reprocessed so far (90,000 ton). It means that the larger part has been stored (90%

wet storage in pools), waiting for future disposition decisions (reprocessing or geolog-

ical repository) (Fukuda et al., 2003). The accumulation of such a large amount of

stored spent nuclear fuel is, hence, an increasing long-term burden and long-term risk

that should be reduced, as evidenced by the problems created by the fuel storage pools

on the Fukushima Daiichi site.

Thus, the question arises as to how we can better utilize natural uranium resources.

Basically, the logical approach is both to increase the yield of consumption in reactors

and to recycle the valuable materials from the spent fuel. Two successive steps can be

identified in this direction, increasing in technological complexity:

l The first and short-term step is to monorecycle uranium and plutonium in the current reac-

tors, which use thermal neutrons. Uranium and plutonium can easily be recovered from spent

nuclear fuel thanks to efficient and economically viable industrial separation processes

based on the PUREX process. They can be subsequently used to produce MOX fuels that
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Figure 2.5 Contribution of the different fuel cycle steps on the main environmental footprint

indicators. Ore mining and conversion represent for many of them the most important

contributors (Poinssot et al., 2014).
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excavated volume for the OTC and TTC. Recycling has a clear beneficial influence regarding

the waste disposal surface area and excavated volume (Poinssot et al., 2014).
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can be used to feed the current reactors. France chose to implement such a strategy more than

20 years ago in the AREVA UP2 and UP3 reprocessing plants at La Hague and in the

MELOX recycling plant at Marcoule. More than 26,000 tHM of spent uranium dioxide fuel

have been treated, and the corresponding plutonium inventory has been recycled as MOX

fuel. Twenty-two French pressurized water reactors (PWRs) are partially fed with this

MOX fuel (over 40 reactors worldwide use MOX fuel). Over 6000 MOX fuel assemblies

have been produced at MELOX. These treatment and recycling operations are today mature,

efficient, safe, clean, and cost-effective technologies. Such a fuel cycle is referred to as the

TTC. It already allows a saving of �17% of natural uranium resources by comparison to an

equivalent cycle without recycling (HCTISN, 2010).
l The second and longer-term step is to multirecycle uranium and plutonium in fast neutron

reactors (FNRs). Indeed, plutonium and uranium recycling in thermal reactors is limited by

the impossibility of fissioning even mass number plutonium isotopes and the limitation of
239Pu formation from 238U by neutron capture. At higher energy, neutrons are more efficient

in fertilizing uranium by transforming 238U to 239Pu and favoring the fission of all the plu-

tonium isotopes, subsequently reducing the amount of trans-plutonium minor-actinides,

which are by-products produced by neutron capture on plutonium. For example, the ratio

of fission to capture cross sections of 238Pu, 240Pu, and 242Pu are, respectively, increased

in fast neutron spectra by factors of 22, 250, and 36 in comparison to thermal spectra. FNRs

are, therefore, able to efficiently consume natural uranium, with a yield anticipated to be

higher than 80%, although it is around 0.7% in thermal reactors; that is, two orders of mag-

nitude higher efficiency. Therefore, enriched uranium is not required and FNR can be fed

with depleted uranium, the stockpile of which is very significant due to the tailings of former
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Figure 2.9 Global balance of

uranium in a hypothetic once-through

fuel cycle producing 410 TWhe. The

figures have been assessed by

considering the French situation and

assuming that no recycling is
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effect of the Pu and U recycling. The
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Figure 2.8 Relative composition of a 47.5 GWd/t UOx spent nuclear fuel after 4 years

irradiation in PWRs. This clearly shows that spent nuclear fuel still contains a large amount of

energetic valuable material as uranium and plutonium (Poinssot et al., 2012a,b).
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enrichment operations (about 250,000 ton in France, ANDRA, 2012). With regards to the

fuel cycle, the main steps are rather similar to the TTC, except that it strongly decreases

the need for additional natural uranium resources. The front end of the fuel cycle is, hence,

going to be reduced proportionally. Ultimately, in a whole FR fleet, no additional mining and

enrichment activities are required, and electricity can be produced from the existing depleted

uranium and plutonium stockpiles for several thousands of years. Figure 2.10 presents the

evolution of the amount of uranium that is needed to produce 1 GWe annually by various

reactor types. It clearly illustrates the dramatic improvement brought about by the introduc-

tion of FRs in comparison with the current LWR fleet, even when considering the positive

effect of plutonium monorecycling.

Recycling the actinides is, therefore, a key solution to improve the preservation of

natural resources for future generations. It significantly improves the sustainability

of nuclear energy and it can very strongly change the overall energy potential of

the different energy resources worldwide as evidenced by Figure 2.11.
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Figure 2.11 Comparison of the relative energy which can globally be produced by fossil and

nuclear resource when considering (left) only the current thermal reactors and (right) the future

fourth generation FRs. It clearly depicts the very significant amplification introduced by the

FNRs (Boullis, 2011).

38 Reprocessing and Recycling of Spent Nuclear Fuel



In this framework, the TTC can also be considered as a learning step for preparing

for the fourth-generation reactors, regarding fuel cycle and recycling operations, and

as a way to save 17% of natural uranium resources by comparison to the OTC without

any recycling.

As a conclusion, nuclear energy already has a beneficial influence on the environ-

ment by comparison to other energies. In order to improve its environmental sustain-

ability, actinide recycling has to be developed, first for the current thermal reactors

with so-called monorecycling in the TTC and second in FNRs to improve the effi-

ciency of the uranium resource consumption and to ultimately avoid the need of

any additional mining of uranium ore.

2.3 Potential improvements within the societal field

Regular opinion polls have shown that a significant part of the public is reluctant with

regard to the development of nuclear energy; the precise figure depending on each

country (Foratom, 2012).More interesting, the main arguments against nuclear energy

are as follows:

l Nuclear energy presents risks for health and the environment that are not acceptable.
l Nuclear energy can lead to the diversion of nuclear material and their use for military

applications.
l Nuclear energy produces radioactive waste, the lifetime of which is so long that the practical

meaning is not easily understandable for most of the people. Furthermore, no solution is

thought to exist for such waste, meaning that radioactive wastes would last and could pollute

almost forever.

From time to time, the opposition to nuclear energy is more or less significant

depending on current events, but it has to be addressed as it can be a source of poten-

tial social instability. In fact, selecting a given source of energy production in a mod-

ern democracy cannot be imposed by a central government without considering the

will of the population, as otherwise it could lead to the public strongly contesting

decisions.

2.3.1 Increasing nuclear safety to limit the residual risk

The succession of events following the world’s fifth largest earthquake (Tōhoku earth-

quake, Japan, March 2011) led to the Fukushima crisis reminding everyone that

nuclear safety is never totally achievable and has to be continuously checked and

improved. The existence of an independent and highly skilled safety authority (and

technical experts) that regularly inspects any facilities partly answers the safety

requirements. The existence of regular, objective, and exhaustive safety reassessment

is also another path in the direction of a reinforced safety regime and allows assurance

that any facility meets the most recent safety regulations and criteria. All these

approaches are generic and relate more to the way society regulates and surveys

nuclear activities than to technical issues.
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With regard to processes more specifically involved all along the fuel cycle, future

improvements should enhance the focus on safety and could be related to the

following:

l The replacement of chemicals that can present risks of reactivity or are toxic for the envi-

ronment or people. For instance, redox reactants are often highly reactive. Processes without

any redox reactions could be more environmentally friendly.
l The simplification of separation processes to ease their industrial implementation and, in

particular, limit the risk of malfunctions due to human error.
l The development of powerful and robust online monitoring techniques to ensure that the

process is efficiently run without any bias.

These developments are generic directions and can lead to the optimization of the

various chemical processes used all along the fuel cycle. They have to be accounted

for while developing the processes for the different fuel cycle options.

2.3.2 Limiting proliferation risk: Toward the comanagement
of uranium and plutonium

Recycling has long been thought to be a proliferation route for countries willing to

develop nuclear weapons. Although it appears nowadays much easier to get fissile

material from enrichment (as evidenced by recent developments in Iran for instance),

resistance of the recycling processes toward proliferation is already ensured and could

be further improved in two directions:

l Through international controls under the auspices of the IAEA; this allows the authorities to

get a very precise image of the fissile material fluxes in the plants and ensures that no mate-

rial has been diverted. It relies on highly accurate analytical techniques (online monitoring

and remote video control). IAEA on-site labs are, hence, located at the recycling plants, as

for instance the IAEA on-site lab at Rokkasho-Mura. Although very efficient techniques are

already available, much room is still available for further improvements in online monitoring

and analytical techniques.
l Through adaptation of the current recycling processes in order to avoid the existence of any

separated plutonium flux all along the recycling plant. In particular, new processes that allow

the comanagement of uranium and plutonium (such as the COEXTM-type process for

instance, Baron 2007) have been developed and are the new reference for any new recycling

plant to be constructed.

2.3.3 Increasing public acceptability by decreasing the waste
lifetime to a few centuries

A long-standing public misunderstanding still exists with regard to nuclear waste.

They are thought to be a long-term burden for future generations without any practical

solutions. Therefore, they are seen as one of the strongest drawbacks of nuclear energy

when gauging public opinion. Several societal studies have been performed to under-

stand in more detail the reason for such perceptions (for instance, D’Iribarne, 2005).

They evidenced that people are worried both by underground disposal and the risk of
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contaminating the “Earth-mother,” and the lifetime of the waste, which is beyond

human historical time frames and, therefore, approaches eternity. Quite surprisingly,

chemical industry waste is much less feared, whereas the risk does not decay with

time, perhaps because time is not mentioned?

In order to overcome this misleading situation, a very significant improvement

could be brought about by the implementation of minor actinide recycling and trans-

mutation. Indeed, minor actinides are demonstrated to be the main contributor to both

long-term radiotoxicity of the ultimate waste after plutonium, which is anticipated to

be already recycled in the advanced fuel cycle based on FNR, and long-term waste

thermal power, which directly defines the repository surface area and volume.

Recycling and transmuting minor actinides would, hence, allow:

l Optimizing and saving the scarce repository resource by increasing the waste density. A gain

of up to a factor of 6 of the surface repository area could thus be reached (Poinssot et al.,

2012a,b).
l Decreasing the long-term radiotoxicity. In particular, minor actinides recycling would allow

decreasing the waste lifetime to about 300 years instead of some tens of thousands or even

hundreds of thousands of years, as evidenced by Figure 2.12.

This means that nuclear waste can be brought back within the timescales of human

history, which should have a very positive influence on general public opinion and

acceptance of nuclear energy and radioactive waste disposal. Technically, such an

evolution requires two major improvements by comparison to the current situation:

l FNRs are needed to transmute the minor actinides, but this evolution is already mandatory to

meet the need for preserving the uranium resource, as described above.
l Dedicated and efficient separation processes are needed to recover the minor actinides,

either in a dedicated flux (so-called heterogeneous recycling) or grouped with the other acti-

nides (so-called homogeneous recycling).
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Both options have been studied, in particular in France and in European programs.

They are described in detail in later chapters in this book.

2.4 Potential improvement with regard to fuel cycle
economics

Nuclear fuel cycle activities are frequently questioned regarding their relative cost and

impact on electricity cost. Various national assessments realized in France demon-

strated that the cost of the recycling operations is a very limited part of the total cost

of electricity, as evidenced by Figure 2.13.

Despite this limited overcost, nuclear electricity is demonstrated to be one of the

cheapest sources of electricity, in the range of 40-50 E/MWh (Energie 2050 report,

2012). However, this very attractive feature does not account for the externalities that

are currently not included in the economic models. In particular, the GHG penalty (the

so-called CO2 tax) will likely increase the relative cost of fossil fuels by comparison to

renewable and nuclear energies.

Within this context, the improvement for the future should focus on the way to ease

the inclusion of nuclear energy systems within economic models, which relates to

three main directions:

l First, the costs of nuclear energy systems have to be stable and, therefore, predictable, which

is a prerequisite to allow them to be accounted for by the economic system. Most of this

statement relates to the investment cost, which represents roughly two-thirds of total elec-

tricity cost. This means that systems and processes have to be both robust enough not to be
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Figure 2.13 Relative contribution of the different contributions to the final cost of electricity in

the French system. Treatment/recycling only represents 2.9% of the cost of electricity.
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influenced by evolution in regulations, and flexible enough to accommodate these regulatory

evolutions.
l Second, reduce the cost to the lowest level reasonably achievable. It means that simplifica-

tion of the processes and facilities should be looked at to limit the cost, without compromis-

ing overall safety and efficiency.
l Third, investment should be eased by proposing a financial system that helps the industrial

organizations cope with such huge investments. It is, hence, a financial and regulatory ques-

tion rather than a technical one.

As for safety, improving economics is, therefore, mainly a general framework that has

to be accounted for during the development of new processes rather than a driver for

shifting toward any new types of fuel cycle.

2.5 Roadmap toward a sustainable advanced fuel cycle

The previous sections of this chapter describe where the environmental, societal, and

economic drivers may lead nuclear fuel cycles. The aim of this final section is to syn-

thesize the overall roadmap for future fuel cycles, which globally comes out as pre-

sented in Figure 2.14.

2.5.1 The twice-through cycle

The TTC requires implementation of separation and recycling processes for uranium

and plutonium. It is a clear and efficient preliminary step toward a better use of the

uranium natural resource: it already allows France to save 17% of uranium ore, which

yearly represents 1100 ton saved. Such a fuel cycle requires dissolving the spent

nuclear fuel to access the nuclear materials, and designing and running a very effective

extraction process to partition the valuable elements, uranium and plutonium, from the

ultimate waste, mainly fission products and minor actinides. The separation is
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Figure 2.14 Roadmap of anticipated future fuel cycle in view of increasing the global

sustainability of nuclear energy systems (Poinssot and Boullis, 2012).
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currently performed by the PUREX process thanks to the selective extracting proper-

ties of the tri-butylphosphate (TBP) molecule. It is operated in countercurrent devices

such as pulsed columns or mixer-settlers in order to allow a very efficient separation.

For instance, in the La Hague plants, both recovery yields and purification levels are

very high (in excess of 99.9% of uranium and plutonium recovered with decontam-

ination factors of about 106 or more). A final conversion step allows the production

of oxide powders thanks to the precipitation of intermediate oxalates. These powders

are compatible with the specification of the fuel fabrication process (Figure 2.15).

Such a fuel cycle also allows the efficient conditioning of the ultimate waste (minor

actinides and long-lived fission products) in a dedicated waste form, which has been

tailored to ensure an optimized long-term confinement; that is, borosilicate nuclear

glass. This matrix has been demonstrated to keep its confinement properties for more

than 500,000 years in the geological repository environment. This fuel cycle also pre-

vents any presence of plutonium in the ultimate waste.

This type of fuel cycle has been already implemented in several countries, includ-

ing France, Russia, the United Kingdom, Japan, and, in the near-future, China. It is a

mandatory step for paving the way to the fourth-generation fuel cycles where the recy-

cling of actinides is mandatory.

2.5.2 Multirecycling of uranium and plutonium

In terms of the fuel cycle, the feasibility of multirecycling of uranium and plutonium

has already been proven. The treatment of FR MOX fuels and the subsequent pluto-

nium multirecycling have been demonstrated at the industrial scale in France; 27 ton

of spent FR MOX fuel have been reprocessed in the APM (Marcoule pilot plant) and

UP2-400 plants (La Hague) during the 1980s and 1990s. While further development is

needed to refine the processing of MOX and FR fuels, there are no outstanding tech-

nological barriers.
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Figure 2.15 Schematic of the twice-through fuel cycle which is a preliminary step towards the

fourth generation fuel cycle and allows saving 17% of uranium resource (Poinssot and Boullis,

2012).
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For the separation processes, the same process as in the previous step can be imple-

mented, PUREX or a modified COEXTM-type process can be used as illustrated by

Figure 2.16.

2.5.3 Multirecycling of the minor actinides

Minor actinide recycling has been widely studied in France since 1991 within the

framework of two successive waste management Acts of the French Parliament

and also in Europe in dedicated European projects (EUROPART, ACSEPT, and SAC-

SESS projects, Bourg et al., 2013). Relevant processes have been developed and

proven to be efficient at the lab-scale on real spent nuclear fuel solutions. Two main

options are under consideration: either the homogeneous recycling of minor actinides

in the whole reactor core at low concentrations or the heterogeneous recycling of

minor actinides in dedicated targets or blanket at higher concentrations. It has to

be mentioned that neptunium recycling is easily achievable through a simple modifi-

cation of the PUREX process and is, therefore, not a key scientific issue.

2.5.3.1 Recycling of americium alone

As far as minor actinide recycling is considered, the French reference route is today

the recycling of americium alone. A specific process, EXAm, has been developed to

selectively recover americium from a PUREX raffinate, allowing its homogeneous or

heterogeneous recycling (Rostaing et al., 2012). Alternative processes are under

development in the field of European projects (Bourg and Geist, 2013) (Figure 2.17).

2.5.3.2 Multirecycling of all minor actinides

Ultimately, curium could also be recycled as is americium. It requires specific sepa-

ration processes to recover it either in a dedicated flux (DIAMEX/SANEX processes

on a PUREX raffinate) or in a global actinides flux (GANEX processes on spent fuel
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Figure 2.16 Schematic of the fuel-cycle for the future fuel cycles in which plutonium could be

multi-recycled thanks to the use of FRs (Poinssot and Boullis, 2012).
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dissolution liquor) for the respective heterogeneous or homogeneous recycling

(Miguirditchian et al., 2009; Bell et al., 2012) (Figure 2.18).

It may lead to an additional improvement of the residual radiotoxicity of the ulti-

mate waste and, therefore, may improve the societal acceptance of nuclear energy.

However, it requires handling curium all along the fuel cycle, which is a very demand-

ing challenge due to the toxicity, heat power, and neutron emissions of curium. The

associated cost would likely be higher and would have to be related to the potential

societal benefit.
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for improving the efficiency of the uranium ore consumption and (ii) Am for decreasing the

lifetime and heat output of the ultimate waste (Poinssot and Boullis, 2012).
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Figure 2.18 Schematic of a future fuel cycle in which both U, Pu and minor actinides would be

recycled together thanks to a dedicated GANEX separation process (Poinssot et al., 2012a,b).
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2.6 Conclusions

Actinide recycling is a key operation for future nuclear fuel cycles as (i) it is amandatory

step for the FNR-based fuel cycle, (ii) it is a prerequisite for improving the sustainability

of any nuclear energy systems as addressed above, and (iii) it is a very efficient way to

decrease the proliferation risk by decreasing the need for uranium enrichment, which is

the most achievable proliferation route nowadays. Although the TTC is implemented in

a limited number of countries, recycling is expected to expand in the next decades and

the first steps will be the commercial start-up of the Rokkasho-Mura plant in Japan and

the current preparation phase for the building of a new reprocessing plant in China (letter

of intent AREVA/CNNC, 25 April 2013). Development of recycling processes is then

anticipated to develop along a stepwise approach:

l Implementation of plutonium monorecycling, which allows for the development and the

acquisition of the know-how about the treatment, recycling, and waste conditioning pro-

cesses and buys time before multirecycling can be implemented.
l Implementation of plutonium multirecycling, which basically requires a shift toward FNRs

but also the adaptation of the recycling processes to these new types of fuels.
l Implementation, if it is politically decided, of an additional and optional step that would

allow the recycling of the minor actinides to decrease the toxicity and the thermal power

of the ultimate waste. The first step would be the recycling of americium alone.

Recycling should progressively become the reference option for future sustainable

fuel cycles. In this context, it is obvious that the recycling processes will have to

evolve along three main objectives:

l To adapt to the future fuel cycles. This includes, in particular, the need for developing sepa-

ration processes that are optimized for recyclingMOX fuels coming either from LWRor FNR,

which both present much higher plutonium content and a different microstructure. It also con-

siders the need for adapting the waste conditioning processes to future waste composition.
l To simplify the processes in order to decrease the cost, reduce the operational risks and

increase safety. For instance, reducing the number of required separation steps, and subse-

quently the number of workshops, would be a significant improvement in this direction.
l To improve the efficiency and robustness of the processes. This is a prerequisite for treating

fuels with much higher plutonium content or for separating minor actinides that are difficult

to handle. In particular, it should help to reduce the residual human error risk, which is a key

asset for social acceptability.

As a conclusion, recycling is a cornerstone of any sustainable nuclear energy sys-

tem and, therefore, a key asset for contributing toward mitigating global climate

change while meeting global energy needs.
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3Key challenges in advanced

reprocessing of spent nuclear fuels

Jean-Paul Glatz, P. Souček, R. Malmbeck
European Commission, Karlsruhe, Germany

3.1 Rationale

To follow the sustainability goal of so-called Generation IV (GENIV) new reactor sys-

tems (http://www.gen-4.org/PDFs/GenIVRoadmap.pdf), the industrial reprocessing

technologies in operation today have to be extended to include a full recycling of

all actinides. The ongoing disputes worldwide on how to manage existing nuclear

waste and delayed policy decisions lead to steadily increasing inventories of spent

nuclear fuel, estimated at 250,000–300,000 ton worldwide. Ambitious new nuclear

programs under development, especially in Asian countries, will drastically enhance

this burden on future generations. Natural and societal analogs seem to indicate that

nuclear waste can be safely stored in a geological repository for up to a few hundred

thousand years; that is, the time when the radiotoxicity is reduced to a level typical for

natural uranium mines. The European PAGIS study carried out in the late 1980s could

demonstrate that even for the worst-case scenarios, the impact on the environment

does not increase above that due to natural radiation (Cadelli et al., 1988). Neverthe-

less, for reasons including ethical and public acceptance issues, some favor a solution

where the radiotoxicity impact can be reduced within a comprehensible period of

time; that is, from a few hundred up to a few thousand years.

On the other hand, in recent years, the principle of intergenerational justice becomes

more andmore important in the context of climate change, where future generations will

be adversely affected by our continued dependency on fossil fuels; this is obviously at

least to some extent also applicable to nuclear power. It seems that the moral obligation

to minimize any burden to future generations applies here also. Therefore, putting into

practice this approach means that the reprocessing technologies already deployed for

uranium and plutonium recycling have to be extended, and all options to recycle the

long-lived waste constituents need to be thoroughly investigated. This can be achieved

with a so-called partitioning and transmutation (P&T) scenario. Minor actinides (MAs)

play a central role in this context and their recycling implies more complex, remote fuel

cycle operations including fabrication, irradiation, and transport.

The industrial reprocessing flow sheets in operation today were initially developed

to produce weapons grade plutonium. The separation efficiency and product qualifi-

cation requirements defined by the operators of the reprocessing facilities were and

still are very high. It seems that for sustainable new generation reactor systems a
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change from what could be named in this case a “clean fuel-dirty waste” concept to a

“dirty fuel-clean waste” concept would be advantageous. Ultimately, recycling with-

out separation of highly pure products but rather aiming at high recovery rates would

fulfill these requirements and also improve fuel cycle economics.

According to the development objectives, the above-described P&T strategy

should be inherent to the reactor systems under investigation in GENIV. To develop

and implement clean waste technologies, a global actinide management strategy

should be deployed. For this purpose, advanced fuel cycle processes involving a

grouped recycling of all actinides and ultimate waste forms with a minimal content

in actinides (<0.1%) are required.

3.2 Advanced actinide management options

Advanced actinide management, incorporating MA P&T, can be based on a hetero-

geneous or a homogeneous recycling concept.

3.2.1 Heterogeneous actinide recycling

The heterogeneous recycling option aims to recover theMAs americium and curium in a

dedicated stream, separate from the recovery ofmajor actinides uranium and plutonium,

and recycle them in specific targets with a relatively high MA content (up to 20%),

which are then irradiated preferentially in the periphery of the reactor core. In this case,

individual treatment of actinides in the recycling process is being considered.

Today, concepts are already under investigation to include neptunium separation in

a modified PUREX process. To achieve a complete extraction, a careful control of the

Np(V)-(VI) redox reactions is required and recovery rates >99% are possible (Taylor

et al., 2013).

Due to the high radioactivity of curium and specifically the arising neutron dose, a

separation of americium from curium would make fuel fabrication much easier, in the

sense that only americium would be recycled and curium would be left in storage for

decay. However the separation of the two elements is extremely difficult because of

their very similar chemical behavior. Column chromatography, displacement chroma-

tography, and extraction using solvents with small differences in distribution coeffi-

cients between the two elements with an increased number of extraction stages in the

extraction equipment are proposed solutions to achieve the goal. In 2010, a hot dem-

onstration of the French ExAm process obtained a 99% recovery of americium

(Montuir et al., 2012).

Another group of separation processes is based on an oxidation of americium to a

higher oxidation state IV or VI. In the French SESAME process (Chartier et al., 1998),

the americium is electrochemically oxidized to the IV or VI oxidation state, stabilized

using a heteropolyanion, for instance, as a tungstosilicate or tungstophosphate com-

plex, and then easily extracted by TBP. Recently, a new flow sheet concept has been
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developed at INL (Mincher et al., 2012). In this case, a successful demonstration on

the bench-scale resulted in 96% americium recovery with a few percent of remaining

curium and the lanthanides in the separated product.

Major difficulties of these processes are the stability of Am(IV) or Am(VI) species

and their respective complexes, which have to be guaranteed under irradiation, the

generation of secondary solid wastes (heteropolyanions), and difficulties in develop-

ing a multistage process.

3.2.2 Homogeneous actinide recycling

The homogeneous recycling involves a grouped recycling of all actinides in a single

stream, and irradiation at low concentration (up to 2%) of MAs in the whole fuel core.

In this case, a grouped actinide treatment, where all unnecessary separation and

cleaning is avoided, can be pursued. At the same time, the process steps involved

can be minimized and a general “simplicity” principle of nuclear operations can be

applied in terms of improving proliferation resistance, investment, and operating

costs. A first step in this direction is the French COEX process developed by AREVA

and CEA as an evolution of the PUREX process. In this flow sheet, no uranium-

plutonium separation is made, and both elements are coextracted and coprecipitated

to produce a solid solution of (U, Pu)O2, which can directly be used for MOX fabri-

cation. An irradiation of coprecipitated fuel material (the COPIX program) took place

in PHENIX during its last years of operation (Drain et al., 2008).

In the meantime, preliminary experiments are being done to include neptunium in

the COEX concept; the fuel product would thus be (U, Pu, Np)O2. It was then logical

to go a step further and to develop a process where a grouped treatment of all actinides

is envisioned. This is the case for the GANEX (Group ActiNide EXtraction) process,

Monoamide UREX

GANEX
TRUEX-TALSPEAK

(TRU,U)O2 UO2

Dissolution

Figure 3.1 General scheme of the GANEX process.
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first tested by CEA in the ATALANTE facility in Marcoule. A general scheme of the

GANEX process is shown in Figure 3.1.

The GANEX concept foresees a first separation of uranium using a monoamide,

to adjust the U/TRU ratio and to improve the hydrodynamics of the TRU extraction

in the second extraction cycle before the coextraction and later the coconversion for

fuel refabrication. Successful first laboratory-scale demonstrations using genuine irra-

diated fuel were carried out recently by CEA in the ATALANTE laboratory

(Miguirditchian et al., 2009) for light water reactor (LWR) type fuel and by ITU in

the framework of the European ACSEPT program for fast reactor (FR) type fuel

(Brown et al., 2012).

Major issues to be solved in deploying a GANEX concept include the following:

l The possibility to extract actinides at oxidation states varying between III and VI.
l Capability to process fuels with plutonium contents ranging between 1 wt% (LWR) and

20 wt% (FR).
l Development of robust separation flow sheets, which can be operated using centrifugal con-

tactors; that is, fast kinetics are mandatory.
l Avoiding plutonium precipitation (hydrolysis, oxalic acid).
l Use of CHON type molecules and avoid salt additions to minimize waste volumes.

3.2.3 Homogeneous actinide recycling using dry reprocessing

A similar concept can be applied to pyroreprocessing; here the metallic fuel alloy is

anodically dissolved in a LiCl-KCl eutectic and the actinides are collected together

onto aluminum cathodes as alloys, leaving lanthanides and other fission products

in the salt phase. It is very likely that large-scale pyroprocessing by molten salt elec-

trorefining will be operated as a batch process similar to the industrial aluminum fab-

rication process (Edwards et al., 1930). Simulating large-scale nuclear fuel processes,

an experiment of 25 successive runs in the same salt bath was carried out at ITU to

demonstrate the feasibility of a grouped actinide recovery, similar to GANEX but in

this case only in one step, without U bulk separation. A total amount of more than 5 g

of U61Pu22Zr10Am2Ln5 fuel was treated in this experiment and various process

parameters were studied. The recovery rate of actinides was difficult to evaluate

because new fuel was added in each run. Nevertheless, it was possible to determine

a stable recovery rate better than 99.9%.

3.3 Advanced reprocessing options

Some of the other advanced reprocessing options under development can be character-

ized as fuel treatment processes within the headend of the recycle plant, specifically:

l the fluoride volatility process developed at Řež in the Czech Republic (Uhlir, 2000), where

in a fluorinator the fuel particles are burned in fluorine gas to form uranium hexafluoride or
l the DUPIC process (direct use of pressurized water reactor spent fuel in CANDU), devel-

oped at KAERI in Korea to reuse LWR fuel in CANDU reactors (Yang et al., 2006).
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The real core processes to achieve the separation of long-lived radionuclides

can essentially be classified into two categories: hydrochemical (wet) and pyro-

chemical (dry). Both have advantages and disadvantages and should be applied in

a complementary way. If a so-called double strata concept (as proposed for example

in the OMEGA project) would be adapted, the well-established industrial reprocessing

of commercial LWR fuel with recycling of uranium and plutonium based on PUREX

extraction should be logically combined in this first stratumwith an advanced aqueous

partitioning scheme also based on liquid-liquid extraction to separate the long-lived

radionuclides. In the second stratum, new generation reactors systems should prefer-

ably be combined with pyroreprocessing because most of the fuels under investigation

for advanced reactor systems are more soluble in molten salts; additionally, shorter

fuel cycles are possible due to a higher radiation resistance and a higher proliferation

resistance is achievable due to reduced product purity.

Therefore, the decision on the partitioning process to be applied should depend on

the boundary conditions, such as the type of fuel material to be treated, the maximum

cooling time required, the possibility of combining irradiation and reprocessing in an

integrated unit, and so on.

3.4 Lanthanides/actinides separation

In any case, whatever separation approach is selected, an efficient and selective recov-

ery of the key elements from the spent nuclear waste is absolutely essential for a

successful, sustainable fuel cycle concept. This necessitates that americium and

curium can be selectively separated from lanthanide fission products—apart from

the above-mentioned Am/Cm separation, certainly the most difficult and challenging

task in advanced reprocessing of used nuclear fuel, due to the very similar chemical

behavior of trivalent elements. There are three major reasons for separating actinides

from lanthanides:

l Neutron poisoning: lanthanides (especially Sm, Gd, Eu) have very high neutron capture

cross sections; for example, >250,000 barn for Gd-157.
l Material burden: in used LWR fuels, for instance, the lanthanide content is up to 50 times

that of Am/Cm.
l Segregation: during fuel fabrication, lanthanides tend to form separate phases, which grow

under thermal treatment; americium and curium would also concentrate in these phases.

3.4.1 Aqueous route

In the case of extraction, apart from the already described GANEX process, there are

three alternative configurations of the selective actinide extraction (SANEX) process

under investigation in Europe: the regular r-SANEX, the innovative i-SANEX, and

the one-cycle 1c-SANEX variant. The bis-triazinyl pyridine (BTP) family of mole-

cules, which was found in the late 1990s to have excellent selectivity toward trivalent

actinide extraction (Kolarik et al., 1999), plays a central role in these developments.
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Apart from the selectivity, another great advantage of this molecule is the ability to

extract actinides directly from high acid solutions (e.g.,�2 M HNO3). Variants of the

molecule were developed to increase its stability against radiolysis and hydrolysis.

Unfortunately, the extraction of metal ions by these derivates with larger alkyl chains

is often slower and their solubility in organic diluents is reduced. The solubility issue

can be addressed using a water soluble BTPmolecule and thus exploit its selectivity in

the back-extraction part of the process. Regarding kinetics, the modeling support

provided, for instance, by the PAREX code (Sorel et al., 2011) is essential to optimize

the flow sheet and adapt it to the extraction system used (centrifugal contactors, mixer-

settlers, columns). Intensive research and development is still ongoing in the simula-

tion and modeling area to search for the best compromise and an optimized MA

extraction system.

3.4.2 Dry route

From the potential options proposed for dry core processes, selective precipitations do

not appear to reach sufficient decontamination factors. It seems likely that only pro-

cesses based on electrorefining or on liquid-liquid reductive extraction between amol-

ten salt and a liquid metal are able to achieve the necessary separation efficiency

between lanthanides and actinides.

Regarding electrorefining, the key parameter is the electrodeposition potential.

Figure 3.2 summarizes the electrodeposition potentials of the major lanthanides

and actinides for different types of electrodes.

Reactive electrodes, that is, electrodes alloying with the deposited material, have

lower potentials and solid electrodes show a larger potential difference between

lanthanides and actinides; therefore, reactive solid cathodes (in the present case alu-

minum) are the best choice for an electrode material. Considering a full process

scheme (e.g., Figure 3.3), it might be useful to also investigate alternatives to alumi-

num used in the present case. Other reactive cathode materials such as copper, nickel,

molybdenum, or others might be even better suited to such a scheme.
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To close the fuel cycle, a recovery of deposited actinides (i.e., a separation from the

electrode) is required. In the case of aluminum, chlorination is under investigation to

separate and return the actinides to the fuel fabrication. A headend conversion of oxide

fuels into metals has also been studied, and very promising results were obtained.

A more or less complete reduction could be demonstrated for different fuel materials

(both irradiated and un-irradiated) such as LWR UO2 and MOX but also FR MOX.

More data, especially on the fission product behavior, are required to have more reli-

able information for a realistic implementation. At the back end of the pyroprocess is

the salt cleaning, allowing in the best case an efficient recycling back into the process

and the conditioning of the remaining waste are still being studied. To avoid signif-

icant losses of actinides to the waste, an exhaustive actinide separation is needed at the

end of operation of the salt bath (saturation in fission products), before consigning it

for waste treatment.

Similar front- and back-end issues need to be solved in the French process developed

at Marcoule, where the core process is a molten salt/liquid metal (LiF-AlF3/Al-Cu)

extraction. The potential of this technique for separating the actinides from the lantha-

nides has been demonstrated (Conocar et al., 2005). The fact that the process medium is

a molten fluoride salt, should make it directly applicable to the reprocessing of fluoride-

based fuel used in the molten salt reactor (MSR), one of the six GENIV systems. In the

frame of the European SACSESS program (http://www.sacsess.eu/), electrorefining in

molten fluoride is studied as an alternative to liquid-liquid extraction.

A common challenge for the dry reprocessing options is the selection of appropri-

ate materials for construction of equipment; that is, materials that are able to withstand

Electrorefining
in molten LiCl-KCl

on Al cathode

Metallic spent
fuel: An + FP

Nuclear

An-Al alloy An-Al alloy

An—actinides, FP—fission products, AI—aluminum

An fuel An alloy AlCl3

Conversion
to metals

Spent oxide fuel

Fuel
fabrication

AI
recovery

Cleaning of
salt from FP

Cathodes
processing:
chlorination

LiCl-KCL
+ FPClx

Exhaustive
electrolysis

LiCl-KCL +
AnCl3 + FPClx

Figure 3.3 Process scheme for the electrorefining of metallic fuels using solid Al electrodes.
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over longer times the high temperature conditions in combination with very high radi-

ation doses. Material improvements are needed in order to lessen the formation of

dross and increase material recovery and throughput. Last but not least, appropriate

safeguarding schemes have to be put in place for the different scenarios. Existing

proven technology from the PUREX process could serve as the starting point for

safeguards development for pyroprocessing.

3.5 Basic studies

3.5.1 Aqueous systems

Developing an extended extraction scheme for actinide recovery requires a good

understanding of the processes involved, mainly the selectivity of the extractants, their

stability and behavior in a strong radiation field, and interface phenomena (third-phase

formation, red oil, etc.)

3.5.1.1 Understand extraction selectivity

To explain the great affinity of actinides for nitrogen-bearing molecules, numerous

fundamental studies were carried out using a wide range of experimental methods

and spectroscopic techniques. Lanthanide/actinide separations often depend upon a

slightly stronger interaction of the trivalent actinides (compared to trivalent lantha-

nides) with ligands containing soft donor bases (sulfur, chloride, or nitrogen), or with

amine extractants in contact with aqueous solutions containing high concentrations of

chloride or thiocyanate. The formula, stability, and structure of the complexes contain-

ing Ln(III) and An(III) ions were determined both in aqueous solution and in various

solvent media. It has been demonstrated that bonds between the nitrogen atoms of

these ligands and Ln(III) andAn(III) ions include some definite covalence, particularly

visible in the fact that enthalpy is the driving force behind reactions. The covalence

observed in bonds with the electron-donor nitrogen atoms of ligands seems higher

for An(III) ions than for Ln(III) ions, which could be an indication of the greater affin-

ity of these ligands for An(III). However, the difference is too small to really explain

sometimes very large differences in the distribution factor. For BTP molecules, the

affinity for An(III) ions can be more than a hundred times higher than for Ln(III) ions.

Thus, more work will be needed to give a conclusive answer to this key question.

Additional support comes from theoretical studies in the fields of quantum

chemistry and molecular mechanics, which have already provided greater insight into

certain crucial aspects of reactions between the metal ions to be extracted and

nitrogen-bearing ligands (Drew et al., 1998). In particular, the synergetic extraction

mechanism of Ln(III) ions using a mixture of nitrogen-bearing ligand and carboxylic

acid has been identified by computer calculations (Denecke et al., 2005). The calcu-

lated synergetic complex seems consistent with the experimental result. Better coor-

dinated efforts between simulation and experiment could possibly contribute to a

better understanding of extraction mechanisms (Drew et al., 2001).
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3.5.1.2 Radiolytic and chemical stability

The radiolytic and chemical stability of extracting molecules as well as diluents is

essential for the development of actinide separation processes. Several molecules suit-

able for process development were studied with respect to their stability versus radi-

ation and nitric acid. The experience gained shows that most of these molecules have

sufficient stability in nitric acid with the radiolytic stability being a much more

critical issue.

Qualitative and quantitative characterizations of degradation fragments of the

major extractants used in the SANEX process have been made. The influence of

the integrated dose, dose rate, polarity of the diluents, pretreatment (particularly

the influence of nitric acid), the structure, and the metal coordination were studied

(Fermvik et al., 2009a; Fermvik et al., 2009b). A comparison of alpha and gamma

irradiation must take into account that if actinides are extracted they are complexed

and, thus, in direct contact with the extracting molecule (Magnusson et al., 2009).

These efforts should be pursued to achieve a knowledge level, where degradation

mechanisms are sufficiently understood, to design molecules with increased stability

that are of practicable use in industrial implementation.

3.5.1.3 Modeling of extraction systems

Molecular modeling developed at the ICSM Marcoule, mainly at the intermediate

scales using a “coarse-graining” approach, allows determination of the thermody-

namic properties in organic and aqueous phases of liquid-liquid extraction processes.

The results show that the free energy related to ion transfer between phases (i.e., the

extraction free energy), is different from the complexation free energy (van Hoof

et al., 2011; Jairo Molina et al., 2011). This difference is the key to the selectivity

of the separation process. It is expected that calculations validated by comparison with

experimental results will lead to a global vision of the extraction processes; this route

should be extensively explored.

3.5.2 Dry systems

Compared to aqueous techniques, the molten salt or dry techniques are far less devel-

oped. Also basic data, especially in the case of molten fluorides, are missing. Such

data are mandatory to establish efficient process schemes. Similar to the aqueous

route, modeling and simulation tools are being constantly improved and will become

more and more relevant.

3.5.2.1 Basic data of actinides in molten salts

As the results in Figure 3.2 have shown, a precise knowledge of basic data is essential

to select the most appropriate parameters for an efficient separation scheme. A large

number of data were measured in recent years, essentially in molten chloride media.

At ITU, comprehensive studies of actinides (uranium, plutonium, neptunium,
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americium, curium), lanthanides, and some other important fission products were car-

ried out involving thermochemical properties, derived from the electrochemical mea-

surements and from basic thermodynamic data; for instance, in the case of neptunium

(Masset et al., 2005).

In comparison to molten chloride salts, studies in molten fluorides are much less

developed. Even if a substantial program of separation experiments was carried out in

various salt mixtures, it is difficult to get relevant thermodynamic data, partly because

reliable reference electrodes are not available.

3.5.2.2 Modelling of molten salt systems

As in the aqueous case, also for molten salt systems, the combination of spectroscopic

techniques with molecular dynamics simulations seems to be a very promising

approach to better understand and optimize separation schemes (Salanne et al.,

2009). In contrast to experiments, fluorine media dominate the modeling efforts;

for instance, to establish relationships between composition, structural order, entropy,

and transport properties of multicomponent systems. Molecular dynamics simulations

have enabled the calculation of self-diffusion coefficients of fluorine LiF-KFmixtures

(Sarou-Kanian et al., 2009).

3.6 Scale-up

To bring the processes described above to industrial maturity, existing reprocessing

technology as installed today in France (at La Hague), the United Kingdom (Sella-

field), Russia (Mayak), Japan (Rokkasho), and four smaller plants in India with a total

capacity of 5630 ton/year, gives a clear advantage to the aqueous route. For economic

reasons as well as minimizing waste arising, one goal for an industrial advanced

reprocessing plant should be to reuse the extractant as much as possible after solvent

cleaning, in a similar fashion to the PUREX process.

An application of the alternative actinide management strategies proposed to

achieve a sufficient radiotoxicity reduction at a technological scale represents a real

challenge. Recovery rates should be on the order of 99.9% at large scale, which is

difficult to reach as the neptunium example in PUREX shows (see paragraph 2.1,

Taylor et al., 2013).

Over the last decades, significant progress in process optimization together with

reducing losses and release to waste streams has been made. Back in 2005, the

CEA carried out an intermediate-scale demonstration of the technical feasibility of

the DIAMEX-SANEX process for americium and curium selective extraction

(Pradel, 2006). The liquid-liquid extraction experiments were carried out with

�15 kg of irradiated nuclear fuel and showed the efficiency of the process for neptu-

nium, americium, and curium with recovery rates higher than 99%. Today, research

efforts are focused on concept optimization, increasing further the compactness of

operations, simplifying, and developing variant routes.
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In pyroreprocessing, large-scale experience has been gained over several decades

in RIAR (Dimitrovgrad, Russia) and the Idaho National Laboratory. As regards P&T,

the U.S. experience is more relevant because it is based on a metallic fuel cycle, where

an extension to MA recycling can easily be implemented in contrast to the Russian

process based on oxides, where the only option is precipitation of MA, which is

not very selective.

Since 2009, in Japan, CRIEPI in collaboration with JAEA has carried out

engineering-scale pyroprocessing tests (Koyama et al., 2012). Using the results of

the study, the feasibility and costs of the pyroprocessing fuel cycle technology at a

40 tHM/year throughput was evaluated using a technology readiness level approach.

Also in Korea, KAERI has recently started large-scale demonstrations of pyrore-

processing in the integrated inactive demonstration facility (PRIDE) (Lee et al., 2011).

The purpose of PRIDE is to test the process with respect to performance, remote oper-

ation of equipment, integration of unit processes, scale-up, process monitoring, argon

environment system operation, and safeguards-related activities. All the above-

mentioned efforts should be pursued in a well-coordinated manner to demonstrate

the feasibility of pyroreprocessing at industrial scale.

3.7 Waste treatment

Following the example to date made with the PUREX process, further efforts have to

be made to minimize waste arising from all the various advanced reprocessing

schemes. For the aqueous schemes CHON-type solvents, having the highest possible

chemical and radiation stability such that their recycling into the process is possible

with minimum losses, should be used. The efficiency of the P&T concept defines the

conditioning that will be required for the final waste form.

Regarding pyroprocesses, the fact that far less experience exists for the process

itself also applies to the waste treatment. Whereas extensive expertise was developed

over several decades for the final waste vitrification in the case of PUREX, several

options are still under investigation for used molten salt or metallic phase conditioning

at the back end of the pyroprocesses. Sodalites, zeolites, chloroapatite, and chloros-

podiosite and their long-term stabilities also under final disposal conditions are under

investigation.

Common to both options, the concepts should involve simple processes, with a

minimum number of steps, such that secondary waste volumes are kept as low as

possible.

3.8 The multidisciplinary aspect

P&T strategies rely on multidisciplinary concepts. The example of the METAPHIX

experiment (Rondinella et al., 2009), carried out in collaboration between CRIEPI

and ITU (see Figure 3.4), demonstrates the multidisciplinary character of such an
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undertaking. It involves fuel fabrication, material characterization for qualification pur-

poses, irradiation (in the present case using the French PHENIX reactor), postirradiation

examination to determine the transmutation rate and, of course, reprocessing, just to

name the key disciplines. This example shows how important it is to have close links

and efficient communications and interactions between the disciplines to achieve the

best possible results.
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4Safety and security issues in the

reprocessing and recycling of spent

nuclear fuels for advanced fuel

cycles
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Acronyms

ALARP as low as is reasonably practicable

BSL basic safety level

BSO basic safety objective

COEX coextraction (of uranium and plutonium)

DBE design basis event

DIAMEX-SANEX diamide extraction-selective actinide extraction

EURATOM European Atomic Energy Community

eV electron volt

GANEX grouped actinide extraction

GSR general safety requirement (IAEA Standards)

HLW high-level waste

HMNII Her Majesty’s Nuclear Installations Inspectorate

HSE Health and Safety Executive

IAEA International Atomic Energy Agency

ILW intermediate-level waste

LLW low-level waste

MAs minor actinides

MeV million electron volts

MOX mixed oxide (fuel)

NIAct Nuclear Installations Act

NISR Nuclear Industries Security Regulations

NMAS Nuclear Materials Accountancy System

NORMS National Objectives, Requirements, and Model Standards

ONR Office of Nuclear Regulation

P&T partitioning and transmutation

PCmSC precommissioning safety case

PCSC preconstruction safety case

PDSC predecommissioning safety case
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POSC preoperational safety case

PSC preliminary safety case

PSR periodic safety review

PUREX plutonium and uranium recovery by extraction

SAPs safety assessment principles

4.1 Introduction

The safety and security of workers and the public and the protection of the environ-

ment from the adverse effects of ionizing radiation are of paramount importance when

using nuclear energy. This chapter will explore how society and the environment

are protected during the reprocessing and recycling of spent nuclear fuels. However,

before getting into the detail of the measures that are taken to ensure that society and

the environment are adequately protected, it is worth clarifying what is meant by the

terms nuclear safety, nuclear security, nuclear safeguards, and nuclear regulation.

4.1.1 Nuclear safety

Nuclear safety is basically about protecting people and the environment from human

error that can result in plant malfunctions during normal operations or in accidents.

The International Atomic Energy Agency (IAEA) (International Atomic Energy

Agency, 2007a) defines nuclear safety as

The achievement of proper operating conditions, prevention of accidents, or mitiga-
tion of accident consequences resulting in protection of workers, the public and the
environment from undue radiation hazards.

Human error can occur during design, construction, commissioning, operation, main-

tenance, and decommissioning of nuclear facilities, and hence, nuclear safety is an

inherent part of all these activities.

4.1.2 Nuclear security

Nuclear security, on the other hand, is about protecting people and the environment

frommalicious acts by people who intend to steal nuclear materials for illicit purposes

such as “dirty bombs,” or who wish to sabotage nuclear facilities to cause a release of

radioactivity. The IAEA define nuclear security as

The prevention and detection of, and response to, theft, sabotage, unauthorized
access, illegal transfer or other malicious acts involving nuclear material, other
radioactive substances or their associated facilities.

Again malicious acts can be targeted at all stages from design through to decommis-

sioning and can include cyber attacks.
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4.1.3 Nuclear nonproliferation safeguards

Nuclear safeguards are about protecting people and the environment from the illicit

development of nuclear weapons. Safeguards activities aim to prevent the proliferation

of nuclear weapons from civil nuclear activities including reprocessing and recycling of

spent nuclear fuel. As will be discussed later, safeguards measures are a matter of inter-

national jurisdiction and are implemented by the IAEA in conjunction with regional

organizations such as EURATOM in the case of European Union countries. The IAEA

(International Atomic Energy Agency, 2002) defines the technical objective as

the timely detection of diversion of significant quantities of nuclear material from
peaceful nuclear activities to the manufacture of nuclear weapons or of other nuclear
explosive devices or for purposes unknown, and deterrence of such diversion by the
risk of early detection

Safeguards are therefore all those activities that are necessary to account for and con-

trol nuclear materials that could potentially be used to produce nuclear weapons.

Effective safeguards are important not only to international peace and security, but

also to ensure that people and the environment are not exposed to ionizing radiation

from the illicit use of a nuclear weapon.

4.1.4 Total protection

As shown schematically in Figure 4.1, workers, the public, and the environment are

subject to potential hazards arising from plant malfunctions (nuclear safety), mali-

cious acts (nuclear security), and terrorist attacks using nuclear weapons or other

explosive devices, using materials or technologies diverted or stolen from civil

Workers
public

environment

Potential hazards
from

malicious acts
Security

Safeguards
Potential
hazards

from loss of
safeguards

Potential hazards
from

normal operations
and

accidents

Safety

Workers, the public, and the environment require protection from
human error, malicious acts and proliferation of nuclear materials and
technologies

Nuclear safety, security, and safeguards

Figure 4.1 The importance of effective nuclear safety, security, and safeguards.
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nuclear programs (safeguards). The effective application of nuclear safety, security,

and safeguards is, therefore, essential to ensure that society will accept the use of

nuclear energy. While national and international law places obligations on the users

of nuclear materials, society expects the nuclear industry to be subject to very close

scrutiny within a clear and robust regulation. Nuclear regulation is the means by which

society can be assured that the users of nuclear energy are complying with their obli-

gations and, hence, ensuring that people are safe, nuclear facilities are secure, and

nuclear materials and technologies are not being stolen or diverted for illicit use.

4.2 Understanding the need for regulating the
reprocessing and recycling of spent fuel

To understand why nuclear fuel reprocessing and recycling is subject to so much

national and international oversight, it is necessary to understand why the use of

nuclear energy is seen as being different from the use of other sources of energy.

“Nuclear” is different because of public and political perceptions, and the high levels

of energy that are locked in the atom that, when released by nuclear fission, presents

some unique hazards that need to be managed.

4.2.1 Public and political perceptions

The awesome power of the atomic bomb and the subsequent public fear of radiation-

induced cancer made the use of nuclear energy for electricity production a source of

public and political concern. The issues surrounding the use of nuclear power are

complex but in essence relate to four fundamental features:

l people’s dread of cancer;
l the link between cancer and the exposure to ionizing radiations;
l the military roots of nuclear power; and
l national and international governance.

Cancer is such an emotive issue because of the variety of forms it can take, its life-

threatening and debilitating effects, and the fact that there is often no cure. Although

somewhere between 25% and 30% of the population will die from cancer, the fact that

there is a link between cancer and exposure to ionizing radiation has not lessened the

public view that the nuclear industry is uniquely dangerous even though the chances of

being exposed to ionizing radiation from the activities of the nuclear industry are

extremely low. The public seems to accept the risks associated with exposure to nat-

ural sources of radioactivity from cosmic rays, radon gas, radiation from rocks, and the

natural radiation in their bodies. However, exposure to man-made sources of radiation

is seen as more serious and a potential threat that needs to be justified and, whenever

possible, minimized. The way the risks in relation to the health and safety of both the

workers and the public can be minimized if not eliminated clearly needs to be

explained.
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Public and political views on nuclear power remain interlocked with the perceived

links between the peaceful use of the energy for electricity production and its military

roots. It is true that the civil nuclear energy programs in the United Kingdom, the

United States, France, and Russia resulted from defense programs; however, through-

out the 1960s and 1970s, the civil nuclear energy programs, particularly in the United

Kingdom and the United States developed well beyond their military roots. Today, in

the case of the United Kingdom and many other countries, nuclear power for electric-

ity production is no longer dependent upon military technologies. This technological

separation between the use of nuclear energy for electricity production and its use in

nuclear weapons is, however, not recognized by all, and there are some who exploit

this fear. Not because they believe nuclear power reactors can explode like nuclear

bombs but because the infrastructure needed to sustain a nuclear power program

can equally support a nuclear weapons program and lead to the proliferation of nuclear

weapons.

The above societal concerns, at both national and international levels, have resulted

in intense political interest in the nuclear industry. Given this intensity, politicians and

the public require the nuclear industry to be subject to very close scrutiny within a

clear and robust governance structure. Governance is provided via a range of interna-

tional treaties and conventions relating to nuclear safety, nuclear security, nuclear

insurance liabilities, and the nonproliferation of nuclear weapons. These treaties

and conventions, which will be discussed later, are delivered at the national level

through nuclear laws and regulations and nuclear specific regulatory bodies.

4.2.2 Nuclear and radiological hazards

No industrial activity, including the reprocessing and recycling of spent nuclear fuel,

is immune from accidents; however, the political, public, and media responses to an

accident involving nuclear installations or radioactive materials are usually more

intense than for any other type of accident. “Nuclear” is perceived as “different”

and, hence, accidents receive closer attention and can lead to calls for the cessation

of the use of the technology as seen in the German response to the recent accident

at Fukushima. Because of this perceived difference, the public and politicians expect

the nuclear industry to go to extraordinary lengths to prevent accidents.

The main nuclear and radiological hazards associated with the reprocessing and

recycling of spent fuel come from intense radioactivity of the fission products

contained in the irradiated fuel rods, the radiotoxicity of nuclear materials such as plu-

tonium and uranium, and the potential for an unconstrained neutron chain reaction

(i.e., a criticality accident) in fissile materials such as uranium 235 and plutonium

239. Fission releases neutrons and intense gamma radiation from the fission products

and a great deal of heat. For example, the fission of uranium 235 produces on average

2.42 neutrons. If these neutrons all went on to cause further fissions, in the next “gen-

eration” there would be 2.42 fissions (on average), producing 2.422 neutrons, which

would go on to cause further fissions and the rate (and energy release) would increase

exponentially. In fact, not all the neutrons released go on to cause further fissions. The

neutron multiplication factor, k, is defined by,
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k¼ number of fissions in one generation

number of fissions in preceding generation

If k¼1, the system is said to be critical, and energy is produced at a constant rate. If k<1

(subcritical), the chain reaction would die away rapidly, whereas if k>1 (supercritical),

the chain reaction and energy released grow exponentially. Criticality can occur when-

ever fissile materials are present, depending upon such factors as the mass of material,

its geometry or concentration, the presence of materials that can slow down neutrons,

and in the case of uranium, the enrichment of the isotope of uranium 235.

The potential for criticality exists in various parts of the fuel cycle, namely enrich-

ment facilities, nuclear fuel fabrication facilities that use enriched uranium or pluto-

nium, spent fuel ponds because spent fuel contains residual levels of uranium 235 and

plutonium, nuclear fuel reprocessing plants where uranium and plutonium are sepa-

rated, and in fissile material stores.

The energy density stored in these fissile materials is so great that the fission of a

single atom of a fissile material such as uranium 235 is about 2 million times greater

than breaking the carbon-hydrogen bond in the combustion of coal, oil, or wood. The

fission products that result from the breakup of the nucleus are neutron rich and so

decay by the emission of b particles. The excess of neutrons in the fission products

has both advantages and disadvantages. The disadvantage results from the fact that

the radioactive decay of the fission products generates heat. Hence, spent fuel has

to be cooled for long periods prior to reprocessing. Thus, even if the chain reaction

in the core of a nuclear reactor is terminated, heat continues to be generated. This heat

must be removed or the core will heat up with resultant damage to the nuclear fuel and

possible release of radioactivity into the environment [as happened at Fukushima]

(The National Diet of Japan, 2012).

The advantage is that the resulting daughter products tend to be in an excited state

and usually decay to their ground state by g emission. However, some excited daugh-

ter products can decay by neutron emission. These neutrons are known as delayed neu-

trons, in contrast to the prompt neutrons emitted at the instant of fission. The delay

depends on the half-life of the fission product and typically varies between about

0.2 and 56 s (mean delay about 12 s). Only about 0.65% of the neutrons produced from

fission are delayed neutrons; however, they play a major role in the control of nuclear

reactors.

The materials either used in or produced by the use of nuclear energy are radioac-

tive. Radioactivity produces radiation in the form of particles or waves. Ionizing radi-

ation can cause biological damage to human cells and, hence, cause death or cancer.

The principal forms of ionizing radiation are alpha and beta particles, neutrons, and

gamma and X-rays, which have sufficient energy to strip electrons from atoms. Expo-

sure to these ionizing radiations from either external or internal sources can have an

adverse affect on human biology and hence human health.

Table 4.1 summarizes the properties of the main ionizing radiations that can cause

us harm.

Because atoms consist mostly of empty space, uncharged particles such as neutrons

can travel large distances before being stopped by collisions with the nucleus.
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However, charged particles (a and b) interact with electrons and lose energy by ion-
ization (i.e., removal of electrons from the atom). Typical energies of particles emitted

in radioactive decay are 1-10 MeV. The energy required to ionize an air molecule is

about 30 eV. Therefore, a 1 MeV particle can ionize about 33,000 molecules before

coming to rest. Although alpha and beta particles cause roughly the same total amount

of ionization (assuming they have the same energy), the alpha particles, being heavier,

move more slowly and so cause ionization over much shorter track lengths than the

beta particles.

Radiation is harmful and unlike other harmful substances, human senses cannot

detect it. Humans cannot feel, smell, or touch radiation, and this gives rise to fear

of the unknown, especially as the effects of exposure to ionizing radiation may not

occur for many years after exposure. For further information on radiation and the pro-

tection measures that can be taken, see Martin et al. (2012).

Where there is the potential for an industrial activity to cause harm, either to

workers or the public, society demands that such activities be subject to regulation.

The use of nuclear energy in general, and the reprocessing and recycling of spent fuel

in particular, is covered by a legal framework at both international and national levels.

4.3 Legal framework governing the use of nuclear energy

The reprocessing and recycling of spent nuclear fuel has implications for nuclear

safety (handling of radioactive and fissile materials), nuclear security (storage of

plutonium and enriched uranium), and safeguards (diversion of fissile materials

and sensitive proliferation technologies). In each of these areas, there are international

conventions that provide for effective governance.

4.3.1 International framework

The development of nuclear power was originally based on national laws because of its

initial links with military programs. However, the recognition by the international com-

munity that the use of nuclear energy had to be controlled because of its special nature

led to the creation of the IAEA in the mid 1950s. As the peaceful use of nuclear energy

was adopted by increasing numbers of countries, the need for an international legal

framework became more apparent. The IAEA led the development of “nuclear law”

(International Atomic Energy Agency, 2003, 2010a)

Table 4.1 Basic properties of ionizing radiation

Radiation Mass (amu) Charge Range (in air) Range (in tissue)

Alpha 4 +2 Up to 7.5 cm 0.05 mm

Beta 0.00055 �1 4 or 5 m Several mm

Gamma/X 0 0 100 s of m Through body

Neutron 1 0 100 s of m Through body
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Nuclear law is designed and structured to reflect the special nature of the challenges

associated with the use of nuclear energy. These challenges relate to the risks to the

health and safety of people and to the adverse impact on the environment resulting

from radioactive contamination.

Nuclear law is defined by the IAEA as

The body of special legal norms created to regulate the conduct of legal or natural
persons engaged in activities related to fissionable materials, ionizing radiation and
exposure to natural sources of radiation.

This definition has four main parts. The first is that nuclear law is part of a country’s

general legislation. The second element relates to regulation and this is where the risks

and benefits are considered. The third element is legal persons, which includes com-

mercial, academic, governmental, or scientific entities or individuals. The fourth ele-

ment focuses on radioactivity that is produced by nuclear fission as the defining

feature justifying the special regime.

The primary objective of nuclear law is

To provide a legal framework for conducting activities related to nuclear energy and
ionizing radiation in a manner which adequately protects individuals, property and
the environment.

The legal framework for the peaceful use of nuclear energy is provided by a number of

international conventions and treaties that member states of the United Nations sign.

4.3.2 International conventions and treaties

International conventions and treaties are used as vehicles to obtain consistent inter-

national approaches to such things as nuclear liability, nuclear safety, nuclear security,

nonproliferation, and mechanisms for obtaining cooperation in the event of accidents.

The IAEA has played a major part in the development and administration of these

conventions. To date, the key conventions relating to the peaceful uses of atomic

energy are:

l The 1997 Vienna Convention on Civil Liability for Nuclear Damage and the 1997 Convention

on Supplementary Compensation for Nuclear Damage—Explanatory Texts (International

Atomic Energy Agency, 2007b).
l The Convention on the Physical Protection of Nuclear Material (International Atomic

Energy Agency, 1980).
l The Convention on Early Notification of a Nuclear Accident (International Atomic Energy

Agency, 1986a).
l The Convention on Assistance in the Case of a Nuclear Accident or Radiological Emergency

(International Atomic Energy Agency, 1986b).
l The Convention on Nuclear Safety (International Atomic Energy Agency, 1994).
l Joint Convention on the Safety of Spent Fuel Management and on the Safety of Radioactive

Waste Management (International Atomic Energy Agency, 1997).
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l Code of Conduct on the Safety and Security of Radioactive Sources (International Atomic

Energy Agency, 2004).
l Code of Conduct on the Safety of Research Reactors (International Atomic Energy

Agency, 2006a).
l The Treaty on the Nonproliferation of Nuclear Weapons (NPT) (UN Treaty, 1968).

In relation to safeguards, the EURATOM Treaty (EURATOM Treaty, 2010) applies

to countries within the European Union. Hence, within these countries, facilities used

for reprocessing and recycling of spent nuclear fuel will be subject to international

requirements (and regulation) from both the IAEA and EURATOM.

Many of the above treaties and conventions apply to reprocessing and the recycling

of spent nuclear fuel. Their requirements provide the international legal framework to

ensure that reprocessing and recycling of spent nuclear fuel can be carried out safely,

facilities and nuclear materials are secure, and that fissile materials and sensitive tech-

nologies cannot be diverted to support illicit nuclear weapons programs. The principal

treaties and conventions that have a direct impact on the safety and security of repro-

cessing and recycling of spent nuclear fuel are:

l The Treaty on the Nonproliferation of Nuclear Weapons (UN Treaty, 1968).
l EURATOM Treaty (EURATOM Treaty, 2010).
l Joint Convention on the Safety of Spent Fuel Management and on the Safety of Radioactive

Waste Management (International Atomic Energy Agency, 1997).
l The Convention on the Physical Protection of Nuclear Material (International Atomic

Energy Agency, 1980).

The Joint Convention does not specifically apply to reprocessing or recycling of spent

nuclear fuel but the U.K. and French governments have included their reprocessing

activities in their national reports to the “Convention Peer Review” meetings.

However, reprocessing and recycling of spent nuclear fuel involve the handling,

treatment, and storage of spent nuclear fuel (i.e., management) and the management

of radioactive waste that arises from the process. Hence, the objectives of the Joint

Convention, reproduced below, provide a sound basis for ensuring nuclear safety

in reprocessing and spent nuclear fuel recycling activities.

Article 1: Objectives

The Objectives of the Convention are:

(i) to achieve and maintain a high level of safety worldwide in spent fuel and radioactive

waste management, through the enhancement of national measures and international

co-operation, including where appropriate, safety-related technical co-operation;

(ii) to ensure that during all stages of spent fuel and radioactive waste management, there

are effective defenses against potential hazards so that individuals, society, and the

environment are protected from harmful effects of ionizing radiation, now and in

the future, in such a way that the needs and aspirations of the present generation are

met without compromising the ability of future generations to meet their needs and

aspirations;

(iii) to prevent accidents with radiological consequences and to mitigate their consequences

should they occur during any stage of spent fuel and radioactive waste management.
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The treaties and conventions are supported by the IAEA. The IAEA has played a

major role in the design and development of the global nuclear safety regime. The

IAEA:

l is an independent intergovernmental, science and technology-based organization, in the

United Nations family, that serves as the global focal point for nuclear cooperation;
l assists its member states, in the context of social and economic goals, in planning for and

using nuclear science and technology for various peaceful purposes, including the generation

of electricity, and facilitates the transfer of such technology and knowledge in a sustainable

manner to developing member states;
l develops nuclear safety standards and, based on these standards, promotes the achievement

and maintenance of high levels of safety in applications of nuclear energy, as well as the

protection of human health and the environment against ionizing radiation;
l verifies through its inspection system that states comply with their commitments, under the

nonproliferation treaty and other nonproliferation agreements, to use nuclear material and

facilities only for peaceful purposes.

4.3.3 IAEA Safety Standards Programme

At the heart of this global nuclear safety regime is the Safety Standards Programme

(International Atomic Energy Agency, n.d.a). This program provides the global refer-

ence for the standards and expectations for the safety of nuclear facilities, including those

for reprocessing and the recycling of spent nuclear fuel. The program is structured such

that at the top there are the “Safety Fundamentals” that set out the high-level safety objec-

tives and supporting safety principles for nuclear facilities and activities. Below the

Safety Fundamentals come the “Safety Standards” that are grouped under the headings

of “General Safety Requirements” and “Specific Safety Requirements.” In each area, the

standards comprise a “Requirements” document that sets out the detailed standards that

must bemet and “Guides” that provide information of how the requirements can bemet.

The General Safety Requirements comprise:

Part 1. Governmental, Legal and Regulatory Framework for Safety

Part 2. Leadership and Management for Safety

Part 3. Radiation Protection and the Safety of Radiation Sources

Part 4. Safety Assessment for Facilities and Activities

Part 5. Predisposal Management of Radioactive Waste

Part 6. Decommissioning and Termination of Activities

Part 7. Emergency Preparedness and Response

The Specific Safety Requirements for facilities and activities and comprise:

Site Evaluation for Nuclear Installations

Safety of Nuclear Power Plants—Design and Construction

Safety of Nuclear Power Plants—Commissioning and Operation

Safety of Research Reactors

Safety of Nuclear Fuel Cycle Facilities

Safety of Radioactive Waste Disposal Facilities

Safety of Transport of Radioactive Material
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As can be seen, there are specific standards and guides that cover fuel cycle activities

and facilities.

4.3.4 National legal framework

The international nuclear framework sets out the fundamental principles and require-

ments that must be adopted by countries wishing to use nuclear energy for peaceful

purposes. However, national governments are responsible for implementing these

requirements in the areas of nuclear safety and nuclear security. The implementation

will depend upon the national legal system. The approach in the United Kingdom is

used here as an example of the regulatory environment and approach for nuclear oper-

ations such as reprocessing and recycling of spent nuclear fuel.

In the United Kingdom, nuclear safety legislation has developed over the years.

The United Kingdom introduced the Nuclear Installations Act (NIAct) of 1959. This

was subsequently amended in 1965 to take on broad new international treaties relating

to nuclear liability and insurance and, although it has been amended on numerous

occasions since then, to accommodate the licensing of BNFL and later the UKAEA.

The 1965 (As Amended) Act (Nuclear Installations Act, 1965) has remained the vehi-

cle for licensing all prescribed nuclear activities. The reprocessing and recycling of

spent nuclear fuel are prescribed activities and, hence, any new facilities in the United

Kingdom to undertake these activities will be covered by this Act of Parliament.

The NIAct gives the regulator considerable powers to control the use of nuclear

energy and its safety in the United Kingdom.

4.3.4.1 Nuclear Installations Act

Section 1 of the NIAct is relevant to reprocessing and recycling of spent nuclear fuel.

It addresses the control of certain nuclear installations and operations. In this section,

it is made clear that:

. . . no person . . . shall use any site for the purpose of installing or operating:

(a) any nuclear reactor (other than such a reactor comprised in a means of transport whether by

land, water or air): or

(b) subject to subsection (2) of this section, any other installation of such class or description as

may be prescribed, being an installation designed or adapted for –

I. the production or use of atomic energy;

II. the carrying out of any process which is preparatory or ancillary to the production or

use of atomic energy and which involves or is capable of causing the emission of ionis-

ing radiation; or

III. the storage, processing or disposal of nuclear fuel or bulk quantities of other radioac-

tive matter, being matter which has been produced or irradiated in the course of

production or use of nuclear fuel.

Unless a licence so to do (in this Act referred to as a “nuclear site licence”) has been

granted in respect of that site by the Minister and is in for the time being in force.
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When the NIAct came into force, the power to license nuclear installations was

vested in ministers in the Ministry of Power. The NIAct also enabled the creation

of a nuclear safety regulator that subsequently became known as Her Majesty’s

Nuclear Installations Inspectorate (HMNII). The minister in the Ministry of Power

formally delegated the power to license nuclear installations to the head of NII, the

chief inspector of nuclear installations. In 1975, the power to license nuclear instal-

lations was transferred to the Health and Safety Executive (HSE) and the executive

formally delegated these licensing powers to HM Chief Inspector of Nuclear Instal-

lations. The responsibility for regulating nuclear security was subsequently trans-

ferred to HSE from the Department of Trade and Industry, and responsibility for

regulating the transport of nuclear materials was transferred to HSE from the Depart-

ment of Transport. To deliver a more integrated approach to nuclear regulation the

government created the Office of Nuclear Regulation (ONR) as a Statutory Corpora-

tion in 2014. The Board of ONR, in line with previous practice, delegated the power to

license nuclear installations to the chief inspector.

4.3.4.2 Nuclear industry security regulations

The security of nuclear installations is not covered by the NIAct because the primary

focus of this Act is nuclear safety. As discussed above, the reprocessing and recycling

of nuclear fuel will have nuclear security implications both in terms of the prevention

of theft of fissile materials and in the prevention of sabotage to installations. The

Nuclear Industries Security Regulations (NISR) (2003) were introduced to ensure that

licensed nuclear sites, nuclear materials held at other premises or in transit, and the

construction of new installations were subject to effective security protection. These

regulations put obligations on a nuclear site licensee to produce and submit security

plans for its activities (or proposed activities) that set out its security standards, pro-

cedures, and arrangements. The 2003 Regulations required the security plan to be

approved by the regulator.

The original approach was somewhat prescriptive; however, new guidance has

been issued by ONR. The National Objectives, Requirements, and Model Standards

(NORMS) aim to provide a more goal-setting approach to nuclear security regulation.

The duty holder is now required to propose and justify its nuclear security arrange-

ments in order to meet ONR’s nuclear security objectives.

4.4 Roles and responsibilities

The effective delivery of nuclear safety, nuclear security, and safeguards depends

upon a whole range of “duty holders.” These include governments that operate at

the state and international level, regulators that operate mainly at the state level, oper-

ators or “licensees” that operate at the corporate level, and staff and others who under-

take the day-to-day activities associated with nuclear and radioactive waste-related

operations.
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4.4.1 Nuclear safety

In the case of nuclear safety, the responsibilities for governments, regulators, and

licensees are clear as set out in the IAEA document on Government, Legal, and Reg-

ulatory Framework for Safety (International Atomic Energy Agency, 2010b) and the

IAEA’s Fundamental Safety Principles (International Atomic EnergyAgency, 2006b).

4.4.1.1 Government

Governments have the responsibility for putting in place a legal and governmental

framework to establish the required laws, regulations, and standards that are necessary

for the effective regulation of nuclear facilities and activities that give rise to radiation

hazards. GSR1 Part 1 (International Atomic Energy Agency, 2010b) identifies a num-

ber of the key requirements for governments in relation to nuclear safety.

Governments, therefore, have a responsibility to put in place an effective legal

framework for safety that includes the establishment of an independent regulatory

body. In doing this, governments must ensure that the regulatory body

l has adequate legal authority, technical and managerial competence, and human and financial

resources to fulfill its responsibilities; and
l is effectively independent of the licensee and of any other body that is responsible for the

promotion of the use of nuclear energy, so that it is free from any undue pressure from inter-

ested parties.

4.4.1.2 The regulator

Once established, the regulatory body is responsible for setting the appropriate nuclear

safety standards, licensing nuclear installations, and carrying out inspection and

enforcement activities including permissioning activities on or related to a licensed

nuclear site.

4.4.1.3 The licensee

The global framework for the effective delivery of nuclear safety makes it very clear

that it is the licensee who is responsible for nuclear safety. Reference (International

Atomic Energy Agency, 2010b) sets out the “requirements” that governments must

deliver for the effective management of nuclear safety. Requirement 5 relates to

nuclear safety responsibility:

Requirement 5: Prime responsibility for safety
The government shall expressly assign the prime responsibility for safety to the per-

son or organization responsible for a facility or an activity, and shall confer on the
regulatory body the authority to require such persons or organizations to comply with
stipulated regulatory requirements, as well as to demonstrate such compliance.

Therefore, the prime responsibility for safety must rest with the person or organization

responsible for facilities and activities that give rise to radiation risks.
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The licensee retains the prime responsibility for nuclear safety throughout the life-

time of facilities and activities. This responsibility cannot be delegated to any other

organization.

The licensee is therefore primarily responsible for inter alia:

l establishing, maintaining, and managing a corporate body with sufficient financial resource

to undertake the required nuclear operations;
l establishingandmaintaining thenecessarycompetences tobe the“controllingmind”of its oper-

ations or activities, and the “intelligent customer” for any services it contracts out to others;
l providing adequate training and information to its employees;
l establishing procedures and arrangements to maintain safety under all conditions;
l verifying appropriate design and the adequate quality of facilities and activities and of their

associated equipment;
l ensuring the safe control of all radioactive material that is used, produced, stored, or

transported; and
l ensuring the safe control of all radioactive waste that is generated.

4.4.2 Nuclear security

Nuclear security is not as straightforward as nuclear safety. This is because of the

nature of nuclear security, which includes the detection and management of threats

that originate outside the control of the licensee. Unlike nuclear safety, there are

no international standards for nuclear security because of the aid such standards could

give to those with malicious intent. The detection and management of security threats

involve activities that are often considered to be “sensitive” and can include intelli-

gence gathering, the exercise of police powers, trustworthiness, the vetting of persons

working within (or associated with) a nuclear facility with access to nuclear or radio-

active materials, or access to safety-related plant or equipment.

These sensitivities have resulted in governments being reluctant to open up nuclear

security to international nuclear standards development. However, in the 1970s the

IAEA recognized the need for some form of guidance on physical protection; this

has been progressively updated, with the latest version being the IAEA document

INFCIRC/225 (International Atomic Energy Agency, 2011). In 1987, the Convention

on the Physical Protection of Nuclear Material (International Atomic Energy Agency,

1980) entered into force.

4.4.2.1 Government

Government has a responsibility to protect nuclear material that is within the scope of

the Convention. The protection is required for nuclear materials that are within domes-

tic use and storage or transport (both within national borders and when the material is

on board a ship or aircraft under the jurisdiction of the state). The Convention does not

prescribe how this responsibility should be delivered and, unlike in the case of nuclear

safety, there are no legally binding requirements on roles and responsibilities.

However, INFCIRC/225 does provide guidance to governments.

For states that are parties to the Convention, the government would be expected to

establish a legal and regulatory framework and assign responsibilities. Neither the
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Convention nor INFCIRC/225 use the term “regulatory body” that is used in terms of

nuclear safety; however, the role of a regulatory body for nuclear security is vested in

what is termed the “competent authority.” The state would be expected to establish a

competent authority with responsibility for the implementation of the legislation and

provide it with adequate authority, competence, and financial and human resources to

fulfill its assigned responsibilities. The competent authority would also be expected to

have effective independence from those of any other body in charge of the promotion

or utilization of nuclear energy.

4.4.2.2 The licensee

In the case of nuclear safety, the primary responsibility rests with the licensee; that is,

the person in charge of day-to-day of activities on a site or in control of nuclear-related

activities. The situation in relation to nuclear security is slightly different because gov-

ernment, usually via the regulator, holds some responsibilities in relation to threat

assessment and definition. This is reflected in the IAEA guidance (International

Atomic Energy Agency, 2011) on physical protection.

The licensee is typically responsible for:

l compliance with regulations and requirements established by the state or the regulator;
l cooperation with other organizations with security-related responsibilities such as off-site

response forces;
l control of, and accountancy for, nuclear material at its facilities;
l reporting accounting discrepancies to the regulator;
l preparation of a security plan based upon state-defined threat assessments;
l maintenance of the physical protection system and contingency plans; and
l ensuring physical protection requirements are taken into account in the siting and design of

new nuclear facilities.

4.4.3 Nuclear safeguards

As discussed above, the purpose of the international safeguards system is to prove to

the international community with credible assurance that nuclear materials and related

technologies are not being diverted from their peaceful uses into nuclear weapons pro-

grams. The IAEA has a statutory duty (International Atomic Energy Agency, n.d.c) to

establish and administer the international safeguards system. The IAEA can conclude

agreements with states or regional inspectorates for the application of safeguards. The

IAEA’s role in relation to safeguards is set out in INFCIRC/26 (International Atomic

Energy Agency, 1961). This states that the IAEA is authorized

to establish and administer safeguards designed to ensure that special fissionable and
other materials, services, equipment, facilities, and information made available by the
Agency or at its request or under its supervision or control are not used in such a way
as to further any military purpose; and to apply safeguards, at the request of the
parties, to any bilateral or multilateral arrangement, or, at the request of a State,
to any of that State’s activities in the field of atomic energy.
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4.4.3.1 Government

Unlike nuclear safety or nuclear security, the IAEA has responsibilities for safeguards,

additional to the responsibilities of states, regulators, and license holders (International

Atomic Energy Agency, 1972)

Government has a responsibility to

l maintain a system of records of the material and facilities to which the safeguards agreement

applies;
l submit routine and special reports on the facilities and materials under safeguards;
l allow inspections by the IAEA to account for material to which the safeguards agreement

applies, and to detect diversion;
l provide design information on new facilities or changes to existing facilities as soon as the

state authorities decide to construct, authorize construction, or to modify a facility; and
l set up a legal framework to enable the safeguards information required by the IAEA to be

collected, this could be done via regulations that place duties on nuclear license holders or

others to report their activities and furnish the necessary information.

4.4.3.2 The licensee

The responsibilities of nuclear licensees will vary depending upon the way in which a

state implements its safeguards arrangements. In general, a nuclear license holder will

have the responsibility to

l define and communicate the lines of responsibility and authority in relation to the state’s

nuclear materials accountancy system (NMAS);
l provide appropriate resources to enable the NMAS to be effectively implemented;
l ensure that those with responsibilities are adequately trained and have suitable qualifications

and experience to undertake their duties; and
l ensure that the NMAS is successfully implemented.

4.5 Regulation

As stated earlier, society expects that all activities that have the potential to cause harm

are subject to regulation. In the United Kingdom, any new advanced fuel cycle facility

for reprocessing and recycling of spent nuclear fuel will be subject to regulation.

Nuclear safety and nuclear security at nuclear installations and the transport of spent

nuclear fuel and new nuclear fuels, such as mixed oxide (MOX) fuels produced from

recycling, will be regulated by the ONR.

4.5.1 Licensing

Under the NIAct, no one can construct or operate a nuclear installation without a

licence granted by ONR. The NIAct allows ONR to attach conditions to a nuclear site

license as may be necessary or desirable in the interests of safety or with respect to the

handing, treatment, or disposal of nuclear matter.

78 Reprocessing and Recycling of Spent Nuclear Fuel



The current standard licence for a nuclear installation in the United Kingdom has

some 36 conditions (Office of Nuclear Regulation, 2011). These conditions envelope

all the requirements to effectively manage nuclear safety on a licensed nuclear site

and cover such things as design, construction, commissioning, operation, maintenance,

inspection and review, decommissioning, and themanagement of organizational change.

The United Kingdom’s nuclear regulatory regime clearly puts the responsibility on

the licensee to demonstrate that its activities are safe. Therefore, the licensee is

required to show how it intends to comply with the conditions attached to the license.

The licensee’s arrangements are legal documents and, hence, form part of the criminal

law. Failure by the licensee to comply with its arrangements is a breach of the criminal

law and, hence, the licensee is liable to prosecution.

The licensing process operated by ONR is in effect a “permissioning regime”; that

is, the duty holder is required to seek permission to undertake a nuclear safety related

activity before that activity is undertaken. Permission is granted on the basis of the

adequacy of the safety documentation (safety case) for the proposed activity.

4.5.2 Safety cases

The licence conditions give powers to the regulator to control activities by placing hold-

points on the licensee’s activities. Progress past a hold-point usually requires the

licensee to produce a safety case that demonstrates that the licensee’s proposed action

will be safe. For major nuclear installations associated with reprocessing and recycling

of spent nuclear fuel, the hold-points and associated safety cases could be

l Preliminary safety case (PSC)—demonstrates at the concept level that there are no funda-

mental flaws in the proposal.
l Preconstruction safety case (PCSC)—provides a detailed demonstration that the proposed

plant will meet all the required nuclear safety standards and requirements. ONR are unlikely

to allow construction to commence until it is satisfied that the arguments made in the PCSC

have been substantiated.
l Precommissioning safety case (PCmSC)—provides a demonstration that the plant has been

constructed to the required specification and there is a schedule of tests to demonstrate that

all the systems are functioning as designed.ONRusually places twohold-points on the licensee,

one to control inactive commissioning (i.e., testing of systems before any spent nuclear fuel is

introduced); and the second to ensure that all the control and protection systems have been

tested and the staff are ready to accept the introduction of spent nuclear fuel into the facility.
l Preoperational safety case (POSC)—provides a demonstration that the facility (spent fuel

storage facility, reprocessing plant, or the associated MOX fuel production facility) has been

designed, constructed, and commissioned properly and demonstrates the safe limits and con-

ditions that are used to ensure the plant will be safe even under fault conditions. ONR usually

would not allow a facility to go into routine operation until it is satisfied that the arguments

made in the POSC have been substantiated during the active commissioning phase.
l Periodic safety review (PSR)—provides a demonstration every 10 years that the plant is safe to

continue to operate for the next 10 years, including a check against changes in standards. ONR

can prevent continued operation if the PSR has not demonstrated that it is safe to continue.
l Predecommissioning safety case (PDSC)—provides a demonstration that the plant can be

decommissioned safely.
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4.6 Standards and expectations

The above has shown that there is a comprehensive international and national legal

framework for ensuring that nuclear activities, such as reprocessing and recycling

of spent nuclear fuel are carried out safely, securely, and in a way that does not lead

to the proliferation of nuclear weapons. The key to the delivery of nuclear safety (and

in an indirect way nuclear security and safeguards) is the safety case. Safety cases are

used to demonstrate that the design, construction, commissioning, and operation of

the nuclear facilities meet the required safety goals and, hence, that the risks to the

workers and the public are reduced so far as is reasonably practicable.

The facilities used to undertake the processes necessary to reprocess spent nuclear

fuel and recycle the recovered uranium and plutonium to produce new fuel and man-

age the resultant radioactive wastes, including fission products and minor actinides

(MAs), are required to meet specific nuclear safety standards. The safety cases must

not only show what the appropriate standards are, and why they have been chosen, but

also show how the design and subsequent construction, commissioning, and operation

delivers the requirements of the standards.

The licensee must make the safety case and, hence, choose the appropriate stan-

dards that when met will reduce risks to as low as is reasonably practicable (ALARP).

The IAEA safety standards program includes a number of documents that are relevant

to reprocessing and recycling of spent nuclear fuel. The ONR has also published its

safety assessment principles (SAPs) for Nuclear Facilities. The SAPs provide

guidance to ONR Inspectors but they give a useful insight into what is required to

demonstrate nuclear safety.

4.6.1 IAEA safety standards

There are no specific IAEA standards or guides for nuclear fuel reprocessing facilities

but there are a number that are applicable to the various stages in the preprocessing and

recycling process. Any advanced nuclear fuel cycle, by definition, will be a “closed”

process. The safety requirements for the facilities used in the process are set out in the

IAEA documents Safety Assessment for Facilities and Activities (International Atomic

Energy Agency, 2009) and Safety of Nuclear Fuel Cycle Facilities (International

Atomic Energy Agency, 2008a).

4.6.1.1 Storage of spent nuclear fuel

Spent nuclear fuel will need to be stored prior to reprocessing, and guidance on how the

safety requirements can be met is given in Storage of Spent Nuclear Fuel (International

Atomic EnergyAgency, 2012). In advanced nuclear fuel cycles, it is likely that high burn

upMOX fuels will be recycled and, hence, storage of this fuel prior to reprocessing will

have a number of safety issues. Spent fuel storage can be either in ponds (wet storage) or

in casks (dry storage). Each of these options has nuclear safety, nuclear security, and

safeguards issues as set out in reference (International Atomic Energy Agency, 2012).
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The facilities are required to be designed to provide protection against plant malfunc-

tions (in the case of pond storage) and external events such as earthquakes, flooding,

missiles, and aircraft crashes. The safety case for storage will need to take account of

such things as the type of fuel, enrichment, plutonium content, criticality potential,

burn up, heat generation, chemical characteristics of the cladding and storage medium,

and the integrity of the fuel (failed, leaking). The licensee is also required to maintain

records of the fuel for materials accounting and control. The length of storage prior to

reprocessing may vary and, hence, the ability to retrieve the fuel is an essential part of

the safety case for the storage facility.

4.6.1.2 Reprocessing facilities

The reprocessing of spent nuclear fuel presents numerous nuclear safety, nuclear

security, and safeguards challenges. The general safety requirements for such facili-

ties are covered in reference (International Atomic Energy Agency, 2008a), which

gives a comprehensive description of what is required from the siting, design,

construction, commissioning, and operation of fuel cycle facilities. In the case of a

reprocessing plant, whether for the current generation based upon the PUREX process

or for the advanced processes proposed for the future, the basic challenges are

the same.

Reprocessing facilities must be designed to prevent and, when necessary, mitigate

the consequences of plant malfunctions and human error. Defense in depth is a fun-

damental requirement to ensure risks are ALARP. These facilities must also be

designed and operated to cope with internal hazards such as fire and external hazards

arising from earthquakes, flooding, extreme temperatures, wind, and precipitation.

Reprocessing facilities typically comprise four main parts:

l Fuel receipt and storage (interim storage pending reprocessing);
l Headend (fuel shearing and dissolution);
l Chemical separation (separation of uranium, plutonium and fission products); and
l Finishing lines (production of uranium and plutonium oxide powders).

The nuclear safety, security, and safeguards challenges in the fuel receipt and storage

part of the facility are dominated by

l mechanical handling;
l radiation protection (shielding during fuel transfer and interim storage);
l radiation protection (airborne release from failed fuel);
l criticality protection;
l heat removal from the interim storage pond;
l pond water chemistry;
l inventory control for safeguards; and
l control of access for security.

The nuclear safety, security, and safeguards challenges associated with the headend

part of the facility, where the spent nuclear fuel is sheared and dissolved in nitric acid,

are dominated by
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l inventory control systems and accountancy;
l radiation protection (shielding for shear cave and dissolver cells);
l ventilation control in the shear cave and dissolver cells including off-gas treatment;
l criticality control in the dissolvers;
l process control of liquor volumes; and
l access control to operational areas.

Nuclear safety, security, and safeguards challenges in the chemical separation part of

the plant where the uranium, plutonium, and fission product waste are separated are

dominated by

l process control for chemical separation;
l criticality control;
l radiation protection (shielding for the main process fission product cells);
l radiation protection (ventilation control);
l inventory control; and
l access control to operational areas.

In the finishing lines where the uranium and plutonium bearing liquors are converted

to uranium and plutonium oxides, nuclear safety, security, and safeguards challenges

are dominated by

l process control;
l criticality control (for both uranium and plutonium lines);
l radiation protection (glove box for plutonium lines);
l radiation protection (ventilation);
l access control to operational areas and plutonium stores; and
l inventory control.

Nuclear safety, security, and safeguards throughout the facility are delivered by a

combination of active, passive, and administrative controls.

4.6.1.3 Plutonium and reprocessed uranium storage

The plutonium and reprocessed uranium oxides (which are likely to be slightly

enriched) will be put into interim storage pending being fed into the MOX fuel fab-

rication facility. The nuclear safety, security, and safeguards arrangements for these

materials will be different because of their different hazard potentials.

Plutonium storage requires

l robust facilities that are designed to protect against plant malfunctions, human error, internal

and external hazards, including aircraft crashes;
l containment (sealed canisters) because of the high radiological toxicity of plutonium;
l radiation protection (shielding) because of gamma radiation from americium build up;
l physical protection against external hazards and security threats;
l radiation protection (ventilation) with defense in depth to mitigate the consequences of can-

ister failure;
l access control to store; and
l inventory control.
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The storage of uranium dioxide powder is less onerous because of the lower levels of

radiological toxicity and proliferation implications. However, reprocessed uranium is

slightly enriched and requires safeguards controls. Storage facilities for reprocessed

uranium will require

l buildings that are designed to provide a weatherproof environment;
l fire protection;
l criticality control;
l uranium containment (sealed drums);
l radiation protection (ventilation) with defense in depth to mitigate the consequences of drum

failure;
l physical protection to control access to store; and
l inventory control.

4.6.1.4 Radioactive waste management

One of the main aims of reprocessing is to separate out the highly radioactive fission

products that are considered to be radioactive waste. In addition, reprocessing also pro-

duces secondary radioactive wastes. All radioactive waste streams need to be effectively

managed. While reference (International Atomic Energy Agency, 2008a) provides the

requirements for the safety of fuel cycle facilities including facilities for the condition-

ing and storage of radioactive waste, the IAEA (International Atomic Energy Agency,

2013) gives more specific guidance on the safety case and safety assessment for radio-

active waste management.

The main waste streams arising from reprocessing are

l Liquids
l High-level waste (HLW) from the HA cycle
l Low-level waste (LLW) from solvent recycle circuit and other waste solvents

l Gaseous
l Kr-85 in dissolver off-gas—as Kr is chemically inert it is released to the environment.
l I-129 in dissolver off-gas—removed by alkali scrubbing.
l C-14 in dissolver off-gas as CO2—removed by alkali scrubbing.
l H-3—mostly as tritiated water vapor removed by scrubbing.

l Solids
l Intermediate-level waste (ILW) such as contaminated fuel hulls.
l LLW from various operations.

High-level radioactive waste results from the separation of the fission products from

the spent fuel. In current reprocessing facilities, this waste stream is evaporated to

reduce its volume and the fission products are vitrified in a glass matrix and sealed

in a high-integrity stainless steel canister. These heat-generating canisters are stored

on the surface for up to 50 years to allow the canisters to cool prior to disposal. As

shown above, other waste streams arise from contaminated solvents used in the

solvent-extraction process and the waste cladding and fuel assembly components.

These ILW and LLW are conditioned, usually in a cement matrix in stainless steel

drums, and stored pending disposal.
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HLW and ILWwastes are highly radioactive and their processing and storage must

be carried out in very thick-walled concrete cells to provide shielding from the intense

radiation. The aim is to provide passive safety and, hence, for the heat-generating

high-level vitrified wastes, cooling should be via natural convection. For ILW, passive

safety is delivered through the waste containers and the robustness of the store. The

key nuclear safety, security, and safeguards issues relating to radioactive waste are

l robust facilities to provide protection from plant malfunctions, human error, internal and

external hazards including earthquakes, flooding, and aircraft crashes;
l retrievability of waste from store;
l radiation protection (shielding);
l radiation protection (ventilation);
l inventory control;
l access control to operational areas; and
l access control to storage areas.

The solid LLW can be disposed, after treatment, to surface or near-surface disposal

facilities. The very low-level liquid wastes are discharged under authorization to

the sea, and very low-level gaseous wastes are discharged to the atmosphere via tall

stacks to enable dispersion.

4.6.1.5 MOX fuel fabrication

The main aim of reprocessing and recycling is to reuse the plutonium and uranium left

in the spent fuel. Advanced fuel cycles will be based upon MOX fuels either for use in

thermal reactors or in fast breeder reactors. Nuclear fuel fabrication is, therefore, an

essential part of an advanced nuclear fuel cycle. As with other parts of the fuel cycle,

MOX fabrication has nuclear safety, security, and safeguards issues. The IAEA

(International Atomic Energy Authority, 2010) provides extensive guidance on the

nuclear safety issues relating to MOX fabrication facilities.

The key nuclear safety, security, and safeguards issues relating to MOX fabrica-

tion are

l robust design to protect against plant malfunctions and human error;
l fire and explosion (hydrogen);
l earthquake and flooding;
l aircraft crash/missile impact;
l radiation protection (glove box operations);
l radiation protection (ventilation);
l radiation protection (shielding);
l criticality control;
l inventory control; and
l access control.

4.6.2 ONR SAPs

As shown above, the IAEA safety standards set out the nuclear safety requirements for

reprocessing and nuclear fuel recycling facilities and they provide extensive guidance

to designers, operators, and regulators on how the requirements can be delivered.
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Although the standards have been produced for current nuclear fuel cycle facilities,

there is no reason why they cannot be applied to advanced nuclear fuel cycles. The

ONR SAPs (Office of Nuclear Regulation, 2008) are not standards, but they give

an insight into what the regulator expects to see in a licensee’s safety documentation.

The SAPs have been benchmarked against the IAEA Safety Standards as they were in

2004. In relation to reprocessing and nuclear fuel recycling facilities it is likely that

most of the SAPs would be applicable. In line with U.K. practice, any new facilities for

reprocessing and recycling of spent nuclear fuel would need to demonstrate that the

risk to the workers and the public are tolerable and ALARP.

4.6.2.1 Leadership

ONR would expect to see effective leadership in any organization that intended to

design, construct, commission, and operate a nuclear facility such as those discussed

in this book. Directors and their managers would be expected to focus their orga-

nization on achieving and sustaining high standards of safety. To do this, ONR

would expect the organization to have sufficient suitably qualified and experienced

staff to be the “controlling mind” for its operations and to be an “intelligent cus-

tomer” capable of effectively managing its contractors in order to manage nuclear

safety.

4.6.2.2 Safety case process

Safety cases are required to substantiate the licensee’s arguments for permission to

carry out specific nuclear safety-related activities throughout the life cycle of the facil-

ity, such as to undertake construction, commissioning, operation, modification, or

decommissioning. ONR would expect the complexity of the safety case to be com-

mensurate with the hazard; that is, the greater the hazard potential the more compre-

hensive the safety case should be to demonstrate that the risks are ALARP. The safety

case should be a living document and be maintained throughout the life cycle of the

facility. The safety case belongs to the licensee and it is produced for the licensee

so that it can be assured at all times that the facility is safe. The safety case should

not be produced for the regulator but to demonstrate to the regulator that the licensee’s

arguments are robust.

4.6.2.3 Siting

When siting a reprocessing and nuclear fuel recycling facility, the licensee should take

account of the radiological risk the facility might have on the local population. The

safety case should not only show that the risks from the facility are ALARP but, in

the event of an emergency, it should also show that the local off-site population char-

acteristics would enable an effective off-site emergency response. Account should

also be taken of any natural or man-made external hazards, including the potential

impact on neighboring hazardous installations associated with the proposed site.

Safety and security issues in the reprocessing and recycling of spent nuclear fuels 85



4.6.2.4 Engineering principles

As seen in the IAEA standards, the ONR would expect a safety case for a new facility

to demonstrate, whenever possible, the adoption of inherent safety. Also, the safety

case should show that the sensitivity of the facility to potential faults has been min-

imized. It should also show that there are adequate levels of defense in depth against

potentially significant faults to limit the consequences and reduce the risks to ALARP.

ONR would expect to see the safety case address internal and external hazards with a

clear definition of the design basis event (DBE) and a demonstration that a small

change in the DBE will not lead to a disproportionate increase in radiological conse-

quences. Many of the engineering principles relating to design, component manufac-

ture, construction, commissioning, operation control and instrumentation, human

factors, passively safe storage of nuclear materials, and nuclear materials accountancy

are directly relevant to reprocessing and nuclear recycling facilities.

4.6.2.5 Numerical targets and legal limits

Any new reprocessing and nuclear fuel recycling facility would be expected to at least

meet the risk target set out in the basic safety level (BSL) and strive to achieve the

level of risk set out by the basic safety objective (BSO) if ALARP. Reference

(Office of Nuclear Regulation, 2008) sets out the risk and radiation dose levels for

workers and the public for the BSO, the BSL, and the legal limits. In essence, the tar-

gets for individual risk of death to a person on the site from accidents on-site would be

BSL : 1�10�4 per annum

BSO : 1�10�6 per annum

The same individual risks apply to a person off the site. In the event of a severe acci-

dent that went beyond the design basis, societal risk is used as the appropriate target.

Societal risk is based upon accidents that can lead to the death (immediate or eventual)

of 100 or more people. The targets for the total risk of 100 or more fatalities are

BSL : 1�10�5 per annum

BSO : 1�10�7 per annum

The safety case for any new reprocessing and nuclear fuel recycling facility would be

required to demonstrate that total societal risk, including on-site and off-site fatalities

are within the BSL and BSO target levels.

4.7 Advanced fuel cycle challenges

The strategy for the use of closed nuclear fuel cycles is aimed at the conservation of

natural resources; for example, uranium, the utilization of plutonium as an energy

source, the optimization of radioactive waste management including disposal,
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improved fuel cycle economics, and proliferation resistance. The current reprocessing

technology is some 60 years old. TBP is not a selective extractant, and it degrades due

to radiolysis and acid hydrolysis and this gives it fairly rigid flow sheet conditions and

the need for a solvent cleanup circuit. The PUREX process separates the bulk of the

metals (U and Pu) from smaller quantities of fission products and MAs and, conse-

quently, contactors are comparatively large. It does not separate long- and short-lived

radionuclides; these are discarded together in the highly active liquid waste, which has

an impact on radioactive waste disposal options.

Current research on partitioning is to find and develop processes suitable for sepa-

ration of the heavier MAs (and possibly some long-lived fission products) on an indus-

trial scale. Most of the research studies are concentrated on modified PUREX flow

sheets, but some advanced fuel cycles are looking at reprocessing that does not involve

the PUREX process and will use separation techniques with the potential to segregate

radionuclides into “families” and that will produce a more sustainable approach to

radioactive waste management that is more consistent with partitioning and transmuta-

tion (P&T). The objective of transmutation is to change the long-lived actinides into

fission products and long-lived fission products into significantly shorter-lived nuclides.

The goal is, therefore, to produce radioactive wastes that decay in a few hundred years

compared with the current wastes that remain radioactive for tens of thousand years.

The adoption of a P&T approach, therefore, has several advantages:

l reduces the radiotoxic inventory of long-lived HLW;
l reduces the heat load of geological repositories; and
l reduces the intergenerational liabilities of nuclear power.

Some of the processes for advanced fuel cycles are discussed in references

(OECD/NEA, 2006, 2012; International Atomic Energy Agency, 2008b; EPRI,

2010). Each is focused on specific objectives relating to more effective radioactive

waste management, security, or nonproliferation goals. The DIAMEX-SANEX pro-

cess (OECD/NEA, 2006) provides selective separation of long-lived radionuclides

(with a focus on Am and Cm separation) from short-lived fission products. The COEX

process (Drain et al., 2008) is based on coextraction and coprecipitation of uranium

and plutonium (and usually neptunium) together, as well as a pure uranium stream

(eliminating any separation of plutonium on its own). The GANEX (grouped extrac-

tion of actinides) process (Carrott et al., 2014) separates uranium and then recovers

plutonium with the MAs from the high-level raffinate stream. The resultant uranium,

plutonium, and MAs, together, can be made into MOX fuel for fast neutron reactors;

the lanthanides and other fission products become waste. The DOUBLE STRATA

process (OECD/NEA, 2001) is an extension of the mixed LWR+FR scheme. The goal

is a 95% removal and transmutation of MAs, Tc-99 in HLW and I-129 from the

PUREX process (Saito & Sawada, 2002). A reduction in these radionuclides will have

an impact on the potential hazard from radioactive waste.

The successful exploitation of these advanced fuel cycles may not reduce the oper-

ational nuclear safety and nuclear security challenges but they have considerable

implications for reducing proliferation threats and for the safe and secure disposal

of radioactive waste.
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4.7.1 Nuclear safety and security

Advanced nuclear fuel cycles would appear to have considerable advantages; how-

ever, these can only be realized if P&T can be made to work on an industrial scale.

This will require the use of fast reactor technology that is as yet unproven at a com-

mercial level. Another safety-related factor is the need for commercial-scale MOX

fabrication facilities with higher levels of enrichment than current MOX facilities

and possibly more use of remote fabrication technology to reduce worker doses.

4.7.2 Nuclear nonproliferation safeguards

At the operational stage, the safeguards implications for these new fuel cycles should

not be anymore onerous than the current arrangements for reprocessing andMOX fuel

production plants. However, in the longer term these processes should enable a better

utilization of uranium and plutonium than the current once through process that

requires the disposal of spent fuel. They should also reduce the safeguards burden

on disposal facilities and, hence, proliferation threats to future generations.

4.8 Conclusions

There is a comprehensive legal framework at both the international and national level

to control the design, construction, commissioning, operation, and decommissioning

of nuclear installations and to control the management of radioactive waste. These

frameworks are designed to provide society with the confidence and the necessary

levels of protection to enable the peaceful use of nuclear energy. Nuclear fuel cycle

facilities are currently being designed, constructed, commissioned, operated, and

decommissioned within this framework and at acceptable levels of risk to both

workers and the public. However, this is as a result of considerable attention being

paid to nuclear safety, nuclear security, and nonproliferation safeguards to ensure that

these facilities are safe, secure, and that fissile materials and sensitive technologies are

protected from diversion and theft.

The advanced nuclear fuel cycles under consideration could lead to more efficient

reprocessing and recycling of nuclear fuel. There is no reason to believe that these new

facilities will present technological challenges that will prevent them being licensed

within the current nuclear safety or security approaches. However, the new processes

have the potential to offer improvements in relation to radioactive waste management

and reduce the safety, security, and safeguards burden on future generations.
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5Current headend technologies

and future developments in

the reprocessing of spent

nuclear fuels

Chris J. Maher
National Nuclear Laboratory, Seascale, UK

Acronyms

AIROX atomics international oxidation process

CANDU Canadian deuterium reactor

CEPOD catalyzed electrochemical plutonium oxide dissolution

DOG dissolver off gas

DUPIC direct use of PWR fuel in CANDU

GFR gas fast reactor

HA high active

HM heavy metal

IAEA International Atomic Energy Agency

IFCs interfacial cruds

IFPs insoluble fission products

IMF inert matrix fuel

LFR lead-cooled fast reactor

LWRs light water reactors

MEO mediated electrochemical oxidation

MOX mixed oxide

NEA Nuclear Energy Agency

OREOX oxidation reduction oxidation process

OSPAR convention for the protection of the marine environment of the north Atlantic

PWR pressurized water reactor

SCWR super critical water reactor

SFR sodium fast reactor

SIMFUEL unirradiated simulated fuel

THORP Thermal Oxide Reprocessing Plant (at Sellafield, UK)

VHTR very high temperature reactor

Volox voloxidation
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5.1 Introduction

A key part of any reprocessing plant is headend; this is where spent fuel is received and

a dissolved product solution of standard composition is produced. The headend cur-

rently produces three feeds for other parts of the reprocessing plant: the dissolver prod-

uct, off-gases, and solid wastes. The position of the headend with the feeds and

products are highlighted in Figure 5.1. As solid spent fuel is transformed into an aque-

ous solution, solids such as cladding and undissolved residues must be removed and

dispatched to a waste treatment plant. During headend processing, gaseous and a por-

tion of semivolatile fission products are evolved into the process ventilation system,

which is decontaminated in a separate process step, the dissolver off-gas (DOG)

treatment plant.

The reprocessing plant will have an overall process aim or specification that can be

used to define the requirements for each part of a reprocessing plant. As the headend

does not produce any final products, it must meet the requirements for the next process

stages. The headend must provide feeds that allow the chemical separation plant, off-

gas, and solid treatment plants to meet their objectives. An example of this is shown in

Table 5.1. It is logical that any changes to the overall process aims could affect some

or all of the final products. This in turn will affect the feed requirements to each pro-

cess step. As the overall process aims for future reprocessing plants are continuously

evolving as technology and regulatory constraints develop, the designs of future head-

end processes must adapt to these requirements.

A fundamental difference between the headend and any other part of the reproces-

sing plant is that spent fuel is received. Changes in fuel type or form can have a sig-

nificant effect on the process steps needed to achieve the requirements for feeds to

downstream processes. It is, therefore, highly important for developments in fuel
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Figure 5.1 Position of the headend in the reprocessing plant.
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and reactor technology to be linked to headend development studies. For this reason,

the concepts of future reactor and fuel types are summarized in Table 5.2 (GIF, 2002).

The consequences of changes to fuel form or type will be the focus of discussion later

in this chapter.

There are three other changes that may change the aims of a future reprocessing

plant and that could greatly affect the process steps required in the headend. These are

l an increase in the percentage of transuranic actinides that need to be recovered;
l reduction in environmental discharge limits; and
l requirements to recover nonfuel components.

It is common that a small percentage of actinides, typically 0.05-0.5 wt%, is lost to the

solid waste stream (NEA, 2012; IAEA, 2003). If there is a future requirement to

recover >99.9% of the actinides, clearly improvements in chemical methods or engi-

neering techniques will be needed. Another example is tritium (3H), which is currently

distributed between the off-gas, solid waste, and dissolver product streams (NEA,

2012). If a future requirement is to abate or recover tritium, then a significant change

to the process steps is needed. Similarly, if there are components of the fuel that are

valuable and these need to be recovered for reuse, headend processes must produce a

product that is consistent with the recovery process. Examples of nonfuel components

that may need to be recovered from the fuel are zirconium from cladding, nitrogen-15

from nitride fuel matrix, molybdenum from alloy, or inert matrix fuel (IMF).

5.2 Current practices

The headend plants that are currently operating use an engineering method of expos-

ing the fuel prior to sending it to the dissolver to aid dissolution. For oxide fuel, fol-

lowing dissolution, hulls and insoluble fission products (IFPs) are removed from the

dissolver liquor and then the liquor is conditioned to remove iodine and to convert

plutonium to plutonium(IV). Accountancy and buffer storage tanks are also used. This

layout is summarized for thermal oxide fuel reprocessing in Figure 5.2. Table 5.3 lists

reprocessing plants that are currently operational.

Table 5.1 Key product requirements

Products Requirements

Dissolver product 3-4 mol l�1 nitric acid

Free from settling particulates

Minimal organic species

Minimal halides present

Off-gases Minimal suspended spent fuel particulates

Minimal quantities of nitric acid/nitrogen oxides

Solid wastes Minimal undissolved spent fuel

Minimal quantity of nitric acid
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Table 5.2 Summary of future generation IV reactor and fuel concepts (GIF, 2002)

Reactor

Fuel

Cladding

Spectrum, outlet

temperature

(°C)Oxide Metal Nitride Carbide Fuel description

Gas fast reactor

(GFR)

S P (U,Pu)C-SiC Ceramic Fast 850

Sodium fast reactor

(SFR)

P U-Pu-Zr Steel Fast 550

P (U,Pu)O2 Steel Fast 550

Lead-cooled fast

reactor (LFR)

S P (U,Pu)N Steel, ceramic or

refractory alloy

Fast 550,

Fast 800

Super critical

water reactor

(SCWR)

P UO2 Steel Fast 550

(U,Pu)O2 dispersion Steel Thermal 550

Very high

temperature

reactor (VHTR)

P TRISO U(OC) in

graphite compacts; ZrC

coating

ZrC coating and

surrounding

graphite

Thermal 1000

P—primary, S—secondary option.
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5.2.1 Fuel conditioning

It is current practice to declad Magnox (uranium metal) fuel or shear (chop up) oxide

fuel assemblies prior to dissolution. These operations remove or breach the cladding to

allow good access of nitric acid for dissolution. Magnesium alloy is removed from

Magnox fuel as it would dissolve in the dissolution step and this would increase

the quantity of dissolved salts and so increase the amount of high active (HA) vitrified

glass waste product. As oxide fuel cladding is zircaloy or stainless steel, these mate-

rials dissolve to a minimal extent so that they can be chopped up (sheared) and added

to the dissolver without contributing significantly to the HA product volume. Fuel

conditioning and addition of fuel to the dissolver is the most mechanically engineered

part of the reprocessing plant.

Magnox fuel is decanned by feeding the element through a die where the outer heat

sink fins are removed. At the start and end of this process the fuel endcaps are cropped

with a rotating blade. In the second stage, cutter wheels slit theMagnox cladding along

its length and the metal fuel rod is forced through a die allowing the cladding to be

peeled away from the metal rod. The bare metal rod is then transferred into a container

for movement to the dissolver. This process is illustrated in Figure 5.3.

Fuel shear Dissolution 

Waste hulls 

Off-gas for 
treatment 

Centrifuge

Waste fines

Accountancy 
tanks

Buffer 
storage tanks 

Figure 5.2 Overview of process steps in current generation oxide reprocessing plants.

Table 5.3 Civil reprocessing plants currently operational

Country Site, name

Commissioning

date

Throughput

(tHM year21) Fuel type

UK Sellafield, Magnox 1964 1500 Magnox

Sellafield, THORP 1994 1000 LWR+AGR

France La Hague, UP2-800 1990 800 LWR

La Hague, UP3 1990 800 LWR

Russian Mayak, BB, RT-1 1976 400 LWR

Japan Rokkasho 2005 800 LWR

India Tarapur 1982 100 PHWR

Kalpakkam 1998 100 PHWR+FBR

Tarapur 2011 100 PHWR

AGR, advanced gas cooled reactor; LWR, light water reactor; PHWR, pressurized heavy water reactor; FBR, fast
breeder reactor.
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Oxide reprocessing plants are more modern compared to the Magnox reprocessing

plant. This has led to an improvement in efficiency by integrating fuel conditioning and

dissolution, hence reducing building and operating costs, thereby improving process

efficiency. In THORP and other oxide reprocessing plants (e.g., UP2-800, UP3) fuel

conditioning and addition of the fuel to the dissolver is carried out in a single step. This

is achieved by chopping the fuel with a large hydrolytic shear; the cut fuel falls down a

chute directly into the dissolver. Hydrolytic shears use a hydrolytic gag to hold the fuel

securely and a hydrolytic cutting blade to shear the fuel (Asquith et al., 1988). Cuts at

intervals of 5-10 cm are typical, which is suitable for leaching of the fuel from the hulls.

Some reprocessing plants add the assembly endplates to the dissolver or, alternatively,

they can be disposed of via a separate chute. This process is illustrated in Figure 5.4.

5.2.2 Dissolution

The dissolution of spent fuel is the first chemical step in current reprocessing plants.

Spent fuel is dissolved in nitric acid as this is the medium of choice for solvent-

extraction chemistry; nitric acid reduction chemistry also allows dissolution. Disso-

lution is carried out either in batch or continuous dissolvers. Dissolvers for oxide fuel

use a basket to contain the cropped fuel and cladding pieces, which allows removal of

the leached cladding hulls postdissolution. Dissolvers for bare metal rods do not need

a basket, as there are not any insoluble cladding components that need to be removed.

5.2.2.1 Dissolvers

TheMagnox reprocessing plant uses a continuous “kettle” dissolver, where fuel is dis-

solved in �3 mol l�1 nitric acid to give a final solution containing 300 g l�1 uranyl

nitrate. The rate of addition of new fuel and top up nitric acid is controlled to prevent

accumulation of fuel in the dissolver; these control the rate of liquor take off.

The THORP reprocessing plant uses three “kettle” batch dissolvers. Sheared fuel

falls via a movable chute into one of the three dissolvers, which each contain a basket

(Phillips, 1999). This is illustrated in Figure 5.5a. The dissolvers are used in sequence

to allow continuous fuel shearing. This sequence allows one dissolver to have the fuel

Figure 5.3 Illustration of

Magnox decanning.
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Figure 5.5 Schematic diagram of oxide (a) batch kettle dissolver and (b) continuous rotary
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Figure 5.4 Left—illustration of the THORP hydrolytic shear; right—example sheared cross

sections from an inactive dummy AGR fuel bundle.
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added, the second is leaching fuel and conditioning the liquor, and the third is being

emptied. The fuel is added to the dissolver initially containing �8 mol l�1 nitric acid.

The rate of addition of fuel is controlled to allow the vigorous dissolution of the finer

crushed fuel to dissolve before the next addition. The dissolution consumes nitric acid

resulting in a final solution composition of�3 mol l�1 nitric acid and 250 g l�1 uranyl

nitrate. Due to the relatively large amount of low-enriched fuel in the THORP dis-

solver, a neutron poison, gadolinium nitrate, is added to ensure criticality safety is

maintained (Bierman et al., 1984).

The French reprocessing plants UP2-800 and UP3 operate a continuous rotary

wheel dissolver, Figure 5.5b. These dissolvers have a rotating basket system that

receives sheared fuel via a chute, allows dissolution, and empties the baskets in a sin-

gle rotation of the wheel (Groenier, 1971; Parisot, 2008). A schematic diagram of the

dissolver design is shown in Figure 5.5b. The continuous nature of the dissolver means

fuel is dissolved in �3 mol l�1 nitric acid to 250 g l�1 uranyl nitrate. The dimensions

and relatively small amount of fuel in the dissolver means that a neutron poison is not

required to maintain criticality safety.

5.2.2.2 Factors controlling dissolution

Nitric acid chemistry
It is key to understand the dissolution chemistry in nitric acid and, therefore, some back-

ground is provided. Nitric acid can be reduced to form a number of different species (see

Figure 5.6) (Jones, 1973).Nitrogen dioxide,monoxide, and dinitrogen oxide are gaseous

and so have limited solubilities in nitric acid. Nitrous acid has a limited vapor pressure

but decomposes over time to nitrogen monoxide (Sakurai et al., 1988). The rate of

decomposition of nitrous acid is determined by the liquor surface area and gaseous nitro-

gen oxide mass transfer (Fukasawa et al., 1991). The decomposition rate can, therefore,

be greatly reduced by gas purges flowing over the liquor or sparges through the liquor.
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Figure 5.6 Nitric acid reduction chemistry (Jones, 1973).
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The concentration of nitric acid (Sakurai et al., 1988), decomposition of nitrous acid and

reaction kinetics (Takeuchi and Whillock, 2002) affect the ratio of the nitrogen oxides

evolved during dissolution. There is a large variant of different fundamental (de Groot

andKoper, 2004;Nakata et al., 2008a,b;Rima et al., 2010) and applied chemistry studies

(Elcheikh et al., 1983; El-Egamy et al., 2004; Khalil and Elmanguch, 1987; El Haleem

andElAal, 2008) suggest that nitrous acid and other nitric acid reduction products are the

key reactive species in dissolution (Parisot, 2008).

A second key factor in understanding dissolution is surface area. This is because

dissolution is a heterogeneous reaction. There are several good examples of this. First,

during the dissolution of pellets the changes in surface area follow an S-shape due to

initial roughing of the pellets, which leads to an increase in surface area until a max-

imum is reached, followed by a decrease due to reduction in amount of material

(Fukasawa and Ozawa, 1986; Hodgson, 1994). Second, during irradiation macro-

scopic cracking occurs and microscopic porosity develops (Parisot, 2008), again

increasing the surface area available for dissolution. During the shearing of oxide fuel,

pellets are crushed (Davis et al., 1979), which increases their surface area. Another

significant factor that affects the leaching of fuel is the hulls, which lead to decreased

rates of dissolution (Blanc, 1986; Taylor et al., 1963), for example, in a packed bed of

the crushed material, and can result in incomplete dissolution for crimped endcaps due

to gas locking.

Dissolution of uranium metal fuel
Uraniummetal is a highly electropositive metal, with E0(U

4+/U)¼�1.38 VNHE (Bard

et al., 1985). Therefore, thermodynamically, dissolution can produce hydrogen; how-

ever, hydrogen is often not the kinetically favored reaction product under industrial

dissolution conditions (Gresky, 1952). Strong exotherms can occur, which can result

in large dissolvers requiring little heating or cooling to control the dissolver temper-

ature. Industrially, dissolvers are often run to produce nitrogen oxides following Equa-

tion 5.1. The nitrogen oxides can be recovered either in the dissolver and condenser or

in an acid recombination column to produce “fumeless” dissolution (Miles, 1955)

according to Equation 5.2. Industrial dissolvers often utilize “fumeless” dissolution

technology to varying degrees to minimize the nitrogen oxide burden on the off-

gas treatment plant and facilitate the efficient use of nitric acid.

U sð Þ + 5:5HNO3 !UO2 NO3ð Þ2 aqð Þ + 2:25NO2 + 1:25NO+2:75H2O (5.1)

U sð Þ + 2HNO3 + 1:5O2 !UO2 NO3ð Þ2 aqð Þ +H2O (5.2)

There have been numerous studies of dissolution of uranium metal in nitric acid,

showing that surface area, nitric acid concentration, temperature, and the type of alloy

are key factors in controlling the dissolution rate (Larsen, 1959; Swanson et al., 1985;

Laue et al., 2004a,b; Schulz et al., 1962). Again, these experiments often observe an

S-shaped dissolution profile, which is believed to be associated with a combination of

the effects of surface area and autocatalytic mechanism, where an initial slow reaction
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(with nitric acid) results in a product (nitrite or nitrous acid) that reacts with the

fuel and generates more of itself, thereby accelerating both its own formation at

the liquid/solid interface and interfacial dissolution simultaneously. This fits with gen-

eral studies of nitric acid reduction chemistry where nitrate reduction is slow but nitric

acid reduction products are more rapid oxidants (de Groot and Koper, 2004). Other

workers have studied the sparging of solutions, or adding nitrous acid scavenging

agents, which greatly slow the dissolution rate as only the nitrate reduction reaction

can take place.

Dissolution of uranium-based oxide fuel
Two types of thermal oxide fuel are currently used in commercial reactors: low-

enriched uranium oxide fuel andmixed uranium plutonium oxide (MOX) fuel. Current

mixed uranium plutonium oxide fuels are manufactured by mechanical milling ura-

nium dioxide and plutonium dioxide together (IAEA, 2003); this leads to a heteroge-

neous mix that contains a range of different plutonium contents (Oudinet et al., 2008).

The dissolution of uranium dioxide in nitric acid is known to be greatly affected by

nitric acid concentration, temperature and surface area (Taylor et al., 1963). Like ura-

nium metal, uranium dioxide dissolves via an autocatalytic mechanism and experi-

ments lead to rate expressions that separate the nitrate and nitrous acid reaction

rates (Carrott et al., 2012). Other process parameters, for example varying the ratio

between dissolver liquor surface area and volume, sparging, and stirring have been

shown to decrease the rate by depleting the nitrous acid concentration near the inter-

face local to the dissolving solid and bulk solution concentration (Taylor et al., 1963;

Shabbir and Robins, 1968, 1969). Results from this type of reaction make it possible to

mathematically optimize the dissolution time for different dissolution conditions

(Ikeda et al., 1995, 1999; Nishimura et al., 1995). Dissolution is, however, compli-

cated by the presence of hulls, which can lead to a reduction to the dissolution rate

by gas-locking or mass-transfer limitations (Blanc, 1986), which means industrial dis-

solvers are often optimized using more applied chemical engineering approaches. Dis-

solution experiments have led to expressions describing the rate in terms of nitrogen

dioxide and monoxide concentration (Sakurai et al., 1988), as expressed in Equa-

tion 5.5. However, it is known that dinitrogen oxide is also produced (Croft and

Tonkin, 1950). It must also be recognized that the proportion of nitrogen monoxide

is dependent upon the amount of nitrous acid decomposition (Fukasawa et al.,

1991; Nishimura et al., 1995) and the amount that is oxidized by oxygen to nitrogen

dioxide (Jones, 1973).

UO2 + 4HNO3 !UO2 NO3ð Þ2 + 2NO2 + 2H2O (5.3)

UO2 + 2HNO3 + 2HNO2 !UO2 NO3ð Þ2 + 2NO+2H2O (5.4)

3UO2 + 4 2 + xð ÞHNO3 ! 3UO2 NO3ð Þ2 + 2 1� xð ÞNO+6xNO2 + 2 2 + xð ÞH2O

where 0< x< 1 Sakurai et al:, 1988ð Þ (5.5)
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The dissolution of MOX occurs via the same mechanism (Carrott et al., 2012), which

is reasonable, but small plutonium-rich regions (Oudinet et al., 2008) lead to incom-

plete dissolution (Wurtz, 1987). This is expected, as the reaction between plutonium

dioxide and nitric acid (or its reduction products) is thermodynamically much less

favorable than the reaction of UO2 (Madic et al., 1992). The decrease in solubility

of MOX at 20-40 wt% plutonium has been demonstrated experimentally (Parisot,

2008; Vollath et al., 1985).

The presence of plutonium-rich particulates resulting from the industrial dissolu-

tion of MOX fuel is a criticality hazard that requires careful management. A great deal

of work is necessary to justify the routing and control of these plutonium-rich partic-

ulates before industrial reprocessing is possible; for example, as justified and demon-

strated in the French reprocessing plants at La Hague (Dancausse et al., 2008; Emin

et al., 2005).

The formation and control of solids and precipitates in the headend
During the irradiation of oxide fuel, refractory-noble metal alloys form inclusions at

grain boundaries; these are called e-phase and contain molybdenum, technetium, rhe-

nium, ruthenium, and palladium metals (Kleykamp, 1985). During dissolution, these

particulates dissolve slowly and do not dissolve completely. The resulting particulate

residues are termed IFPs.

As the burn up of fuel increases, the concentration of a large variety of fission prod-

uct elements also increases. This leads to the formation of precipitates during disso-

lution, such as noble metal iodides or iodates (Sakurai et al., 1991) or zirconium

molybdate (Magnaldo et al., 2007; Doucet et al., 2002; Usami et al., 2010). At even

higher burn ups it is reasonable to expect that other precipitates will also form.

The formation of noble metal iodides and iodates is less of an issue, as smaller

quantities of solids form. The solids are fine in nature and do not form on surfaces.

During dissolver cycles the extent of formation is minimized, as iodine is removed

from the dissolver solution; see below for further details.

Optimization of processing conditions in industrial dissolvers with the aim to

achieve tolerable levels of zirconiummolybdate formation are important as zirconium

molybdate forms on surfaces in the dissolver, leading to the development of so-called

cow pat deposits. The effects of temperature, nitric acid, molybdate and zirconium

concentration are known to be key factors in the formation rate of zirconium molyb-

date (Magnaldo et al., 2007; Doucet et al., 2002; Usami et al., 2010). For industrial

dissolvers, the preferred adjustable process parameter is temperature. In industrial dis-

solver cycles, the peak temperature is, therefore, often minimized to slow the forma-

tion rate of zirconium molybdate. At La Hague, parts of the reprocessing plant are

leached with sodium carbonate to dissolve the zirconiummolybdate and prevent chro-

mic buildup (Rosse et al., 2012); a similar approach is employed in THORP, but using

salt-free reagents (Jiang et al., 2005).

IFPs, together with fragments of cladding, precipitates (e.g., silver, palladium

iodide, zirconium molybdate), and undissolved fuel (e.g., plutonium-rich particulates

from MOX dissolution) form the dissolver insolubles.

Current headend technologies and future developments 103



5.2.3 Dissolver liquor conditioning

Current oxide reprocessing plants focus on three tasks during fuel conditioning:

(i) removal of the majority of the iodine, (ii) conditioning plutonium to the tetravalent

state, and (iii) removal of particulates. These three tasks are explained in the following

three sections.

5.2.3.1 Iodine

Iodine is evolved into the off-gases in the headend to minimize accumulation in the

organic phase in the solvent-extraction plant and to minimize aerial discharges

through the reprocessing plant. It is typical that Magnox and thermal oxide fuel is

cooled for a number of years prior to reprocessing, and this has the advantage that

iodine-131 (t½¼8 days), which has a high radiotoxicity, has decayed sufficiently

to leave only the long-lived iodine-129 isotope (t½¼1.57�107 years).

During dissolution in nitric acid iodine is capable of existing in multiple oxidation

states in equilibrium with each other (see Figure 5.7) (Sakurai et al., 1991, 1992, 1993,

1996; Boukis and Henrich, 1991). As elemental iodine has an appreciable vapor pres-

sure it is evolved into the process off-gases; these act as a driving force to adjust the

equilibrium to force the majority of the iodine to the off-gas system where it can be

trapped or scrubbed from the gas stream. Solid silver or palladium iodides or iodates

can form and are kinetically slow to dissolve as the solids “age” (Sakurai et al., 1991).

Iodates can also be kinetically slow to equilibrate to iodine. The presence of iodine-

containing solids or iodates can reduce the efficiency of iodine removal, resulting in a

few percent of iodine remaining in the dissolver solution.

THORP batch dissolvers and the continuous dissolvers at La Hague employ differ-

ent methods for maximizing the removal of iodine. The batch dissolvers can simply

apply a sparge toward the end of the dissolver cycle, after dissolution is complete,

removing the remaining fraction. For continuous dissolvers, the use of a sparge is

not desirable as the dissolution rate is too slow to sequester the iodine that is produced.

To achieve removal from continuous dissolver liquors a separate process step is used.

The liquor flows through a column with a countercurrent air flow, transferring the

majority of the iodine into the process off-gas stream (Wilson, 1996).

5.2.3.2 Plutonium(IV) conditioning

Plutonium can exist as a mixture of tetravalent and hexavalent oxidation states after

dissolution. Continuous dissolution tends to produce a tetravalent product, whereas

during the later stages of batch dissolution, when there is a low nitrous acid

I2 (g)

↑
I– ←→ I2 ←→ HIO ←→ IO3

–

↓
MIx (s)  (M = Pd, Ag)

Figure 5.7 Multiple oxidation states of iodine in dissolver.
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concentration, plutonium is partially oxidized to the hexavalent state (Wilson, 1996).

As tetravalent plutonium is preferred for solvent-extraction processes, toward the end

of the THORP batch dissolver cycle a mixture of air and nitrogen dioxide is sparged

through the dissolver solution. This reduces the plutonium to the tetravalent state (see

Equation 5.6) (Cleveland, 1970; Coleman, 1965). Radiolytic reduction (Rance et al.,

2000) can also take place.

PuO2 NO3ð Þ2 +HNO2 + 2HNO3 ! Pu NO3ð Þ4 +H2O (5.6)

5.2.3.3 Removal of particulates

The removal of dissolver insolubles is carried out to minimize the accumulation of

solids in downstream plants (Wilson, 1996). This is important as the solids are

heat-generating due to their intense radioactivity. Also, irradiated MOX insolubles

contain plutonium-rich particulates (Dancausse et al., 2008), which need to be

removed and routed to a single location with high efficiency. Another important rea-

son for removal of particulates is to minimize the formation of interfacial cruds (IFCs)

in the first solvent-extraction cycle, which can lead to a reduction in solvent-extraction

performance. The dissolver insolubles are removed by centrifugation. An example of

an industrial centrifuge is shown in Figure 5.8 (Wilson, 1996). After a defined amount

of liquor has been processed through the centrifuge, the bowls are washed and slurried

solids are transferred to the waste plants for encapsulation.

5.2.4 Accountancy and buffer storage

Clarified dissolver product liquor is collected in tanks to allow accountancy checks

by weighing the liquor and sending samples for analysis. This is the first point in a

reprocessing plant where fuel accountancy can be implemented. Monitoring mass

balances through the reprocessing plant is important to demonstrate control to reg-

ulators and international safeguards. Plant operators and international safeguards

analyze samples to ensure that material is not diverted for other uses. The accoun-

tancy tanks or other separate tanks also act as buffer storage between the headend

and chemical separation plants to ensure efficient continuous operation of the entire

reprocessing plant.

5.3 Potential developments to meet future challenges

Future reprocessing plants may be required to process advanced fuels with very high

burn ups. It may be necessary to achieve improved actinide recoveries (Carrott et al.,

2012) and the recovery of other valuable materials, such as zirconium-based cladding.

This may also need to be achieved against a much lower, near-zero discharge autho-

rization limit (OSPAR, n.d.).
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The detailed justification of overall reprocessing plant specification is an often

emotive subject, which needs to be studied and debated in depth in future years. Poten-

tial improvements are easy to discern

l An improvement in fuel recovery toward 99.99%
l Recovery of other valuable materials for reuse
l Reduction of radioactive discharges to near-zero
l Enhanced safety—improved management of conventional, radiological and criticality risks.

The improvement in actinide recovery could be of interest in reducing the long-lived

radioactivity to high-level waste. This is of increased interest as development of

solvent-extraction processes to recover uranium, neptunium, plutonium, americium,

and curium reduces the radiotoxicity by more than five orders of magnitude

in approximately 500 years (Carrott et al., 2012). The answer to requirements for
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readily dissolvable fuels may well lie in improved process engineering but for harder

to dissolve materials, such as MOX, improved dissolution technologies will

be needed.

The recovery of fuel materials has the advantage of potentially reducing the volume

and amount of waste, which will ultimately be stored in a geological disposal facility,

and may make the material available for reuse. Examples of potential materials for

recovery include zirconium from cladding or inert matrix materials, molybdenum

from inert matrix or alloying, and nitrogen-15. Zirconium is an expensive metal that

is considered a strategic resource (Collins et al., 2012). Isotopically purified molyb-

denum may be used to minimize the production of long-lived technetium-99. As the

isotopic purification of the molybdenum is likely to be expensive, recovery and reuse

of molybdenum is potentially required. The use of nitrogen-15 is important for nitride

fuels, where it minimizes the quantities of carbon-14 produced (Matzke, 1986); again,

recovery processes could be warranted.

In Europe the introduction of OSPAR, the convention for the protection of the

marine environment of the northeast Atlantic, will require near-zero discharges of

radioactive elements (OSPAR, n.d.). Current and future discharges of radionuclides

into the environment will need to be set against the continued use of fossil fuels

for energy production. The issue at the center of this evaluation is the definition of

acceptable levels of radioactive discharges. A fundamental requirement will be that

the risk due to radioactivity both locally and globally from nuclear fuel cycle opera-

tions is low. From these discussions it can be envisioned that there are several options

to consider, these include

l Reduce risk of substantial failure
l Refine existing processes
l Abate tritium
l Abate noble gases

Existing abatement processes are discussed elsewhere; notably, carbon-14 (in the UK)

(Wilson, 1996) and iodine-129 (in France) (Parisot, 2008) abatement. Improvements

in abatement of these isotopes remain a possibility. This may be particularly warranted

for short-cooled fuels, which contain iodine-131. The abatement of tritium is a poten-

tial future requirement along with other low-energy and radiotoxic isotopes. As tri-

tium is currently distributed between dissolver liquor, off-gases, and solid waste

streams this will require the use of technology before dissolution. There are currently

no industrially viable processes for the abatement of krypton-85 and other noble gases,

due to the inherently low radiotoxicity of noble gases and the difficulties associated

with handling gases, also in passively safe storage. Infinite dispersal has, therefore,

been considered the best practical method (NEA, 1980). If, in the future, noble gas

abatement will be considered desirable, technology development will be necessary.

The implementation of new technologies is always subject to weighing the benefits

against the disadvantages, which includes financial and risk analysis. Recent global

events will lead to increased and more detailed analysis of hazards, greater scrutiny

of facilities and processes, and expectations for improved safety in future sustainable

nuclear fuel cycles.
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5.3.1 Dissolution chemistry of alternative fuel types

5.3.1.1 Oxide fuels

Mixed uranium plutonium oxides are currently used in thermal reactors. Due to the

maturity of mechanical oxide fabrication technology it is likely that MOX for future

thermal and fast reactors will continue to be produced in this way for some time. The

current MOX manufacturing technologies use milling techniques to intimately mix

the uranium and plutonium. This, however, does not provide perfect homogenization

at atomic length-scales and plutonium-rich heterogeneities remain (Oudinet et al.,

2008). These heterogeneities lead to plutonium residues after dissolution (Wurtz,

1987). The percentage of residues is dependent on the quality of the manufacturing

process, but typical residues postirradiation of thermal fuels (�5 wt% Pu) are 0.1-

0.3% (NEA, 2012). Depending on the manufacturing and reactor conditions, fast

reactor fuels can have lower solubilities (Matzke, 1986). For example, with 0.5 wt

% plutonium residues for 20 wt% MOX, one kg of plutonium would be destined

for waste per ton of heavy metal reprocessed. This is clearly unacceptable, from

the perspectives of waste minimization, plant criticality control, and fissile material

utilization. Future developments in dry manufacturing techniques could result in

incremental improvements; however, it is expected that residues will continue to

be an issue. The use of chemical precipitation techniques for manufacture of MOX

could result in more homogeneous material that can wholly dissolve in nitric acid

without leaving plutonium-rich residues (Lerch, 1972; Uriarte and Rainey, 1965).

However, the dry manufacturing techniques are currently in use, and thus produced

fuels will need to be dissolved for reprocessing.

If future fuel cycles include recycling of minor actinides (neptunium, americium,

and curium), then the consequences of fuels containing elevated levels of these ele-

ments during dissolution will need to be assessed as well. However, there is significant

opposition to recycling curium. Currently the recycling of americium-containing

MOX seems a more likely development (Wallenius, 2010).

The dissolution rate of MOX decreases with increasing plutonium content (Parisot,

2008; Vollath et al., 1985; Ikeuchi et al., 2012), due to the unfavorable thermodynam-

ics of plutonium dioxide dissolution, which has also been empirically explained in

terms of kinetics (Uriarte and Rainey, 1965). Dissolution is slowed and ultimately

halted by reducing the rates of initiation and of the rapid autocatalytic nitrous acid

dissolution cycle. Figure 5.9 illustrates this phenomenon through an example of

8-h leaching experiments on MOX with increasing plutonium content, under other-

wise identical conditions, in 5 and 10 mol l�1 nitric acid (Vollath et al., 1985).

5.3.1.2 Carbide fuels

Enriched uranium monocarbide and mixed uranium plutonium monocarbide have

been used as protoype fast reactor fuels. Mixed uranium plutonium and minor actinide

fuels are candidate fuels of the future (GIF, 2002; Matzke, 1986;Wallenius, 2010; EC,

2013). Carbide fuels have potential benefits over oxide fuels; for example, better neu-

tron physics properties, which allow improved transmutation or breeding efficiency
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(Matzke, 1986; Wallenius, 2010). Actinide carbides react more energetically with

many oxidants compared with oxides, placing a requirement to work in anaerobic con-

ditions for finely divided material (Berthinier et al., 2011, 2013). This has implications

for fuel shearing.

The primary issue for the reprocessing of carbide fuels is the dissolution in nitric

acid, where a fraction of the carbon remains in solution as organic acids (Bradley and

Ferris, 1962, 1964a,b; Ferris and Bradley, 1965) according to Equation 5.7. These

organic acids are highly substituted with alcohol and carboxylic acid groups and

include oxalic and mellitic acids (Choppin et al., 1983). These compounds decrease

the extraction, backwashing, and phase-settling properties in solvent-extraction pro-

cesses and, therefore, the soluble organic content must be destroyed. Dissolution fol-

lowed by destruction is indeed an option. The dissolution rate of actinide carbides

increases with surface area, nitric acid concentration and temperature (Ferris and

Bradley, 1965). Recent studies have also demonstrated the role of nitrous acid in

the dissolution mechanism (Maslennikov et al., 2007, 2009). Although not demon-

strated, it is reasonable to assume that an autocatalytic mechanism initiated by nitrate

reduction occurs. Experiments studying the off-gases during dissolution have shown

that dinitrogen oxide is present to a larger extent during carbide than oxide fuel dis-

solution (Glatz et al., 1990). This suggests that nitrogen monoxide reduction plays a

more significant role and probably reflects the more electronegative nature of

carbides.

UC+ xHNO3 !UO2 NO3ð Þ2 + aNO2 + bNO+ cN2O+ dN2 +CO2 + organics aqð Þ
(5.7)

The nitric acid consumption is much higher compared to oxides, as the carbon is at

least partially oxidized. Like oxides, the dissolution rate is dependent upon nitric acid
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Figure 5.9 Extent of MOX dissolution for various plutonium contents (Vollath et al., 1985).
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concentration, with reaction product stoichiometry increasing from 4 to 10 as the ini-

tial nitric acid concentration is increased from 2 to 15.8 mol l�1 (Ferris and

Bradley, 1964).

5.3.1.3 Nitride fuels

Like actinide carbides, nitrides are under consideration due to their potential improve-

ments in reactor performance (Matzke, 1986; Wallenius, 2010). Nitrides are more

reactive toward oxidation compared to oxide.

A key issue for the viability of nitrides is that natural nitrogen nitride fuels generate

large quantities of carbon-14. This is illustrated in Table 5.4 (Matzke, 1986). For this

reason nitrogen-15 is more likely to be used in the future, although the high cost of

nitrogen-15 will mean that recovery for reuse may be necessary.

Studies of the dissolution of uranium nitride in nitric acid show rapid dissolution

rates under nitric acid concentrations of industrial interest (Ferris, 1968; Sugihara and

Imoto, 1969). The dissolution results in oxidation to uranyl and ammonium ions,

according to Equation 5.8. The ammonium can then be oxidized further, as in Equa-

tion 5.9. The dissolution results in larger amounts of dinitrogen oxide (N2O) and nitro-

gen (N2) gases compared to oxide fuel, due to the oxidation of ammonium. The fact

that ammonium is produced and oxidized by nitric acid means that its reduction prod-

ucts lead to the isotopic dilution of nitrogen-15, thereby complicating and reducing the

viability of nitrogen-15 recovery (Hadibi-Olschewski et al., 1992). For this reason, the

direct dissolution of nitrogen-15 nitrides in nitric acid is unlikely to be the first chem-

ical treatment step for their reprocessing.

UN+ 4HNO3 !UO2 NO3ð Þ2 +NH4NO3 +NO (5.8)

5NH4
+ + 3NO3

� ! 4N2 + 2H
+ + 9H2O (5.9)

5.3.1.4 Alloys, composite materials, and inert matrix fuels

Alloyed, composite, and IMFs have been grouped together as they differ considerably

from the materials described so far. These materials contain a substantial quantity

of other elements with low neutron absorption properties; that is, they are “inert.”

These fuels include actinide-zirconium metal alloy fuel (sodium fast reactor, SFR),

Table 5.4 Comparison of 14C production for 30 GWd tHM21 fuel of
various types (Matzke, 1986)

MO2 MC M14N M15N

14C produced (GBq tHM�1 at

�30 GWd tHM�1)a
5.9 340 19,000 190

aDependent upon neutron specimen, MO2 based on 20 ppm C and 20 ppm N (natural isotopic composition), MC based
on 1000 ppm N (natural isotopic composition), M15N assumes 99% 15N.
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silicon-actinide carbide composite ((U0.8Pu0.2)C-SiC, Gas Cooled Fast Reactor,

GCFR), “Triso”-type fuel (very high temperature reactor, VHTR), plutonium-

zirconium nitride ((Pu,Zr)15N, IMF), actinide oxide-molybdenum metal composite

(e.g., (Pu0.8Am0.2)O2-Mo, IMF), and actinide oxide-magnesium oxide (PuO2-MgO,

IMF). They are either used as the major reactor fuel in reactors or as targets for

transmutation to reduce the actinide content.

These fuel types are more problematic to reprocess as they either do not dissolve in

nitric acid or dissolve to produce a product that contains additional metals that need to

be recovered or cause concerns to the headend or solvent-extraction process chemis-

try. Some examples of these difficulties are described below:

l Actinide-zirconium metal alloy fuel does not readily dissolve in pure nitric acid (Laue et al.,

2004a,b) and if dissolution is possible, zirconium-rich residues are an explosive hazard

(Gens, 1958).
l GCFR and VHTR fuels are composites that include silicon carbide or carbon and refractory

coatings, making fuel recovery difficult without intensive milling techniques prior to disso-

lution, for example (Goode and Flanary, 1967).
l Plutonium zirconium nitride IMF requires nitrogen-15 recovery. A two-step dissolution pro-

cess has been proposed and is currently under testing. This involves hydrolysis to a hydrous

oxide that allows recovery of the nitrogen-15 and then a second step to dissolve plutonium-

rich oxides using aggressive reagents capable of doing this (EC, 2013).
l A similar approach for actinide oxide-magnesia or molybdenum metal composite materials

has been proposed and is undergoing testing (EC, 2013). The first step is to dissolve the mag-

nesia or molybdenum metal under cool dilute nitric acid. This is followed by the dissolution

of the plutonium-rich oxides in a second, more aggressive step. It is hoped that this will allow

the dissolved magnesium to be diverted away from the high-level wastes minimizing waste

volumes. It is also hoped that the separate dissolution of molybdenum will allow the recov-

ery of the isotopically enriched molybdenum for reuse (Bakker et al., 2004). This procedure

also offers the potential to avoid the formation of solid molybdates, which are known to form

when solutions are rich in actinides and molybdenum, for example (Schulz, 1960). These

processes are shown schematically in Figure 5.10.

5.3.2 Fuel conditioning—potential benefits of fuel pretreatment

There are a number of reasons why future headend processes may deviate from the

simple declad-leach and shear-leach process used today. These include

MgO/Mg dilute HNO3
leach 

(Pu,Ma)O2 washing 
(Mo only)

(Pu,Ma)O2 leach
(HNO3/HF or MEO)

Mg or Mo
(disposal/reuse)

For solvent extraction

Figure 5.10 Two-step process to (Pu0.8An0.2)O2-MgO and PuO2-Mo IMF.
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l Mechanical processes that may be necessary to allow exposure of the fuel for dissolution.
l Chemical processes that may be necessary to prepare fuel before conditioning, for example,

metal coolant debonding.
l Improved control for volatile fission products, for example, to allow tritium abatement.
l Simplification of dissolution process by preconverting material, for example, carbide

to oxide.
l Recovery of fuel or cladding materials for reuse, for example, nitrogen-15 or molybdenum.

5.3.2.1 Mechanical fuel preparation processes

It is probable that fuels that are similar in design, such as GCFR actinide carbide with

silicon carbide cladding, could be dismantled and sheared as a fuel preparation step.

However, reactor fuels that are radically different from a rod or pellet in cladding are

likely to require alternative techniques to prepare the fuel. Depending upon the design

of the fuel, these processes could be very different from the current cladding stripping

(Magnox metal fuel) and shearing (oxide fuel). Examples of fuels that are substan-

tially different from conventional fuel types are (GIF, 2002)

l GCFR actinide carbide-silicon carbide composition fuel.
l VHTR fuel, which is a fuel microsphere surrounded by pyrolytic carbon and ceramic shells

compacted into a rod or pebble.

Concepts to treat these fuels, including crushing and milling to breach the refractory

components and allow access to the fuel for dissolution, have been developed (Goode

and Flanary, 1967). Attempts to recover fuel from VHTR Triso-type fuels using the

“grind-leach” process have shown a degree of success, with recoveries of 99.6% ura-

nium. An example of this type of process is shown in Figure 5.11.

Currently, little work has been published about how to recover fuel from GCFR

composite fuels. If the fuel is carbide pellets in silicon carbide cladding, recovery

could be readily achievable; however, if actinide-silicon carbide, alloy, or composite

are used, recovery could be more of a challenge to an aqueous headend.

Extract fuel 
compact 

Crush

Initial
fuel-C

separation
Grind

Leach

Solid-liquid
separation

Soluble
organics

destruction

Off-gases

Solid wastes

Figure 5.11 VHTR fuel “grind-leach” process.

112 Reprocessing and Recycling of Spent Nuclear Fuel



The drive for process intensification to achieve higher throughputs in smaller plants

or achieve improved fuel recoveries may also lead to consideration of replacing the

shearing process with new innovative fuel preparation techniques (Bond et al., 1992).

5.3.2.2 Fuel pretreatment using high- and low-temperature
processes

Oxides
High-temperature pretreatments that oxidize uranium dioxide to higher oxides have

been under development for decades but not deployed in large-scale industrial repro-

cessing plants. These processes have been developed with different end purposes in

mind:

l Volox—voloxidation, a method of removing volatile fission products from fuel to allow

abatement and simplify the dissolution cycle (Goode, 1973).
l OREOX—oxidation reduction oxidation process is a development of the Volox process that

uses alternate oxidation reduction processes to achieve higher efficiency of fission product

removal (Strausberg et al., 1960).
l AIROX—atomics international reduction oxidation process is an OREOX process to allow

pulverization of fuel in fuel rods with holes punched in them. This allows fuel and cladding

separation before dissolution (Majumdar et al., 1992).
l DUPIC—direct use of PWR fuel in CANDU process is not strictly a headend to reproces-

sing; it is a pyrochemical method for fuel reprocessing. The concept allows the removal of

some fission products prior to refabrication into fuel (Lee et al., 2012).

These processes essentially use the same chemistry, the oxidation of uranium

dioxide to higher oxides, Equation 5.10, with the accompanying decrease in density

(�11-8.4 g cm�3), thus allowing fuel pulverization. During this process, depending

upon the process conditions, various amounts of tritium, carbon-14, iodine-129,

kryption-85, and semivolatiles, including caesium and ruthenium, are evolved. The

fuel expansion process can also be used to break open cladding that has been punc-

tured (AIROX process), thereby avoiding the need for a shear process, or the process

could be carried out upon sheared fuel.

3UO2 +O2�via U3O7,U4O9ð Þ!U3O8 (5.10)

From experiments with unirradiated and irradiated materials, it is known that the pres-

ence of elements that cannot be oxidized in the solid state affects the process chem-

istry. Examples include the presence of plutonium (Rance and Beznosynk, 2005),

thorium (Anderson et al., 1954), MOX or alkaline and rare earth elements (SIMFUEL

or irradiated fuels) (Kang et al., 2007) with uranium. These reduce the material reac-

tivity as there is a smaller percentage of uranium to provide the driving force for pul-

verization and release of fission products. The presence of high contents of these

dopant elements can stabilize intermediate phases, increase temperature or oxidant

conditions to achieve oxidation, and ultimately at high contents prevent oxidation

(Thomas et al., 1993; McEachern et al., 1998).
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Experiments oxidizing SIMFUEL with varying portions of simulated fission prod-

ucts show that the presence of>7% fission products (equivalent to�70 GWd tHM�1)

greatly stabilizes the (U,Fp)4O9 phase
1 at 400 °C (Cobos et al., 1998). To achieve oxi-

dation, an increase in temperature to 800 °C is needed.

During the oxidation of mixed uranium plutonium oxide, the material oxidizes to a

plutonium-rich dioxide phase and a uranium-rich higher oxide phase, Equation 5.11

(Rance and Beznosynk, 2005). During this type of oxidation test, the solubility of plu-

tonium in the M3O8 phase has been observed to be �3%Pu HM�1, which means that

oxidation of most MOX will result in the formation of plutonium-rich oxide particu-

lates. This reduces the proportion of the plutonium dissolved in nitric acid (Cadieux

and Stone, 1980). However, at higher plutonium contents oxidation does not occur and

experiments up to 900 °C have shown that unirradiated 20-25%Pu HM�1 MOX does

not result in pulverization. Similar segregation is also observed for the oxidation of

mixed uranium thorium oxide and, as thorium oxide does not dissolve readily in nitric

acid (Anderson et al., 1954; Goode and Stacy, 1979), results in an increase in difficult

to dissolve thorium oxide residues.

3 U, Puð ÞO2 + xO2 ! 1� xð ÞMO2 + xM3O8 (5.11)

The oxidation of spent thermal and fast reactor fuels have been studied at the labora-

tory scale. These experiments have studied the effect of temperature, feed flow rate,

and oxygen concentration upon the extent of fission product removal, for example

(Goode, 1973). This type of experiment has shown that near-complete tritium removal

is possible at moderate temperatures (480 °C) (Goode et al., 1980). Less complete

removal of the noble gases and iodine-129 has been achieved (see Table 5.5).

Oxidation of fuel at higher temperatures, for example, greater than 700 °C,
increases the amount of the so-called semivolatile elements that are released

Table 5.5 Effect of voloxidation conditions upon noble gas and
iodine-129 removal (Goode, 1973)

T (°C) [O2] (%) Gas flow (cfh)

Volatilised (%)

85Kr-133Xe 131I

450 75 0.2 19 �8

750 75 1.0 69 �99

450 25 0.2 73 �85

750 75 1.0 42 �90

450 75 1.0 36 �33

750 75 0.2 76 �95

450 25 1.0 11 �38

750 25 0.2 �99 �92

1 Fp and M are used as chemical symbols to represent fission products (largely alkaline and rare earth ele-

ments) and general metals, respectively.
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(Goode, 1973). Examples of fission products that are evolved in significant quantities

are caesium-137, ruthenium-106, antimony-125, and niobium-105. Experiments

underpinning the DUPIC cycle development show that oxidation at higher tempera-

tures quantitatively increases the release and number of semivolatile elements

(Bateman et al., 2006). These experiments also observe that control of the oxidation

conditions can suppress the distillation of caesium and other elements by formation of

less-volatile oxides. Oxidation of spent fuel and distillation of fission product ele-

ments under high-temperature conditions can be compared with studies of fuel distil-

lation under severe reactor failure, such as Kundsen cell mass spectrometry studies

(Capone et al., 1996).

The oxidation of irradiated fast reactor 20%Pu HM�1 MOX has also been demon-

strated (Goode, 1973). These experiments have shown that despite the difficulties in

the oxidation of unirradiated 20%Pu HM�1 MOX (Rance and Beznosynk, 2005), the

oxidation of irradiated MOX is achievable. Removal efficiencies of noble gases of up

to 98% at 750 °C has been demonstrated, which is excellent considering a portion of

the noble gases are likely to be trapped in plutonium-rich oxides and not released.

Comparing these results with irradiated uranium oxide experiments suggests good

removal efficiencies of tritium, carbon-14, and iodine-129 will also be possible. This

type of test clearly shows oxidation of 20%Pu HM�1 MOX is possible.

More recent advanced voloxidation studies have focused on the use of strong oxi-

dants such as nitrogen dioxide and ozone (DelCul, 2010). These oxidants are capable

of oxidizing uranium dioxide to trioxide, for example, Equation 5.12, and show prom-

ise that near-quantitative removal of tritium, carbon-14, noble gases, and iodine-129

are possible at temperatures lower than air or oxygen.

UO2 +O3 !UO3 +O2 (5.12)

Carbides and nitrides
The conversion of carbides and nitrides to oxides could be an important step to allow

l Carbides—removal of carbon that prevents the generation of organics during dissolution.
l Nitrides—evolution of nitrogen-15 predissolution for recovery.
l Carbides and nitrides—the removal of fission products for abatement.

These processes can be carried out with a variety of oxidants and temperatures. The

conditions necessary tend to be more moderate compared to oxide due to the reactivity

of the materials. However, the reactivity also leads to concerns over pyrophoricity of

the materials, which means careful control to prevent ignition is a key consideration.

The oxidation of uranium carbide and nitrides with oxygen or air leads to the for-

mation of triuranium octoxide. The accompanying density change is even greater than

that for uranium dioxide oxidation, so although these reactions have not been studied

in as much detail as the oxidation of uranium dioxide, the uranium dioxide oxidation

literature can be used as a starting point. This leads to two conclusions:

l Efficient removal of volatile fission products should be achievable.
l Segregation of uranium and plutonium phases will lead to incomplete plutonium recovery

during dissolution in nitric acid. The extreme case for carbide is illustrated in Equation 5.13.
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U, Puð ÞC+ xO2 ! yU3O8 + zPuO2 +O2 (5.13)

However, there is a significant density change in the conversion of carbides or nitrides

to dioxides, 13.6 or 14.3-11.0 g cm�3, respectively. This density change is sufficient

to cause pulverization of pellets. This could be used to as a pretreatment process to

convert mixed uranium plutonium carbides or nitrides to oxides, with high plutonium

solubility. This type of process has been demonstrated for unirradiated mixed uranium

plutonium carbides using carbon dioxide (Murbach and Turner, 1963) and steam

(Flanary et al., 1964). These processes proceed with two steps: oxidation to the diox-

ide and carbon followed by reaction of carbon. Of the two reactants, carbon dioxide is

often preferred as water is prone to leave residual carbon and produces hydrogen as a

product. However, the use of carbon dioxide or water as an oxidant for irradiated car-

bons would result in the abatement of very large quantities of carbon dioxide or water

during the abatement of carbon-14 and tritium.

The conversion of mixed uranium plutonium nitride to solid-state mixed dioxide

may provide a method of removing nitrogen-15 without reducing the plutonium

solubility.

5.3.3 Developments in dissolution chemistry and technology

Whether or not pretreatment processes are used as a fuel preparation technology prior

to dissolution it is likely that developments beyond the direct dissolution in nitric acid

will need to be used. Examples of this include destruction of organics from direct dis-

solution of carbides and the dissolution of plutonium oxide (from IMF) or plutonium-

rich oxides (MOX or voloxidized fuel). The dissolution of thorium oxide or thorium-

containing fuels may also fall into this category. There is also likely to be interest in

the multicycle leaching processes for composite fuels.

As the recovery of plutonium-rich oxide is likely to drive the development and use

of enhanced dissolution technologies, the dissolution chemistry of pure plutonium

oxide is a good starting place for any developments. It is widely reported there are

three methods for the dissolution of plutonium dioxide:

l Use of strong complexants, the classic method is fluoride (Nikitina et al., 1997).
l Oxidative dissolution using cerium(IV) or silver(II) (Seaborg, 1990).
l Reductive dissolution using chromium(II) (Seaborg, 1990) or uranium(IV) (Inoue, 1988).

Large disadvantages of the use of mineral acids, such as hydrofluoric acid, are dis-

solver and downstream corrosion issues and addition of salts leading to increased

HLW volumes. This will favor the use of catalytic processes, the most widely devel-

oped of which is the catalyzed dissolution of plutonium using cerium or silver as a

mediator (Bourges et al., 1986). These processes use electrochemical or ozonolysis

to regenerate the oxidant (mediator) making the processes low in salt content, or, if

the mediator is recovered, salt-free. These oxidative processes are also relevant to

the destruction of organics from the direct dissolution of carbides. Reductive dissolu-

tion using uranium(IV) would also be an elegant solution to the dissolution of MOX as

uranium is already present; however, there has been little work on this topic.
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The oxidative dissolution of plutonium dioxide is known to be possible at above

�1.2 VNHE (Madic et al., 1991) and with the use of cerium(IV) (E0�1.4 VNHE) in

hot nitric acid (Seaborg, 1990) or silver(II) (E0�2.0 VNHE) at ambient temperatures

(Rance et al., 2003) dissolutions are known to proceed rapidly. Silver is often pre-

ferred due to the high oxidation potential, rapid electron transfer rate (Fleischmann

et al., 1971), and surprising stability against water oxidation due to nitrate complex-

ation (Po et al., 1968). This type of process has been termed catalyzed electrochemical

plutonium oxide dissolution (CEPOD) or, more generally, a mediated electrochemical

oxidation (MEO) process. This process generates the mediator, for example silver(II)

at an anode, Equation 5.14, and nitric acid is reduced at a cathode, Equation 5.15. The

silver(II) dissolves the plutonium dioxide, Equation 5.16. The anode and cathode

compartments are separated by a membrane that allows proton transfer and minimizes

mixing of the anolyte and catholyte, which would cause reduction of the silver(II) by

nitric acid reduction products. A schematic diagram of an industrial dissolver is shown

in Figure 5.12. This process is known to be very rapid and little silver(II) is observed

until bulk plutonium dioxide dissolution is achieved (Zundelevich, 1992). For this rea-

son, dissolution is highly dependent upon the generation rate of silver(II), which is

dependent upon electrochemical mass transfer limits. Dissolution of plutonium diox-

ide with ozone with silver mediation is also limited by mass transfer of ozone (Selbin

and Usategui, 1961).

Ag+ !Ag2+ + e� (5.14)

HNO3 +H
+ + e� !NO2 +H2O (5.15)

PuO2 sð Þ + 2Ag2+ ! PuO2
2+

aqð Þ + 2Ag+ (5.16)

MEO-type processing using cerium or silver can be used to dissolve plutonium-rich

oxides in dissolved spent MOX (Rance et al., 2003) or for the dissolution and organics

Cooling
water

Motor and
paddle stirrer

Electrodes

–+

Diaphragm

Figure 5.12 Industrial plutonium dioxide dissolver (Zundelevich, 1992).
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destruction of spent carbides (Palamalai et al., 1991). The presence of a multitude of

polyvalent metals leads to the oxidation of elements to high oxidation states. This

can lead to side reactions or, in extreme cases, the catalytic consumption of the mediator

(Rance et al., 2003). An example of this is ruthenium, which is oxidized to the volatile

tetroxide and is distilled (Mousset et al., 2004). As a result, due to the quantity and radio-

toxicity of ruthenium-106, suitably efficient abatement precautions must be made.

The application of mediated dissolution processes are likely to be used after direct

nitric acid dissolution due to the ease and speed of direct dissolution. Mediated dis-

solution would ideally be used in the same dissolver so as to minimize the potential for

accumulation of solids, by avoiding the movement of plutonium-rich solids. However,

this approach leads to batch dissolver cycles. Multileach dissolver cycles continue to

be in vogue despite their inherent disadvantages; for example, recent work with the

select dissolution of inert matrices from IMF fuels (EC, 2013). Another similar exam-

ple is the dissolution of thorium oxide containing fuels using nitric acid with organic

complexants, followed by the destruction of the organic complexants. Innovations to

integrate and simplify the process chemistry and engineering will be advantageous for

efficient headend operations. An example may be the continuous dissolution of volox-

idation product powder under cool conditions followed by continuous dissolution of

plutonium-rich residues in a second dissolver or second part of the same dissolver.

These developments will need to be mindful of the increasingly cautious nature of

safety cases; for example, over the management of the accumulation of plutonium-

rich particulates.

5.4 Summary and future developments

Headend is the first chemical treatment step in the reprocessing of spent nuclear fuel.

Current practices use mechanical decladding and shearing followed by the direct dis-

solution of metal and oxide fuels in nitric acid. Changes to environmental discharge

limits or the introduction of new fuel materials may require the introduction of addi-

tional process steps. Developments in fuel preparation, pretreatment, and dissolution

technologies are expected. The significance of each part will depend upon evolution of

reactor and fuel design for energy and actinide management (transmutation).

Radical changes in fuel design concepts from the rod or pellet in cladding could

make exposure of fuel more difficult. Examples are adoption of Triso compacts or

pebbles or actinide-silicon carbide composites; the refractory nature may require

the use of intensive fuel preparation, such as grinding.

Fuel pretreatment as a method overcoming difficulties of direct dissolution in nitric

acid may become attractive if environmental discharge limits are tightened, particu-

larly if tritium abatement is required or if advanced fuels, such as carbides or nitrides,

are to be reprocessed. These pre-treatment processes could allow the abatement of tri-

tium, which cannot be abated when it is isotopically mixed with the dissolver liquor.

The evolution of carbon-14, noble gases, and iodine-129 could also be achieved, giv-

ing other options for abatement and defining the dissolution and dissolver liquor
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conditioning required. Pretreatment could also be a method to overcome the problem

of dissolved organics from carbide fuels by conversion to an oxide and allow recovery

of nitrogen-15 from nitride fuels for reuse.

The adaptation of new dissolution processing and technologies may also be

required to receive pretreated fuel, new fuel types, achieve high-plutonium recoveries,

or condition dissolved carbide fuel to remove organics generated from dissolution.

These new processes could involve multileaching approaches; for example, to selec-

tively dissolve inert matrices. The use of enhanced dissolution techniques using

organic complexants or no or low salt mediated oxidative or reductive dissolution

techniques could also be used to dissolve difficult materials or condition liquors.

Headend chemistry, engineering, and technology is expected to continue to be a

demanding area of future reprocessing plants. As reactor fuel concepts develop and

the required performance criteria for reprocessing plants become more clearly

defined, the headend processes will be driven to become more innovative. It is, after

all, the role of the headend to provide standardized dissolver product suitable for

downstream separations processes, regardless of the different reactors and fuel types

from which it originates.
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6Process engineering and design for

spent nuclear fuel reprocessing

and recycling plants

Bruce Hanson
University of Leeds, Leeds, UK

Acronyms

CAD (2-D/3-D) computer-aided design (two-dimensional or three-dimensional versions)

CAM computer-aided manufacturing

CFD computational fluid dynamics

DNS direct numerical simulation

LES large eddy simulation

LWR light water reactor

NASA National Aeronautics and Space Administration

PUREX plutonium uranium reduction extraction

THORP thermal oxide reprocessing plant

TRL technology readiness level

6.1 Introduction

In other chapters through this book we will see how various processes, such as solvent

extraction and electrorefining, have been applied to spent nuclear fuel treatment.

Many new developments and advances of these processes are currently being inves-

tigated in laboratories around the world and, if successful, will follow the path of pre-

vious technologies, such as the plutonium uranium reduction extraction (PUREX)

process toward industrialization and commercial operations.

The common path for the transfer of these technologies from the laboratory to full-

scale is through a handover from scientists to engineers; with the latter having a primary

focuson the industrializationandapplication toa specific function.Thekeyobjectivewill

be to scale the process up, economically, sometimes across several orders of magnitude,

without loss of efficiency. In this context, engineering design is an attempt to take a lab-

oratory system and scale it up to a working plant capable of being operated, consistently,

on a daily basis by a team of trained personnel. It involves many trade-offs between effi-

ciency, complexity, safety, and economy in order to arrive at an engineered solution.

In the early stages of development, engineers are usually involved inmore of an advi-

sory capacity, where theymay provide a view on the applicability of a new process, so as

to aid choice between competing options. As the R&D progresses and the fundamental
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scienceof the technologymatures, it becomes increasinglymore important tohaveagood

viewof the final applicationandmeansofdeployment.At this stage it iscommontohavea

multidisciplinary team of scientists and engineers working together on the development.

This is typically the role of the nuclear process engineer. At some point the technology

will bemature enough that the scientific development can be scaled back, as themajority

of the issueswillbe related to theengineering.Thefocuswillnowshift toconstructionand

the engineering teamwill become dominant, with other disciplines (mechanical, electri-

cal, civil) being included.

Good practice should include testing of engineering solutions before full imple-

mentation. Risks and costs associated are huge, especially in nuclear applications,

if the plant design is not correct. In the past, testing involved construction of pilot plant

or demonstration facilities; however, advances in modeling techniques now allow

testing of design options in different ways. For example three-dimensional

computer-aided design (3-D CAD)modeling linked to virtual reality suites allow plant

designs to be “walked through” before civil engineering is completed and 3-D proto-

typing can be used to test designs of complex equipment before construction.

Nuclear engineering has the added complication of dealing with radioactive mate-

rials. A normal approach is to extend the commissioning process and have staged test-

ing of the plant, with uranium, plutonium, and then a full inventory of materials. Once

the decision is made to move to fully active operations, there is no turning back as the

plant is contaminated.

For the design process, there must be a test of the design options against the specific

issues that affect nuclear plants. For example, if fissile materials are present in the

inventory then the design must have a method to control criticality. Quite often these

additional requirements put a heavy constraint on options available to engineers and

lead to unique solutions.

In this chapter, we will explore,

l The principles of nuclear process engineering, the methodology we use to implement engi-

neering design at different stages in the development of a technology, and the issues that

need to be addressed;
l Plant design and engineering, in relation to the scale-up of a process;
l Solvent-extraction equipment and the advances being made to increase the effectiveness of

their design and operation;
l The use of multiscale modeling and simulation, as a design aid;
l Current and future trends in design, with a move away from reliance on experimental

testing.

6.2 Principles of nuclear process engineering

6.2.1 The design process

Initially, nuclear process design is not so very different from conventional process

design. As the process develops and the design matures, the differences between a

nuclear and a nonnuclear process plant become more obvious and significant, so

the design process alters to accommodate these unique factors.
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After the design has been completed and construction begins the differences are

significant. For example, more testing is required on build quality than would nor-

mally be required for conventional chemical plant construction. In the United

Kingdom, pipework that is welded need only be tested in 10% of the population,

whereas in nuclear plants normal practice is for 90% radiography of welds to ensure

quality. This means that 9 out of every 10 welds on a system have to be inspected for

inclusions in the weld using radiography and the inspection recorded.

The most significant difference is in the commissioning of new nuclear plants.

Once radioactive materials have been introduced into a plant, then any opportunity

to modify and correct commissioning faults becomes very difficult.

In the United Kingdom, a design process has been developed that uses a stepwise

approach and is integrated with assessments of cost, safety, and technical maturity.

Figure 6.1 illustrates the overall process.

While cost and safety are specific to the local regulations and conditions, assess-

ment of technical maturity, which directly relates to technical risk, is becoming more

generic. Technical maturity is now commonly measured using a technology readiness

level (TRL). This method was originally developed by National Aeronautics and

Space Administration (NASA) and the U.S. Department of Defence for application

in their space mission and submarine build programs. Figure 6.2 shows the TRL scale

as applied by NASA. Typically, TRL 1 to 3 is classed as fundamental development

and would normally be carried out in universities. TRL 4 to 6 is technology develop-

ment and is the point at which scale-up would be tested. TRL 7 to 9 is technology

proving and would be the preserve of industry.

6.2.1.1 Design strategy

This is the starting point for any design project. At this stage it is important to have as

full an understanding as possible of the problem to be solved and to recognize the areas

that are ill-defined or where data is missing. Typically, decisions on which process to

use may be made on knowledge gained from TRLs up to 3. The output of this stage is

referred to as a basis of design document and is the specification the engineers will use

to commence design of the plant.

6.2.1.2 Concept design

This stage is the point at which the different process options are evaluated with the aim

to choose and decide which option is the most appropriate for further design and

development. An initial level of plant design is required for each option and so

Design strategy Concept design
Preliminary 

design
Detailed design

Decision on 
type of facility

Decision on 
type of process

Decision on 
technology

Decision on 
construction

Construction 
and 

commissioning

Figure 6.1 The design process as applied in the UK nuclear industry.
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technical maturity needs to be at TRL 4 to 6 levels, to allow the main technical risks to

be addressed. The more information on scale-up available to the engineers designing

the plant, the less risk is associated with the choice of preferred process(es). The out-

put of this stage will usually be an initial design of the facility, with layout drawings, a

process description, and an initial flow sheet.

6.2.1.3 Preliminary design

This stage is the point at which the engineer will begin to design specific equipment

items and sowill need a flow sheet towork from,where the separation factors and asso-

ciated kinetics have been scientifically proven. Commencing equipment design means

thatmechanical and electrical engineering disciplineswill become involved, so the pre-

ferred technology will need to be at a high enough maturity (TRL 6+) and pilot plant

studies completed to allowcorrect specification for the design.This is the point atwhich

nuclear issues, such as criticality control, will start to be addressed.

6.2.1.4 Detailed design

At this stage, the design of the plant has progressed far enough that multidisciplinary

teams (process, mechanical, civil, and electric) of engineers will be working together.

The flexibility to change a design still exists, but the level of detail in the work is such

System test, launch,
& operations

TRL 7

TRL 6

TRL 5

TRL 4

TRL 3

TRL 2

TRL 1

TRL 8

TRL 9

System/subsystem
development

Technology
demonstration

Technology
development

Research to prove
feasibility

Basic technology
research

Figure 6.2 NASA’s definition of technology readiness levels.

Diagram courtesy of NASA.
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that only proven technologies, with low technical risk, should be considered. Ideally,

at this stage we would work with TRL 7 to 8.

6.2.2 Reliability and design life

One of the clear differences between nuclear and conventional process plant design is

the issue of design life. For a conventional process plant designer there is always the

option of replacement for failed plant items, should the needs of designing for the

full lifetime of the plant become too constraining. In a nuclear reprocessing plant,

replacement of failed items is most often far too costly and difficult, as the plant is

contained within sealed cells and contaminated with highly radioactive material.

Therefore, the nuclear process plant designer has to consider what principles will

be adopted and these may vary throughout the plant. In summary, there are four

options available:

l Design for life
l Build in redundancy
l Maintain
l Build in space for retrofit

6.2.2.1 Design for life

Most process plant equipment such as vessels and pipework will be designed to last

the full lifetime of the plant. The most likely cause of failure will be loss of integrity

due to corrosion from the presence of nitric acid. In the United Kingdom, for

instance, reprocessing plants have been constructed using 304 L stainless steel,

which typically contains 18.0-20.0% chromium and 8.0-12.0% nickel, and is com-

monly recommended for plants dealing with nitric acid. Even though it is a material

of choice, 304 L can experience between 0.1 and 0.2 mm per year corrosion in nitric

acid, depending on temperature (Winston, 2011; Kreysa and Sch€utze, 2008). Welds

are a particular point of weakness, and corrosion rates of up to 0.27-0.54 mm per

year can occur (Kreysa and Sch€utze, 2008). Over a plant lifetime of 20 years (not

an uncommon target for reprocessing plants), the variation in wall thickness of ves-

sels and pipes could be 2-10 mm from the effects of corrosion. This is difficult to

predict, and with a wall thickness of about 5 mm (from a mechanical design perspec-

tive) adding a full lifetime, worst-case, corrosion allowance may lead to wall thick-

nesses up to 15 mm. The effect on material cost is obvious, but perhaps more

important would be the effect on performance, especially if the vessel had a heat

transfer function. For an evaporator with boiling acid on one side and condensing

steam on the other, the main resistivity to heat transfer will be the metal wall of

the vessel (304 L has a thermal conductivity of about 16 Wm�1 K�1). In this situ-

ation, increasing the wall thickness from 5 to 15 mm may reduce overall heat trans-

fer rates by up to 40% and so the designer may have to consider upgrading the

construction material to a more resistant metal, such as Inconel, a nickel-chromium

based alloy.
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6.2.2.2 Build in redundancy

In some cases, even with high specification materials of construction, design for life

cannot be guaranteed. In this case, the designer can consider installing redundant units

that can be brought online in the event of a failure; for example, multiple tanks can be

installed to store liquids, with an overall overcapacity to allow for failure. An example

of built-in redundancy is the fans on the ventilation system for the thermal oxide repro-

cessing plant (THORP) reprocessing plant at the Sellafield nuclear site in the United

Kingdom. It is necessary for the ventilation system to continuously operate under all

conditions, but the fans themselves cannot be guaranteed to be failure-free, so if one

fails there is a standby ready to operate.

6.2.2.3 Maintain

Failures for mechanical plant (bearings, gears, etc.) tend to be of the order of 106 hours,

and so we would expect many years of operation before a failure will occur. However,

this depends on the loads and operating conditions and, more importantly, is a statistical

average; so failure could occur much earlier. In nuclear reprocessing plants, mechanical

plant such as cranes and drive motors, are designed to be maintained and are situated in

areas where they can be withdrawn into a clean area; for example, through a shield door

for maintenance, or the area can be decontaminated to allow entry by personnel.

For process plant, maintenance is generally ruled out as vessels and pipework are

fixed into sealed cells and need to be cut out, but in some cases maintenance is pos-

sible. For example process instruments can be installed into wells or sealed dip pipes

in a process vessel so that they can be withdrawn and maintained (Figure 6.3).

6.2.2.4 Build in space for retrofit

In the United Kingdom, both full-scale reprocessing plants had space built-in to allow

a retrofit of a replacement dissolver. In the Magnox reprocessing plant, originally

commissioned in 1964, there have been two swapovers to new dissolvers, utilizing

NASA

Sealed dip pipe

Thermocouple

Shielding bulge to
allow withdrawal
of  thermocouple

Shielding

Vessel

Figure 6.3 An example of an instrument engineered for maintenance in a nuclear plant.
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a spare dissolver cell to construct a new dissolver. In THORP, a spare dissolver cell

exists, but as yet, it has not been required. The advantage of this method is that there is

no initial outlay for equipment and it leaves some latitude to build in new technolog-

ical developments if they arise. The disadvantage is that the time to swap over can be

lengthy and will inevitably involve breaking into a highly radioactive cell to connect

the new plant.

6.2.3 Fissile material management

Nuclear fuel reprocessing plants will be dealing with fissile materials and so the

design engineer must consider what methods can be adopted to manage criticality

and what effect these measures will have on the plant design.

When considering criticality we will need an estimate of the effective neutron mul-

tiplication factor, keff. This is the net number of neutrons that are produced from a

spontaneous fission. In a uranium system, 235U will emit on average just over 2 neu-

trons per fission event. However, not all of these neutrons go on to be absorbed by

another 235U atom; the presence of moderators and neutron-absorbing materials will

reduce the number and so keff<2.

If keff¼1, then the criticality chain is sustained; this is what engineers will try to

design for in a nuclear reactor. If keff>1, then the system is super critical and an esca-

lating chain reaction will ensue. To keep criticality under control, keff must be<1 and

taking account of margins of error in its calculation, engineers will usually design the

plant so that keff�0.95 for a given system. During the detailed design phase, a full

criticality assessment of vessels and pipework will be conducted to prove that this

is so. Many methods exist that can be adopted to manage criticality and they fit into

two categories: passive and active.

Passive methods will restrict the amount of material that can be present in the plant

at any one time so that a fissile mass cannot accumulate. This can be either through a

restriction on the volume or a dimension of the plant item; for example, volume of

vessel or diameter for a pipe. This type of method is preferred as the control is ever

present. However, the minimum fissile mass for 235U is about 800 g and that for 239Pu

is about 500 g in water, so for a full-scale plant restricting the overall volume may not

be feasible, as the throughput required is much greater than a fissile mass. Restricting

the dimension of the plant item gives much more flexibility.

If we take a typical plant that is reprocessing uranium fuel with an initial 235U

enrichment of 4.5%w/w, using the PUREX process, then during dissolution we would

expect to have a solution with about 300 g L�1 of uranium. The fissile concentration

would then be 13.5 g L�1 (in this example we are assuming that there is no plutonium

present and the only fissile material is uranium). An initial estimate of the maximum

size for a subcritical sphere for this system would be 80 cm (Los Alamos National

Laboratory). This means that we could not have any vessels with a volume greater

than about 70 L. For a large reprocessing plant, this would not be a feasible option

as we would expect to be producing 1500-2000 L per day.

Pipe diameters for this system would be 60 cm (Los Alamos National Laboratory),

so transport of the liquid should not be a problem and we could design a long, thin

tank. However, even then we will only be able to contain about 300 L for every meter
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of vessel height. For a large reprocessing plant, we need a method to remove or relax

the restrictions on the volume or dimensions of our equipment.

Maintaining a passive approach, we can install a fixed neutron poison into the sys-

tem. Boron (10B) and hafnium (most isotopes) are commonly used for this purpose and

boronated steels are available. This approach can be very effective and can, in some

cases, allow us up to 2-3 times the diameter.

Moving away from passive to active methods will have the greatest effect on design

constraint, but at the cost of reduced certainty. Active methods will need to be backed

up by a safety case that proves they are present at all times.

The first active method for criticality control is the use of soluble neutron poisons.

Again boron (10B) can be used and is the most common soluble neutron poison used in

light water reactors (LWRs). However, for nuclear fuel reprocessing, gadolinium, in

the form of a soluble nitrate (Gd(NO3)3 �xH2O), is used as it is more compatible with

the PUREX process. The specific gadolinium isotope of interest is 157Gd, which is

about 15% in natural gadolinium. Present in quantities of a few grams per liter, gad-

olinium can be a very effective neutron poison and can allow engineers to design ves-

sels that have virtually no restriction on their dimensions and still remain subcritical.

In the headend of the United Kingdom’s THORP reprocessing plant, the dissolvers

and the vessels that receive the product liquor from dissolution have been designed

taking account of gadolinium neutron poisoning and have diameters that far exceed

that of an unpoisoned system.

The last method to consider is to manage and monitor the inventory of the system

and prevent the input or accumulation of fissile mass in any area of the plant. This may

be possible for a plant that is designed for operation in a batchwise fashion, but it

would require rigorous control and any deviation from the standard process conditions

could result in a criticality event.

One factor to consider for all systems is burn up credit, a form of inventory man-

agement. It is standard practice to design nuclear fuel reprocessing plants based on

safety cases assuming worst-case scenarios. For criticality, this would be the reproces-

sing of unirradiated fuel. However, in reality, spent fuel, with a much lower enrich-

ment, is the feed for a reprocessing plant and so design engineers and safety assessors

may be able to take account of “burn up credit” (Brady-Raap et al.), which is the over-

all reduction in reactivity associated with the irradiation of fuel in a reactor and with

cooling time. Before any burn up credit can be allowed into the design, the fuel fed to

the reprocessing plant would need to have a fissile monitoring regime that proves its

“burn up” and resulting reduction in fissile content.

6.2.4 Radiological and contaminant management

It is more the role of the civil engineer to design the building that houses process plant

equipment; however, the type of building designed will have a significant influence on

the technology options available to the nuclear process engineer.

Primary among the criteria that will drive the building design of a nuclear reproces-

sing plant will be containment of radiological materials and prevention of the spread of

contamination. Ideally, the best way to contain radiological materials is within vessels

and pipes in sealed cells. In almost all cases in a reprocessing plant there are areas where
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this is not possible. One example is fuel dissolution, where spent fuel must be fed into a

dissolver. In this case, vessel containment (i.e., the dissolver) must be broken to admit

solids (i.e., the fuel) into the vessel. Breaking containment opens up the possibility for the

spread of contamination into the surrounding environment. This would not be a problem

if we did not expect to have to enter the cell until decommissioning, but this plant area

will include mechanical equipment (fuel shear, cranes, and maneuvering equipment for

the fuel assemblies) that can suffer breakdowns and may need to be maintained.

The main cause for the spread of contamination will be the movement of equipment

or people from one plant area to another. Therefore, the building designer will zone the

plant according to the level of radiological and contamination risk. Areas of high

radioactivity and contamination will be sealed within cells with no entry allowed.

Areas of no radioactivity or contamination will not need any access restrictions. In

between these two extremes will be a gradual decrease in access for personnel.

For those areas where personnel can enter, even under special conditions, it is pos-

sible to have equipment that requires maintenance or could be replaced. One example of

an area within this category in a nuclear reprocessing plant would be the uranium fin-

ishing area (conversion of nitrate solution to oxide powder), where the material being

processed is uranium with very low levels of fission products. In this case it would be

possible to advocate the use of centrifugal pumps and valves, albeit high-grade ones, as

it would be possible to replace or maintain them in the event of a failure (Figure 6.4).

Contamination will often take the form of particulates or aerosols. Movement and

spread of these can be controlled by the air flow through the plant (Figure 6.5). Small

particles and droplets will be easily swept up by an airflow, if the velocity is sufficient,

Restricted 
volume—contents cannot

exceed a fissile mass

Restricted
geometry—contents of  a

section cannot
exceed a fissile

mass

Unrestricted 
geometry—inventory managed

so it cannot exceed a
fissile mass at any

given time

Figure 6.4 Fissile material management strategies based on control of geometry. Geometric

constraints can be relaxed with the use of neutron poisons.
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and so we can design our ventilation system to do this; typically, a 100 mmparticle can

be conveyed with an air velocity of a few meters per second. The flow of air through

the building will always be from clean to dirty so as to prevent back flow of contam-

ination. The final point for the air will be the sealed cells and after that the air will be

scrubbed, filtered, and monitored prior to release.

Opposite to the direction of air flow will be the pressure gradient that will be set up

across the plant, with the point of lowest pressure in the sealed cells. Careful design of

equipment must be carried out to ensure that discharges to the vessel vent do not cause an

imbalance in the ventilation system. For example, if we wish to operate a vessel under

vacuum (such as an evaporator) we must ensure that we do not suck back contamination

from an area of higher radioactivity into that vessel. As the overall driving force for the

pressure gradient within the ventilation system will be the main fans, it is likely that the

overall pressure dropwill need to be limited to about 30 mBar. This creates a dilemma for

the designer, as we wish to maximize velocity for efficient dust and aerosol entrainment,

but the higher the velocity the higher the pressure across the system and so the designer

will have to select an appropriate pipe size for each of the vessel vents to balance these.

The overall effect of these building constraints on the process design is that in some

cases the obvious and more preferred choice for technology cannot be made as either

the plant zone it must be placed into is incompatible (e.g., a fuel assembly shear in a

sealed cell) or connection to the ventilation system is incompatible (e.g., the required

pressure drop will be too large).

6.3 Plant design and engineering

6.3.1 Scale-up from laboratory to full-scale

The development of new chemical processes for reprocessing and recycling of spent

nuclear fuel is primarily done at the laboratory-scale due to the difficulties in working

with highly radioactive materials. However, industrial deployment of such new or
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Figure 6.5 Ventilation philosophy for nuclear plants.
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improved processes requires a scaling-up from the laboratory-scale to full-scale. It is,

therefore, very important to understand how chemical processes can vary as the engi-

neers scale-up the design of the reprocessing plant; that is, are variations linear, expo-

nential, or is there no variation with scale in the specific parameter?

Consider a volume of liquid within a small-scale vessel in a laboratory and compare

that with the same volume of liquid at the center of a full-scale process vessel

(Figure 6.6). If we look at three physical aspects of the liquid that may be important

to the process (density, concentration, temperature), how will they be affected during

scale-up?

The external forces acting on the two liquids will be different. For the full-scale

process, our liquid in the center of the vessel will have the effect of pressure from

the static head of the liquid above it (if this were water, each meter of liquid height

would be equivalent to 0.1 bar of pressure). However, most liquids are incompress-

ible, so the effect of pressure on density will be negligible (e.g., for water a 20 bar

increase in pressure will increase density by <0.1%, ESDU report); in fact, most

of its physical properties are unaffected by changes in pressure. Therefore, we can

conclude that, with respect to the physical properties of the liquid, there are no scaling

effects.

Now let us consider temperature. When conducting an experiment we will usually

seek to control the temperature. Quite often the laboratory vessel will sit on a hot plate or

within a water bath. The overall volume and dimensions (surface area to volume ratio)

of a small vessel is such that the temperature of the liquid anywhere within the vessel

will respond very quickly to changes at the edge of the vessel. For example, a vesselwith

50 mm diameter and 50 mm height has a high surface area to volume ratio of 120. If we

now scale-up to a large process vessel and consider the same liquid at the center, say to a

vessel of 500 mm diameter and 500 mm height, the surface area to volume ratio

decreases to 12. This means that our liquid in the center of the vessel will be slower

to respond to temperature changes; as will the whole contents of the vessel.

If the liquid contents are static, then we will have to rely on conduction and natural

convection to heat or cool the center. These two processes are not efficient mecha-

nisms and there must be a temperature difference to drive any heat transfer.

Figure 6.6 A comparison

of scale.
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Wemust have an understanding of the fundamental variation in order to extrapolate

from small to large scales. Very often the jump from laboratory- to full-scale is so

large that we will need to have one or more intermediate steps to prove our process.

These are the pilot plant and demonstration stages.

Overall heat transfer from the surface to the liquid is given by

Q¼U:A:DT1 (6.1)

where Q is the overall heat transfer rate in watts, U is the overall heat transfer coef-

ficient in watts per meter square per degree Celsius, A is the surface area in meter

square, DT1 is the temperature difference between the vessel surface and the bulk

liquid in degree Celsius.

The heat required to increase the temperature (T) of the liquid by an amount DT is

given by

W¼ r�V�Cp�DT2
� �

=tT1 (6.2)

whereW is the heat required to increase the temperature of the liquid in watts, r is the

density of the liquid in kilogram per meter cube, V is the volume of the liquid in meter

cube, Cp is the specific heat capacity of the liquid in Joule per kilogram per degree

Celsius, DT2 is the temperature increase in the bulk liquid in degree Celsius, t is
the time taken for DT2 to occur in seconds.

Assuming no other heat transfer mechanism exists, then Q¼W and we can rear-

range Equations 6.1 and 6.2 to give us a function ofDT2 against surface area to volume

ratio.

A

V
¼ r:Cp

U:DT1

� �
:
DT2
t

(6.3)

We can see that if physical properties are unchanged (r�Cp) and we can duplicate the

equivalent heat transfer rate (U), then the temperature change in the vessel is directly pro-

portional to the surface area to volume ratio. Reducing this from 120 to 12 will increase

the time taken for our vessel contents to change temperature by a factor of ten. In reality,

heat transfer rate will also be affected by an increase in scale; compounding the effect.

The result is that effects on a system in the laboratory are rapid, but on a full-scale

plant take time. During that time it is possible that side effects may come into play that

change the overall dynamics of the reaction andmay allow for by-products to be created.

6.4 Advances in solvent-extraction equipment

6.4.1 The principles of solvent extraction

All liquid-liquid extraction systems are comprised of two sections: a mixing section

and a separation section. Mixing breaks up one of the phases into small drops and

disperses them in the other phase, called the dispersed phase and continuous phase,

respectively.
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In the mixing section the aim is to maximize the interfacial area available for mass

transfer between the two phases. Separation of the dispersed phase from the contin-

uous phase then needs to occur for the extraction to be complete. Usually, the kinetics

of the extraction process is such that multiple stages are required to achieve the target

separation required for reprocessing.

The process of liquid-liquid extraction relies on the optimization of efficient mix-

ing with separation of the dispersed phase from the continuous phase. For a mixer-

settler or pulsed column, this separation occurs due to a difference in the density

of the phases, driven by gravity. The efficiency, or rate, at which the separation occurs

is proportional to the size of the droplet and the density difference between the two

phases. Hence, the degree of mixing allowed can be limited by the time required

for dispersed droplets to settle and the two phases to separate.

The design of the mixing section is related to the overall mass transfer coefficient,

which is defined within the Sherwood number.

Shc ¼ kLCdp
Dc

(6.4)

where Shc is the Sherwood number for the continuous phase (dimensionless), kLC is

the overall liquid phase mass transfer coefficient for the continuous phase (meter per

second), dp is the droplet diameter (meter), Dc is the molecular diffusivity (meter

square per second).

In general, the mass transfer coefficient in a stirred vessel can be approximated by

Shc¼6.6 (Treybal, 1980). However, more detailed correlations have been developed

that allow the engineer to calculate the mass transfer for a given mixer design

(Skelland and Moeti, 1990).

Shc ¼ kLCd32
Dc

¼ 1:237�10�5 Scð Þ1=3 FrCð Þ5=12 Eoð Þ5=4 fð Þ�1=2 Reð Þ2=3 Di

d32

� �2 d32
Dt

� �1=2

(6.5)

d32¼Sauter mean diameter, which is approximated to the droplet diameter (m), Sc is
the Schmitt number, defined as diffusion of momentum/diffusion of mass,

Frc¼Froude number, defined as inertial forces/gravity forces, Eo¼Eotvos number,

defined as buoyancy force/surface tension force, ’¼constant developed from exper-

imental work, Re¼Reynold’s number, defined as inertia forces/viscous forces,

Di¼ impeller diameter (m), Dt¼vessel/tank diameter (m).

From Equation 6.5 we can estimate mass transfer coefficients for some common

extraction technologies. Agitated vessels (cf. mixer-settlers) have a kLC of between

0.16 and 16 ms�1, agitated columns have a kLC of between 8 and 60 ms�1, and packed

columns have a kLC of between 5 and 111 ms�1. More efficient systems, such as rotat-

ing disks, have high kLC values (20-260 ms�1), but these involve rotating parts.

One of the first mixer-settlers to be used was developed by the UKAEA (United

KingdomAtomic Energy Agency) for the first-generation reprocessing plant at Wind-

scale in the United Kingdom, operated in the 1950s (Lo et al., 1983). The units were a
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simple box-type horizontal mixer and settler (Figure 6.7). Similar designs have been

used in subsequent U.K. reprocessing plants, as well as plants in France and Japan.

In these designs, the volume of the mixer is determined by the residence time

required to reach a reasonable degree of equilibrium (Treybal, 1980). Most often,

the settler is many times larger than the mixer, as simple gravity settling is the only

process at work and is the primary factor for determining overall equipment size. Mix-

ing is carried out using a flat blade turbine, rotating at about 200 rpm (Treybal, 1980).

The speed is limited so that the production of very fine droplets (haze) is minimized.

More recent reprocessing plants (e.g., British Nuclear Fuels Ltd. THORP, designed

to reprocess oxide fuels fromAdvanced Gas Reactor and LightWater Reactor) replaced

mixer-settlers in the primary separation area with pulsed columns. This was due to the

increased fissile content of the spent fuel being reprocessed, which constrained the

design of the solvent-extraction equipment to within certain parameters so that it

remained subcritical. Also, the increased activity from fission products meant that sol-

vent degradation would be too high if mixer settlers were used, due to the long residence

times, especially in the settling section.

Pulsed columns consist of a vertical, cylindrical tube containing a set number of

stationary, horizontal, perforated plates at equal distance from each other. The two

immiscible liquids are added at the opposite ends (top and bottom) of the column, with

the low-density liquid added at the bottom and the reverse for the heavy liquid. Grav-

ity again provides the motive force, with the heavier phase falling to the bottom of the

column while the lighter phase rises to the top (Figure 6.8). The pulsing action pro-

vides agitation to break up the light phase and disperse it, as well as forcing it upward.

Plate spacing is designed to replicate the equivalent of a separation stage in a mixer-

settler and the hole size in the plates, in conjunction with pulse frequency and ampli-

tude, determines the droplet size. Due to the complexity of the system, it is difficult to

define the mass transfer coefficient through a correlation similar to those that exist for

Mixer

Baffles

L

H

Impeller shaft

Settler

Figure 6.7 Simple box-type horizontal mixer settler used in the reprocessing of nuclear fuel

(Perry, 2008).
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mixer-settlers. A recent review of a number of empirically derived correlations from

experiments found little agreement on an overall correlation and so leave the engineer

relying on proving any design via pilot plant trials (Yadav and Patwardhan, 2008).

6.4.2 Developments in conventional solvent-extraction systems

A number of different designs for mixer-settlers and column extractors have been used

for many years in the metal extraction industry; examples include the IMI and Lurgi

mixer-settlers and Rushton columns (Lo et al., 1983). In addition to liquid-liquid

extraction technology development, the oil industry has been improving performance

of gravity settlers for use on offshore oil rigs (American Petroleum Institute

(API), 1990).

The most common advance in mixer-settler design, beyond the standard box-type

used in spent fuel reprocessing plants, has been to decouple the dispersion and mass

Outlet for light pase

Interface

Top disengaging section

Inlet for heavy phase

Perforated plates

Inlet for light phase

Pulsing unit

Outlet for heavy phase

Bottom disengaging section

Figure 6.8 Diagram showing the internal workings of a pulsed column (Yadav and

Patwardhan, 2008).
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transfer process. This has been achieved by having a two-stage mixer; with the first

stage utilizing a high-efficient turbine to produce a fine dispersion, in a low residence

time, followed by a lower speed mixing chamber sized to provide the correct residence

time for mass transfer.

To advance separator design, the oil industry has developed the use of wave plates

and coalescers installed in gravity settlers to enhance separation of oil and water.

These devices encourage fine oil droplets to coalesce into larger droplets, which settle

faster; so reducing the size for a given throughput (Figure 6.9). Close plate spacings

are preferred, but significant savings in separator length (up to 75%) can be achieved

with spacings of up to 22 mm (Schlieper et al.).

An example of the two advances in mixer-settler design (dual mixing zones and

enhanced gravity settling) can be seen in the Krebs mixer-settler (Taylor); developed

by Krebs in France in the 1970s, and subsequently installed in numerous uraniummin-

ing and copper facilities (Figure 6.10).
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Light phase

Trickling film

Plate

Figure 6.9 A typical wave plate coalescer used to enhance separation in a gravity settler

(Schlieper et al.).
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Figure 6.10 Side elevation of a Krebs mixer settler.
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In this design, the first section is a pump-mix type agitator, similar to the conven-

tional mixer-settler, but designed for less head generation because of the adjoining

conical pump. Typically, the primary separation of the organic and aqueous phases

is 90% complete at the discharge of the upper launder, which enables the phases to

be directed separately to the main settler below, entering via a series of baffle plates

to enhance coalescence. The organic and aqueous discharge weir boxes and weirs are

similar to the conventional design.

Table 6.1 presents an economic comparison of the Krebs with the conventional

mixer-settler taken from “Krebs and Solvent Extraction” by RogerWilliams and Alain

Sonntag presented at the ALTA Copper Hydrometallurgy Forum 1995. The reduced

size and efficiency lead directly to a significant saving in cost.

For a nuclear application, the reduced solvent inventory (30-50% over a conven-

tional design) would give advantages in reduced degradation.

6.4.3 Centrifugal contactors

In the 1930s, centrifugal countercurrent contactors were developed for liquid-liquid

extraction processes. Compared to conventional liquid-liquid extraction technologies,

centrifugal contactors have enhanced separation, as they are able to replace gravity

with centripetal force, which radially separates the two phases and increases the sep-

aration velocities.

Centrifugal contactors can be classified into two groups: differential and staged

contactors. In differential contactors, countercurrent flow of the two phases occurs

within a single rotor, as the light phase is introduced at the periphery and the heavy

phase at the axis. Centripetal force causes the two phases to travel in opposite

Table 6.1 An economic comparison of the Krebs with the
conventional mixer-settler taken from ‘Krebs and Solvent
Extraction” by RogerWilliams and Alain Sonntag presented at the
ALTA Copper Hydrometallurgy Forum 1995

Krebs Conventional

Characteristics

Typical a settler specific flow (m3/h/m2) 8-12 3-5

Relative solvent inventory 1 1.3-0.5

Organic entrainment losses ppm 30-100 30-100

Relative capital costs

Equipment ex works 1 1-1.2 (depending on size)

Transportation/erection 1 1.3-1.5

Piping/cables 1 1.3

Civil work

Outdoor 1 1.2

Indoor 1 1.8-2
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directions. In staged contactors, both phases are introduced into a mixing section at the

periphery. The mixed phases travel to a central section where centripetal force sepa-

rates them. Countercurrent flow is achieved by a cascade of contactors. Figure 6.11

illustrates this diagrammatically.

Centrifugal contactors are used for a range of applications, such as antibiotic

extraction in the pharmaceuticals industry, and have been used in reprocessing plants;

for example, an 18-stage centrifugal mixer-settler, designed and developed at the

Savannah River Laboratory successfully separated plutonium and uranium from

radioactive fission products at the Savannah River site (Kishbaugh).

Table 6.2 classifies the existing designs in use today. The range of conditions for

operating centrifugal contactors can vary quite significantly, depending on the

solvent-aqueous system. Table 6.3 gives data on the operating parameters for some

of the commonly used centrifugal contactors in industry (Figures 6.12 and 6.13).

Control of the hydrodynamics of centrifugal contactors is based on four

parameters:

(1) Pressure: This is especially important in centrifugal contactors as this is the main means to

control the interface between the two phases. Pressures on either side of the weirs are

adjusted using control valves (PIC) on the outlets. A typical arrangement for a pressure

control system is shown in Figure 6.14.

Internal multistage

Heavy phase
out
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out
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(a)

Light phase in

Heavy phase out Heavy phase in

Light phase out

Heavy
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(b)

Light and heavy phase in
External multistage in

Figure 6.11 Operating principle of centrifugal extractors: (a) differential contact and

(b) multistage contact (Lo et al., 1983).

Table 6.2 Classifications of centrifugal contactors in use in industry
(Lo et al., 1983)

Horizontal Vertical

Differential Multistage Differential Multistage Single stage

Podbielniak POD a-Laval Luwesta Robatel BXP

Quadronic UPV Robatel SGN Westfalia TA

SRL & ANL

MEAB SMCS-10
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Table 6.3 Operating parameters for commonly used centrifugal contactors (Lo et al., 1983)

Extractor System

Physical properties Operating variables Number of

theoretical

stagesd
Efficiency

(%)aPh/Pi h/l rpm R5Qh/Ql Qt (m
3/hi) Flooding (%)

Pod bieLniak

B-10 Kerosene-NBAb-water 998/801 1/1 24 3000 0.5 5.1 73 6-6.5 24

D-I8 Keiosene-NBA-water 998/801 1/1 24 2000 0.5 11.1 58 5-5.5 15

A-I Oil-aromatics-phenola 1010/877 2/5 3 5000 3.5 0.01-0-02 33-66 5-7.7 28-43

9000 Broth-penicillin

B-pentacetate

2900 4.4 7.5 1.8 10.7

2900 3.4 7.5 2.04

2900 2.4 7.5 2.21 14.0

9500 Some system 2900 3.5 7.5 2.04

2700 3.5 7.5 2.19

2500 3.5 7.5 2.30

2300 3.5 7.5 2.36 15.0

Oil-aromatics-furfural 2000 4.0 12.0 90 3-6 24

A-l IAAc-boric acid-water 998/810 1/5 6 5000 1-0.3 0.01-0,03 44-95 3.5-7.7 20-45

3000 1.0 0.01! 44 2.3 13.5

4075 1.0 0.01 44 2.8 16.5

4600 1.0 0.01 44 2.96 17.5

UPV Oil-aiomatics-phenola 1010/910 2/8 2 1400 0.8-1.2 6 75 2-5.8 33-92

Continued



Table 6.3 Continued

Extractor System

Physical properties Operating variables Number of

theoretical

stagesd
Efficiency

(%)aPh/Pi h/l rpm R5Qh/Ql Qt (m
3/hi) Flooding (%)

Robatel SGN

LX-168N Uranyl nitrate-30% TBP 1500 1-0.2 2.1-4.5 7 87

LX-324 Some system 3100 1.6 24-63 3.4-3.9 68-80

SRL single

stage

Uranyl nitrate-Ultrasene 1790 0.5-1.5 6.4-12 33-96 0.92-0.99 92-99

ANL single

stage

Uranyl nitrate-TBP/

dodacane

3500 0.3-4 0.8-1.6 50 0.97-1 97-100

Note that: rh, rl are the density of heavy and light phase in kilogram per meter cube; h/l is the heavy:light ratio; R is the ratio of total heavy phase flow,Qh, and the light phase flow,Ql, both in meter cube per hour;
and Qt is the total flow rate in meter cube per hour.
aContaining 1.7-5% water.
bNormal butyl amine.
cIsoamyl alcohol.
dNumber of theoretical and actual stages.



(2) Holdup: In pressurized contactors this is directly proportional to the system parameters and

can be estimated using the following equation:

∅¼ 1� 2pb Pli�Ploð Þ
o2DrVm

(6.6)

where f is the hold up, b is the contactor width in meters, Pli and Plo are the pressure of the

light phase at inlet and outlet in Pascal, respectively,o is the speed of rotation in rpm, Dr is

the difference in density between heavy and light phase in kilogram per meter cube, Vm is

the emulsion volume in meter cube.

Figure 6.12 An experimental

rig using a MEAB SMCS single

stage contactor.

Photo courtesy of MEAB

(http://www.meab-mx.se).

Figure 6.13 An industrial liquid-liquid extraction process using a counter cascade of Robatel

BXP contactors

Photo courtesy of Rousselet Robotel (http://www.robatel.com).
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(3) Flooding: Operating the contactor above its capacity will lead to flooding. In most designs,

capacity increases by increasing the diameter of the contactor and/or speed of rotation. This

is different than mechanically agitated contactors, where increasing agitation (cf. speed of

rotation) will lead to an increased chance of flooding.

(4) Back mixing: Generally, the extent of any back mixing in a centrifugal contactor cannot be

predicted by applying dimensionless numbers, as would be the case for a mixer-settler (see

Equation 6.5). This is due to the more complicated nature of the contactor; for example,

driving velocities, differential pressures, and flow fields at different points within the con-

tactor. Therefore, back mixing can only be measured for a specific system.

6.5 Multiscale modeling and simulation

With the advent of computer-aided design in the 1980s there began a shift away from

direct incorporation of experimental results into plant designs toward the use of process

models that were validated by experiment and informed the engineer to a much greater

extent. As computers have become more powerful, software developers have been able

to create codes that can be used across all the disciplines tomodel a system at the scale of

their experiments (Figure 6.15). Nowadays, one of the goals of a good design is to inte-

grate each of the different types ofmodel as wemove up the scale and across disciplines.

An example of modeling and its experimental validation is how it could be used to

design the separation part of a reprocessing plant. At the atomic-scale, molecular model-

ing techniques such as density functional theory (DFM) or Lipinski’s rule of five (a tech-

nique used in the pharmaceutical industry for molecular design) can be used to predict

the bonding behavior ofmolecules and so predict the efficiency of ligands for separating

actinides. These could lead to selection of ligands for experimental proving in the lab-

oratory. Once separation factors have been determined, these can be fed back into pro-

cess models that combine laboratory data with kinetics to design a flow sheet. The flow

sheet is then proved using a contactor cascade, moving up to pilot-scale, to provide a

design flow sheet; the starting point for a full plant design. Data from the laboratory

trials and pilot plant trials feeds back into the process models to allow further refinement

and so produce models that can then predict the behavior of the plant during operation.
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Figure 6.14 Pressure control system for a centrifugal contactor (Lo et al., 1983).
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We can also consider how modeling at different scales can tell us how a liquid will

behave when flowing down a pipe. Engineers are often predicting flow regimes in

order to calculate the extent of heat and mass transfer or just pressure drops to ensure

a liquid can be transferred using a particular pump. Most often, the flow regime in a

pipe is approximated by the use of the Reynolds number, which is the ratio of inertial

and viscous forces and is defined as

Re¼ urL
m

(6.7)

where u is the fluid velocity in meters per second, r is the fluid density in kilo gram per

meter cube, L is the characteristic length, which for a pipe is the diameter in meters, m
is the dynamic viscosity in kilogram per meter second.

For a system with a Re<2300, we say the flow is laminar; that is, all velocities are

streamlined with the direction of flow. Once the Re becomes >4000, we say the flow

is turbulent and it will contain eddies. At values of Re between 2300 and 4000, the

system is in transition and is impossible to predict. Engineers will try to ensure that

their design is well within either laminar or turbulent regimes, as their means to predict

pressure drop, heat, andmass transfer are derived for these. However, one major draw-

back is that Re is a bulk prediction and does not tell the engineer what is happening at

the microscale, which for turbulent flows is important as the system behavior will be

dependent on localized eddies. For systems with more than one phase (e.g., gas-liquid,
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Figure 6.15 How modeling techniques can be used across the scale range in the design of

a plant.

Taken from www.icams.de.
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liquid-liquid, or solid-liquid) this is also of importance as localized velocities may

cause deposition or changes in droplet size, which go on to affect mass transfer.

Computational fluid dynamics (CFD) can be used to provide a more detailed anal-

ysis of a flow regime. For turbulence, the processes governing the conservation of

mass, momentum, and energy in a viscous, Newtonian fluid are defined by the

Navier-Stokes equations. These are a set of coupled partial differential equations,

which could, in theory, be solved for a given system by using methods from calculus,

but in practice, these equations are too difficult to solve analytically. CFD techniques

have been developed that can be used to solve Navier-Stokes and have been converted

into commercially available codes.

The most accurate method is direct numerical simulation (DNS), which is solely

based on the physics of the system and is, in effect, a direct solution to the Navier-Stokes

equations. Computationally this technique is very intensive, due to the huge numbers of

solutions that need to be generated in order to obtain a simulation. However, if it is pos-

sible to use DNS, then a very accurate prediction of the turbulence in a pipe can be cre-

ated. Large eddy simulation (LES) is an approximation of turbulence, which accounts

only for large-scale motion. This is less computationally intensive and will resolve tur-

bulence patterns within a pipe to the level at which solids deposition can be predicted.

Figure 6.16 illustrates the different resolution levels of DNS and LES.

6.6 Current and future trends in design for nuclear fuel
reprocessing plants

6.6.1 Computer-aided design

At the onset of computer-aided design (CAD) in the 1980s the focus was on the

replacement of the traditional paper-based drawing office with a screen and

keyboard-based system. CAD packages offered flexibility and increased speed for

engineers and designers to create drawings on which to base construction.

Figure 6.16 Prediction of turbulence in a pipe using CFD techniques.
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As CAD software became more sophisticated, more and more detail could be

included in the drawing, so that by the late 1990s CAD software had completely

replaced traditional drawings and could show far more detail and information than

any hand drawn document ever could.

Design was still based around 2-D representation and if the engineer wanted a 3-D

view a physical, scale model of the plant would need to be constructed. These were

expensive and time-consuming to produce and realistically could not be kept up to

date with design changes.

In the last decade we have seen CAD systems that are moving beyond 2-D to

include 3-D modules that allow engineers to “see” their system as they design it. Both

of the major software suppliers (AutoCAD and Solidworks) market 3-D CAD versions

of their product. These packages are still primarily screen-based, but can provide a

multileveled view, whereby a complex plant such as a reactor (Figure 6.17) can be

viewed with zoom in capability for individual items.

Already, there are numerous organizations that have 3-D immersion suites, where

CAD software can be linked into visualization software and hardware to allow the

engineer to literally walk around a plant while it is in the design stage. For nuclear

plants the potential these capabilities offer is huge as, with the space management

and constraints in a design for a remotely operated plant, it is very difficult for the

engineer to optimize for layout and, when constructed, it may not be possible to

see the plant in its final state.

6.6.2 Prototyping

The design process has been, or will soon be, revolutionized by the advent of 3-D

design and virtual immersion suites; but the fabrication process is still effectively

unchanged and based on casting or machining techniques. Although machining has

Figure 6.17 Screen shot from a 3D CAD representation of a PWR.
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become far more accurate and efficient by computer-aided manufacturing (CAM)

coupled to the CAD (CAD/CAM).

However, 3-D printing may offer the potential to revolutionize component fabri-

cation in the way that 3-D software has revolutionized design. Already, there are eco-

nomic and commercially available 3-D printers that can create objects of A4 and letter

size out of polymers, and powdered metal printers are on the market that can produce

metallic objects with similar strength and durability to objects fabricated from a metal

block. These printed objects can be designed for optimum strength and materials

usage, and the engineer can create components that could not be fabricated by existing

casting or machining techniques. Figure 6.18 shows how a component designed for

fabrication by traditional machining techniques can be optimized using 3-D printing,

saving on material cost.

6.6.3 The future

As we move toward the next generation of reprocessing plants, nuclear engineering

companies and fuel cycle service providers are likely to take a long view of plant

development and design. Business planning using TRLs is now firmly embedded

and a staged approach to design means that research and engineering are reviewed

constantly before allowing progression. This reduces risks (technical and project)

and overall leads to higher success rates for projects.

With the advent and maturity of molecular modeling techniques and improvements

in laboratory capabilities we will see a closer coupling of experimental and theoretical

design of chemical processes, providing more efficient separation for species of inter-

est such as minor actinides. This will have a knock on effect of reducing plant and

equipment sizes, allowing reprocessing to be more economical and improving safety

from a reduction in inventory.

The use of advanced equipment designs with high-efficiency components will be

possible, as 3-D design and process modeling will mean designs can be tested before

construction. A link to 3-D prototyping will allow these new technologies to be man-

ufactured at a fraction of the cost compared to traditional cast and machining

manufacture.

In summary, the trends in advanced engineering design and modeling will lead to

lower costs for reprocessing and for the closed fuel cycle as a whole.

Figure 6.18 Evolution and

optimization of component

design using 3D prototyping.

Left to right: simple cast item,

cast with CAD machining and

3D metal printed. Each stage

provides a reduction in material

used with an increase in

mechanical strength.
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Acronyms

DG change in free energy

DH change in enthalpy

DS change in entropy

1c-SANEX one cycle selective actinide extraction

An actinide

BTBP bis-triazinyl bipyridine

BTP bis-triazinyl pyridine

BTPhen bis-triazinyl phenanthroline

C2-BTBP 6,6¢-bis(5,6-diethyl-1,2,4-triazin-3-yl)-2,2¢-bipyridine

C5-BTBP 6,6¢-bis(5,6-dipentyl-1,2,4-triazin-3-yl)-2,2¢-bipyridine

C6-BTBP 6,6¢-bis(5,6-dihexyl-1,2,4-triazin-3-yl)-2,2¢-bipyridine

CEA Atomic Energy and Alternative Energies Commission (French: Commissar-
iat à l’énergie atomique et aux énergies alternatives)

CHON carbon, hydrogen, oxygen, and nitrogen only

CMPO octyl(phenyl)-N,N-diisobutylcarbomylmethylphosphineoxide

CyMe4-BTBP 6,6¢-bis(5,5,8,8-tetramethyl-5,6,7,8-tetrahydrobenzo(1,2,4)triazin-3-yl)-

2,2¢-bipyridine

CyMe4-

BTPhen

2,9-bis(5,5,8,8-tetramethyl-5,6,7,8-tetrahydrobenzo(1,2,4)triazin-3-yl)-

1,10-phenanthroline

D distribution coefficient

DIAMEX diamide extraction

DMDBTDMA dimethyl-dibutyl-tetradecyl malonamide

DMDOHEMA N¢N¢-dimethyl-N,N¢-dioctylhexylethoxymalonamide

DTPA diethylene triamine pentaacetic acid

EI electron ionization

ESI electrospray ionization

Et,hemi-BTP 6-(5,6-diethyl-1,2,4-triazin-3-yl)-2,2¢-bipyridine

EXAFS extended X-ray absorption fine structure

HDEHP bis(2-hexylethyl)hydrogenphosphate
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I nuclear spin

i-SANEX innovative selective actinide extraction

Ln lanthanide

MALDI matrix-assisted laser desorption ionization

MBTP 2,6-bis(5,6-dimethyl-1,2,4-triazin-3-yl)pyridine

MeOH methanol

Me,hemi-BTP 6-(5,6-dimethyl-1,2,4-triazin-3-yl)-2,2¢-bipyridine

nIR near infrared

NMR nuclear magnetic resonance

OK odorless kerosene

OTf trifluoromethanesulfonate (also known as triflate)
iPBTP 2,6-bis(5,6-diisopropyl-1,2,4-triazin-3-yl)pyridine
PBTP 2,6-bis(5,6-di-n-propyl-1,2,4-triazin-3-yl)pyridine
pH �log10[H

+]

PUREX plutonium and uranium extraction or plutonium and uranium reduction

extraction

py pyridine

QSAR quantitative structure activity relationship

SF separation factor

SNF spent nuclear fuel

SX solvent extraction

SANEX selective actinide extraction

SO3-BTP 2,6-bis(5,6-di(3-sulphophenyl)-1,2,4-triazin-3-yl)pyridine

TALSPEAK trivalent actinide-lanthanide separation by phosphorous reagent extraction

from aqueous komplexes

TBP tri-n-butyl phosphate
thf tetrahydrofuran

TODGA N,N,N¢N¢-tetraoctyl diglycolamide

TPH tetrahydrogenated propylene

TRLFS time resolved laser-induced fluorescence spectroscopy

TRUEX transuranium extraction

TRUSPEAK transuranium separation by phosphorous reagent extraction from aqueous

komplexes

UV ultraviolet

XANES X-ray absorption near-edge spectroscopy

XAS X-ray absorption spectroscopy

XRD X-ray diffraction

7.1 Introduction

Organic molecules that can selectively coordinate actinides (all or parts of the series)

over the remaining fission and corrosion products in dissolved spent nuclear fuel are of

great interest due to their applicability for partitioning actinides in the back end of the

nuclear fuel cycle (Boyle et al., 1997; Sessler et al., 2006). As such, work has been

continuing for many years into different ligand classes that can perform these

separations.
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TBP (tri-n-butyl phosphate, Figure 7.1) is the extractant used in the widely applied
PUREX (plutonium uranium extraction or plutonium uranium reduction extraction)

process for partitioning uranium and plutonium from the remaining constituents in

spent nuclear fuel (SNF). Wider interest in partitioning all of the actinides (including

the minor actinides) from SNF, in order to maximize nuclear fuel resources and min-

imize nuclear waste, has resulted in the investigation of many different ligand systems

with a number of potential extractants showing significant promise in various process

applications. In this context, a particular challenge is the separation of americium and

curium from the lanthanide fission products as the chemical properties of these ele-

ments are highly similar under conditions likely to be encountered in a solvent-

extraction process. Consequently, the partitioning of these elements by chemical

means is considered to be extremely difficult (Marie et al., 2012).

The majority of extractants that are either currently applied or are being seriously

considered for use, in solvent-extraction processes for the partitioning of SNF can be

classified into two major categories: oxygen-only donor extractants and nitrogen

donor extractants. Oxygen-only donor extractants tend to be used for the selective

extraction of uranium and plutonium and/or the copartitioning of minor actinides

and lanthanides from the remaining fission, activation, and corrosion products in

SNF. Nitrogen donor extractants have generally been favored for the partitioning

of the minor actinides, americium and curium, from the lanthanide fission products.

The initial identification of extractants that could be applied to SNF partitioning is

typically performed by the determination of distribution coefficients and separation

factors of relevant metals in specific oxidation states. These experiments are usually

performed on small scales using radioisotopes at trace-level concentrations. The mode

of action of these extractants (i.e., how extractants bind to selected metals and cross

the phase boundary) at the ligand screening stage of process development is generally

not understood. For example, even though PUREX has been in operation for the large-

scale processing of SNF since the 1960s (Swanson, 1990), it was only in 1997 that the

first direct spectroscopic evidence conclusively showing the manner in which TBP

binds to uranium in the liquid phase was published (Den Auwer et al., 1997). Recently,
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dilute nitric acid
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Figure 7.1 Generic flowsheet of the PUREX process.
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there have been considerable efforts devoted to understanding the manner in which

proposed extractant molecules bind to metal ions found in dissolved SNF and conse-

quently provide an improved understanding of the mechanism by which certain

extractants are able to selectively partition radionuclides from a given mixture.

This chapter reviews results from some of the recent speciation studies of metal ion

complexation, particularly actinide ions, by organic ligands currently used or pro-

posed for use in solvent-extraction processes for the partitioning of spent nuclear

fuels. These studies have utilized numerous spectroscopic and diffraction-based char-

acterization techniques. There is a specific focus on the metal ion speciation of

nitrogen-donor ligands that show promise for the separation of minor actinides from

lanthanides, this exemplifying how understanding speciation can be used to improve

extractant design. Hence, an established knowledge of what is occurring at the molec-

ular level can lead to better process design and improved operational safety when con-

ducting large-scale partitioning of spent nuclear fuel.

7.2 Overview of partitioning processes

7.2.1 PUREX process

The PUREX process (Figure 7.1) has been used for the separation of uranium and plu-

tonium from spent nuclear fuel since the 1950s and 1960s (May et al., 1999). First,

SNF is dissolved in aqueous HNO3 creating uranium and plutonium nitrate com-

plexes, and other aqueous nitrate complexes of the various metals present. NOx is then

added, which conditions the plutonium to form Pu(NO3)4�xH2O (plutonium(IV)). All

of the solids present (insoluble oxides, nitrates, metallic species, etc.) that may affect

the separation are removed through chemical and physical means. Once a heavily

laden aqueous phase containing uranium(VI) and plutonium(IV) nitrates has been

formed it is contacted with an organic solution containing TBP (Figure 7.1) in a ker-

osene diluent such as OK (odorless kerosene) or TPH (tetrahydrogenated propylene)

at a predetermined concentration (typically 20-30% v/v). This contacting and mixing

enables the TBP to form a complex with the nitrate salts of uranium(VI) (as uranyl:

{UO2}
2+) and plutonium(IV) and sequester them into the organic phase. The pluto-

nium(IV) in the organic phase is then reduced to plutonium(III) using a reducing

agent, such as uranium(IV), allowing it to be selectively back-extracted leaving a ura-

nium rich organic phase that is then backwashed into a dilute nitric acid aqueous phase

in a subsequent process stage.

Along with uranium and plutonium, some neptunium and technetium are also

extracted, an undesirable aspect of the process. These elements then have to be

removed in later stages of the process. The uranium and plutonium species are then

converted into the respective oxides ready for fabrication into fuel. The organic solu-

tion (TBP/OK) is used again in the process but any TBP/OK that has degraded, either

by hydrolysis or by radiolysis, is removed in a solvent purification step. Purification

takes the form of a basic wash that deprotonates the hydroxyl degradation products

making them hydrophilic and so they move into the aqueous phase. Additionally, this
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can be followed by an alumina wash to remove any remaining ligands, which could

complex plutonium (Tripathi and Ramanujam, 2003). The exact species that exist in

any one of the stages depends on the concentration of HNO3 and the oxidation state of

the element. However, it is known by EXAFS (extended X-ray absorption fine struc-

ture) and XANES (X-ray absorption near-edge spectroscopy) measurements that ini-

tial extraction across the phase boundary occurs via nitrate-bis-TBP complexes:

UO2(NO3)2�2TBP or Pu(NO3)4�2TBP (Den Auwer et al., 1997, 1998).

The distribution coefficients for uranium(VI) (as uranyl) and plutonium(IV) usu-

ally peak in the PUREX process at HNO3 concentrations of around 2-6 mol/L. The

process has been designed so that it can operate in acidic aqueous media to maximize

the solubility of uranium and plutonium as the oxides and hydroxides formed by

hydrolysis at pH >1 are highly insoluble. The necessity for redox control of the spe-

cies in solution is a slight drawback in reprocessing, as it requires extra preparation

stages before extraction can commence. The generation of less stable oxidation states

such as plutonium(III) is also undesirable, as stabilization in solution is required to

stop catalytic oxidation by HNO2 that is produced by the radiolytic decomposition

of HNO3.

Another drawback of the PUREX process is the use of a phosphorus-containing

extraction agent. This can lead to nonincinerable wastes being generated making

the management of any radionuclide contaminated organic waste problematic

(Thiollet and Musikas, 1989). In comparison, if only carbon, hydrogen, oxygen,

and nitrogen were present in the extraction media (an approach that has been termed

the CHON principle) then the waste organics could be incinerated and any remaining

contaminated residual materials converted to an encapsulated or immobilized waste

form for final disposal.

7.2.2 DIAMEX process

The DIAMEX (diamide extraction) process is currently being developed by the

French CEA (Atomic Energy and Alternative Energies Commission). The process uti-

lizes diamides to extract the minor actinides and lanthanides out of the waste stream

from PUREX processing posturanium and plutonium removal, leaving only the fis-

sion products (apart from the lanthanides) and corrosion products behind (Courson

et al., 2000). Example diamides used in the process include DMDOHEMA (N¢N¢-

dimethyl-N,N¢-dioctylhexylethoxymalonamide, Figure 7.2) or analogous diamides

like DMDBTDMA (N,N¢-dimethyl-N,N¢-dibutyl-tetradecylmalonamide). The flow

sheet in Figure 7.3 demonstrates the stages used in the process. First, the highly active

raffinate from PUREX processing is contacted with the hydrophobic diamide, parti-

tioning the minor actinides and lanthanides into the organic phase and leaving the

remaining fission products in the aqueous (now waste) stream. Concurrently, the addi-

tion of oxalic acid prevents the extraction of zirconium and molybdenum into the

organic phase with the minor actinides and lanthanides. The organic phase is then

stripped of the minor actinides and lanthanides and the organic phase recycled

similarly to the PUREX process.
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This process, unlike PUREX, only uses molecules containing C, H, O, and N and,

as such, is likely to generate less problematic secondary wastes by allowing poten-

tially simpler organic waste management options (Thiollet and Musikas, 1989).

The product solution from DIAMEX processing still contains lanthanides, which will
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Figure 7.3 Flowsheet of the DIAMEX process used in tests for feasibility studies.
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lead to difficulties in the transmutation of the problematic minor actinides. The pro-

cess also fully extracts the fission products technetium, palladium, and (partially)

ruthenium (Thiollet and Musikas, 1989). This is not ideal, but is acknowledged as

requiring further optimization before being applied for plant-scale partitioning. Usu-

ally the DIAMEX process is followed by the selective actinide extraction (SANEX)

process (see Section 7.2.5) to separate the minor actinides from the lanthanides. Fur-

ther details on the development of both DIAMEX and SANEX processes are given in

Chapter 10.

7.2.3 TRUEX process

The TRUEX (transuranium extraction) process has previously been used in the United

States as an addition to the PUREX process. It utilizes a mixture of CMPO (Figure 7.2)

and TBP to selectively remove the actinides (uranium, plutonium, and the minor acti-

nides) and technetium from PUREX waste solutions with very high efficiencies

(99.97% of activity removed) (Law et al., 1996). However, testing resulted in iron

(a corrosion product) also being extracted alongside the actinides as well as some mer-

cury (a fission product), which could pose problems downstream. The mercury was

removed from the strip solution by use of carbonate washing and the iron through

use of another “wash” procedure. The flow sheet is similar to that of the DIAMEX

process (Figure 7.3) with a sodium carbonate washing stage instead of oxalic acid.

The TRUEX process shows significant promise for the reprocessing and partition-

ing of the actinides from the fission products (Law et al., 1996). However, extractant

degradation and mercury/iron partitioning have been highlighted as problem areas

despite the sodium carbonate wash (Law et al., 1996).

7.2.4 TALSPEAK process

The TALSPEAK (trivalent actinide-lanthanide separation by phosphorus reagent

extraction from aqueous komplexes) process has been in development in the United

States since the late 1960s for use in the separation of the minor actinides from the

lanthanides (Nilsson and Nash, 2007). The process utilizes an acidic organophospho-

rus reagent in an organic phase and a polyaminocarboxylic acid in a buffered aqueous

phase. In contrast to the PUREX, and most other processes, the actinide elements are

held back in the aqueous phase while the lanthanide elements are extracted. The pro-

cess has been shown to work, but the role of each component is yet to be definitively

established. The optimum buffer (identified as L-lactic acid/L-lactate) may have mul-

tiple roles during extraction, including kinetics and phase modification. The organo-

phosphorus reagent (HDEHP—bis(2-hexylethyl)hydrogenphosphate, Figure 7.2) acts

as an extractant. The hold back reagent (DTPA—diethylenetriaminepentaacetic acid,

Figure 7.2) has multiple equilibria and kinetics with the variety of elements present in

the aqueous phase. DTPA also undergoes radiolysis quite readily, which is a consid-

erable problem if TALSPEAK is to be considered as part of a strategy for partitioning

(Kolarik and Kuhn, 1974).
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These issues are all under review and there have been several recent modifications

to the process, including combining TALSPEAK and TRUEX processes to create the

TRUSPEAK (transuranium separation by phosphorous reagent extraction from aque-

ous komplexes) process (Lumetta et al., 2010). However, the main issue with the pro-

cess is the necessity to use a buffer to maintain a pH of �3.5 (Lumetta et al., 2010;

Leggett et al., 2010). In industrial application, high acid concentrations ([H+]>1 M)

are routinely employed to ensure solubility of metal ions. As such, implementation of

this process would lead to the possibility of the hydrolysis and subsequent precipita-

tion of many actinide species (plutonium in particular), therefore creating a serious

maloperation concern. It is also difficult to control pH with sufficient precision at this

required acid concentration under process conditions.

7.2.5 SANEX process

The SANEX process is a post-PUREX process designed to separate the trivalent acti-

nides from the lanthanides. After PUREX processing, the highly active raffinate

undergoes a DIAMEX-style process to isolate only the trivalent actinides and lantha-

nides in an aqueous phase (no other fission or corrosion products). This aqueous phase

is then contacted with an organic phase containing an organic molecule capable of

separating the actinides from the lanthanides (Figure 7.4). The system has been, and

is still being, developed over many years and thus far has resulted in the design

and synthesis of the BTBP (bis-triazinyl-bipyridine) molecular backbone and

other analogues. The CyMe4-BTBP molecule (2,9-bis(5,5,8,8-tetramethyl-5,6,7,8-

tetrahydro-1,2,4-benzotriazin-3-yl)-2,2¢-bypyridine, Figure 7.2) is currently consid-

ered the most effective ligand for use in this system. The molecule has been designed

to have excellent radio- and hydrolytic stability through the removal of all benzylic

hydrogen positions while retaining high selectivity for actinides over lanthanides.

The SANEX process is only viable if other complimentary partitioning processes

(i.e., PUREX and DIAMEX) are undertaken. This leads to a very high number of over-

all stages being necessary to implement the SANEX process. There are other issues

associated with the kinetics of the extraction and the potential need for phase modi-

fiers to increase the rate of extraction. However, these issues can be overcome by

Contactor stages

Spent solvent

Strip solution:
0.5 M glycolic

acid
Actinides
fraction

Scrub:
0.7 M HNO3

Contactor stages Contactor stages

Organic phase:15 mM CyMe4-BTBP

(+ phase modifier)

Feed:
Actinides/lanthanides

from DIAMEX in1.3 M

nitric acid 

Raffinate:
Lanthanides

Figure 7.4 Flowsheet of the SANEX process used in testing (Magnusson et al., 2009).
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variation of the organic molecule and/or organic phase used to perform the extraction,

as investigated by Distler et al. (2012). This, coupled with the other processes, prom-

ises to be an excellent method of isolating all the minor actinides from the SNF.

7.2.6 i-SANEX process

Another process that is receiving attention is the i-SANEX (innovative-selective acti-
nide extraction) process. This is similar to the SANEX process with a variation in the

methodology of the extraction, more akin to the TALSPEAK process discussed above.

The i-SANEX process is a relatively new process that builds on the knowledge gained

in the development of the SANEX processes. The process is similar to the TAL-

SPEAK process except it uses a selective hydrophilic BTP-based (bis-triazinylpyri-

dine) stripping reagent and TODGA (tetraoctyldiglycolamide, Figure 7.2) as the

organic phase extractant for the lanthanide ions. The current reference molecule

for the process is 2,6-bis(5,6-di(3-sulphophenyl)-1,2,4-triazin-3-yl)pyridine

(SO3-BTP). Additionally, the process does not require buffering like the TALSPEAK

process and is operational at pH <1. A potential flow sheet for this process has been

developed and is presented in Figure 7.5. As there is no need to perform DIAMEX

processing before the i-SANEX process, the number of stages needed in order to

achieve complete partitioning is decreased. This means the size of the plant footprint

could be decreased; the process could be even further improved by optimization.

However, the use of the SO3-BTP molecule means the process deviates from the

CHON principle—an undesirable facet.

7.2.7 Process summary

Each of the processes covered has a variety of strengths andweaknesses that are summa-

rized in Table 7.1. It is noted that there are new or modified separations processes regu-

larly being developed; for instance, the 1c-SANEX (one cycle SANEX) process

developed byMagnusson et al. (2013) andWilden et al. (2013). This process is a simpli-

fied combination of the DIAMEX and SANEX processes whereby Am3+ and Cm3+ are

isolated directly from a PUREX raffinate. It utilizes both TODGA and CyMe4-BTBP,

Contactor stages

Lanthanides + spent
solvent

Strip solution:
18 mM SO3-BTP

in 0.35 M HNO3
Actinides

fraction 

Scrub:
0.7 M HNO3

Contactor stages Contactor stages

Organic phase:
0.2 M TODGA 

Feed: Actinides,
Lanthanides, and 

Fission products 

in 4.5 M nitric 

acid 

Raffinate:
Fission products

Figure 7.5 Proposed flowsheet for the i-SANEX process.
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Table 7.1 Some major points of the processes developed for nuclear waste reprocessing

PUREX DIAMEX TRUEX TALSPEAK SANEXa i-SANEXa

Extractant(s) TBP Diamide CMPO/TBP HDEHP/DTPA/lactate CyMe4-BTBP SO3-BTP/

TODGA

Separate An/

Ln?

No No No Yes Yes Yes

CHON? No Yes No No Yes No

Can be used on

raffinate?

Yes Yes Yes Yes Yes Yes

Depends on

other process?

No Yes—PUREX No No Yes—PUREX

+DIAMEX

Yes—PUREX

Limitations l Only isolates

U/Pu

l An/Ln

containing

product

- l pH control l Kinetics -

Major

advantages

l Very well

understood
l Plant in

operation

l Simple

ligands

l 99.97%

activity

removal

l Can be combined

with other systems

l Radiolytic

stability
l Very good

SF

l Fast kinetics
l High flow rate
l Fever stages

needed

Major

disadvantages

l Extracts Np

l TBP

degradation
l Requires redox

control of Pu

l Extracts Zr,

Mo, Ru

l Extracts Fe,

Hg

l pH buffering l Slow

kinetics

l Sulfur present

in SO3-BTP

aIn development.
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where theTODGAactsasaphasemodifier andacoextractant.Bothmoleculesextract the

later lanthanides more efficiently than the early lanthanides, leading to an increase in

overall extraction of the later lanthanides. Addition of scrub sections to the flow sheet

remove undesirably extracted elements (i.e., palladium, molybdenum, and zirconium)

to ultimately yield the required product solution.

7.3 Overview of speciation techniques

7.3.1 Introduction to speciation techniques

Numerous techniques and methods have been applied in order to understand how

extractant molecules bind to metal ions relevant to spent nuclear fuel processing

streams. Many of these techniques have limitations that may not necessarily allow

for the direct probing of speciation in process-like conditions. In addition, having

access to these techniques for studying radionuclide behavior can be problematic

due to the availability of appropriate infrastructure combined with the safety concerns

of working with radioactive materials. Despite these problems, there is still a signif-

icant body of work in this area. The following provides a brief summary of the main

techniques that are currently used to probe metal ion speciation with extractant ligands

and how these tend to be applied in investigating the speciation of partitioning

processes.

7.3.2 X-ray diffraction

Single crystal X-ray diffraction (XRD) is probably the most commonly used technique

for probing metal speciation with extractant molecules or analogues thereof. This

technique provides definitive evidence on the structure of the complexes isolated giv-

ing information on the number and types of ligand in the metal coordination sphere

and provides details on the bonding found in the complex including bond lengths and

angles. This technique requires the growth of single crystals of the formed compound/s,

which is inherently avoided during solvent-extraction processes (as this represents a

maloperation concern). Therefore, for the vast majority of structures obtained that are

considered relevant to SNF reprocessing, the crystalline samples, from which these

structures were determined, were synthesized in conditions that would not be encoun-

tered in a process environment. For example, the use of volatile and/or highly flam-

mable diluents (e.g., dichloromethane and ethanol, respectively) is commonly

undertaken to promote the crystallization process but would never be considered

for use in plant-scale separations of spent nuclear fuel. The extractants themselves

and their complexes may not be amenable to crystallization under any synthetic con-

ditions. For example, TBP has no reported structures in the Cambridge Structural

Database (Thomas et al., 2010). Consequently, many researchers have used different

analogues of TBP that more readily crystallize in order to use XRD to understand the

nature of trialkylphosphate binding to various metal ions. This approach has also been

applied to other classes of extractants. The main drawback of single crystal XRD is the
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structure observed from a solid-state sample may not necessarily correlate to what is

obtained in solution, particularly in solvent-extraction conditions. Also, attempting to

obtain appropriate crystals from samples that contain high specific activity radionuclides

and subsequently analysis by XRD can be extremely difficult both because generally a

relatively large quantity of material (>1 mg) is required to isolate crystals and the phys-

ical form of any crystals obtained can deteriorate very quickly due to radiation effects.

7.3.3 UV-visible-nIR spectrophotometry

Solution-state UV-visible-nIR spectrophotometry is typically used in this field in a

methodology where multiple spectra are obtained over various metal ion:extractant

ratios in order to assess the number of extractant ligands that can bind to the metal

ion being studied. Studies for which metal-based absorptions are weak (e.g., the f-f

transitions of lanthanide(III) ions) will normally probe the more intense ligand-based

transitions, such as those found for many of the N-donor extractants proposed for

minor actinide/lanthanide separations, as metal is added to ligand solution. Metal-

based transitions can also be probed if the absorptions are of an appropriate intensity

and do not overlap with ligand-based transitions. This approach tends to be used for

studying transuranic behavior during which the actinide d-f and f-f transitions occur in

the visible near-infrared region of the spectrum (Griffiths et al., 2013; Reilly et al.,

2012; Tian et al., 2005). Solutions for analysis can be prepared by a titration approach

into a single phase or by solvent extraction with the phase of interest isolated and

studied. The changes in spectral profiles with changes in concentration of metal,

extractant, or other components can be fitted to obtain stability constants associated

with identified complexation equilibria, and subsequently be used to determine ther-

modynamic parameters DG, DH, and DS.

7.3.4 Luminescence spectroscopy

Luminescence spectroscopy, in particular time-resolved laser fluorescence spectros-

copy (TRLFS), complements UV-visible-nIR spectrophotometry in that it can be used

to obtain similar information and parameters. However, only a relatively small num-

ber of elements in certain oxidation states exhibit fluorescence of sufficient intensity

that they can be studied. The technique is most effectively used to probe complexation

behavior of inorganic ligands in aqueous solution as under these conditions

luminescence-quenching mechanisms are avoided and minimized as much as possi-

ble. Nonetheless, considerable information on the coordination environment can still

be obtained by luminescence spectroscopy with organic ligands in organic solvents.

The position and intensity of metal-based transitions observed by luminescence

spectroscopy are typically highly dependent on the coordination environment and

are commonly used to distinguish metal complex species with different numbers of

coordinating extractant ligands. The lifetimes of transitions observed by luminescence

spectroscopy provides the ability to quantify the number of boundmolecules with O-H

oscillators (e.g., H2O, CH3OH) through use of the Horrocks equation (Equation 7.1;

Holz et al., 1991).
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Horrocks equation, where q is the number of bound H2O (or MeOH) molecules, A is a
proportionality constant specific to the luminescent metal ion, and t is the fluorescence
lifetime (Tedeschi et al., 2000).

q¼A
1

tH2O

� 1

tD2O

� �
(7.1)

The most common metal ions studied by luminescence spectroscopy to understand

their behavior with extractant molecules are curium(III) and europium(III) because

of their excellent fluorescence properties. This method is, therefore, ideally utilized

for investigating speciation relevant to minor actinide/lanthanide partitioning. A par-

ticular practical advantage of luminescence spectroscopy is that only relatively small

concentrations are necessary (�1 mM) to obtain a usable signal from highly fluores-

cent systems such as those containing curium(III). This is of particular benefit when

handling high specific activity radionuclides in order to minimize any dose exposure

concerns.

7.3.5 Mass spectrometry

Mass spectrometry is used to determine the molecular mass of species present within

typically solution samples. The sample is vaporized and then ionized by a number of

different possible techniques including electron ionization (EI), electrospray ioniza-

tion (ESI), chemical ionization (CI), or matrix-assisted laser desorption ionization

(MALDI). After ionization, the charged particles are accelerated by an electric field,

deflected by a magnetic field, and ultimately detected. Detection is based on the mass/

charge ratio of the particles. Ideally, for the purposes of speciation the ionization pro-

cess should be relatively soft so the molecule remains intact allowing the molecular

ion species to be directly detected.

7.3.6 Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is most commonly used to identify

organic molecules and/or metal complexes of these organic molecules in solution.

Nuclei with spin I (e.g., 1H and 13C have I¼½) each generate a magnetic field giving

a magnetic moment that is proportional to the spin and will have 2I+1 possible states
or orientations. Usually, these states are degenerate but upon application of an external

magnetic field, like those used in a NMR spectrometer, they will occupy different

energy levels. The magnitude of this energy difference is dependent on the strength

of the applied magnetic field. Radiofrequency radiation can be absorbed by the

nucleus causing the spin to “flip” from in line to opposing the external field. The spin

relaxes back to its ground state, and it is this absorption-relaxation resonance process

that is monitored to provide a NMR spectrum. The resonance frequency of a given

nucleus is influenced by electrons in the vicinity of this nucleus. The independent
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spins of the electrons causes the nucleus to be shielded, thus requiring increased

field strength to absorb at its transition frequency. Conversely, if electrons are drawn

away from a given nucleus it becomes deshielded resulting in a lower frequency res-

onance. The position, or chemical shift, of this resonance is, therefore, highly depen-

dent on the surrounding atoms. The spin of a given nucleus can also couple to the spin

of adjacent nuclei providing further information on the surroundings of the nuclei

studied.

The application of NMR for speciation studies relevant to partitioning most com-

monly uses 1HNMR to probe hydrocarbon-based extractants in a single solution phase

and fundamentally prove whether certain metal ions are able to coordinate to extrac-

tant molecules. This information can be obtained by a change in the NMR spectrum

from the “free” ligand to when the metal ion is present in solution. Titrations can also

be performed, similar to those described for UV-visible spectrophotometry, to indi-

cate the stoichiometry of extractant molecule binding to metal ions and may be used

to determine stability constants for complexation. A major drawback in the applica-

tion of NMR to probe extraction behavior is that the use of solvents that are likely to be

used in extractions may not be feasible for NMR studies.

7.3.7 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is an element-specific technique that provides

information on the local coordination environment, similar to X-ray diffraction, and

electronic structure of the metal ion investigated, but in any phase including solutions.

This makes XAS the ideal technique to probe the solution structure of metals in extrac-

tion or extraction-like conditions. The main disadvantage of XAS is that it is an aver-

aging technique and cannot conclusively determine if multiple species of a single

metal are present in a sample and, if so, in what composition.

XAS requires a tunable and intense X-ray source that is only provided at synchro-

tron radiation facilities. The X-rays of a monochromated energy excite a core electron

from the metal at a particular edge (K-, L-, or M-), which is typically from the LIII-

edge corresponding to the 2p orbital of the likes of the lanthanides and actinides as this

provides the most information on the coordination environment of these elements.

Useful information from an X-ray absorption spectrum (see Figure 7.6) is obtained

at energies beyond the ionization potential and can be considered in two major

regions: the X-ray absorption near-edge structure (XANES) region, which is approx-

imately 5–150 eV after the ionization potential, and the extended X-ray absorption

fine structure (EXAFS), which is beyond 150 eV past the ionization potential. The

XANES region provides information on the valence state of the element, coordination

geometry, and some indication of the coordination environment. The EXAFS region

shows how the excited electron interacts with the neighboring atoms and can be fitted

using the EXAFS equation to determine the atomic environment surrounding the

metal. Generally, fits of the EXAFS region provide the most powerful information

on metal speciation in solutions.
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7.3.8 Summary and comment

The determination of metal speciation in extraction conditions is rarely achieved by the

use of a single technique. A multiple technique approach is usually required to provide

conclusive information on metal ion speciation relevant to the partitioning of SNF in

order to overcome the inherent weaknesses and disadvantages of each applied tech-

nique. However, some of these techniques have not been readily accessible for

researchers in this area, either because of the facilities required (e.g., synchrotron radi-

ation for XAS) and/or providing such facilities where high specific activity radionu-

clides (e.g., americium, curium) can be safely handled. Therefore, the majority of

speciation investigations with extractants have tended to involve inactive or low-activity

studies using techniques that most research laboratories have access to (e.g., XRD).

Recently though, there have been considerable efforts to develop networks that provide

access to facilities that have not been previously accessible to many research groups and

provide infrastructure to study highly radioactive materials, including the transuranic

actinides, through projects such as TALISMAN and ACTINET (Bourg et al., 2012).

7.4 Review of speciation studies

Historically, the development of the majority of partitioning processes has been

achieved with only limited knowledge, if not no understanding, of the speciation that

underpins the separation. Developments in minor actinide/lanthanide partitioning,

particularly in SANEX separations, over the last 20 years have shown how speciation
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Figure 7.6 Stacked plot of example X-ray absorption spectra.
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studies can be applied to not only understand the process being proposed, but also to

amend and improve the process by designing alternative extractants for screening.

7.4.1 Bistrazinylpyridines (BTPs)

The ligands that have been shown to express the best performance in a SANEX-type

process have come from a large body of previous work into neutral N-donor complex-

ing agents. Kolarik et al. identified this in 1999 with his work on BTPs (bis-triazinyl

pyridines; Figure 7.7) and similar molecules while using them for selective actinide

extraction (Kolarik et al., 1999a). Initially two classes of molecules, 2,6-bistriazolyl-

and 2,6-bistriazinylpyridines, were identified as potential extractants for minor acti-

nide/lanthanide separations. However, only the BTPs were shown to extract the nitrate

forms of the actinides in reasonable quantities, which is required for partitioning under

process conditions.

Once this particular class of molecules as potential extractants for minor actinide/

lanthanide partitioning had been identified, further work on improving the partitioning

ability of the ligands was performed. Kolarik and coworkers identified that branching

at the a-position of the substituent at the 5,6-positions on the triazinyl rings decreased
extraction efficiency. However, they did contend that a CH2 spacing group between

the branches and the triazinyl ring lessened this negative effect (Kolarik et al., 1999b).

The next stage of development of the BTPs was to investigate the acid and hydro-

lytic stability of the molecules (Hill et al., 2002a). Further testing revealed that the

a-CH2 position on the triazinyl rings undergoes a variety of reactions as shown in

Figure 7.8. This is unfavorable as it decreases the DAm (by �50%) obtained during

the separation and can lead to precipitation of the extractant. This was suppressed

by use of solvents such as tetrachloroethane and nitrobenzene; however, these are

unsuitable in a process environment due to volatility concerns.

In contrast to the work of Kolarik et al. (1999b), Hill and coworkers identified that

substitution at the a-position of the triazinyl ring, changing the solvent to

n-octanol, and adding a phase transfer catalyst improved the acid stability of the mole-

cules during extraction testing (Hill et al., 2002b). A phase transfer catalyst is a molecule

that can improve the transfer kinetics of a species of interest across a phase boundary. For

example, TODGA (0.005 mol/L) is used in the 1c-SANEX process as a phase transfer

catalyst (where CyMe4-BTBP is the kinetically slow but selective actinide extractant).

The substituted BTP, iPBTP (2,6-bis(5,6-diisopropyl-1,2,4-triazin-3-yl)pyridine;
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Figure 7.7 Generic structure of the

BTP molecule.
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Figure 7.9), demonstrated greater acid stability, yet slower back extraction kinetics com-

pared to BTPs where the a-position was not substituted. It was also recognized that
iPBTP underwent radiolysis during subsequent testing and this was acknowledged as

an area for further research (Hill et al., 2002b).

Subsequent development with the BTP molecules came from Hudson et al. (2006).

They demonstrated that not only does substitution of the a-CH2 positions on the tria-

zinyl residues increase the acid stability but that the addition of delocalized p-systems

can decrease the probability of radiolytic degradation. Using knowledge gained from a

TBP analogue in aromatic solvents and its increased radiolytic stability they annulated

the side chains of the BTPs to increase their stability (e.g., CyMe4-BTBP or ArCyMe4-

BTBP; Figure 7.9) (Batey, 1992).
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Irradiation tests of the extractants displayed in Figure 7.9 demonstrated that annu-

lation of the periphery does increase the radiolytic stability quite effectively with the

ArCyMe4-BTP molecule not degrading cf. RBTP (e.g. Figure 7.13), where D values

decreased �50%.

Drew et al. in 2004 published a QSAR (quantitative structure activity relationship)

study of N-heterocyclic donor molecules (Drew et al., 2004). Based on tri-dentate N-

donor systems, the model used molecular properties to predict the SF of untested mol-

ecules and to guide the experimentation and design process (Drew et al., 2004). The

molecular descriptors used were quite exhaustive. They covered a wide range of vari-

ables between the molecules, which were generated by testing 36 different molecules

and then were used to predict the SF of 11 previously untested varieties. Before this

could be achieved, the structure of the ligand and complex was determined computa-

tionally. In all cases, results indicated a conformational shift upon coordination, where

rotation of the triazinyl units occurs; this has been confirmed experimentally by mul-

tiple groups (Figure 7.10).

The study demonstrated that QSAR, a technique usually used in the pharmaceutical

industry, can be useful for understanding molecular properties where large-scale syn-

thesis and testing of molecules is not practically possible. The use of QSARs still

requires further work before it can be used quantitatively but it does firmly demon-

strate that selectivity is a facet of multiple properties and not just a single asset of

a molecule.

7.4.1.1 Lanthanide speciation

Drew et al. in 2001 published solid-state structures of metal complexes determined

with PBTP by single crystal XRD (Drew et al., 2001). It was found, when crystallized

from ethanol, that three of the PBTP molecules coordinated to the lanthanide(III) ion

to form [Ln(PBTP)3]
3+ (where Ln¼ samarium to lutetium; Figure 7.11). The BTP-

based molecule coordinates in a tridentate manner through the central pyridine nitro-

gen and through a nitrogen in each of the triazinyl units.

Further work and a comparison of the mode of action in solid and solution states

of the PBTP and methyl analogue, MBTP (2,6-bis(5,6-dimethyl-1,2,4-triazin-3-yl)-

pyridine), was performed by Iveson et al. (2001). They demonstrated that both

1:3 and 1:2 cerium(III):L (L¼extractant ligand) species can exist in anhydrous
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Figure 7.10 Molecular depiction of the isomerization upon complexation of the BTP

molecules (Drew et al., 2001).
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pyridine. This was proven through 1H NMR studies using cerium iodide as the source

of cerium(III).

Various analogues of the BTP ligand have been synthesized and their behavior with

the lanthanide series has been investigated. A number of different complex stoichiom-

etries have been isolated in the solid state and have been observed in solution showing

that the assumption that all BTP-type molecules bind to lanthanide(III) ions forming

just 1:3 or 1:2 lanthanide(III):BTP complexes cannot be made. Examples include

complex species containing two lanthanide(III) ions where each ion is coordinated

by a single BTP-type molecule (6-(5,6-dimethyl-1,2,4-triazin-3-yl)-2,2¢-bipyridine;

also known as Me,hemi-BTP) and the lanthanide(III) ions are bridged by coordinating

nitrate anions (Figure 7.12; Hudson et al., 2003). For the Me,hemi-BTP ligand, iso-

lation of this charge neutral species seems to be favored for the early (and larger) lan-

thanide(III) ions. The latter (and smaller) lanthanides seem to have a preference of

Figure 7.11 Depiction of the

crystal structure of the common

lanthanide complex cation

species with PBTP, [Ln

(PBTP)3
3+] (Ln¼ samarium to

lutetium) (Iveson et al., 2001).

Hydrogen atoms have been

omitted for clarity.

Figure 7.12 Depiction of the crystal structures of [La2(Me,hemi-BTP)2(H2O)2(NO3)6] (left),

[Er(Me,hemi-BTP)(H2O)2(NO3)2]
+ (center) and [Pr(Me,hemi-BTP)(H2O)(NO3)3] (right)

(Hudson et al., 2003). Hydrogen atoms have been removed for clarity.
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forming 1:1 lanthanide(III):Me,hemi-BTP complex cations of the general formula

[M(Me,hemi-BTP)(H2O)2(NO3)2] (Figure 7.12; Hudson et al., 2003). Only a Pr(III)

complex with Me,hemi-BTP from the lanthanides studied gave evidence for the for-

mation of a charge neutral monometallic species of the formula [Pr(Me,hemi-BTP)

(H2O)(NO3)3] (Figure 7.12; Hudson et al., 2003).

These lanthanide(III) studies show that water and nitrate coordination may very

well have a role in the selective extraction of metal species into the organic phase with

BTP-type ligands. Solution studies of both Me,hemi-BTP and Et,hemi-BTP (6-(5,6-

diethyl-1,2,4-triazin-3-yl)-2,2¢-bipyridine) in the presence of lanthanide(III) do not

provide any evidence for the formation of the 1:3 lanthanide(III):BTP-type complexes

for these systems. Therefore, water and/or nitrate coordination must be occurring in

solution with these ligands. Even though these alternative BTP molecules do not form

the common 1:3 lanthanide(III):BTP complex, the separation factors for americium

over europium obtained with these ligands can be as high as 30 depending on the aque-

ous acid concentration. Therefore, it could be possible that different nitrogen-donor

ligands can still effectively separate minor actinides from lanthanides but achieve this

by different molecular processes.

7.4.1.2 Actinide speciation

Iveson et al. studied the solution behavior of uranium(III) with methyl-substituted

BTP (MBTP) in pyridine by 1H NMR spectroscopy and the only complex species with

MTBP that was detected in solution was [U(MBTP)3]
3+, irrespective of the amount of

MBTP present (Iveson et al., 2001). This is in contrast with the analogous cerium(III)

studies, where both 1:2 and 1:3 Ce:MBTP complexes were observed in similar solu-

tion conditions (Iveson et al., 2001). Competition studies where stoichiometric

amounts of uranium(III) and cerium(III) were present in pyridine with up to 3 molar

equivalents of MBTP showed the only complex species to form was [U(MBTP)3]
3+

with no evidence for the formation of any cerium(III) complex with MBTP, thereby

demonstrating the greater affinity that BTP molecules generally have for actinides

over lanthanides. Uranium(III) was used as an analogue for americium/curium(III)

for its relative ease of manipulation and lower radiotoxicity relative to americium/

curium(III) and is of a similar size to cerium(III) so any differences in binding affinity

between these metal ions to the BTP molecules is likely to be due to the nature of the

bonding rather than a size mismatch between the ionic radii and the binding cavity of

the BTP molecules. A crystal structure for the uranium(III) complex with the propyl

analogue, PBTP, was obtained and is similar to that depicted in Figure 7.11 but with

shorterM-N bond distances for the uranium(III) complex compared to that of the anal-

ogous cerium(III) structure with PBTP (Iveson et al., 2001). The shortened metal-

nitrogen bonds of the uranium(III) complex are believed to be due to the greater

covalency within the actinide coordination sphere owing to the “soft” nature of the

neutral nitrogen-donor ligands with some possible p-back bonding from the uranium

to nitrogen atoms (Iveson et al., 2001; Kaltosoyannis and Scott, 1998). It is believed

the same effect is the reason these ligands can ultimately separate minor actinides

from lanthanides.
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Studies into the speciation of minor actinide/lanthanide extractions with PTBP in

TPH:1-octanol (7:3) media gave further insight into the selectivity of this extractant

(Denecke et al., 2005). EXAFS measurements of curium(III) and europium(III)

extracted from nitric solutions into the organic phase showed that the coordination

environments for both curium(III) and europium(III) complexes were identical with

no differences identified between the M-N distances observed for the formed com-

plexes, which was confirmed by computational modeling (Denecke et al., 2005),

unlike for the uranium(III) analogue (Iveson et al., 2001). This shows that uranium

(III) is not necessarily the best indicator for understanding minor actinide behavior,

particularly with respect to bonding to nitrogen-donor ligands. The extracted species

for both curium(III) and europium(III) were identified as the commonly found 1:3

metal:BTP complex cations showing that charged species are present in the organic

phase upon extraction. Luminescence measurements, specifically TRLFS, showed

that the [Cm(PBTP)3]
3+ complex is more thermodynamically stable than the euro-

pium(III) analogue. The [Cm(PBTP)3]
3+ complex was the only curium(III) complex

observed in these luminescence experiments over curium:PBTP molar ratios varying

from 8.3 to 624, in contrast to the analogous europium(III) experiments, which needed

>300 molar equivalents of PTBP to form the 1:3 europium:PBTP complex. This is

postulated to be the source of the relatively large SF found for minor actinide over

lanthanides using PBTP in extraction studies (SFAm/Eu¼143) (Kolarik et al., 1999a).

Investigations of the complexation of plutonium(III) and americium(III) have been

performed with PBTP by extraction from an acidic nitrate aqueous phase into a

kerosene/1-octanol (70:30 vol.) organic phase (Banik et al., 2010). The use of both

UV-visible-nIR spectrophotometry and EXAFS proved that the 1:3 actinide:PBTP

complex, [An(PBTP)3]
3+, is the most stable stoichiometry for these actinide(III) com-

plex species and provides further confirmation that charged complex species do form

in the organic phase when actinide(III) is extracted by BTP extractant molecules, in

contrast to the PUREX process where charge neutral uranium(VI) and plutonium(IV)

species are extracted into the organic phase.

It is generally accepted that the major reason why nitrogen donor ligands like BTP

have greater affinity for the minor actinides over the lanthanides is due to the “soft”

nature of nitrogen donors over, for example, oxygen donors combined with a small,

but significant, level of covalency exhibited in actinide coordination environments

over the purely ionic lanthanide coordination sphere. However, there has been very

little experimental evidence that definitively proves this until recently. 15N NMR

spectroscopic studies of the americium(III) complex with nitrogen-15 labeled PBTP,

[Am(PTBP)3]
3+, by Adam et al. have shown for the first time the influence of cova-

lency in the americium-nitrogen bonds for these complexes, which is not observed in

the analogous lanthanide complexes of PTBP (Adam et al., 2013). This is evident from

comparison of the 15N chemical shifts of lanthanide(III) and americium(III) com-

plexes with PBTP (Table 7.2). Substantial upfield shifts of �300 ppm were observed

for the coordinated nitrogen atoms in the americium(III) complex compared to those

observed for the lanthanide(III) complexes. In contrast, the chemical shifts for the

noncoordinating nitrogen atoms for the americium(III) and lanthanide(III) complexes

were all similar. The 15N chemical shift of the coordinating triazinyl nitrogen atoms in
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the americium(III) complex also exhibited temperature dependence, indicating the

americium(III) ion is weakly paramagnetic (Adam et al., 2013). These 15N NMR

observations for the [Am(PTBP)]3+ complex can be explained by unpaired electron

spin density from the americium(III) ion being delocalized along the relatively cova-

lent nature of the americium-nitrogen bond. This does not occur for the lanthanide(III)

complexes as the purely ionic nature of the lanthanide coordination sphere does not

allow delocalization of any unpaired electron from the lanthanide(III) ion, if present

(Adam et al., 2013). Further research challenges in this area include proving whether

this explanation is correct and attempting to quantify the level of covalency observed

in such actinide complexes. By doing so, this could effectively inform the essential

design requirements for tailoring extractant ligands for particular partitioning needs.

7.4.2 Bistrazinylbipyridines and bistriazinylphenanthrolines

The next major step in the development of these extractants came in the form of

C2-BTBP (6,6¢-bis(5,6-diethyl-1,2,4-triazin-3-yl)-2,2¢-bipyridine; Figure 7.13)

(Drew et al., 2005). This molecule gave higher SFAm/Eu (160�16) values than those

for the BTP molecules, postulated to be due to the extra N-donor in the system.

Foreman et al. reported some 1H NMR titrations and structural parameters of C5/

C6-BTBP (6,6¢-bis(5,6-di-X-yl-1,2,4-triazin-3-yl)-2,2¢-bipyridine where X¼pent/hex,

Table 7.2
15N NMR chemical shifts (ppm) of [M(PBTP)3]

3+ species
(relative to NH4Cl) (Adam et al., 2013)

Metal(III)

ion

Nitrogen atom

Pyridine group

(coordinating)

Triazinyl groups

(coordinating)

Triazinyl groups

(noncoordinating)

None 303 347 398 289

Samarium 226 261 383 293

Europium – – 354 284

Lutetium 269 309 386 293

Americium �26 -18 418 289

NN

N NN

NN

N

Figure 7.13 Structural diagram of C2-BTBP.
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respectively) and a new variant CyMe4-BTBP (Figure 7.2) with a range of lanthanide

ions. For CyMe4-BTBP, the benzylic protons were substituted with methyl groups pre-

venting hydrogen abstraction, and thereby molecular degradation from occurring

(Foreman et al., 2006). Despite an extensive synthesis, the acidic/radiolytic stability

of CyMe4-BTBP far surpasses that of the alkyl-BTBPs and, as such, represents a can-

didate extractant for minor actinide partitioning. The free ligands were also character-

ized by XRD and found to exist, in the solid state, in a different conformation to the

complex form. Similar to the BTP molecules, the triazinyl residues rotate to coordinate

a metal center. In addition, rotation about the bipyridine bond occurs in order for the

BTBP to coordinate to the metal in a tetravalent manner (Figure 7.14).

Lewis et al. have further modified CyMe4-BTBP to fix the bipyridine backbone in

place in the form of a phenanthroline moiety, called CyMe4-BTPhen (Figure 7.15;

Lewis et al., 2011).

By locking the bipyridine backbone to stop the isomerism displayed in Figure 7.14,

it was also hoped an increase in the rate of extraction would occur by forcing the

extractant into a better conformation for complexation, although rotation of the tria-

zinyl rings is still possible. Extraction work with CyMe4-BTPhen has provided very

encouraging results; namely, the extraction (coordination) kinetics are orders of mag-

nitude better with the preorganization (Lewis et al., 2013).

N

N N

N

N

NN

N

Figure 7.15 Structural diagram of CyMe4-BTPhen (Lewis et al., 2013).
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Figure 7.14 Depiction of the isomerization possible with alkyl-substituted(R) BTBP molecules.
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The evolution of the triazinyl-containing ligands has provided highly selective

extractants, which are capable of partitioning the minor actinides over the lanthanides,

corrosion, and fission products. It is clear to see how the acid and radiation stability

have been introduced to the ligands and that it enables them to be used for the sepa-

ration of HARwith no loss of efficiency over multiple tests. Selected data are provided

in Table 7.3, demonstrating the evolution of the ligands and showing the general

increase in minor actinide/lanthanide separation factors with the progression from

BTP- to BTBP-based extractants. The test conditions for which the data are reported

are different for each molecule but the overall trend is clearly observable. However,

the metal species that formwith many of these extractant ligands have not been clearly

established, particularly under process conditions. An improved understanding of

metal speciation with these extractants should be obtained in order to confidently pre-

dict extractant behavior in process environments.

Table 7.3 Separations data (D and SF) for selected extractants
developed for minor actinide/lanthanide partitioning
(TPH5 tetrahydrogenated propylene)

Species

Acid/

radiolytically

stable? D SF Org. phase References

PBTP No Am: 45.3

Eu: 0.316

Am

Eu
: 143 TPH: 2-ethyl-1-

hexanol

4:1

Kolarik

et al.

(1999a)
iPBTP No Am: 85

Eu: 21

Am

Eu
: 4 TPH: 2-ethyl-1-

hexanol

4:1

Kolarik

et al.

(1999b)

C2-

BTBP

No Am:

650�33

Eu:

4.1�0.21

Am

Eu
:

160�16

1,1,2,2-

Tetrachloroethane

Drew et al.

(2005)

C5-

BTBP

No Am: �1000

Eu: �8

Am

Eu
:

�160

1,1,2,2-

Tetrachloroethane

Nilsson

et al.

(2006)

CyMe4-

BTBP

Yes Very

dependent

on organic

phase

Am

Eu
: 101

Pu

Eu
: 363

U

Eu
: 91

Np

Eu
: 28

Cyclohexanone Aneheim

et al.

(2010)

CyMe4-

BTPhen

Yes Am: >1000

Eu: <10

Am

Eu
: 68-

1000

n-Octanol Foreman

et al.

(2006)
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7.4.2.1 Lanthanide speciation

For lanthanide(III) complexes with both CyMe4-BTPhen and CyMe4-BTBP, the

majority of the complex cations structurally characterized are of a 1:2 lanthanide

(III):nitrogen-donor ligand stoichiometry with the two ligands binding the lanthanide

ion through four nitrogen atoms (Whittaker et al., 2013). This binding motif creates a

cavity that is filled with either a H2O or a NO3
� species creating a nona- or deca-

coordinated complex, respectively (Figure 7.16). The nitrate-coordinated complexes

are dicationic while the water-coordinated complexes are tricationic species. Thereby,

indicating the possibility that charged complex species may be generated when metal

ions cross the phase boundary in extractions using these tetradentate triazinyl-

containing extractants in a similar manner observed for the BTP extractants

(Whittaker et al., 2013). In PUREX extractions, it is accepted that only charge neutral

complex species cross the phase boundary. As the lanthanide series is traversed, the

lanthanide bond distances for these structures do decrease in accordance with the lan-

thanide contraction. The lanthanide(III) ion sits outside both of the planes created by

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Increasing mass (decreasing ionic radius)

Figure 7.16 Depictions of the crystal structures of various lanthanide(III) complexes with

CyMe4-BTPhen (top) and CyMe4-BTBP (bottom). Top left [Ln(CyMe4-BTPhen)2(NO3)]
2+;

top right [Ln(CyMe4-BTPhen)2(H2O)]
3+; bottom left [Ln(CyMe4-BTBP)2(NO3)]

2+; bottom

right [Ln(CyMe4-BTBP)2(H2O)]
3+. Hydrogen atoms, solvent molecules, anionic species, and

disorder are removed for clarity (Whittaker et al., 2013).
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the four coordinating nitrogen atoms for each of the nitrogen donor ligands in all struc-

tures, indicating the sizes of the lanthanide ions do not provide the best fit with the

binding cavity of the BTBP/BTPhen ligands. The early lanthanides tend to prefer

coordination to nitrate in the remaining coordination sites, whereas the latter lantha-

nides seem to prefer water coordination at this position.

While the 1:2 metal:extractant stoichiometry has been observed in the solid and

solution states for the BTBP and BTP complexes, there are also examples of 1:1

metal:extractant species with the BTBP class of extractants where the coordination

sphere is completed by coordinating anions giving charge neutral complexes. The

ligand C2-BTBP (Figure 7.13) formed a europium(III) complex, which was identified

as 12-coordinate with four nitrogen-donors from the lone BTBP ligand and three

bidentate nitrate anions (Figure 7.17; Drew et al., 2005). The europium(III) ion sits

in plane with the bipyridine and triazinyl residues of the molecule, indicating minimal

steric distortion upon complexation.

Further work performed by Foreman et al. with C2-BTBP yielded solid-state struc-

tures of most of the lanthanide series (Foreman et al., 2006). Most of the structures are

isostructural to that presented in Figure 7.17where only one BTBP ligand is coordinated

to the lanthanide ion with the remaining coordination sites occupied by either three

nitrate ions forming a charge neutral complex or a combination of nitrate anions and

water molecules. Similar charge neutral species have been identified for lanthanide

(III) complexes with CyMe4-BTBP (Whittaker et al., 2013). Despite the fact that struc-

tural characterization of the majority of the lanthanide series with the C2-BTBP ligand

had predominantly yielded complexes of a 1:1 lanthanide(III):C2-BTBP stoichiometry

(Foreman et al., 2006; Drew et al., 2005), a substantial body of work on lanthanide(III)

behavior with CyMe4-BTPhen and CyMe4-BTBP from a number of different research

groups have yielded predominantly 1:2 lanthanide(III): CyMe4-BTPhen/CyMe4-BTBP

structures (Lewis et al., 2011; Whittaker et al., 2013; Lundberg et al., 2013). This dem-

onstrates that even though the binding moiety of the nitrogen donor extractant ligands

are essentially of the same structure, subtle changes in the ligand periphery can cause

substantial changes in speciation upon metal ion complexation.

The solution behavior of C5-BTBP with lanthanide(III) in a mixture of dichloro-

methane and acetonitrile has been probed by 1H NMR spectroscopy (Foreman et al.,

2006). This provided evidence that multiple species were present in solution under

most of the conditions studied. At low metal-to-ligand (<0.5) ratios, a 1:2 lanthanide

Figure 7.17 Depiction of the

crystal structure of [Eu(C2-

BTBP)(NO3)3] (Foreman et al.,

2006). Hydrogen atoms have

been omitted for clarity.
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(III):C5-BTBP species was predominant but at ratios greater than this (>0.5), a 1:1

lanthanide(III):C5-BTBP species was the majority complex species. Similar observa-

tions have been reported by Hudson et al. with CyMe4-BTBP where the 1:2 lantha-

nide(III):CyMe4-BTBP complex was seen by NMR experiments with gadolinium(III)

(Hudson et al., 2006).

Solution studies of lanthanide behavior with CyMe4-BTBP and CyMe4-BTPhen

probed by UV-visible spectrophotometric titrations in methanol show little difference

across the lanthanide series (Figure 7.18; Whittaker et al., 2013). The spectra show

that the initial addition of lanthanide(III) gives complexation that proceeds through

a 1:2 lanthanide(III):CyMe4-BTBP/CyMe4-BTPhen species. However, further addi-

tions of lanthanide(III), to give a stoichiometric excess of lanthanide(III), indicate

the possibility that a small quantity of the 1:1 lanthanide(III):CyMe4-BTBP/

CyMe4-BTPhen species can form, which is likely to be in equilibrium with the 1:2

lanthanide(III):CyMe4-BTBP/CyMe4-BTPhen complex. This mixed speciation has

been observed previously with the lanthanides and the BTBP-type ligands in the

solid-state and in solution experiments (Bremer et al., 2014; Hubscher-Bruder

et al., 2010). Stability constants relating to these complexation equilibria for many

BTP- and BTBP-type ligands for most of the lanthanide series have been determined

and are summarized in Table 7.4.
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Figure 7.18 UV-visible absorption spectrum of the titration of Pr(NO3)3 against CyMe4-

BTPhen. Initial ligand concentration was 20 mM. Each subsequent profile represents �0.1 eq.

of Ln(NO3)3 being added to the solution until �2.5 eq. was added when it was increased

to 0.5 eq. until 3.5 eq. All performed in MeOH (Whittaker et al., 2013).
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Table 7.4 Overall stability constants determined from UV-visible spectrophotometric titrations
in MeOH

Extractant (L) M:L

Log b

La3+ Pr3+ Nd3+ Eu3+ Gd3+ Tb3+ Er3+ Yb3+

C5-BTBP 1:1 4.8�0.3 – 5.0�0.1 5.7�0.3 4.15�0.06 – 7.4�0.3 8.0�0.2

1:2 10.0�0.3 – 10.8�0.1 11.3�0.2 10.2�0.3 – 13.4�0.2 13.9�0.4

CyMe4-BTBP 1:1 4.4�0.2 – – 6.5�0.2 – – – 5.9�0.1

1:2 8.8�0.1 10.32�0.03a – 11.9�0.5a – 11.54�0.11a – –

CyMe4-BTPhen 1:1 – – – – – – –

1:2 – 11.43�0.11a – 12.6�0.5a – 12.04�0.06a – –

aWhittaker et al. (2013) and Gans et al. (1996).
MeOH, I¼10 mM, Et4NNO3: Data from Hubscher-Bruder et al. (2010), unless otherwise stated.
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The log b values determined by UV-visible spectrophotometry (Table 7.4) gener-

ally show that the lanthanide(III) complexes of CyMe4-BTPhen are approximately an

order of magnitude more stable than those for the analogous complexes of CyMe4-

BTBP and C5-BTBP. This is most likely due to the phenanthroline moiety in

CyMe4-BTPhen fixing the molecule in a position that is preformed for metal ion bind-

ing with the exception of rotation about the triazinyl rings, thereby minimizing the loss

of entropy on metal ion complexation. The values for the 1:2 europium(III):CyMe4-

BTBP and 1:2 europium(III):CyMe4-BTPhen stability constants are similar to those

determined by luminescence spectroscopy(log b¼11.3�0.3 and 11.6�0.4, respec-

tively), albeit using Eu(ClO4)3 instead of Eu(NO3)3, confirming that these stability

constant determinations are reasonably robust (Bremer et al., 2014).

Luminescence spectroscopy is a useful tool for identifying the complete coordina-

tion environment for the 1:2 metal:ligand complexes that have been identified

between the lanthanide ions and the CyMe4-BTBP/CyMe4-BTPhen. Typical coordi-

nation numbers for the lanthanide ions are between 6 and 10 depending on the den-

ticity and size of the ligands. The CyMe4-BTBP/CyMe4-BTPhen ligands coordinate

with four N-donor atoms. So in 1:2 lanthanide(III): CyMe4-BTBP/CyMe4-BTPhen

complexes, eight coordination sites are occupied by the N-donor ligands, leaving

space for small molecules/ions to also bind to the lanthanide ion. Luminescence spec-

troscopy can determine the number of bound OdH oscillators, like H2O or MeOH, to

the lanthanide ion through use of the Horrocks equation (Equation 7.1). Luminescence

spectroscopy can, therefore, enable the identification of the entire lanthanide(III)

coordination sphere in solutions where tetradentate ligands are present. By comparing

the lifetimes of the fluorescence of an emissive species in nondeuterated and deuter-

ated solvents, it is possible to determine the number of coordinated H2O or MeOH

molecules in the emissive species (see Figure 7.19; Whittaker et al., 2013). For the

europium(III) complexes with both CyMe4-BTBP and CyMe4-BTPhen as the nitrate

salts dissolved in methanol, the lifetimes determined give an average number of coor-

dinated water/methanol molecules as�0.3 (Whittaker et al., 2013). Thus, demonstrat-

ing that under these conditions the nitrate anion is the predominant ligand to complete

the coordination sphere of the 1:2 lanthanide(III): CyMe4-BTBP/CyMe4-BTPhen

complexes in solution.

X-ray absorption spectra were obtained for europium(III) and terbium(III) species

formed by extraction from an acidic aqueous phase into an organic phase containing

an excess of either CyMe4-BTBP or CyMe4-BTPhen in cyclohexanone (Whittaker

et al., 2013). Spectra were also obtained for the various lanthanide(III) complexes iso-

lated as crystalline solids where structures were obtained by XRD. Little difference

was observed between the XAS profiles of the extracted species and those of the

1:2 lanthanide(III):CyMe4-BTBP/CyMe4-BTPhen complexes isolated in crystalline

form. Fitting of the EXAFS region (see Figure 7.20) of the spectra for the extracted

samples showed that the majority species in the bulk organic phase was indeed the

relevant 1:2 lanthanide(III):CyMe4-BTBP/CyMe4-BTPhen complex. The interatomic

distances of the complexes in extracted solutions, obtained by fits of the EXAFS, gen-

erally correlated well with those obtained by XRD for the crystallized samples. XAS

of these species was unable to determine conclusively whether nitrate or water was

The use of organic extractants in solvent extraction processes 181



completing the coordination sphere in these complexes, but in any case cationic com-

plex species are obtained in the bulk organic phase in extraction-like conditions.

7.4.2.2 Actinide speciation

The most important oxidation state of uranium for partitioning is uranium(VI) as the

linear dioxo-cation, uranyl ({UO2}
2+). In this form, there are five equatorial sites

available for coordination. The CyMe4-BTBP and CyMe4-BTPhen ligands contain

four nitrogen donor atoms, leaving a fifth, sterically hindered, site on the uranyl

ion available for the binding of another species. Even though these ligands have been

developed for minor actinide/lanthanide separations, understanding their behavior

with uranium is still useful for the development of alternative partitioning processes

where, for example, uranium may be routed with the minor actinides.

In 2008, Ephritikhine et al. published the first 5f complexes of the CyMe4-BTBP

molecule (Berthet et al., 2008a). By mixing the uranyl starting materials

UO2(OTf)2, UO2I2(thf)3, or UO2I(thf)2.7 (OTf
�¼ trifluouromethanesulfonate or triflate;

thf¼ tetrahydrofuran) with CyMe4-BTBP they managed to form multiple structures
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Figure 7.19 Time resolved emission spectrum of [Eu(CyMe4-BTBPn)2(X)]
n+ following

excitation at 320 nm (Whittaker et al., 2013).
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containing the ligand and gain some understanding of the thermodynamics of com-

plexation. In solutions with pyridine or CH3CN the complexation produced

[UO2(CyMe4-BTBP)(X2)] (where X¼OTf� or I� depending on whether

[UO2(OTf)2] or [UO2I2(thf)3] were used). However, this species displays an equilib-

rium (with [UO2X2(py)3] and CyMe4-BTBP) in neat pyridine solution thereby allow-

ing calculation of some thermodynamic parameters. The equilibrium was only visible

with pyridine, a coordinating solvent in great excess that is unlikely to be used in par-

titioning processes. The crystal structures of a large range of complexes were reported,

all being essentially the same except for the identity of the species on the fifth site,

which was pyridine, ethoxide, or iodide (Berthet et al., 2008a). Where OTf� was

the anion, pyridine or ethoxide occupy the fifth site, but in the case where UO2I2
was used as the reactant, one iodide anion binds to the fifth site (Figure 7.21;

Berthet et al., 2008a). All of the structures display the expected pentagonal bipyrami-

dal coordination environment of the uranyl ion.

They also characterized a bis(uranyl) species with the CyMe4-BTBP ligand sys-

tem, formed by mixing the ligand with a uranium(V) starting material, UO2I

(THF)2.7, and allowing the mixture to crystallize. However, it would appear that

the uranium center is oxidized to the more redox-stable {UO2}
2+ species. The struc-

ture obtained (Figure 7.21) shows the ligands are essentially planar with the uranium
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Figure 7.20 Eu LIII-edge EXAFS spectrum in k space (upper plot) and its Fourier transform in

R space (lower plot) of the extraction of europium(III) into cyclohexanone with CyMe4-BTPhen

(Whittaker et al., 2013). The data are fitted to the model complex [Eu(CyMe4-BTPhen)2(NO3)]
2+.
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atoms both being in the respective planes of the BTBP moieties and being staggered

with respect to each other (Figure 7.21). The two uranyl centers are bridged by an oxy-

gen ion of unknown oxidation state. The source of the oxygen ion, in this case, is not

known either, as all of these structures were formed in anhydrous solvents. The species

does show the variety of complexes that can form with CyMe4-BTBP. These condi-

tions are very different than what is expected in process conditions.

A novel mixed-valent species, [U(CyMe4-BTBP)2(O)(UO2)(NO3)3(OTf)]

(Figure 7.22), was also crystallized (Berthet et al., 2008b). It was serendipitously

synthesized by simple mixing of U(OTf)4, [UO2(NO3)2�CH3CN], and CyMe4-BTBP.

The uranium(IV) ion is coordinated by two CyMe4-BTBP molecules and a bridging

oxo anion. The oxo anion is also coordinated to a uranyl unit, which itself is

[UO2(CyMe4-BTBP)I]+ [(UO2(CyMe4-BTBP))2O)]2+ (Two views given)

Figure 7.21 Depiction of the crystal structures of various uranium complexes with CyMe4-

BTBP of the complex cation (Berthet et al., 2008). Hydrogen atoms have been omitted for

clarity.

Figure 7.22 Depiction of the

crystal structure of [U(CyMe4-

BTBP)2(O)(UO2)(NO3)3(OTf)]

(Berthet et al., 2008b).

Hydrogen atoms have been

omitted for clarity.
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coordinated to three bidentate nitrate anions, one of which is axially bound to the ura-

nyl moiety, a rare example of such coordination.

Ephritikhine et al. have also published multiple uranium(V) (as {UO2}
+) structures

of CyMe4-BTBP (Berthet et al., 2009); however, as the uranium(V) oxidation state is

quite unstable, it is, therefore, of little relevance to the more process-specific chem-

istry that is being considered for partitioning spent nuclear fuel. Even though much of

these uranium studies were performed in conditions that are not necessarily relevant to

partitioning processes, this work does show how metal ion speciation with these

extractant ligands can be very complicated with the potential formation of multiple

species with multiple stoichiometries, particularly with the actinides.

The major interest with regard to the deployment of the nitrogen-donor extractants

CyMe4-BTBP and CyMe4-BTPhen is with minor actinide/lanthanide separations and,

in order to understand the reasons why these ligands are able to deliver relatively high

separation factors for minor actinides over lanthanides, the speciation of these ligands

with americium(III) and curium(III) needs to be understood. Recent work by Bremer

et al. has shown how curium(III) behaves in solution with CyMe4-BTBP and

CyMe4-BTPhen using luminescence spectroscopy (TRLFS specifically) (Bremer

et al., 2014). Studies have shown that the kinetics of complex formation for curium

(III) upon the addition of two molar equivalents of either CyMe4-BTBP or CyMe4-

BTPhen in wet methanol acidified with perchloric acid are relatively slow with forma-

tion of the 1:2 curium(III):CyMe4-BTBP/CyMe4-BTPhen complex, taking up to 24 h to

reach equilibrium. In a solvent-extraction process environment, slow transfer kinetics,

which can be influenced by complexation kinetics, may prove a serious hindrance

toward developing such systems for large-scale partitioning. The fluorescence spectra

of the curium(III) complexation with CyMe4-BTPhen (Figure 7.23) show the slow con-

version of “free” curium(III), indicated by the peak at�599 nm, to the 1:2 curium(III):

CyMe4-BTPhen complex, shown by the peak at �619 nm, via the intermediate 1:1

curium(III):CyMe4-BTPhen species, which is assigned the transition at �607 nm

(Bremer et al., 2014). Despite the slow complexation kinetics, stability constants for

the curium(III) and europium(III) complexes were obtained by comparing fluorescence

intensities over various curium(III):ligand ratios using a batchwise approach. The sta-

bility constants (Table 7.5) clearly show the nitrogen donor ligands have a greater affin-

ity for curium(III) over europium(III) and correlate to the curium(III)/europium(III)

separation factors obtained in biphasic separations experiments (Bremer et al., 2014).

This suggests that, in this system, the ability to partition curium(III) over europium

(III) in liquid-liquid extractions is mainly driven by the thermodynamic binding affin-

ities of these nitrogen-donor ligands for the metal ions present.

In extraction conditions where nitrate is present, curium(III) again shows a

preference to form the 1:2 curium(III):ligand complex with both CyMe4-BTBP

and CyMe4-BTPhen in the organic phase of 1-octanol as determined by fluorescence

studies (Bremer et al., 2014). Subtle shifts were observed in the emission band for

the extracted curium(III) species with different nitrate concentrations in the aqueous

phase, providing strong evidence that nitrate is coordinating to the curium(III) ion to

give the complex [Cm(CyMe4-BTPhen)2(NO3)]
2+ or [Cm(CyMe4-BTBP)2(NO3)]

2+.

The analogous lanthanide(III) speciation studies also show the formation of these
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cationic metal complex species in the bulk organic phase. Therefore, it is likely that

the source of the ability for these nitrogen donor ligands to partition minor actinides

over lanthanides is due to preferred thermodynamic affinities rather than forming

alternative species (e.g., cationic vs. charge neutral complexes), which are then selec-

tively extracted.

7.5 Conclusions and outlook

The development of the triazinyl-based extractants for a SANEX process has been

performed in conjunction with speciation studies for the first time in the development

of SNF partitioning. This has shown how the development of future solvent-extraction

Table 7.5 Overall stability constants for 1:2 M:L complexes with
curium(III) and europium(III) as determined by TRLFS (in
methanol with 3.3 mol% water) (Bremer et al., 2014)

Extractant (L)

Log b

Eu3+ Cm3+

CyMe4-BTBP 11.3�0.3 12.4�0.3

CyMe4-BTPhen 11.6�0.4 13.8�0.2

599.1 nm

N
or

m
al

iz
ed

 in
te

ns
ity

Solvated curium (III)

618.6 nm

607.3 nm

640630620610600

Wavelength (nm)

590580570

Figure 7.23 Normalized fluorescence spectra of curium(III) with 2 eq. of CyMe4-BTPhen in

methanol with 3.3%water taken at intermittent time intervals over�1 h after the addition of the

ligand ([HClO4]¼91.2 mM) (Bremer et al., 2014).
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processes for the reprocessing of spent fuel or partitioning of minor actinides is likely

to proceed with speciation studies complementing process flow sheet development.

Also, with a greater emphasis on safety in the nuclear industry than there ever has been

previously, it is essential that a science-based understanding of how novel extractants

and their complexes behave in process conditions is obtained. The continued devel-

opment of research infrastructure that will allow the studies of highly radioactive spe-

cies makes this goal achievable. There is still much information on the mechanism of

many partitioning processes, including minor actinide/lanthanide separations, that is

currently not established and development of novel techniques for application in

nuclear environments needs to continue. One such area is understanding speciation

at the interfacial region where the development of microfocus techniques such as

those for XAS can be applied. The speciation at the interfacial region may not nec-

essarily be the same as that for the bulk organic phase and understanding how extrac-

tants behave in this crucial region of separations may very well lead to significant

advances in extractant design and process optimization.
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8Radiation chemistry in the

reprocessing and recycling of spent

nuclear fuels

Bruce J. Mincher
Idaho National Laboratory, Idaho Falls, ID, USA

Acronyms

BATP bis annulated triazinylbipyridine

BTBP bistriazinylbipyridine

BTP bistriazinylpyridine

CHON carbon hydrogen oxygen nitrogen

CMPO octylphenyl-N,N-diisiobutylcarbamoylmethyl phosphine oxide

DHoEPA di(hexoxyethyl)phosphoric acid

DIAMEX diamide extraction

DIDPA diisodecylphosphoric acid

DMDOHEMA dimethyl dioctyl hexylethoxymalonamide

HDBP dibutylphosphoric acid

H2DBP monobutylphosphoric acid

HDEHP bis-(2-ethylhexyl)phosphoric acid

H2MEHP mono-2-ethylhexylphosphoric acid

LET linear energy transfer

MIDPA monoisodecylphosphoric acid

PUREX plutonium uranium redox extraction

TALSPEAK trivalent actinide lanthanide separation by phosphorous reagent extraction

from aqueous komplexes

TBP tributylphosphate

TRUEX transuranium extraction

8.1 Introduction to radiation chemistry

Current concepts for closure of the nuclear fuel cycle involve the dissolution of used

nuclear fuel and the use of complex organic ligands designed for highly selective

solvent extraction-based separations. Current proposals envision at least three sepa-

rations: (1) recovery of the redox active actinides: uranium, neptunium, and/or pluto-

nium; (2) group separation of the remaining trivalent actinides and lanthanides; and

(3) separation of trivalent actinides from trivalent lanthanides. The last step is espe-

cially challenging given the similar chemistry of the trivalent f-elements, and research

is underway worldwide to develop a partitioning scheme to separate americium and/or
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curium from the lanthanide fission products. A large number of complexing agents

have been evaluated for application in one or more of these steps.

In the majority of proposals, the first step to recover uranium, neptunium, and/or

plutonium is based on the conventional PUREX (plutonium uranium redox extrac-

tion) process with tributylphosphate (TBP) extraction. This separation has been

successfully employed for decades and was thoroughly reviewed by Schulz and

Navratil (1984). Other organophosphorous reagents such as octylphenyl-N,
N-diisobutylcarbamoylmethylphosphine oxide (CMPO) have been proposed for the

group actinide/lanthanide extraction in the TRUEX (transuranium extraction) process

(Schulz and Horwitz, 1988) and bis-(2-ethylhexyl)phosphoric acid (HDEHP) for the

actinide/lanthanide separations in the TALSPEAK (trivalent actinide lanthanide sep-

aration by phosphorous reagent extraction from aqueous komplexes) process (Nilsson

and Nash, 2007).

However, in an effort to simplify waste disposal options for spent solvents, reagents

observing the CHON principle (i.e., those containing only carbon, hydrogen, oxygen,

and nitrogen) have also been proposed for these separations (Madic and Hudson,

1998). The advantage of such reagents is that they are completely incinerable

(Musikas, 1988). For example, malonamides (Spjuth et al., 2000) such as dimethyl

dioctyl hexylethoxymalonamide (DMDOHEMA) have been proposed in the DIA-

MEX (diamide extraction) process (Serrano-Purroy et al., 2005). Alternately, tetraalk-

yldiamides such as tetraoctyldiglycolamide (TODGA) (Sasaki et al., 2001) have also

been investigated as group f-element extraction ligands for process application

(Modolo et al., 2007). In processes observing the CHON principle, the final acti-

nide/lanthanide separation corresponding to TALSPEAK is called SANEX (selective

actinide extraction) (Magnusson et al., 2009a) and uses one of several bistriazinyl

bipyridine (BTBP) N-donor ligands to selectively complex the actinides (Geist

et al., 2006).

Additional options have been considered; however, these are currently the most

important molecules and processes undergoing research for application. Regardless

of any other considerations, all the reagents proposed must have exceptional stability

under the extreme radiolysis conditions resulting from the radioactive decay of the

fission products (low linear energy transfer (LET) b/g radiation) and actinides (high

LET a radiation) present in dissolved nuclear fuel.

8.1.1 Reactive species in g-irradiated solution

The interaction of ionizing radiation with a solution containing solutes results mainly

in the interaction of photons and energetic particles with the diluent. Diluent mole-

cules are ionized or excited, and some excited molecules decay into neutral radical

species (Spinks and Woods, 1990). These reactive species have lifetimes measured

in microseconds, but may diffuse into the bulk solution to react with solutes of interest,

including solvent extraction ligands. Ligand reactions often result in deleterious

effects such as loss in ligand concentration or production of decomposition

products that may also be complexing agents that interfere with desired separations.
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The radiation chemistry of aqueous and organic solutions is understood well enough to

make certain predictions about which radicals are of interest in solvent extraction

systems.

Among the main transient reactive species produced are the oxidizing hydroxyl

(�OH), nitrite (�NO2), and nitrate (
�NO3) radicals fromwater and nitric acid radiolysis,

the reducing solvated electron (e�sol or e
�
aq) and

�H atoms from water and organic dil-

uent radiolysis, and various carbon-centered radicals produced from the organic dil-

uent. Longer lived molecular products such as H2O2 and HNO2 may also be important

reactive species in some systems. Important radiolysis products are given in

Equations 8.1–8.3 (Buxton et al., 1988; Jiang et al., 1994; Spinks and Woods, 1990):

�H2O�g! 0:28½ ��OH+ 0:27½ �e� + 0:05½ ��H+ 0:07½ �H2O2

+ 0:27½ �H3O
+ + 0:05½ �H2 (8.1)

HNO3�g!�H+ e�aq +
�NO3 +

�NO2 +HNO2 (8.2)

CH3 CH2ð ÞnCH3�g! e�sol +
� CH3 CH2ð ÞnCH3

� �+

+ �CH2 CH2ð ÞnCH3 +
�CH3 +

�H+H2
(8.3)

The bracketed numbers in Equation 8.1 are the yields (G-values in mmol J�1) for the

products of water radiolysis in neutral, b/g-irradiated solution, at about 1�10�7 s

after the initial event (Buxton et al., 1988). The equations are not meant to be bal-

anced; rather, they are lists showing the most important products. The radical products

of Equation 8.1 may then react with each other to recreate water (geminate recombi-

nation), react with each other to form other molecular products (radical addition reac-

tions), or diffuse into the bulk solution to react with solutes such as solvent extraction

ligands. These yields may be altered in any given solution by scavenging reactions that

remove the corresponding radicals from further consideration with regard to their

reactions with solvent extraction ligands. In the presence of air and nitric acid, for

example, the reducing radicals are rapidly scavenged by dissolved oxygen, hydronium

ion, and nitrate ion to produce less reactive species and a mainly oxidizing system is

expected for reactions in the aqueous phase (Buxton et al., 1988; Buxton et al., 1988;

Gordon et al., 1964):

e�aq +H
+!�H , k¼ 2:3�1010M�1s�1 (8.4)

e�aq +O2!�O2
�, k¼ 1:9�1010M�1s�1 (8.5)

e�aq +NO3
�!�NO�2

3 , k¼ 9:7�109M�1s�1 (8.6)

H� +O2!�HO2, k¼ 2:1�1010M�1s�1 (8.7)

These reactions occur in competition with potential ligand reactions. The k-values in
Equations 8.4–8.7 are the aqueous bimolecular rate constants for the reactions shown
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and these high values indicate that they are very fast, essentially limited only by the

rate of diffusion in the irradiated solution. Thus, even if its rate constant for reaction

with a ligand is fast, in molar amounts of nitric acid the reaction of the e�aq with mil-

limolar amounts of ligand is not expected to be competitive. Reactions of the �H atom

with ligands may occur in competition with the millimolar amounts of dissolved

oxygen in air-saturated solution, depending on the ligand concentration and its rate

constant for the reaction.

In the near absence of the reducing species in irradiated, aerated, and acidic solution,

the most important reactive transient species generated by water radiolysis is the oxi-

dizing �OH radical. It reacts with fairly fast rate constants with nearly all organic com-

pounds. In the presence of nitric acid, the oxidizing �NO3 and
�NO2 radicals are also

produced. In general, the reactivity of these species with solvent extraction ligands

occurs in the order �OH> �NO3>
�NO2. The typical reactions of these species with

organic compounds are �H atom abstraction, radical addition, and electron transfer,

as shown for the �OH radical reacting with a generic organic compound RH in

Equations 8.8–8.10:

HR+ �OH!�R+HOH (8.8)

HR+ �OH!�HROH (8.9)

HR+ �OH!�HR+ +OH� (8.10)

Reactions such as these that create organic radical species may result in continued

decomposition of the original compound.

In the organic phase shown in Equation 8.3, once the solvated electron (e�sol) is
eliminated, the main products of alkane diluent radiolysis are various neutral and cat-

ionic carbon-centered radicals. Neutral carbon-centered radicals may react by radical

addition to create higher molecular weight organic species or nitrated derivatives of

the original organic species, including nitration of the diluents:

�HR+ �CH3 !HRCH3 (8.11)

�HR+ �NO2 !HRNO2 (8.12)

Reactions of the neutral �OH and �NO3 radicals might also be expected in the organic

phase after diffusion of these species across the phase boundary. To the knowledge of

this author, no work has been done to examine rates of transfer of these species across

the phase boundary. In unpublished work, this author and coworkers have measured the

rate constants for the reaction of �NO3 radical in organic solution with a number of sol-

utes and found that, in general, the reactions are slower than in aqueous solution. This

may be a viscosity effect. The radical cation product of alkane radiolysis shown in Equa-

tion 8.3 has the further possibility to react with organic compounds by electron transfer:

HR + � CH3 CH2ð ÞnCH3

� �+!�HR+ +CH3 CH2ð ÞnCH3 (8.13)
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The reactions of all these transient species in irradiated solution are discussed in more

detail by Mincher and Mezyk (2009) and Mincher et al. (2009a).

In addition to the transient radicals, longer-lived molecular reactive species are

produced by radiolysis, including especially H2O2 from water radiolysis (Equa-

tion 8.1) and HNO2 from nitric acid radiolysis (Equation 8.2). Both act as redox

reagents and may affect the oxidation state of metal ions in the irradiated solution.

This has importance to solvent extraction where maintenance of desired oxidation

states determines solvent extraction distribution ratios. Examples of redox speciation

changes include the oxidation of iron and the reduction of cerium, both used to advan-

tage in aqueous dosimetry (Klassen et al., 1999; ISO/ASTM 2006):

H2O2 + Fe
2+ ! Fe3+ +OH� + �OH (8.14)

H2O2 + 2Ce
4+ ! 2Ce3+ + 2H+ +O2 (8.15)

Similarly, radiolytically produced HNO2 reduces NpVI to NpV according to Equa-

tion 8.16 (Siddal and Dukes 1959; Mincher et al., 2013a):

NpO2+
2 +HNO2 +H2O!NpO2

+ + 3H+ +NO3
� (8.16)

Further, HNO2 is a powerful nitrating agent. It is capable of nitrating especially

aromatic ligands via the nitrous acid catalyzed mechanism, shown in Equations 8.17–

8.20 (Turney and Wright, 1959; Schramm and Westheimer, 1948):

HNO2 +H
+ !NO+ +H2O (8.17)

ArH+NO+ !ArHNO+ (8.18)

ArHNO+ !ArNO+H+ (8.19)

ArNO+ +HNO3 !ArNO2 +HNO2 (8.20)

The aromatic compound (ArH) undergoes electrophilic substitution by the nitroso ion

in Equations 8.18 and 8.19, following which it is oxidized to a nitro-substituted

product in Equation 8.20, which also regenerates HNO2.

8.1.2 Reactive species in a-irradiated solution

Higher yields (G-values) of the molecular products and lower yields of radical prod-

ucts are expected for a-radiolysis, due to the higher linear energy transfer (LET) of the
a-particle. For example, as shown in Equation 8.21, the yield of H2O2 for a radiation

has increased, while the yields of �OH radical, e�aq, and �H atom have decreased

(LaVerne, 2004):

H2O�a! 0:05½ ��OH+ 0:03½ �e� + 0:01½ ��H+ 0:10½ �H2O2 + 0:03½ �H3O
+

+ 0:12½ �H2 + 0:01½ ��HO2 (8.21)
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The higher LET of the a-particle (156 eV nm�1 for a 5 MeV He ion;< 1 eV nm�1 for

b/g radiation) results in the deposition of larger amounts of energy in a smaller volume

of solution (Spinks and Woods, 1990). The resulting high yields of radicals and ions

then undergo geminate recombination or radical addition reactions to generate molec-

ular species before they can diffuse into the bulk solution to react with ligands. The

addition reaction of �OH radicals to produce H2O2 is shown in Equation 8.22 (Spinks

and Woods, 1990):

�OH+ �OH!H2O2, k¼ 5:5�109M�1s�1 (8.22)

As the fast radical reactions become less important for a-radiolysis, the slower reac-
tions of the produced molecular species become competitive. The effects of

a-irradiation are often attributed to the radiolytic generation of H2O2.

Thus, although radiation chemistry in multispecies systems is a complicated mix of

competing reactions, the reactive species produced and their main reactions are under-

stood. The species that are most important in a given system will depend not only on

the yields of these reactive species, but also on their kinetics of reaction with the

ligands of interest. These transient species react in a competitive environment where

they may be scavenged by oxygen, acidity, or even the diluent, limiting their ability to

react with solutes of interest. Based on the discussion above, in the biphasic, aerated,

and acidic conditions of the solvent extraction process, the reactive species of greatest

interest are the strongly oxidizing �OH and �NO3 radicals, and to a lesser extent
�NO2

radical; all produced by aqueous nitric acid radiolysis, the neutral and cationic carbon-

centered radicals produced in the irradiated organic phase, and the molecular products

H2O2 and HNO2.

8.1.3 On the utility of the G-value as a metric in describing
ligand degradation

The most common metric used in the literature to describe the yield (negative or pos-

itive concentration change with absorbed dose) is theG-value (mmol J�1). For the gen-

eration of products in a neat irradiated solution such as pure water in Equation 8.1, the

G-value is an appropriate metric. However, theG-value is inadequate when describing
the radiolysis-induced concentration change of a solute because it is a rate, rather than

a rate constant (Mincher and Curry, 2000). Some G-values for the radiolysis of neat
solvent extraction ligands have been reported, such as those for neat TBP given by

Wilkinson and Williams (1961) or neat HDEHP given by Wagner and Towle

(1958) and Kuzin et al. (1969); however, these values have limited utility with regard

to the decomposition rates or products of ligands in a diluent. Except for reactions with

zero-order kinetics, the G-value is concentration dependent and varies as the solute

concentration changes during irradiation. To account for the nonconstantG-value, ini-
tial G-values (G0) have sometimes been reported. These are by nature imprecise as

they rely on a limited subset of data collected early in the irradiation, often prior to

the establishment of equilibrium conditions.
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Better metrics are easily recommended, including the slope of the line obtained for

zero-order plots of concentration versus absorbed dose curves, and the exponential

constant for pseudo first-order plots of concentration versus absorbed dose. These

are the most common systems. However, as G-values have usually been reported

in the literature, often in the absence of solute concentrations or other solution char-

acteristics that might influence them, there is no choice but to refer to them in this

review. Given their dependence on system conditions, it should be kept in mind that

they are of limited utility and may be misleading when reported in the absence of these

conditions. Reporting them here has been minimized as much as practicable.

8.2 Examples of radiation chemical effects on
solvent extraction ligands

8.2.1 Tributylphosphate

The most common ligand used in fuel cycle solvent extraction is tributylphosphate

(TBP). The compound is used on a process scale in the PUREX (plutonium uranium

reduction extraction) process (Lanham and Runion, 1949) and is also added as a phase

modifier to improve the solubility of other ligands and to mitigate third-phase forma-

tion in other processes such as TRUEX (transuranium extraction). In addition to being

one of the most important fuel cycle compounds, its radiation chemistry has long been

studied and its reactions are illustrative of those to be expected for many other ligands.

It has long been recognized that a major product of TBP radiolysis with adverse

effects on solvent extraction is dibutylphosphoric acid (HDBP); its reported yield

(GHDBP) varies, probably depending on experimental conditions. Only those measured

in the presence of the diluent and the aqueous phase are pertinent to the process, and

only a few studies have measured HDBP yields in the presence of both its alkane dil-

uents and the acidic aqueous phases. Values reported forGHDBP in irradiated 30%TBP

alkane solution in contact with nitric acid range from 0.11 (Becker et al., 1983) to

0.06 mmol J�1 (Nowak, 1977), illustrating the problems associated with this metric.

The G-value has been reported to be constant with dose rate but to vary with solution
conditions (Adamov et al., 1990).

HDBP is produced from TBP by multiple radiolytic mechanisms. Several authors

have reported that HDBP is produced by dissociative electron capture (Haase et al.,

1973; Zaitsev and Khaikin, 1994; Jin et al., 1999); however, this mechanism is not

important under solvent extraction process conditions because electrons are scavenged

by acidity, dissolved oxygen, and nitrate anion (Equations 8.4–8.6). In the irradiated

process, TBP decomposition is most likely initiated by �H atom abstraction from one

of the butyl chains, mainly by reaction with �OHor �NO3 radicals in analogy with Equa-

tion 8.8, or with �H atoms in competition with Equation 8.7. In this case, �H atom reac-

tions may be important despite the fast reaction with dissolved O2 shown in

Equation 8.7, as TBP is used at the very high concentration of �1 M in the process.

The �H atom abstraction reaction using the �OH radical as the example is shown below:
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C4H9Oð Þ3PO+ �OH!� C4H8Oð Þ C4H9Oð Þ2PO+HOH (8.23)

The rate constants for the reactions of TBP with �H, �OH, �NO3, and
�NO2 radicals are

1.8�108, 5�109, 4.3�106, and<2�105 M�1 s�1, respectively (Mincher et al.,

2008). Following production of the neutral, carbon-centered radical, there are three

possible mechanisms for decay to HDBP. They are direct radical decay (Burr,

1958), hydrolysis (von Sonntag et al., 1972), or reaction with oxygen (Khaikin,

1988) shown in Equations 8.24–8.26, respectively.

� C4H8Oð Þ C4H9Oð Þ2PO!�C4H8
+ + C4H9Oð Þ2OPO� (8.24)

� C4H8Oð Þ C4H9Oð Þ2PO+H2O!�C4H8OH+ C4H9Oð Þ2OPO� +H+ (8.25)

� C4H8Oð Þ C4H9Oð Þ2PO+O2!�OO C4H8Oð Þ C4H9Oð Þ2PO (8.26)

The peroxyl radical product of Equation 8.26 is a common product of the reaction of

many carbon-centered radicals in the presence of dissolved O2, and the reaction occurs

with rate constants in the range of�5�109 M�1 s�1 (Alfassi, 1997). It was postulated

to decompose to HDBP (Khaikin, 1988):

�OO C4H8Oð Þ C4H9Oð Þ2PO!�O2
� + C4H8Oð Þ C4H9Oð Þ2PO+ (8.27)

C4H8Oð Þ C4H9Oð Þ2PO+ +H2O! C4H9Oð Þ2OPO� +C3H7CHO+2H+ (8.28)

It should be noted that Wilkinson and Williams (1961) suggested the possibility that

the TBP radical cation, produced by TBP ionization, also decays to HDBP. The

numerous reactions described above all lead to the production of HDBP and probably

occur competitively.

Produced HDBP degrades by similar mechanisms, with rate constants for the reac-

tions with �H, �OH, �NO3, and
�NO2 radicals reported to be 1.1�108, 4.4�109,

2.9�106, and<2�105 M�1 s�1, respectively (Mincher et al., 2008). These are

slightly slower than the corresponding reactions for TBP, probably reflecting the

reduced number of sites available for �H atom abstraction reactions for HDBP.

The products of HDBP radiolysis are monobutylphosphoric acid (H2DBP) and even-

tually phosphate anions.

In the process, TBP would be irradiated not only as the free ligand but also as the

metal complex. The kinetics of the reactions of the metal complex with radiolytically

produced reactive species may be different than for the free ligands. The presence of

uranium and/or plutonium in irradiated solution has been reported to increase (Nowak

et al., 1979; Kulikov et al., 1983) or, in contrast, to decrease (Williams andWilkinson,

1957; Burger and McClanahan, 1958; Becker et al., 1983) the yield of HDBP. Further

investigation of this effect will be necessary before the radiation chemistry of PUREX

extraction systems is to be modeled.

Additional radiolysis products of TBP when irradiated in the presence of nitric acid

include nitrated, methylated, and/or hydroxylated phosphates, often of higher
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molecular weight (Adamov et al., 1990; Tripathi et al., 2001; He et al., 2004). High

molecular weight products were found to include those with alkane groups heavier

than butyl, TBP dimers, and various acidic organophosphorous compounds (Lasage

et al., 1997; Lamouroux et al., 2001). These species are all potential metal complexing

agents, and the neutral ones are not removed by the alkaline wash used to remove

HDBP in the process.

8.2.2 The amidic compounds CMPO, DMDOHEMA, and TODGA

In addition to TBP, a number of compounds are under investigation in various fuel

cycle proposals that act as stronger but less selective complexing agents for the lan-

thanides and actinides. The most important of these are octylphenyl-N,
N-diisobutylcarbamoylmethyl phosphine oxide (CMPO), dimethyl dioctyl hexyl-

ethoxymalonamide (DMDOHEMA), and N,N,N¢,N¢-tetraoctyl-3-oxapentane-1,5-

diamide (TODGA, also known as tetraoctyldiglycolamide). Each contains an amidic

functional group, which lends some similarity to their radiation chemistry. For each,

irradiation of an alkane solution containing the ligand in the presence of aqueous

nitric acid results in the preferred rupture of the amidic CdN bond. The resulting

major products are the corresponding amine and carboxylic acids (Nash et al.,

1988; Berthon et al., 2001; Mincher et al., 2009a,b, Groenewold et al., 2012). This

is shown for DMDOHEMA in Figure 8.1.

Values for the degradation yields of CMPO, DMDOHEMA, and TODGA when

irradiated as components of their process formulations have been reported. For exam-

ple, �GCMPO in the TRUEX formulation 0.2 M CMPO/1.2 M TBP/dodecane irradi-

ated in the presence of nitric acid was reported to be independent of the acid

concentration over the range 1.25-5.0 M at 0.12 mmol J�1 (Nash et al., 1989). More

recently, a value of 0.18 mmol J�1 was reported for 0.1 M CMPO/dodecane irradiated

in the absence of TBP and either in the absence of the aqueous phase or in the presence

of 0.1 M HNO3 (Mincher et al., 2013b). However, in that work the �GCMPO was

reported to decrease with increasing nitric acid concentration, reaching a value of

0.02 mmol J�1 at 5 M HNO3. The presence of dissolved oxygen also provided radio-

protection. The degradation of CMPO exposed to a-radiolysis was lower (Mincher

et al., 2014).
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Figure 8.1 The radiolytic decomposition of DMDOHEMA into an acidamide and an amine in

the presence of the acidic aqueous phase.
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For the SANEX formulation of 0.65 MDMDOHEMA/dialkylphosphoric acid irra-

diated in the presence of 0.5-3.0 M HNO3, a �GDMDOHEMA�0.5 mmol J�1 was

reported (Berthon et al., 2004, Bisel et al., 2007). Values for TODGA decomposition

were reported to be even higher. Sugo et al. (2007a) measured dose constants of

1.7�10�6 Gy�1 for 0.5 M TODGA and 2.9�10�6 Gy�1 for 0.1 M TODGA irradi-

ated in dodecane in the absence of an aqueous phase. These dose constants (analogous

to rate constants) may be converted to G-values (analogous to rates) (Mincher and

Curry, 2000) and, when corrected for solution density, correspond to 0.22 and

0.65 mmol J�1, respectively. Generally, one would expect the rate of TODGA decom-

position to increase with TODGA concentration; however, Sugo et al. (2007a) attrib-

uted this contrasting result to the increase in the dodecane concentration, and

suggested that electron transfer reactions with the dodecane radical cation were

responsible for TODGA degradation. This is consistent with the lower ionization

potential of TODGA as compared to dodecane. The apparent higher stability of

CMPO is likely due to the presence of the aromatic functional group, which would

facilitate intramolecular energy transfer to mitigate bond rupture. Increased stability

has been shown for other benzyl substituted amides (Sugo et al., 2007b).

Using DMDOHEMA as the example, radiolytic degradation of the amides to

amine and carboxylic acids is shown in Figure 8.1. Initiation of the sequence is likely

due to an �H atom abstraction by reaction with radiolytically produced free radicals as

was shown in Equations 8.8 and 8.23, or by electron transfer reactions with radioly-

tically produced radical cations such as in Equation 8.13. Bond rupture follows, pref-

erably forming the amine in the presence of nitric acid. Oxidation of the balance of the

molecule produces a carboxylic acid; in the case of DMDOHEMA, the acid is an acid-

amide. Decarboxylation of the acidamide may also produce a monoamide. These

products have been identified in mass spectrometric work (Berthon et al., 2001; 2004).

Among additional products of irradiated amides are numerous dealkylation prod-

ucts such as phenyl-N,N-diisobutylcarbamoylmethyl phosphine oxide (Mincher et al.,

2013b) and octylphenyl monoisobutylcarbamoylmethylphosphine oxide (Nash et al.,

1988; Mincher et al., 2013b) from CMPO and loss of the alkyl chain containing the

ether linkage for DMDOHEMA (Berthon et al., 2001; 2004).

The acidic products of amide degradation have been implicated in adversely affect-

ing the ability to strip the loaded organic phase. For CMPO, the products octylphenyl-

phosphinyl acetic acid and octylphenylphosphinic acid have been shown to interfere

with americium stripping by preventing back extraction into aqueous solutions of

dilute acid (Chiarizia and Horwitz, 1986; Nash et al., 1989). Similar results have been

reported for the acidic products of DMDOHEMA radiolysis (Berthon et al., 2001;

Berthon et al., 2004). The generation of these products necessitates additional process

steps to wash the irradiated solvent, similar to the conventional use of alkaline aqueous

contacts to remove HDBP from irradiated TBP solutions.

8.2.3 Bis(2-ethylhexyl)phosphoric acid

Acidic organophosphorus compounds are of interest in solvent extraction radiation

chemistry not only because they are degradation products of neutral compounds such

as TBP and CMPO but also because compounds such as bis(2-ethylhexyl)phosphoric
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acid (HDEHP) have been used as extractants. This compound is a component of the

process that has become known as TALSPEAK for actinide/lanthanide extraction

(Nilsson and Nash, 2007).

The mode of degradation of HDEHP by dealkylation is analogous to that for TBP,

with the main product being mono(2-ethylhexyl)phosphoric acid (H2MEHP) (Schulz,

1968; Tachimori, 1979a). Ether linkageswere shown once again to be especially suscep-

tible to radiolytic rupture, as reported above for TBP andDMDOHEMA, and alsowidely

reported for the crown ethers (see, for example, Draye et al., 1993). This reactionmay be

initiated by dissociative electron capture, �H atom abstraction, or direct radiolysis:

C4H9 C2H5ð ÞCHCH2O½ �2POOH!C4H9 C2H5ð ÞCHC�H2

+ �O C4H9 C2H5ð ÞCHCH2O½ �POOH
(8.29)

Rearrangement of the carbon-centered radical product of Equation 8.29 produces the

1-methyl-1-ethylpentyl radical, which has been identified in electron spin resonance

studies (Tachimori and Ito, 1979). Acquisition of an �H atom by the second product of

Equation 8.29 gives H2MEHP. Continued irradiation would be expected to eventually

create phosphoric acid, also in analogy with TBP.

Irradiation of HDEHP solutions results in variable changes in solvent extraction

performance, although generally these cannot be accounted for merely by the change

in HDEHP concentration. Metal extraction distribution ratios may increase

(Tachimori et al., 1978) or decrease (Schulz, 1968), apparently depending on the mole

ratio of HDEHP to H2MEHP (Tachimori, 1979b) and pH (Tachimori, 1978).

Tachimori (1979b) added H2MEHP to HDEHP solutions and found that a mole ratio

of HDEHP:H2MEHP of two gave the highest americium distribution ratios.

Tachimori and Nakamura (1979) reported that although the magnitude of the distri-

bution ratios changed with absorbed dose, the separation factor aNd/Am was unchanged

for extractions using solutions of 0.5 M HDEHP in normal paraffinic hydrocarbon

prepared using irradiated HDEHP.

In contrast to work with CMPO (Mincher et al., 2013b), the presence of the aqueous

phase appears to increase radiolytic degradation of HDEHP (Schulz, 1968; Tachimori,

1979b). The loss in extraction efficiency for americium was more severe for irradia-

tion in the presence of the nitric acid aqueous phase for the analogous compounds dii-

sodecylphosphoric acid (DIDPA) and di(hexoxyethyl)phosphoric acid (DHoEPA)

(Tachimori et al., 1979). Degradation of the ether was especially severe. The products

of radiolysis included monoisododecylphosphoric acid (MIDPA) from DIDPA and

monohexoxyethylphosphoric acid from DHoEPA, in analogy with the production

of H2MEHP from HDEHP.

8.2.4 Bistriazinylpyridines and their derivatives

The bistriazinylpyridines (BTPs) are sensitive to hydrolytic and radiolytic degrada-

tion, and a great deal of research has been conducted to improve their stability for

nuclear solvent extraction applications, making them among the first nuclear solvent

extraction ligands to undergo design changes with radiation stability in mind.

Radiation chemistry 201



Kolarik (2008) and Ekberg et al. (2008) have reviewed the history of their develop-

ment. Kolarik et al. (1999) reported that solutions containing BTPs with non-

branched side chains (nBu-, nPr-, and Et-BTP) changed color rapidly upon

contact with an acidic aqueous phase, suggesting degradation of the solvent due

to acid hydrolysis. The degradation of nPr-BTP appears to be initiated by attack

on the a-CH2 group of the propyl chain of the triazinyl ring. The lability of hydrogen

atoms at this position was demonstrated in electrospray mass spectrometry work by

Retegan et al. (2009) and the isopropyl derivative (iPr-BTP) was more resistant (Hill

et al., 2005).

The radiolytic degradation of the BTPs has received extensive investigation.

Nilsson et al. (2006a) investigated the g-radiolytic stability of Et-BTP in hexanol solu-
tion in the absence of an aqueous phase. Postirradiation americium distribution ratios

decreased with increasing absorbed dose, falling below unity at<5 kGy; attributed to

BTP degradation. Hill et al. (2002) reported that the degradation products of iPr-BTP
irradiated with or without the aqueous phase were heavier than the original BTP.

These products were likely produced by addition reactions between BTP radicals

and the a-hydroxy octyl radical, produced by diluent radiolysis. The addition of cyclic
rings to BTPs to produce the BATPs increased stability toward radiolysis, probably

also by protection of the a-CH2 group; however, absorbed doses in excess of

100 kGy still substantially decreased the extraction of americium (Hill et al., 2005;

Hudson et al., 2006).

The inclusion of a second pyridine ring into the BTP molecule to produce a bis-

triazinylbipyridine (BTBP) moderated extraction efficiency to facilitate stripping

(Geist et al., 2006). When a solvent formulation containing 0.01 M 6,6¢-bis(5,5,8,8-

tetramethyl-5,6,7,8-tetrahydrobenzo[1,2,4]-triazin-3-yl)-[2,2¢]-bipyridine (CyMe4-

BTBP) (Figure 8.2) was irradiated to the rather low maximum absorbed dose of

12-14 kGy in cyclohexanone or hexanol, there was no decrease in performance,

although the related compound 6,6¢-bis(5,6-dipentyl-[1,2,4]-triazin-3-yl)-[2,2¢]-

bipyridine (C5-BTBP) (Figure 8.2), which has n-pentane alkyl groups rather than

cyclic alkyl groups, exhibited a significant decrease in the extraction efficiency over

a similar absorbed dose range (Retegan et al., 2007). This further illustrates the impor-

tance of protecting the a-CH2 groups. Similarly, a solution of 0.005 M C5-BTBP in

cyclohexanone exhibited an 80% decrease inDAm at an absorbed dose of only 17 kGy

when irradiated by Nilsson et al. (2006b).

The Ekberg group has investigated the radiolysis and hydrolysis of C5-BTBP

in detail in a series of papers (Nilsson et al., 2006b; Retegan et al., 2007;

Fermvik et al., 2009ab, 2011, 2012). Mass spectrometric analysis identified radiolysis

products including derivatives resulting from the addition of hydroxyl or keto groups

at the a-CH2 position of the BTBP alkyl chains (Figure 8.2), similar to those reported

above for hydrolysis. The ingrowth of products with increased oxygen donor function-

ality probably explains why the extraction of americium is frequently reported to be

more adversely affected than the extraction of europium, resulting in a decreased

actinide/lanthanide separation factor (Nilsson et al., 2006b; Retegan et al., 2007;

Fermvik et al., 2009a). Further, it must also be noted that C5-BTBP was not stable
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over time even in the absence of radiation. The products of C5-BTBP aging were also

due to hydroxyl and keto formation at the a-hydroxy position. Other products that

were identified by mass spectrometry included dealkylation derivatives and products

related to the decomposition of a triazinyl ring (Fermvik et al., 2009a).

Because C5-BTBP was not sufficiently stable for use in a process, Fermvik

(2011) performed similar studies on CyMe4-BTBP, which is protected at the vulner-

able a-CH2 positions. The DAm was predictable based merely on the decrease in the

BTBP concentration, suggesting that in the absence of vulnerable a-CH2 positions

oxygenated degradation products that complex metals were not produced. Mass

spectrometric analysis confirmed this supposition. A product corresponding to loss

of a triazinyl ring was identified, as was also previously found for C5-BTBP. Diluent

radical addition products were identified, as reported above for iPr-BTP (Hill

et al., 2002).

When CyMe4-BTBP was irradiated as a component of the SANEX (selective acti-

nide extraction) process (0.015 M CyMe4-BTBP/0.25 M DMDOHEMA in n-octa-
nol), in contact with an equal volume of americium-spiked 1 M HNO3, Magnusson

et al. (2009b) reported that g-irradiation effects were more severe than for a, resulting
in a loss of 35% of extraction efficiency within 100 kGy, in agreement with Hill et al.

(2005). By 1200 kGy-g, 70% of extraction efficiency was lost (Magnusson et al.,

2009b). The finding that a-irradiation effects are less severe than those of g is consis-
tent with the high LET of a-particles. As was discussed above, lower degradation

rates due to a-irradiation have been reported for CMPO (Mincher et al., 2014) and

DMDOHEMA (Cames et al., 2010).
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Figure 8.2 The structures of C5-BTBP (top), the keto derivative of C5-BTBP produced by

hydrolysis and radiolysis, and CyMe4-BTBP showing protection of the vulnerable a-CH2

groups.
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8.2.5 Examples of radiation chemical effects on metal ion
oxidation states

As strongly oxidizing and reducing species are generated by radiolysis, it is expected

that the valence state of metal ions in solution may be affected. As mentioned previ-

ously, the irradiated, acidic, and aerated solution encountered in fuel cycle separations

is overwhelmingly oxidative. In nitric acid solutions containing NpV, low absorbed

doses result in its oxidation to NpVI, presumably by reaction mainly with �OH radical

(Mincher et al., 2013a):

NpO2
+ + �OH!NpO2

2+ +OH� (8.30)

The rate constant for this oxidation was reported to be relatively fast at about

5�108 M�1 s�1 (Shilov et al., 1982). However, after continued irradiation, produced

nitrous acid then begins to reduce NpVI to NpV. That the reducing agent was radioly-

tically produced HNO2 was demonstrated by the decrease in the reduction rate as the

produced HNO2 was consumed following termination of the irradiation. Depending

on the concentration of the oxidizing nitric acid, equilibrium was reached between

the two oxidation states. A kinetic model, based on the water radiolysis reactions

and literature rate constants successfully reproduced this chemistry for 4 M HNO3

solution (Mincher et al., 2013a). Vladimirova (1995) had published an earlier, more

complicated model that involved NpIV reactions and a radiation dose rate depen-

dency. However, no NpIV production or dose rate dependency was found in the exper-

imental work of Mincher et al. (2013a).

Plutonium also has multiple simultaneous oxidation states in aqueous nitric acid,

and the mix is also affected by acid concentration and radiation. The radiolysis prod-

ucts H2O2 and HNO2 are reducing agents with respect to plutonium; upon accumula-

tion of millimolar amounts of HNO2, Pu(VI) is reduced to Pu(IV), and possibly even

to Pu(III) (Miner and Seed, 1967). Pentavalent plutonium, if produced, would not be

measured in nitric acid solution due to rapid disproportionation. Also like neptunium,

the rate of reduction decreases with increasing nitric acid concentration (Vladimirova

et al., 1976; Pikaev et al., 1997). Vladimirova et al. (1981) proposed an autocatalytic

reduction, requiring reactions between various plutonium valence states with an over-

all result that PuVI was reduced to PuIV. In some experiments, oxidation of PuIV ini-

tially occurred, followed by the reduction of PuVI at higher absorbed doses, similar to

that reported for neptunium above.

In continued work, Vladimirova (1990) modeled experimental results that

claimed that PuVI was reduced in nitric acid solution only above certain plutonium

concentrations; for example, > 5 mM in irradiated 3 M HNO3 and>10 mM in 6 M

HNO3. The reduction rate was increased in the presence of uranium. At low pluto-

nium concentrations, PuIV was instead oxidized. These findings were attributed to a

mechanism in which PuIV was produced by the reaction of PuV and PuIII at low

plutonium concentration and by PuV disproportionation at higher plutonium concen-

trations. However, it must be pointed out that the �OH radical reactions with pluto-

nium were ignored in this model. Based on analogy with the corresponding reactions
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for neptunium (Mincher et al., 2013a), these ignored rate constants may be fast.

Therefore, the rate constants for the reactions that Vladimirova (1990) calculated

using sensitivity analysis are questionable. Clearly, a great deal of additional

research is needed.

High valence states of americium are also reduced by radiolysis. In the earliest

work with AmV and AmVI, it was shown that the reduction rate of these oxidation

states was faster for high specific activity 241Am than for longer-lived 243Am and

was zero order with respect to the concentration of the high valence state. The rates

had a first-order dependence on the total americium concentration, indicating that

reduction occurred due to the radiolysis products of americium decay (Hall and

Markin, 1957). Asprey and Stephanou (1950) suggested that the reducing species

was H2O2, a reasonable suggestion given the high H2O2 yields associated with

a-radiolysis (Equation 8.21). The reaction of H2O2 with AmVI is

2AmO2
2+ +H2O2 ! 2AmO2

+ + 2H+ +O2 (8.31)

It can be seen that the rate of this reaction will be dependent on acidity, and Woods

et al. (1974) reported a rate constant of 3.8�104 M�1 s�1 in 1 M HClO4 at 25 °C and

5.1�104 M�1 s�1 at 0.1 M HClO4. The rate of reaction with AmV is comparable at

5.3�104 M�1 s�1 at the same temperature in 0.1 M HClO4 (Zaitsev et al., 1960).

Other acid concentrations were not investigated for AmV. However, AmV is known

to be more stable than AmVI. Therefore, other reducing agents are implicated.

8.3 Conclusions and commentary

It has been shown that the radiolytic degradation of solvent extraction ligands pro-

ceeds in a mainly oxidative fashion, due to the radical scavenging reactions that take

place in irradiated, acidic, and aerated solution. Among the most common reactions

are �H atom abstractions to produce carbon-centered radicals, which may add O2 to

initiate further oxidation via peroxyl radical decomposition, or undergo CdC bond

rupture to cause dealkylation. Carbon radicals may also undergo additional reactions

to produce higher molecular weight products from the starting molecule. The rupture

of CdO bonds, especially, is to be expected. Electron transfer reactions from radical

cations also occur. The products of these reactions are often more deleterious to the

solvent extraction than is the loss in ligand concentration itself.

The study of solvent extraction and radiation chemistry are both mature fields, but

they are fields that have developed somewhat independently. This has resulted in a

situation where the knowledge base of radiation chemistry has not always been taken

advantage of, and the effects of radiation chemistry on solvent extraction have often

been evaluated mainly in an indirect way; that is, through the measurement of

changes in distribution ratios on irradiated samples. However, as was shown here,

the techniques for developing a mechanistic understanding of the effects of radiation

chemistry on solvent extraction are available, and are beginning to be exploited.
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Those techniques include steady-state radiolysis, employing g-ray and a-emitter

sources that, when combined with mass spectrometric product analyses, provide

the information necessary to understand the degradation pathways of ligands.

Pulse radiolysis has been used for decades to measure the kinetics of the radiolyti-

cally produced radical reactions with solutes, and can be as readily applied to solvent-

extraction ligands to elucidate mechanisms and thus to understand possible scavenging

reactions that would protect those ligands. In the future, the study of the radiolytic deg-

radation of solvent extraction ligands will likely rely more heavily on pulse radiolytic

determination of rate constants, and new techniques will also be developed for making

these measurements in the organic phase. Collections of rate constants for the reactions

of a selected ligand with the major radical species expected under process conditions, in

combination with radiolysis product identification, will be used to model degradation

reactions. This will provide predictive capabilities for process modifications. A key

component of such models will includemeasurements of the rates of transfer of radicals

across the phase boundary, important work that is yet to be performed.
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AHA acetohydroxamic acid

CE centrifugal extractor

CFD computational fluid dynamics

DBP dibutyl phosphate

DF decontamination factor

DFR Dounreay fast reactor

DFRP demonstration fast reactor fuel reprocessing plant

DiBiOP di-isobutyl isooctyl phosphate

FBTR fast breeder test reactor

FBR fast breeder reactor

FR fast reactor

FRFR fast reactor fuel reprocessing

FRP fuel reprocessing plant

FRSF fast reactor spent fuel
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HAN hydroxylamine nitrate
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H2MBP monobutyl phosphoric acid

HNP heavy normal paraffin

LOC limiting organic concentration

LWR light water reactor

PFBR prototype fast breeder reactor

PFR prototype fast reactor

RTD residence time distribution

TAP tri-n-amyl phosphate

TBP tri-n-butyl phosphate
THP tri-n-hexyl phosphate
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TiBP tri-isobutyl phosphate

TR thermal reactor
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TRSF thermal reactor spent fuel
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9.1 Introduction

The fully closed nuclear fuel cycle is arguably the most attractive nuclear energy option

for meeting the global needs for increased power generation capacities, both in terms of

sustainability and economics, and for meeting the requirements of addressing green-

house gas emissions. Spent nuclear fuel reprocessing is the vital activity that closes

the fuel cycle, with reprocessing plants designed to recover and recycle both

the uranium and the plutonium from the spent fuel. The recovered plutonium is used

more efficiently in fast reactors (FRs) than in thermal reactors (TRs) and it can also

be recycled more than 10 times in FRs compared to a maximum of 2 or 3 times in

TRs without losing its utility as a fuel. Accordingly, plutonium utilization in FRs (or

“plutonium multirecycling”) is being pursued in many countries such as Russia, India,

and France.

In the reprocessing of fast reactor spent fuel (FRSF), although plutonium concen-

trations are higher than thermal uranium oxide or mixed oxide fuels, the chemistry

involved is not very different from that of thermal reactor fuel reprocessing (TRFR).

However, due to the higher specific radioactivity associated with spent FR fuels and

the solution chemistry of plutonium, modifications are required in the reprocessing

flow sheet. These aspects along with other challenges involved in the design of fast

reactor fuel reprocessing (FRFR) are enumerated in the following sections.

9.2 Differences between thermal and fast reactor spent
fuel reprocessing

Cooling of spent nuclear fuel, prior to reprocessing, offers substantial advantages as

both the levels of radioactivity and decay heating involved are markedly lower. Spent

fuel storage to give cooling periods of not less than 5 years is a general norm, though in

reality it is usually well beyond that period. Such storage is well demonstrated inter-

nationally as large storage facilities, which are either wet or dry, have been in oper-

ation for over 50 years in many countries. However, in countries such as India, where

the natural uranium resources are limited and the required rate of energy growth is

high, the fuel has to be recycled as quickly as possible. Less than 2 years is the targeted

cooling period as this would reduce the inventory of plutonium locked up in the sys-

tem. Accordingly, the radioactivity of the spent fuel to be processed in the FRFR plant

will be at least an order of magnitude higher than that seen in TRFR plants, as will the

associated decay heating.

Reprocessing aims for quantitative recovery of uranium and plutonium from the

spent reactor fuel in the required form together with extraction and storage of the fis-

sion products. The objective is also to separate fissile materials to enable conversion

into new fuel elements for reactors. The product purities required from the two types

of reprocessing plants (thermal and fast) are decided by the in-reactor neutron absorp-

tion characteristics of the impurities in the fuel and the radioactivity associated with

the impurities, which could result in personnel exposures during the downstream con-

version and fuel fabrication operations. As the neutron absorption cross sections of
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most of the nuclides are higher in the thermal spectrum than in the fast spectrum, there

can be a relaxation in the contamination levels of many of the nuclides for the FR

fuels. As the processes of conversion and fabrication operations are similar for both

types of reactor fuels, the radioactivity levels of both types of the products should be

the same, unless greater levels of shielding are to be used in downstream plants.

For FRSF, due to plutonium content being more than an order of magnitude greater

compared with TRSF, the decontamination factor (DF) required for plutonium-

uranium separation is higher. However, there can be some relaxation in levels of

the allowable concentrations of uranium in the plutonium product. This is because

the core will contain a mixture of uranium and plutonium. Thus, this would call

for limits on the band of concentration in the product in order to optimize the process

conditions for making acceptable powders in the fuel fabrication plant. However, in

reactors where there is a uranium blanket, the specification of the uranium product

would be almost the same (with tight control over the concentration limits of alpha

emitting nuclides, particularly plutonium) as the major quantity of the reprocessed

uranium product would be required for blanket fuel manufacture without glove

box-type operations (depending on the source of the uranium). There can be variation

between different reprocessing plants depending upon the burn up, cooling period, and

the fabrication technology. Typical optimized minimum product specifications for

FRFR plants with around 10% atom burn up and an approximately 2-year cooling

period are given in Table 9.1.

9.3 Adaptation of the PUREX process for high plutonium
bearing spent fuels

Nuclear fuel reprocessing has been carried out since the early 1950s on a commercial

scale almost exclusively by solvent extraction based on the plutonium-uranium extrac-
tion or PUREX process. The experience, both in terms of performance and safety, has

been highly satisfactory (International Atomic Energy Agency, 2006). The time-tested

PUREX process is, therefore, also deployed for FRFR. A simplified process flow sheet

is given in Figure 9.1. Themajor process steps in reprocessing using PUREXprocess are

l Headend treatment
l Solvent extraction
l Reconversion
l Vitrification

Table 9.1 Typical product specifications for fast reactor fuel
reprocessing plants

Product

Gross bg activity due to

fission products (Bq/g) Separation between U and Pu

Uranium <104 <0.4 mgPu/gU

Plutonium <106 Uranium is not an impurity (potential to be

producing Pu/U mixed product)
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The activities involved in all these process steps are generally similar for the repro-

cessing of both thermal and FR fuels but with some exceptions in the first two steps,

namely, headend treatment and solvent extraction. Only the major differences in these

two steps are discussed in detail in the following sections.

9.3.1 Headend treatment

In this step, the fuel is declad or chopped and then dissolved in nitric acid, and the

resulting solution is filtered to remove the undissolved particles and clad fines. Con-

ditioning of the resulting solution is then carried out so that the dissolved fuel solution

is at the required acidity and the valency states of uranium and plutonium are suitable

for the subsequent solvent-extraction process.

Spent
fuel

Pu purification
cycles

Dissolution
Feed 

clarification

Coextraction cycle

Chopping

U-Pu partition
cycle

Off gas
treatment

Feed 
preparation

Conversion to
 Pu oxide 

Conversion to
uranium oxide

Solvent cleanup

Liquid
waste

Liquid waste

Gaseous effluent

Pu oxideU oxide

Subassembly
dismantling Fuel pin

Evaporation

Evaporation

Liquid waste

Insolubles

U purification
cycles 

Hulls

Solvent
cleanup 

Liquid waste

Figure 9.1 Schematic PUREX process flow sheet for thermal or fast reactor reprocessing

(yellow (light gray in print version) arrows indicate product streams and pink (dark gray in print

version) arrows indicate waste streams).
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9.3.1.1 Chopping

Chemical decladding is not an appropriate choice for FRSF reprocessing because the

cladding is stainless steel, which is difficult to dissolve with conventional chemical

reagents. The mechanical chopping of fuel, which is widely adopted for TR fuels, will

be different for FRFR. This is because, as the fuel pins are slender in dimension, they

would be crimped at the ends if bundled chopping were carried out. In thermal oxide

reprocessing plants, where the bundle pin chopping is practiced, the crimping is not a

serious issue as the fuel pins are larger in diameter. As this will result in slower or

incomplete dissolution, either single pin chopping or multipin chopping of a linear

array of pins is preferred for FR fuels. The presence of spacer wire around the fuel

pins also poses challenges during chopping.

9.3.1.2 Dissolution

Dissolution is the most difficult step in FRFR containing high concentrations of plu-

tonium. Generally, 6 mol/L nitric acid will be adequate for dissolution of most of the

spent fuels from light water reactors (LWRs), while more aggressive conditions would

be required for dissolving spent FR fuels.

In 1980, Ryan and Bray (1980) gave an account of the problem of dissolving plu-

tonium oxide from a thermodynamic standpoint. Their work showed that pure PuO2 is

not only kinetically difficult to dissolve in nitric acid, but also thermodynamically

impossible in nitric acid solutions below about 4 mol/L. Fluoride ions were used based

on their ability to complex Pu(IV) in strong acidic solutions where fluoride acts to

increase both the rate of PuO2 dissolution and its thermodynamic solubility (Scott

Barney, 1977). The formation of the Pu(IV) fluoride complex influences the dissolu-

tion process. Hence, the fluoride concentration often must exceed the final dissolved

plutonium concentration.

Subsequently, based on the studies to eliminate corrosive reagents like HF, a

method based on cerium(IV) (Horner et al., 1977) was developed. This is attractive

because it avoids the usage of corrosive fluoride ions. Also, it was found to be superior

to other strong oxidants, including ozone, permanganate, persulfate, and Ce(III).

During dissolution, Ce(IV) gets reduced to Ce(III) which can be reoxidized in situ
by electrolysis. The main disadvantage of this method is the increased consumption

of Ce(IV) by the other oxidizable FPs such as ruthenium (Harmon, 1975).

Ryan and Bray proposed a concept to dissolve PuO2 and PuO2
2+ ions by using

electrical energy (Ryan et al., 1990). They named it CEPOD (catalyzed electrolytic

plutonium oxide dissolution). In this process, PuO2 is dissolved in an anolyte

containing small (catalytic) amounts of elements that form kinetically fast, strongly

oxidizing ions. The oxidizing ions are regenerated at the anode; they act in a cata-

lytic manner, carrying electrons from the solid PuO2 surface to the anode of the

electrochemical cell.

Important conclusions that can be drawn from the published literature

(Clark and Gens, 1961; Burch, 1982; Cleveland, 1964; Vaughen and Goode, 1979;
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Bourges et al., 1986; Veleckis and Hoh, 1991; Woltermann et al., 1973) for the design

of processes for the efficient dissolution of plutonium-rich oxide fuels follow:

l Initial dissolution rates depend on nitric acid concentration and solution temperature (Taylor

et al., 1963).
l Plutonium-lean spent fuels (less than 5% or so) can be dissolved in a similar manner to UO2

in nitric acid (Steward and Gray, 1994).
l Spent fuel with plutonium content above 35% of the total heavy metal content needs aggres-

sive conditions for dissolution (Uriarte and Rainey, 1965).
l Irradiation renders the fuel more brittle proportionate to the burn up due to the gaseous fis-

sion products, decay heat, and neutron flux (Finney et al., 1969). Therefore, when agitated

physically, small fragments of fuel particles are released out of the chopped fuel pin into the

acid medium, which dissolve faster than the fuel particles inside the chopped pin. Thus, irra-

diation enhances dissolution rate.
l Irradiation also leads to the formation of certain alloys in the spent fuel comprised of the

noble metals and actinides leading to high undissolved residues (Campbell et al., 1984).
l Voloxidation, in general, enhances dissolution rate, but also increases the amount of pluto-

nium left in the undissolved residue (Vaughen and Goode, 1972).

When plutonium-rich mixed carbide fuel was considered for the fast breeder test

reactor (FBTR) in India, it was thought that the 70% plutonium-rich FRSF cannot

be dissolved in pure nitric acid to produce a solution suitable for solvent extraction.

However, the CORAL (Indian pilot-scale reprocessing plant) operating experience

has revealed that reflux heating in boiling concentrated nitric acid without any oxidiz-

ing or reducing agent could not only dissolve the fuel completely but also sufficiently

remove the carbon present from the carbide matrix (thus avoiding formation of

organics that can potentially interfere in subsequent solvent-extraction steps)

(Natarajan and Raj, 2007). Also, dissolution of this fuel does not require fluoride, even

though it contains as much as 70% plutonium. Thus, the experience of reprocessing

mixed carbide fuels is entirely different from that of oxides. Very limited experience is

available for metal matrices.

The issue of criticality control in the dissolver also becomes more onerous in FRFR

due to the presence of higher amounts of plutonium, making it more challenging to

design the dissolver. However, the treatment of off-gases from the dissolution process

is similar to that of thermal spectrum spent fuel.

9.3.1.3 Feed clarification

Under conditions of boiling nitric acid, all the fuel material dissolves leaving a small

quantity of fine residues that mainly consists of noble metal alloys with small quan-

tities of plutonium (Kolarik, 1991a; Vondra and Crouse, 1979). The quantity of this

undissolved material depends upon the nature of the fuel, burn up, and plutonium con-

tent. However, these residues generally increase with burn up and plutonium content.

Typically, this quantity can be as high as 0.74% in FR fuels (Anderson et al., 1994).
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While processing the mixed (U,Pu) carbide fuel discharged from FBTR in

CORAL, the dissolver solution contained some black particles, which could be

carbon-based compounds but the plutonium content in the undissolved solids was very

low. The dissolver solution needed to be treated for removal of these fine particles

before being fed to the solvent-extraction process. While, feed clarification in thermal

reactor spent fuels is required for removing the clad fines, it is required for the removal

for undissolved fuel particles in FRSF. It has been found from operating experience

that filtration reduces the maintenance requirement of downstream solvent-extraction

equipment such as centrifugal extractors (CEs).

9.3.1.4 Conditioning

Conditioning is done to adjust the acidity to a suitable concentration that enables high

recovery of uranium and plutonium and optimum fission product decontamination in

the first solvent-extraction step. Because dissolution requires a high acidity of around

6 mol/L, and because 3-4 mol/L is normally used in solvent extraction for FR fuels

containing higher concentrations of plutonium, the acidity of the dissolver solution

has to be adjusted to the required value.

Under the highly oxidizing conditions of dissolution, plutonium exists mostly in

the VI valency state but, to ensure high recovery, plutonium must be converted

to the IV valency state, as the distribution coefficient of Pu(IV) is higher. Because

plutonium also exists in III and VI oxidation states, conversion of all plutonium to

the IV valency has to be done prior to solvent extraction. This is carried out either

chemically or electrolytically. Sparging with NO2 gas is the most common practice

for this conversion. The earlier practice of using NaNO2 for in situ generation

of NO2 for conditioning is avoided in most of the recent plants as that increases

the quantities of solid wastes. The following reactions are involved in the conversion

(Flagg, 1961):

PuO2+
2 +NO�

2 + 2H+ ! Pu4+ +NO�
3 +H2O

Pu3+ +NO�
2 + 2H+ ! Pu4+ +NO+H2O

6Pu3+ + 2NO2
� + 8H+ ! 6Pu4+ +N2 + 4H2O

The same conversion can be carried out electrochemically, which involves the follow-

ing reactions:

Pu3 + ! Pu4+ + e�, E¼�0:914V

Pu6+ + 2e� ! Pu4+ , E¼ 1:054V

Though studies have shown that electrolytic conditioning is possible, this has not been

introduced in any of the commercial-scale plants so far.
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9.3.2 Solvent-extraction step

The solvent-extraction step consists of two stages: (a) purification of uranium and plu-

tonium from the fission products and (b) the separation of uranium and plutonium from

one another. In both these stages, there are differences between TRFR and FRFR.

9.3.2.1 Purification stage

The difference in the design of this step is primarily due to the increased radioactivity

of the feed solution and the increased plutonium concentration.

Increased radioactivity of the feed solution
Even though the concentration of fission products are higher at 10-15% in FRs com-

pared to 0.6-5% in thermal reactor spent fuels, which is due to the increase in the burn

up, most of the fission products are easily removed in the purification step except a

few elements such as cerium, europium, ruthenium, and zirconium. Table 9.2 gives

the DFs required for these fission products for the two types of spent fuels.

The increased requirement in FR reprocessing arises from the shorter cooling

period and the difference in the fission product distribution, which depends on the type

of fissile nuclide (whether it is 235U or 239Pu) and also on neutron energy (thermal or

fast). For example, 106Ru yield is around six times higher (Figure 9.2) (JEFF-3.1,

2006; Koning et al., 2006) in a fast spectrum. As the thermal reactor spent fuels

are taken up for reprocessing well beyond 5 years, 95Zr with 65 days half-life does

not pose any problem as a contaminant in the products of TRFR plants, while the same

is not the case with FRSFs for the specific case of a 2-year cooling period. In addition

to the fission products, the activation products, particularly 54Mn and 60Co, in the

stainless steel clad, which gets leached during the dissolution, also need decontami-

nation. TR fuels do not have this problem because zircaloy is used as the clad.

As cerium and europium have very low distribution ratios under the PUREX pro-

cess conditions, the required additional DFs in reprocessing FRSFs can be easily

achieved by modifying the scrubbing conditions. Because zirconium and ruthenium

Table 9.2 Typical decontamination factors for selected fission
and activation products required for thermal reactor and fast
reactor reprocessing

Nuclide Thermal reactor spent fuel DF Fast reactor spent fuel DF

144Ce �104 �106

155Eu �103 �104

106Ru �104 �106

95Zr - �104

60Co - �105

54Mn - �104
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have more complex process chemistry, they must be studied in detail and the flow

sheet requires modifications to obtain the additional DFs. Hence, the issues connected

with these nuclides are discussed in the following sections in greater detail.

Decontamination of zirconium
95Zr has a half-life of 65 days and is in transient equilibrium with 95Nb (half-life of

35 days). As the thermal reactor spent fuels are reprocessed after relatively long cool-

ing periods, obtaining the required DF for zirconium is not difficult. However, for

FR fuels with only a 2-year cooling period and higher concentrations of zirconium

in the feed, the process flow sheet will require modifications to improve zirconium

decontamination. This problem is compounded by the fact that as the plutonium

concentrations are high the acid profile in the primary extraction section needs to

be higher than in thermal reactor spent fuel reprocessing flow sheets, which favors

zirconium extraction. Hence, the scrub section must be suitably modified to obtain

the required zirconium DF.

Also the degradation products of tri-n-butyl phosphate (TBP), such as dibutyl phos-
phate (DBP), extract zirconium leading to a reduction in DFs. One way to overcome

this problem is to reduce the concentration of such degradation products by using short

residence time contactors. Complexing with fluoride ions is another method that has

been successfully exploited (Breschet and Miquel, 1971; Chesne and Germain, 1992)

to improve the decontamination. It has also been reported (Jones, 1987) that at lower
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Figure 9.2 Fission yield data for 235U and 239Pu nuclides.
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acidities and elevated temperatures, zirconium undergoes hydrolysis leading to the

formation of species of the type Zr(OH)x(NO3)4�x, which tend to polymerize and

severely affect the distribution reactions. Niobium, 95Nb, which is in transient equi-

librium with 95Zr, although normally inextractable has been found to extract in the

presence of silica (Hyder et al., 1979).

Decontamination of ruthenium
In typical FR fuels, about 95% of ruthenium activity would be due to 106Ru and the

remainder due to 103Ru. As the half-life of 106Ru is 368 days, the DF required for ruthe-

nium is high even for fuels with less than 5 years of cooling. A significant quantity of

ruthenium has been found (Ramanujam et al., 1978) to be present as undissolved residue

in the dissolver. Ruthenium behavior in the PUREX process has been extensively stud-

ied (Pruett, 1984; Swain et al., 2013). Ruthenium has been found to exist in several

forms and the interconversion between forms is very slow. Higher acidity and temper-

ature are found to improve the DFs of ruthenium. Also, fast extraction and slow scrub-

bing are recommended for getting higher decontamination, due to slower extraction

kinetics. PUREX reprocessing plant experience has indicated that DFs of 102-104

can normally be achieved (Fletcher and Scargill, 1965). When it comes to the reproces-

sing of high burn up FRSFs, ruthenium will be a major issue as the DFs required will be

one to two orders of magnitude greater, especially for short cooled fuels.

Thus, based on the above analysis, a dual scrub flow sheet with the required acid

profile has been proposed and demonstrated at the laboratory scale to meet the

necessary DFs for zirconium and ruthenium (Natarajan, 2011). In this flow sheet,

extraction is carried out at moderate acidities (optimized for plutonium recovery),

with scrubbing sections at lower acidity for zirconium removal and higher acidity

for ruthenium removal.

Increased concentrations of plutonium
The plutonium concentration in thermal reactor spent fuel is 0.3-1.5% of the total

heavy metal (uranium and plutonium) while in FRSF it is around 25-30%. Due to this

higher concentration of plutonium in FRSF, there are challenges due to formation of

third-phase during solvent extraction. This arises due to the limited solubility of the

plutonium-TBP complex in the diluent, the organic phase separates into two when the

plutonium concentration exceeds certain values. Apart from causing difficulties in the

operation of the extraction unit, this phenomenon introduces safety-related issues such

as nuclear criticality due to the potential accumulation of plutonium in the third phase.

Several studies (Kolarik, 1991b; Srinivasan et al., 1986; Nakashima and Kolarik,

1983; Wilson and Smith, 1987; Manson et al., 1987; Vasudeva Rao, 1994; Vasudeva

Rao and Kolarik, 1996) have been carried out on the solubility limits of plutonium

(IV) in TBP. The limiting organic concentration (LOC) of Pu(IV) is found to increase

with temperature, acidity, and concentration of other extractable species. Also, the

LOC increases with increased branching of the alkyl group or decreasing chain length

of the diluent or the presence of an aromatic or polar solvent. Based on the above stud-

ies, under the process conditions prevailing in FRFR, a limit of 45 g/L of plutonium is

kept as the safety limit, with an upper limit of 30 g/L under normal operating
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conditions. This value is strongly dependent on temperature, uranium concentration,

acidity, and percentage of TBP (Kolarik, 1991c).

In addition to the above parameters, it should also be noted that choice of appro-

priate extraction equipment is necessary. Because the extraction reactions are fast,

CEs, which have low residence times, are chosen for the purification cycle of FRSFs

to reduce the radiation damage to the solvent. Also, these units can be designed for

criticality safety with a single parameter “ever-safe geometry” as the dimension of

a stage would be within 50 mm.

9.3.2.2 Separation of uranium and plutonium

In the separation section, conventionally plutonium is separated from uranium by

reducing it from the extractable Pu(IV) to the inextractable Pu(III) state with

hydrazine-stabilized uranous nitrate as the reducing agent. Due to various side reac-

tions, the uranous consumption is generally 10-15 times the stoichiometric require-

ment. This is not a serious problem in TRFR as the concentration of plutonium is

low. But in FRFR with significant concentrations of plutonium present, optimal

use of uranous is required to reduce the uranium load in the plant. To meet this chal-

lenge, a flow sheet with multiple uranous streams has been postulated and tested in

IGCAR, which demonstrated that the stoichiometric requirement of U(IV) can be

reduced to around two to four times. The typical flow sheet is given in Figure 9.3.

It is found that technetium decreases the effectiveness of the uranous nitrate reduc-

tion process by catalytically destroying hydrazine, which is used as the scavenger for

NO2. Process flow sheets have been developed (Miles, 1993) to remove the coex-

tracted technetium from the loaded organic prior to partitioning; this has been

Org. uranium
product

Organic scrub
Flow: 1

Aq. plutonium
product

1101420

Org. feed
Flow: 1.1
U(VI): 52.43 g/L
Pu(IV): 21.42 g/L
HNO3: 0.74 M

Reductant 3
Flow: 0.333
U(IV): 3.9 g/L
U(VI): <0.4 g/L
HNO3: 0.47 M
N2H4: 0.5 M

Reductant 2
Flow: 0.333
U(IV): 33.9 g/L
U(VI): < 3 g/L
HNO3: 0.67 M
N2H4: 0.5 M

Reductant 1
Flow: 0.333
U(IV): 33.9 g/L
U(VI): < 3 g/L
HNO3: 0.67 M
N2H4: 0.5 M

Figure 9.3 Typical U-Pu separation flowsheet with optimal U(IV) requirement.
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incorporated (Fournier et al., 1992) in the UP3 plant in France. This typically involves

a separate scrub with 5-6 mol/L HNO3 which improves technetium removal. Though

uranous-based reduction is the popular method of separating uranium and plutonium,

there are other options that are being contemplated such as the hydroxylamine nitrate

(HAN)-based process and the electrolytic reduction process.

Partitioning using HAN
HAN was adopted as the plutonium reductant in the PUREX second cycle during the

early 1970s (MalvynMcKibben and Bercaw, 1971). HAN also destroys nitrite, but the

reaction is slower at lower acidity (Scott Barney, 1971). HAN had been shown to

reduce not only plutonium (IV), but also iron (III). The relevant stoichiometric reac-

tions are given below:

2NH3OH
+ + 4Pu4+ ! 4Pu3+ +H2O+N2O+ 6H+

2NH3OH
+ + 4Fe3 + ! 4Fe2+ +H2O+N2O+ 6H+

The above reactions are slower than the corresponding reactions of ferrous sulfamate

(FS) which was also employed as a reducing agent in U/Pu partitioning (Malvyn

McKibben et al., 1983), but they are much faster at lower acidity (Scott Barney,

1976). This suggests that it is possible to use a mixture of FS-HAN, with much lower

FS concentration, instead of FS alone in the first cycle. Hence, the use of HAN along

with FS has been tried in the Savannah River plant in the United States to reduce the

quantity of FS, and it has been reported that up to 50% reduction has been achieved.

The disadvantage with HAN is that it decomposes at higher acidities and so lower

acidities are required for partitioning. Hence, the reduction has to be carried out at lower

acidity, which also is favorable from the reaction kinetics point of view. However, han-

dling Pu(IV) under low-acid conditions is complicated as Pu(IV) can polymerize at

lower acidity, which, if not avoided, can lead to unwanted problems in the flow sheet.

Partitioning by electrolytic reduction
Toavoid the external addition of uranous nitrate, in situgeneration by electrolyticmeans

has gained importance. In this process,U(VI) and Pu(IV) in the loaded organic phase are

stripped when it is contactedwith a solution containing low concentrations of nitric acid

and hydrazine. Pu(IV) will be stripped to a greater extent compared to U(VI) because of

its lower distribution ratio. In the settler where electrolytic reduction takes place, U(VI)

is reduced to U(IV) at the cathode to a greater extent because of its lower EO value, but

also Pu(IV) is reduced to Pu(III) to some extent. As the solution moves from stage to

stage, the reduction of Pu(IV) continues by the production of U(IV) in those stages. This

significantly reduces the requirement for external uranous nitrate feed.

The process has been studied and implemented both in mixer-settler (Pandey and

Koganti, 2004) as well as in pulsed column (Salunke et al., 2005) types of equipment.

Under the conditions prevailing in the equipment, hydrazine gets converted to HN3 as

well as NH4NO3, which poses safety issues as both are explosive. Electroreduction

without adding hydrazine has been attempted at lower acidities (Schmieder and

Petrich, 1989).
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Partitioning by complexation
Complexation of Pu(IV) in a hydrophilic complex, rather than reduction to inextractable

Pu(III), has been proposed as an alternate approach for the partitioning of plutonium

from uranium (Birkett et al., 2005). A major advantage of complexant-based stripping

is that there is no need for the addition of a stabilizing agent such as hydrazine. The

organic ligand acetohydroxamic acid (AHA) has recently been developed for this pur-

pose (Taylor et al., 1998). AHA forms aqueous phase complexes of higher stability with

Pu(IV) thanwith U(VI), which remains in the organic phase complexed by TBP. But the

drawback of AHA is that it can also undergo hydrolysis, slowly leading to the formation

of hydroxylamine, which reduces Pu(IV) to Pu(III), and acetic acid, which would inter-

fere with the subsequent purification of the plutonium product (Carrott et al., 2007).

Nevertheless, solvent-extraction flow sheets using AHA to separate plutonium from

uranium have been successfully tested (Govindan et al., 2008a; Kumar and Koganti,

2008) even up to FR concentrations of plutonium (Eddie Birkett et al., 2007).

9.3.3 Auxiliary process steps

In addition to the above main process-related issues, there are a few steps in the

auxiliary process, such as in the treatment of solvent for recycling and in the waste

evaporation cycles, which require careful consideration in the design of the FRFR

flow sheet.

9.3.3.1 Solvent recycling

Both solvent and diluent get degraded during the solvent-extraction process. At one

time, due to this phenomenon, there was a question over whether the PUREX process

would be applicable for FRFR. A brief description of the degradation process, its

impact, and possible remedial measures are described below.

9.3.3.2 Solvent degradation

Problems related to solvent degradation are well known in the PUREX process, but in

FRFR the problems are more severe due to the very high radiation field, the presence

of elevated concentrations of plutonium, which would increase solvent degradation by

alpha radiolysis, and the higher acid conditions, which would degrade the solvent

by acid hydrolysis. On contact with nitric acid, TBP is degraded by hydrolysis or

dealkylation. The reactions involved are

C4H9ð Þ3PO4 +H2O!H C4H9ð Þ2PO4 + C4H9ð ÞOH

H C4H9ð Þ2PO4 +H2O!H2C4H9PO4 + C4H9ð ÞOH

H2C4H9PO4 +H2O!H3PO4 + C4H9ð ÞOH

The rates of the above reactions increase with both the concentration of nitric acid and

the temperature (Burger, 1955; Moffat and Thompson, 1961). In hydrolysis, the pri-

mary products are butyl alcohol and dibutylphosphoric acid (HDBP), monobutyl
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phosphoric acid (H2MBP), and phosphoric acid (H3PO4). In dealkylation, the initial

products will be butyl nitrate and HDBP:

C4H9ð Þ3PO4 +HNO3 !H C4H9ð Þ2PO4 + C4H9ð ÞNO3

The butyl nitrate subsequently slowly hydrolyzes to form butyl alcohol. Butyl alcohol

and butyl nitrate are volatile and enter the off-gas system and, unless captured, would

be vented through the stack. It is also known that butyl alcohol under certain condi-

tions can lead to the formation of butyl nitrate, which could lead to explosion. Under

normal design conditions even though it is formed and could accumulate in some

low-temperature region of the off-gas system, the quantities are too small to be of

any consequence.

The solvent also contains extracted metal ions that can accelerate the degradation

of TBP by nitric acid; zirconium, which is present as a fission product, greatly accel-

erates the degradation of TBP to HDBP (Schulz et al., 1984a).

Radiation degradation of the TBP-diluent-HNO3 system depends on many factors,

including the presence of uranium and oxygen (Stieglitz et al., 1968; Novak et al.,

1977; Nowak et al., 1979; Kulikov et al., 1983). The significance of radiation degra-

dation relative to that by nitric acid depends on many factors peculiar to each PUREX

plant design (Schulz et al., 1984b).

Extensive investigations have been carried out on solvent degradation, and a num-

ber of excellent reviews have been published (Naylor, 1967a; Blake, 1968; Healy,

1961; Mailen and Tallent, 1984a). The degradation products (Markov et al., 1993)

of TBP, namely, DBP, MBP, and H3PO4, form complexes with zirconium, niobium,

ruthenium, and plutonium that lead to reduced recoveries of uranium and plutonium

and lower the DFs. The degradation products are found to cause emulsions, interfacial

cruds, and precipitates (Stieglitz and Baker, 1982), which lead to difficulties in the

smooth operation of extraction equipment. Because the concentrations of Pu(IV)

and Zr(IV) are higher, the degradation products of TBP in FRFR are increased and

the removal of these degradation products needs additional attention.

9.3.3.3 Diluent degradation

The impacts of diluent degradation are more related to the recycle of the solvent rather

than deleterious effects on the process operation, as with the degradation of the TBP

extractant. The principal diluent degradation products positively identified are as

follows (Tallent et al., 1984, 1985):

l Aliphatic nitro compounds, which result from nitration by nitric acid or nitrous acid.
l Aliphatic carboxylic acids, resulting from oxidation reactions of nitric acid and nitrous acid.
l Aliphatic nitroso compounds, produced by the action of nitrous acid on secondary nitro

compounds.
l Ketones and aldehydes, which may be intermediates in the oxidation reactions that lead to

carboxylic acid formation.

It is considered prudent to choose a diluent that has a lower tendency to form sec-

ondary degradation products. Note that diluents such as hydrogenated propylene
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tetramer and odorless kerosene are a special category of diluent found to have a

reduced tendency for third-phase formation (Plaue et al., 2006).

9.3.3.4 Remedial measures

One approach for reducing the rate of degradation is to reduce the time of contact in

solvent extraction by the proper choice of equipment. Even then, due to higher acid-

ities it is possible that degradation will occur. This can be addressed by providing suit-

able solvent-treatment procedures.

Several methods of solvent cleanup or “washing” have been investigated and

deployed at plant scale (Naylor, 1968) to treat the spent solvent. Solvent wash aims

at reducing the radioactivity of the solvent, recovering residual plutonium and

uranium, and removing degradation products; thus, enabling the treated solvent to

be recycled and, thereby, reducing the requirement for fresh TBP and organic waste

volume generation.

Some of the important techniques are (a) washing with Na2CO3 (Naylor, 1967b),

(b) washing with hydrazine or hydrazine carbonate (Goldacker et al., 1976a) or

hydrazine oxalate (Tallent and Mailen, 1982), (c) washing with hydroxylamine salts,

(d) washing with tetra methyl ammonium hydroxide, (e) washing with ammonium

carbonate (Govindan et al., 2008b), (f) use of solid sorbents, and (g) vacuum distillation.

The most common solvent wash reagent utilized in the past has been sodium car-

bonate solution, but PUREX plants have reported occasional failure of solvent treat-

ment due to formation of emulsions (Orth and Olcott, 1963). This is primarily due to

the secondary long chain degradation products as well as other complexants that are

not removed by any basic solvent-treatment system. Moreover, the solid waste pro-

duced due to this treatment is significant; typically, for every ton of fuel processed

there may be as much as 100 kg of NaNO3 generated (Goldacker et al., 1976b;

Tallent, 1982). Recovery of U/Pu from the NaCO3 wash has been reported to be very

difficult and requires drastic conditions such as boiling with 1 mol/L UO2(NO3)2 in

6 mol/L HNO3.

Hydrazine and its salts have advantages (Mailen and Tallent, 1984b), as they can be

converted into gaseous products. Alternative approaches, based on the use of hydrazine

or hydrazine carbonate or hydrazine oxalate, have been reported. Though these reagents

reduce the quantity of solid waste substantially, the main disadvantage of these reagents

is instability even at room temperature and difficulty in preparation and storage. More-

over, there are potential hazards including the possibility of reaction with nitric or

nitrous acids (Cotton and Wilkinson, 1972), giving rise to sudden release of gases.

Hydrazine carbonate is being tested for the recycle of the lean solvent that is generated

in FBTR fuel reprocessing in the CORAL facility in India. This step is preceded by

washing with oxalic acid to remove and recover plutonium from the lean solvent. Initial

results (Natarajan et al., unpublished result.) are very encouraging.

In the case of hydrazine oxalate, apart from the potential hazards of hydrazine salts,

it also has the drawback of loss of plutonium in the filtrate during the preconcentration

step due to oxalate complex formation. This complex cannot be destroyed easily.
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The use of tetra methyl ammonium hydroxide as an alternative solvent wash has

also been reported in the literature (Naohito et al., 1989) but the costs of tetra methyl

ammonium hydroxide are considered to be a disadvantage.

In the reprocessing of TR fuels, with low plutonium content, low burn up, and low

acidity compared with FBR fuels, there is less solvent degradation. Hence, solvent

washing with ammonium carbonate or hydrazine carbonate has been found to be a

suitable option that avoids crud formation during washing as compared to Na2CO3.

Solid sorbents such as silica gel treated with NaOH or PbO2, hydrous titanium

oxide, activated alumina, and macroreticular resins such as Amberlyst A-26 have also

been explored for the cleanup of the solvent (Healy, 1961).

Another purification step developed (Ginisty and Guillaume, 1990) in France and

successfully implemented in the UP3 plant at La Hague involves evaporation and dis-

tillation. This is designed to take care of diluent-solvent secondary degradation prod-

ucts. Evaporation removes the heavy polymers while distillation, which is carried out

under vacuum, removes the lighter ones. In the regular plant operation, a small frac-

tion of the lean solvent is treated continuously and the purified solvent is mixed with

the bulk. This method consists of washing the solvent with suitable reagent, vacuum

dehydration, vacuum distillation, and vacuum fractionation of the distillate to get

diluent and TBP fractions.

9.3.3.5 Waste volume reduction

The FRFR separation flow sheet uses lower concentrations of heavy metals to avoid

the risk of third-phase formation. Consequently, higher volume reduction factors are

required to concentrate the high active raffinate wastes. These volume reduction fac-

tors call for killing the acid so that the acidity of the concentrate is lower than 6 mol/L.

The most widely used acid killing agent is formaldehyde, which reacts with nitric acid

as per the following reaction:

HCHO+4HNO3 !CO2 + 3H2O+ 4NO2

This reaction has an incubation period at lower temperatures, which can lead to a

sudden release of energy. As the reaction is instantaneous at higher temperatures

(e.g., 90 °C), the acid killing is carried out generally in the waste concentrators while

evaporation is taking place. It is found that there is severe frothing during evaporation

of waste solutions, leading to lower DFs (with respect to radioactivity) of condensates.

As frothing is a function of salt concentration, design of the concentrators should take

into consideration this factor as the FRFR raffinates generally would have higher salt

strengths. Published literature in this area is very limited.

Furthermore, as TBP undergoes degradation it can form explosive alkyl nitrates

such as butyl nitrate, which decomposes rapidly under certain conditions. It is

observed that a mixture of TBP and nitric acid when heated, under certain conditions,

changes color from amber to red due to the formation of nitrated organics. This

compound is called “red oil.” It is observed that this could generate heat and large
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amounts of detonable vapor and is a matter of serious concern in the safety of the plant.

Three red-oil incidents have happened in the plants in the United States and in Russia

(IAEA, 1998). Based on large amounts of data collected (Colvin, 1956; Rudsill

and Crooks, 2000; Cowan, 1994) on the red-oil formation, it is found that the risk

of red-oil runaway reaction is extremely low at temperatures below 130 °C and so

the temperature of the evaporator is always kept below this limit during all operating

conditions.

9.4 Additional considerations in the design of fast reactor
fuel reprocessing plants

9.4.1 Additional considerations in the selection of material
of construction

In FRFR, where the dissolution of high plutonium bearing refractory fuels require

highly oxidizing conditions (Palamalai, 1988), titanium alloys and zirconium are

appropriate materials of construction for these applications (Kamachi Mudali et al.,

1993). Though zircaloy is being used in the UP-3 and Rokkasho reprocessing plants

in France and Japan and titanium in the Tokai Mura reprocessing plant in Japan, aus-

tenitic stainless steel is still used in other thermal reactor reprocessing plants such as in

THORP in the United Kingdom.

Based on a review of past experience, zircaloy appears to be the most suitable

choice of construction material for dissolvers, acid, uranium, and plutonium concen-

trators and waste evaporators for realizing the design life of reprocessing plants; while

in the rest of the plant 304 L, stainless steel would be adequate.

9.4.2 Additional considerations for auxiliary systems

Additional considerations in the design of plants for FRFR arise from the presence of

high concentrations of plutonium. Hence, even in the first extraction cycle itself, plu-

tonium concentration is high along with high g-active fission products, unlike in

TRFR. Thus, preventing the spread of a-contamination due to handling higher pluto-

nium should be inherently built-in the design. This requires special design consider-

ations to enable the maintenance of master-slave manipulators. Similar considerations

would be required while taking out other systems or materials either on removal for

maintenance or for replacement.

Another major challenge in the design of these reprocessing plants is nuclear

safety. In order to prevent any criticality accident that may cause a sudden burst of

intense neutron and gamma radiation dose to operating personnel, it is necessary to

prevent the accumulation of fissionable material to a critical mass by suitable design

features. Online monitoring of the inventory of plutonium in process vessels is an

additional challenge in the FR reprocessing plants.
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9.5 Status of fast reactor spent fuel reprocessing

FR fuels with high plutonium contents have been reprocessed in France, the United

Kingdom, India, Germany, Japan, and Russia. Large-scale reprocessing of spent fuel

discharged from the FRs, Rapsodie and Phoenix, in France, have been carried out

either separately or by mixing with thermal reactor spent fuels. The United Kingdom

has reprocessed spent Dounreay fast reactor (DFR, UK) and prototype fast reactor

(PFR) fuel in a dedicated reprocessing plant. Japan has carried out the reprocessing

of Monju reactor fuel at the Tokai Mura reprocessing plant. Russia has reprocessed

their FR fuel through molten salt electrolysis in RIAR, a pyrochemical reprocessing

facility in Russia. Germany has reprocessed the KNK-II (an experimental German FR)

spent fuel in their MILLI, a German reprocessing facility. Except in RIAR, which

adopted the nonaqueous molten salt-based process, the basic chemistry involved

in all other reprocessing facilities is essentially the same. Some of the important

experiences reported in the literature are given in the following sections.

9.5.1 French experience

The RAPSODIE (French experimental FR) fuel containing 30% plutonium was repro-

cessed in the AT1 workshop at La Hague (1 kg/day) from 1969 until 1979. A total of

more than one ton of mixed oxide spent fuel with burn up as high as 120 GWd/te and a

cooling period as low as 1.5 months was processed here. Part of the product from this

plant was used for the core of the PHENIX FR in France. From commissioning in 1963,

the Marcoule pilot facility (SAP) in France reprocessed 11 ton of fuels, most of which

were from fast breeder reactors. Some plutonium assemblies were reprocessed and

recycled as many as three times. Around 8 ton of PHENIX fuel has been reprocessed

in the TRFR facility, UP2 plant at La Hague, after dissolution in the presence of gad-

olinium as a soluble neutron poison by mixing with thermal fuels from LWRs.

The process operational data (Bourgeois et al., 1984) demonstrated that the

PUREX process can be used for reprocessing FR fuels with low cooling times and

high plutonium content. Some important results based on this operation are summa-

rized below.

The level of contamination in hulls (the cladding left in the dissolver after fuel is

dissolved) was high, with ruthenium as the main contaminant (2.78�1011 Bq/kg),

which was around 97%of the fission product activity in the hull. The activation products

accounted for 17% of the aggregate activity. Plutonium contamination was around

150 mg/kg. The main problems were high levels of radioactivity and decay heat.

The characterization of dissolution residues was difficult and they were even found

to reach the pulse columns in the extraction section of the solvent-extraction plant.

The fission product DFs obtained were not strongly dependent on the feed activity

(1.11�1011�8.88�1011 Bq/L). Partitioning in mixer-settlers by electrolysis or with

HAN with some addition of U(IV) was found to be satisfactory, with plutonium con-

tamination in uranium being 0.25 mg/g of uranium at the output of the second cycle.

The third uranium cycle facilitated reaching a plutonium contamination level of less
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than 0.04 mg/g in the final uranium oxide product. Uranium contamination in the par-

titioned plutonium stream was around 2 mg/g of plutonium.

Between 50% and 80% of neptunium was extracted in the first solvent-extraction

cycle. Depending on the partitioning method, neptunium followed either uranium

(�85% if U(IV) was used) or plutonium (90-100% if HAN was used). After the first

cycle coextraction, ruthenium/rhodium was found to be the main contaminant. Two

more purification cycles for uranium and one more for plutonium yielded the required

product qualities. The b-g activity of uranium was 1.85�103 Bq/g, while that of plu-

tonium was 2.96�103�1.67�104 Bq/g.

Based on these results, the following recommendations for future plants were made:

l Use of salt-free processes for solvent extraction with HAN for partitioning and solvent treat-

ment with hydrazine carbonate.
l Incorporation of a second plutonium cycle to obtain a concentrated product with the use of

HAN for stripping as no plutonium concentrator (evaporator) was envisioned.

9.5.2 United Kingdom experience

The first discharge from the DFR (UK demonstration FR) was reprocessed in 1961 at

the reprocessing plant at Dounreay (Allardice et al., 1984). It handled 10 ton of DFR

core and 22 ton of DFR breeder (blanket) fuel. The DFR core was 75% enriched U-Mo

alloy, while the breeder was natural uranium metal slugs. Plant refurbishments were

made during 1973-1979 to enable reprocessing of PFR fuel. The refurbished plant was

designed to handle 120-day cooled core fuel (17-25% Pu MOX) with a decay heat of

3 kW per subassembly. The plant processed 16 subassemblies totaling 200 kg of plu-

tonium (1.2 te of uranium+plutonium) in 1980. By 1984 it had processed more than

5.5 ton of mixed oxide fuel containing more than 1.1 ton of plutonium. The peak burn

up of fuel handled was 8.3 atom% (approximately 83 GWd/te burn up) with a cooling

time of 136 days. This plant reprocessed PFR fuel from 1980 to 1996 and was shut

down in 1996 due to dissolver failure.

The plant used a laser system for dismantling subassemblies and a mechanical

chopper. The dissolver was of the batch type. Insolubles from the dissolution were

characterized and typically found to contain noble metal alloys with 106Ru contribu-

tion to the decay heat as high as 1 W/g. These insolubles contained up to 1% uranium

and plutonium and a high-speed centrifuge clarifier was used for removing these

solids prior to solvent extraction.

The solvent-extraction process consisted of three cycles based on 20% TBP. Due to

several constraints in the layout, because the plant was installed in existing cells, sul-

furic acid was used as a complexant, as neither ferrous sulfamate nor hydroxylamine

reductant could be used for partitioning. The process exploited the higher formation

constant of plutonium sulfate, which is two orders of magnitude higher than uranium

sulfate, for the separation (Gourisse et al., 1971). This was accomplished by a mixture

of sulfuric acid and nitric acid. Operating experience showed no detectable corrosion

of stainless steel. In the third cycle, the plutonium product stream of 20-40 g/L con-

centration was purified before being concentrated by evaporation to 300 g/L and
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transported to the fuel fabrication plant at Sellafield. Plutonium recoveries achieved

were >99.8% and fission product DFs of >107 were achieved. Typical DFs achieved

were 4�104, 50, and 5, respectively, in I, II, and III cycles.

9.5.3 Japanese experience

MOX fuel with 18% PuO2, irradiated up to 40 GWd/te in the JOYO reactor (Japan) and

cooled for 1.2-2.3 years, was reprocessed in the chemical processing facility (CPF) at

Tokai (Ohuchi et al., 1984). The dissolution was carried out in 3.5 mol/L nitric acid

below boiling point. The dissolution could be completed in 4 h. The undissolved resi-

dues were �0.6% of the core fuel with the major constituents being molybdenum and

ruthenium. A typical solvent-extraction feed contained 200 g/L uranium and 15.9 g/L

plutonium, with fission product activity of 2.7�1011 Bq/L. Separate 16-stage mixer-

settler batteries were used for coextraction and costripping. During the runs, interfacial

cruds were observed.

9.5.4 German experience

Several kilograms of spent fuel discharged from KNK-II (a German experimental FR)

were reprocessed in the MILLI facility (pilot plant for reprocessing FR fuels). Core

and axial blanket fuels (maximum burn up of 100 GWd/te and mean burn up of 74

GWd/te, cooled to 10 months) was dissolved and subjected to the coextraction and

partitioning cycle. Plutonium content was 30% in the core and the core and axial blan-

kets were reprocessed together. The performance data (Bleyl et al., 1984) for two

typical runs are given in Table 9.3.

It was found that the b-g activity of the extractant in the second run was almost the

same as that in the first run, despite the higher feed activity. Uranium/plutonium were

separated using U(IV), which required 5.2 times the stoichiometric requirement.

A separation factor of 2�105 was obtained for plutonium in the uranium product

and 650 for the uranium in plutonium product. Electrochemical methods for partition-

ing were also tried with similar results.

Table 9.3 Typical results from reprocessing campaigns in the
MILLI facility, Germany

Run

Burnup

(GWd/te)

Cooling time

(months) Feed composition

1 11.7 25 [U]: 22 g/L; [Pu]: 27.5 g/L; [H+]: 3.6 mol/L;

fluoride: 0.02 mol/L

FP composition: 144Ce: 7.03�1010 Bq/L;
137Cs: 2.44�1010 Bq/L; 106Ru: 5.18�1009

Bq/L;95Zr: 3.33�1008 Bq/L

2 74 10 [U]: 167 g/L; Pu: 25 g/L; [H+]: 4.6 mol/L

FP composition: total g�8.141�1011 Bq/L
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9.5.5 Russian experience

In Russia, the RT-1 (Russian reprocessing plant) facility, with a design capacity of

400 te/a, was constructed at the MAYAK reprocessing plant at Chelyabinsk-65

(now Ozersk). This is based on the PUREX process and has reprocessed spent fuels

from VVER-210 and VVER-440 power reactors (nuclear power plants in Russia). In

this plant, spent fuel from the FRs BN-600 and BN-350 (FRs in Russia) has also been

reprocessed (Bibilashvili and Reshetnikov, 1993). In 1975, it was decided to construct

a second reprocessing facility, RT-2, at Krasnoyarsk, with a capacity of 1000 te/a to

reprocess fuel from VVER-1000s and other reactors. The operating experience of FR

fuels in this plant is reasonably well documented (World Nuclear Association, 2014).

9.5.6 Indian experience

From 2003, spent mixed carbide fuels from the Indian FBTR having a composition of

(Pu0.7,U0.3)C and (Pu0.55,U0.45)C are being reprocessed (Venkataraman et al., 2007;

Subbarao et al., 2009) in the pilot plant facility, CORAL, which was set up for val-

idating the process and equipment developed in India. This facility is designed to

enable evaluation of the process flow sheet, equipment, and systems for the reproces-

sing of FR fuels that are rich in plutonium. Several batches of irradiated fuel pins with

varying burn ups of 25, 50, 100, and 155 GWd/te and cooling times from 2 years

to 6 years, have been reprocessed in this facility. The spent fuels reprocessed in this

facility had a concentration of �70% plutonium; the highest so far using the PUREX

process anywhere in the world. Table 9.4 gives the gross activity of dissolver solutions

that have been processed in this facility. These dissolver solutions are obtained by

dissolving spent fuels with different burn up and cooling time.

Optimized flow sheet conditions were established from the laboratory studies and

the resulting flow sheet parameters such as feed acidity, aqueous to organic ratios, and

so forth, were tested using 16 stages of CEs; 10 stages for extraction and 6 stages for

scrubbing (Koganti et al., 2009). During the course of the campaigns, modifications in

CEs were carried out inside the hot cell, which improved the performance of the

solvent-extraction cycles.

CEs are important for the success of FRFR plants as they offer several advantages

compared to other conventional solvent-extraction equipment, such as lower holdups,

residence times, and solvent inventories. They also provide high mass transfer

Table 9.4 Total fission product activity (Bq/kg of Pu+U)
in dissolver solutions

Burn up(GWd/te) 25 50 100 155

Cooling period (years) 7.5 4 2.5 2

g 1.07�1011 3.9�1011 6.37�1011 3.17�1012

b 2.1�1011 7.3�1011 1.57�1012 3.94�1012
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efficiencies. Annular CEs have been successfully deployed in the CORAL facility.

Based on this experience, higher-capacity models have been designed based on

R&D activities in India. To understand the operation of a central extractor (CE)

and to improve the design, computational fluid dynamics (CFD) simulation has been

performed to understand the flow patterns inside mixer and settler regions in the annu-

lar CE (Vedantam et al., 2006a, 2012; Tamhane et al., 2012a). Also, hydrodynamic

experiments were conducted for CEs of different bowl size to understand their oper-

ating range, axial mixing behavior, flooding throughput, and drop size distribution

(Kumar and Kamachi Mudali, 2013; Joshi et al., 2013; Kumar et al., 2014; Kadam

et al., 2008, 2009; Vedantam et al., 2006b; Tamhane et al., 2012b,c). These efforts

have led to improved and reliable CE operations in the CORAL plant.

Fission product DFs are found not to have a strong bearing on the feed solution

radioactivity. Typical DFs for some of the important fission products such as 106Ru

and 137Cs are>103 in the first extraction cycle. The recoveries were found to be more

than 99.8% for plutonium and 99.9% for uranium. Typical hull losses for plutonium

have been found to be less than 0.008% (for the hulls from the 100 GWd/te burn up

campaign).

9.6 Recent developments in aqueous processes
for spent fast reactor fuel reprocessing

Recently, in some countries, there has been a resurgence of interest in R&D for repro-

cessing FR or Generation IV reactor fuels with promising processes for plutonium and

minor actinide separations under development (International Atomic Energy Agency,

2011; Nuclear Energy Agency, 2012). Some of these are briefly described below.

9.6.1 France

9.6.1.1 The COEX‰ process

The COEX™ process, developed by CEA, France, was first reported by Drain et al.

(2008). This process is primarily aimed at modifying the PUREX process to enhance

proliferation resistance. This is accomplished by ensuring that there is no separation of

plutonium from uranium in the process. Coconversion of the purified plutonium and

uraniummixture to solid form is carried out to give a product suitable for manufacture

into mixed oxide fuel, either for thermal or FRs.

In this patented process, the major modification is in the operational parameters of

the separation step of the PUREX process. After the first solvent-extraction cycle,

some uranium is allowed to go with the plutonium stream while the majority of

uranium is removed separately. The plutonium stream containing uranium is further

purified and conditioned for conversion to a mixed oxide by oxalate coprecipitation

and calcination.
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The extensive industrial operating experience obtained at the La Hague repro-

cessing plants enabled formulation and optimization of this process. It has been

demonstrated at laboratory scale that for plutonium contents up to 50% in the mixed

oxide, the solid is a single phase. Hence, the coprecipitated product is acceptable for

reactor fuel manufacture. It has also been reported that neptunium, a troublesome

actinide element in spent fuel reprocessing, can be diverted to this mixed oxide

stream; thus, if desired, neptunium can be incorporated into MOX fuel elements for

burning in FRs.

Even though this process is attractive from the nonproliferation point of view, for a

typical commercial FR based on fuel with around 25% plutonium, the coprecipitation

process will be at least four times larger than the conventional PUREX systems. As

these processes have to be carried out in plutonium glove boxes, they are likely to

involve significant increases in manual operations and plant footprint.

9.6.1.2 Process development with alternate solvents

Though many countries are pursuing various alternate (non-PUREX) aqueous pro-

cesses for the reprocessing of thermal reactor spent fuels, France has demonstrated

the amide-based processes, such as the DIAMEX-SANEX process (Baron et al.,

2001), with spent fuel. This process uses an amidic solvent that has less environmental

issues compared with TBP, as there is no phosphorus atom, making it completely

incinerable. These processes are basically designed for the removal of minor actinides

(americium and curium) from the shorter-lived fission products with the aim of burn-

ing these minor actinides in FRs. The DIAMEX-SANEX process can be added on to

the PUREX process for the recovery of the actinides from the high active PUREX

waste stream. With the separation of the minor actinides from the shorter-lived fission

products, the time period for storage of the high active wastes is reduced. This process

can also be integrated with the COEX process to address both the nonproliferation and

long-term waste storage issues.

The GANEX process (Miguirditchian et al., 2009) is an adapted version of the

DIAMEX-SANEX process (Heres et al., 2007) for the separation of neptunium and

plutonium along with the americium and curium, so that they can be prepared as fuel

elements for burning in FRs.

9.6.2 Russia

Trialkyl phosphates with optimized hydrocarbon chains such as tri-isoamyl phosphate

(TiAP) and di-isobutyl isooctyl phosphate (DiBiOP) have been tested as alternate

extractants in the reprocessing of BR-10 and BOR-60 FRSF in Russia (Nikiforov

et al., 1989). It has been seen that the LOC for plutonium is much higher than that

of TBP because as much as 120 gPu/L can be loaded in the 36% TiAP-dodecane sys-

tem compared to around 75 gPu/L for TBP-dodecane system.

Typical operating results with this process are the core and axial blanket of the fuel

were reprocessed together. The core had U 20%+Pu 80%with a burn up of 100 GWd/te
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burn up and was cooled between 3 months and 2 years. After dissolution and clarifica-

tion, the solution concentration was around 165 gU/L, 23 gPu/L, 4.3 mol/L HNO3, with

an activity up to 1000 Ci/L. The extractants used were 30% TBP, 30% TiAP, and 40%

DiBiOP. The organic could be loaded up to 82�5 g/L of heavy metals.

Extraction studies were carried out with 25 L/h capacity CE banks. Coextraction

was carried out in 10 extraction stages followed by a dual scrub section of 11 mol/L

acid (3 stages) and 0.5 mol/L acid (3 stages). Reductive stripping or partitioning using

U(IV) was carried out in 16 stages; uranium stripping in 8 stages. The lean solvent was

washed with carbonate in three stages.

The fission product DF for uranium was 1.5-1.6�105 for TiAP, while it was

1.2-1.5�105 for DiBiOP; for plutonium, the DF for the both the solvents are of

the same order: 4�104. The uranium purification factor from plutonium is of the order

of 1.5�105. These factors were similar to those obtained in mixer-settler experiments,

indicating that the contact time is not the controlling factor on flow sheet performance.

9.6.3 India

Considering the potential advantages of higher homologues of TBP, tri-n-amyl phos-

phate (TAP) and tri-n-hexyl phosphate (THP) were studied as potential alternate sol-

vents (Suresh et al., 1994). The distribution ratios for uranium and plutonium were

compared with TBP, which indicated that with increasing chain length the distribution

ratio increases. This is attributed to the marginal increase in the basicity of the P]O

bond due to the increase in the carbon chain length in the presence of an oxygen atom

between the phosphorous and the alkyl chain.

Experiments were also conducted to understand the effects of branching for which

tri-isobutyl phosphate (TiBP) and TiAPwere considered.While TiAP showed increased

distribution coefficients compared to TAP, the opposite behavior was observed with

TBP and TiBP. Steric hindrance of the complexing compound is the reason for the

reduced extraction behavior of TiBP compared to TBP (because the branching of the

carbon atom is immediately next to the carbonyl carbon, unlike in TiAP where it is

at the third carbon from the oxygen).

Third-phase studies were conducted with thorium in TBP, TiBP, TAP, and TiAP. It

was observed that the limiting concentration for the formation of third-phase increased

when increasing the chain length of the alkyl group of the extractant. Similarly, third-

phase formation was not observed with THP. The increased loading with higher chain

length solvents may be due to the organophilic character of the metal solvate leading to

the increased solubilitywith the diluent. Branching is not found to increase the solubility.

TAP has been tested (Suresh et al., 2009a) with U(VI) under extraction conditions

in a 16-stage mixer-settler. With 1.1 mol/L TAP in HNP diluent, with feed conditions

of 267 gU/L at 3.5 mol/L acidity, the organic could be loaded with a concentration of

75.9 gU/L with a raffinate U(VI) concentration of <1 mgU/L. The loaded organic,

with U(VI) concentrations as high as 93.5 g/L, could be stripped in the 16-stage

mixer-settler with 0.01 mol/L acid with a strip product U(VI) concentration of

90.8 g/L. The lean organic retained 0.4 g/L U(VI) under these conditions. This run

indicates that TAP is a promising alternate solvent. The chemical and radiation
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behavior of TAP have also been studied (Venkatesan et al., 2009), which indicates that

the properties are comparable to that of TBP. An important advantage of TAP is that

its aqueous solubility is 19 mg/L compared to 390 mg/L under typical experimental

conditions (Suresh et al., 2009b).

9.7 Future development and deployment of the closed
fuel cycle in India

PUREX process-based reprocessing plants have been in operation in India since the

late 1950s. Based on the operating experience of these plants and associated R&D, the

pilot plant “CORAL” was designed and has been operating in Kalpakkam since 2003

with objectives to establish the process and standardize the equipment for FRFR. Sev-

eral reprocessing campaigns of spent FBTR mixed carbide fuel with a peak burnup of

155 GWd/te and a cooling period of 2 years and more have been successfully carried

out in this pilot plant. This has validated the process flow sheet for reprocessing the

plutonium-rich FR fuels with high burnups and short cooling periods.

A demonstration fast reactor reprocessing plant (DFRP) is under construction at

Kalpakkam for reprocessing the FBTR spent fuel as well as to demonstrate the repro-

cessing of prototype fast breeder reactor (PFBR) spent fuel. Another reprocessing

plant to close the fuel cycle of PFBR is designed and construction has already started.

This plant (FRP) will be capable of reprocessing the fuel arising from two more FBRs,

which are planned to be constructed adjacent to the PFBR subsequently.

R&D on removal of minor actinides is also being pursued in India. A plant has been

constructed in Tarapore to treat the high active liquid waste from the reprocessing of

thermal reactor spent fuels. The process flow sheet for partitioning has been demon-

strated at Kalpakkam with the wastes generated in CORAL. Based on these studies, a

pilot plant will be installed in the fuel reprocessing plant (FRP).

9.8 Conclusion

This chapter has described the status of FR aqueous fuel reprocessing technology and

relevant international experience. The TBP-based PUREX process is adaptable for

deployment in the reprocessing of these fuels based on the experience of various

plants worldwide. The challenges associated with the design and operation of these

plants also have been outlined in this chapter. Development work related to alternate

solvents and diluents would need to reach a greater level of maturity before they can

be considered for plant-level deployment. The incentive for this development is the

possibility of avoiding the risk of third-phase formation due to high plutonium loading

in the solvent phase. Another area of development required is in the removal of dis-

solved organic from the aqueous phases that are evaporated. This is to ensure that no

explosion occurs due to “red-oil” formation. In conclusion, it appears that the PUREX

process will remain unchallenged for many more years to come in the field of spent

fuel reprocessing, even if FR fuel cycles are to be introduced.
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Acronyms

ACSEPT actinide recycling by separation and transmutation

BTBP bis-triazinyl-bipyridine

BTP bis-triazinyl-pyridine

CDTA cyclohexanediaminetetraacetic acid

DEHiBA N,N-di-(ethyl-2-hexyl)isobutyramide

DF decontamination factor

DIAMEX diamide extraction

DIDPA di-iso-decylphosphoric acid

DMDBTDMA N,N¢-dimethyl-N,N¢-dibutyl-tetradecyl-malonamide

DMDOHEMA N,N¢-dimethyl-N,N¢-dioctyl-2-(2-hexyloxyethyl)-malonamide

DTPA diethylenetriaminepentaacetic acid

EXAm extraction of americium

GANEX grouped actinide extraction

GEN-IV Generation IV

HAC high active concentrate

HAR high active raffinate

HDEHP di(2-ethylhexyl) phosphoric acid

HEDTA N-(2-hydroxyethyl)ethylenediaminotriacetic acid

HLLW high-level liquid waste

IAEA International Atomic Energy Agency

MA minor actinides (Np, Am, and Cm)

OECD/NEA Organisation for Economic Cooperation and Development-Nuclear

EnergyAgency

P&T partitioning and transmutation

PUREX plutonium uranium reduction extraction

SACSESS safety of actinide separation processes

SANEX selective actinide extraction

TBP tri-n-butylphosphate, extractant of the PUREX process

Reprocessing and Recycling of Spent Nuclear Fuel. http://dx.doi.org/10.1016/B978-1-78242-212-9.00010-1

© 2015 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/B978-1-78242-212-9.00010-1
http://dx.doi.org/10.1016/B978-1-78242-212-9.00010-1


TEDGA N,N,N¢,N¢-tetraethyl diglycolamide

TPH hydrogenated tetrapropene

TODGA N,N,N¢,N¢-tetraoctyl diglycolamide

TRU transuranium elements

10.1 Introduction

Currently, about 10,500 t of used nuclear fuel are discharged every year from nuclear

power reactors worldwide (IAEA, 2008). After a typical burn up of 40 GWd/t, the

used fuel contains the major fertile uranium (95% U-238) component, residual fissile

uranium (0.8% U-235), the mainly short-lived fission products (3-4%), and a signif-

icant amount of the higher actinides (approximately 1%) neptunium (Np), plutonium

(Pu), americium (Am), and curium (Cm). It is these higher actinides that are mainly

responsible for the long-term radiotoxicity of the used fuel. At present, two manage-

ment options are considered worldwide: the open fuel cycle, where the used fuel is

directly sent to long-term storage in a deep geological repository, and the closed fuel

cycle including reprocessing. The latter can recover the residual uranium and

plutonium for reuse in MOX fuel and condition the wastes into suitable forms

(e.g., vitrified glass) for disposal.

The protection of the biosphere from highly radiotoxic used nuclear fuel constit-

uents over very long timescales is extremely important. Both the used nuclear fuel

(direct disposal) and the highly active waste from reprocessing (in a closed cycle) need

to be stored for a very long time (over 100,000 years) in a well-shielded, leach-

resistant deep geological repository.

The final disposal of the vitrified high active wastes from the reprocessing of spent

nuclear fuel in an underground repository is a complex problem mainly related to the

fact that these wastes contain long-lived radionuclides with high radiotoxicity, and

this remains the case for a very long period of time, that is, thousands to millions

of years. A possible solution to this problem is not to incorporate these long-lived

radionuclides into the vitrified waste. After separation (partitioning) before the vitri-

fication step, the long-lived radionuclides could be partially transmuted into short- or

medium-lived or stable nuclides by nuclear means. This is the so-called partitioning

and transmutation strategy (P&T) under study in several countries (OECD-NEA,

1999, 2006, 2011). The benefits of “advanced fuel cycle” schemes including P&T

in terms of waste management can be summarized as follows (OECD-NEA, 2011):

– Reducing the capacity needs for geological repositories by reducing the volumes and the

heat of high-level wastes to be disposed of.

– Reducing the repository long-term risk by reducing long-term radiotoxic inventories.

– Reducing uncertainties in repository performance, especially for disruptive scenarios

(e.g., human intrusion).

– Improving public acceptance of geological disposal.

Up to now, hydrometallurgical (i.e., solvent extraction) processes have been the ref-

erence technology for nuclear fuel processing at commercial scale for more than

60 years, and the reasons for this are multiple. Solvent-extraction processes are able
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to provide extremely high separation factors, considering both recovery and purifica-

tion yields, without generating excessive amounts of secondary waste, which is very

important in the nuclear industry.

In hydrometallurgical processing, after dissolution of irradiated fuel in hot nitric

acid, target solutes such as actinide ions are extracted into an organic phase that is

immiscible with the aqueous phase. Extraction is promoted by a reaction between

the actinide ions to be extracted and a selective extracting agent present in the organic

phase. As the resulting complexes are soluble in the organic phase, the actinide ions

are transferred from the aqueous to the organic phase, separating them from other

solutes such as fission products. By reversing the complex formation reaction, an

aqueous product solution containing actinide ions only is generated while the organic

phase is recycled.

Plutonium, the main contributor to the long-term radiotoxicity, can already be

recovered today by the PUREX (plutonium uranium reduction extraction) process,

as commercially operated in France, the United Kingdom, Russia, and Japan

(IAEA, 2008). Among the long-lived radionuclides to additionally remove from

the high active raffinate (HAR) (i.e., the aqueous raffinate or concentrate issuing from

the first cycle of the PUREX process), those belonging to the so-called minor actinides

(MAs), neptunium, americium, and curium are the most important to eliminate. It has

been shown in many studies that the radiotoxic inventory can be reduced by a factor of

up to 10 if all plutonium is recycled and fissioned. Reduction factors higher than 100

can be obtained if, in addition, the MAs are recycled. The recovery of Np can certainly

be done by the PUREX process (see Section 10.3). This is not the case for americium

and curium, which exist in the +III oxidation state in the spent fuel aqueous dissolution

liquor. These trivalent MAs possess very low affinities for tri-n-butylphosphate
(TBP), the extractant used in the PUREX process, and thus require additional pro-

cesses for their separation. The chemical similarity of trivalent actinides (An(III))

and lanthanides (Ln(III)) combined with the unfavorable mass ratio necessitate very

demanding and complex process steps. The high neutron-capture cross sections of the

lanthanides would hinder an efficient transmutation of the trivalent MAs, and, there-

fore, the two groups of elements have to be separated. The separation of trivalent 4f

and 5f elements has consequently become a challenging but key issue in the technical

feasibility demonstration and success of the P&T strategy (Hill, 2010).

10.1.1 Scope

Several review papers covering a broad spectrum of R&D issues related to partitioning

of MAs have been published during the last decade. This complementary report pro-

vides an overview of important developments in the field of MA separation processes

achieved in Europe. Most of the processes reported in this chapter have been devel-

oped within the scope of European collaborative projects from the third to the seventh

European Union (EU) Framework Programmes (see Section 10.2). Neptunium recov-

ery from used fuel has not been considered in most European projects because, in a

partitioning strategy, this element could be separated simply using an improved

PUREX process, which will be separately discussed in Section 10.3. The challenges,
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the key separation chemistry involved, and the strategies adopted for the process dem-

onstrations are then introduced in Section 10.4. Significant scientific and technical

progress has been made in European collaborative research that has resulted in the

development and demonstration of several new processes, as described in the follow-

ing sections: DIAMEX (diamide extraction) (Section 10.5), SANEX (selective acti-

nide extraction) (Section 10.6), GANEX (Section 10.7), and EXAm (extraction of

americium) (Section 10.8). Section 10.9 will conclude with a perspective of the likely

future trends.

10.2 Overview of European partitioning projects within
the Framework Programmes FP3 to FP7

In Europe, research for the design of hydrometallurgical processes for the partitioning

of trivalent MAs was primarily triggered by two French waste management acts (1991

and 2006). These acts enabled organization of the French research program on P&T of

long-lived radionuclides that includes preparing the construction of both an industrial

MA partitioning facility and an actinide-burner reactor by 2025, under the aegis of the

French Commissariat à l’�Energie Atomique et aux �Energies Alternatives (CEA)

(Rouyer, 1992; Warin, 2007).

At the European level, several research programs dedicated to hydrometallurgical

separation of MAs have been funded by the European Commission (EC) within the

Framework Programmes FP3 to FP7.

European research over the last two decades, that is, in the NEWPART (Madic

et al., 2000), PARTNEW (Madic et al., 2001, 2004), and EUROPART (Madic and

Ouvrier, 2008) programs, has resulted in the development of multicycle processes

(e.g., DIAMEX+SANEX) and recently within the FP7 project ACSEPT (actinide

recycling by separation and transmutation) (Bourg et al., 2011) the development of

innovative processes with reduced numbers of cycles (innovative-SANEX, 1-cycle-

SANEX) has also been envisioned.

In FP3, a joint research program (Madic and Hudson, 1998) was carried out

between the CEA (France) and the University of Reading (United Kingdom), related

to the investigation of new chemical systems for the separation of long-lived radio-

nuclides, based on solvent-extraction techniques. Among the long-lived radionuclides

concerned, it was decided to focus exclusively on the MAs. To ensure that the sepa-

ration processes applied will generate a minimum of secondary solid wastes, it was

decided that all the chemical reagents used in these new processes, and particularly

the extractants, should be totally destructible into gases, easily releasable into the

environment at their “end of life.” Hence, all the substances investigated only con-

tained atoms of carbon (C), hydrogen (H), oxygen (O), and nitrogen (N). This molec-

ular engineering strategy has been dubbed the CHON principle. These choices

demanded completely incinerable extractants to perform the separations from high-

level liquid waste (HLLW) solutions to be processed, without any decrease in the

nitric acid concentration of the feed, in order to prevent major drawbacks, like
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precipitate formation. At that time it was considered impossible to separate An(III)

ions from the fission products, including Ln(III), from HLLW in a single step. Thus,

faced with the difficulty of the problem, it was decided to perform this separation in a

two-step approach using two extraction cycles. The first step aimed to separate the

mixture of An(III)+Ln(III) from most of the fission products other than lanthanides,

from the HLLW that comes from the PUREX process. The second step concerned the

separation of the group of An(III) (Am+Cm) from Ln(III). Considering the very high

Ln/An mass ratio of 20:1, this separation should preferably be performed by selective

extraction of An(III). At that time, it was considered necessary to develop a consec-

utive third step to separate americium from curium. The SESAME (process for

Am/Cm separation by the selective extraction of Am(VI) by TBP by electrolysis

techniques) process (Madic et al., 2002b) was developed, based on the oxidation of

americium to oxidation state (VI) prior to its selective extraction (by, e.g., TBP),

but this was not the subject of research within the Partitioning FP3 project.

Nonselective diamide-based extractants, with the formula (RR¢NCO)2CHR¢¢, were
selected for the first cycle (Musikas, 1988). A first version of the DIAMEX process,

based on the use of dimethyl-dibutyl-tetradecyl-malonamide (DMDBTDMA), was

designed and successfully tested on genuine HLLW. For the An(III)/Ln(III) separa-

tion cycle (the so-called SANEX process), the potential of synergistic mixtures of

nitrogen polydendate ligands and long-chain-substituted carboxylic acids were inves-

tigated. The initial mixture considered, tripyridyltriazine (TPTZ)+a-bromodecanoic

acid, achieved this separation, but presented a number of drawbacks including (i) par-

tial transfer of TPTZ from organic to aqueous phases; (ii) the nonincinerable character

of a-bromodecanoic acid; and (iii) the relatively high pH required to perform An(III)/

Ln(III) separations.

The research in this hydrometallurgical domain was continued during the European

fourth framework program (FP4) NEWPART project, where eight laboratories were

involved, and the target elements to be separated from the waste were the trivalent

americium and curium (without modification of the oxidation state). The target waste

to be used as a feed in the processes to be developed was the acidic (3-4 mol/L HNO3)

HAR or HLLW generated during the reprocessing of spent nuclear fuel by the PUREX

process. In order to minimize the amount of solid secondary waste, the proposed aim

for the process design was to develop molecules (extractants, organic diluent, water-

soluble reagents) which fulfill the above-mentioned CHON principle. An exception

was made for the S-donor bearing ligands (e.g., dithiophosphinic acids), which are

highly selective extractants for actinides(III). The work program thus had been

defined in continuity with the work performed in the third FP by CEA and the Uni-

versity of Reading. It consisted of the further development of the DIAMEX and

SANEX processes for An(III)/Ln(III) separations, and for both parts of the work, fun-

damental and process development research were carried out.

The aim of the research carried out within PARTNEW, a research project cofi-

nanced by the EC in the framework of the FP5 program, was to study and define effi-

cient solvent-extraction hydrometallurgical processes for the partitioning of the

trivalent americium and curium ions from the HAR and for the mutual Am(III)/Cm

(III) separation. The research done within PARTNEW followed on the previous
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research projects mentioned above. Eleven laboratories were involved in the consor-

tium. Within the DIAMEX domain of research, several new bis-malonamides with

interesting extraction properties were prepared. Several DIAMEX processes were

developed and tested, some of them with synthetic spiked and some with genuine feed

solutions. The highlight of PARTNEW was the successful development and “hot”

implementation of a DIAMEX process for the treatment of a high active concentrate

(HAC), the industrial product before the vitrification step. In addition, a new DIA-

MEX process was developed that used the N,N,N¢,N¢-tetraoctyl-diglycolamide

(TODGA).

Within the SANEX domain, numerous polydentate nitrogen and sulfur-bearing

ligands were prepared, and the basic understanding of the reactions between An

(III) and Ln(III) and these ligands was improved with the aid of thermodynamic,

kinetic, and structural studies together with molecular modeling. Several SANEX pro-

cesses were developed and tested, and those based on BTP (bis-triazinyl-pyridine)

ligands were tested on genuine feed solutions. Although interesting results were

obtained, unfortunately the chemical stability of the i-Pr-BTP used was not sufficient

to enable a robust SANEX process to be proposed for industrial process development.

Due to the high decay heat and neutron emission of curium, any dry or wet fabri-

cation process will require remote handling and continuous cooling in neutron-

shielded hot cells. As it will be difficult to fabricate curium containing targets or

fuel, it was considered necessary to define an additional Am(III)/Cm(III) separation

process. The separation of adjacent trivalent actinides represents an even more

challenging task than the An(III)/Ln(III) separation. Two Am(III)/Cm(III) separation

processes were developed and tested in PARTNEW. They were based on the use of (1)

the malonamide DMDOHEMA (SFAm/Cm¼1.6) and (2) a synergistic system

composed of an aromatic dithiophosphinic acid+ trisethylhexylphosphate (SFAm/Cm

around 8).

The FP5 project CALIXPART (Arnaud-Neu et al., 2004) was also related to the

partitioning of MA using calixarenes, cavitands, podants, and others, on which several

chemical binding groups were grafted. Some of them showed interesting actinide(III)

extraction and An(III)/Ln(III) separation properties. However, none of them were fur-

ther developed for process applications using genuine PUREX raffinate solutions.

The purpose of the hydrochemistry part of the FP6 integrated project EUROPART

(Madic and Ouvrier, 2008), was to focus on selective extractants for removal of MAs

from high active liquid wastes. Research and development objectives were to synthe-

size and test new ligands; to select the most promising compounds and then to opti-

mize the relevant processes via two different routes:

– The first route was the direct selective extraction of MAs (Am, Cm) in one cycle from a

PUREX raffinate or in an alternative two-cycle process from a first-cycle product contain-

ing trivalent lanthanides and actinides. This work was built on the previously acquired

knowledge, and the synthesis of new extracting molecules such as polyamides, polydentate

nitrogen, or sulfur-bearing extractants, calixarenes, and cosans, continuing the research per-

formed within the PARTNEW and CALIXPART FP5 programs.

– The second route was the group separation of actinides (Pu, Np, Am, Cm) after a first ura-

nium separation, either by liquid-liquid extraction or by solid extraction. The extracting
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molecules for the actinide group separation were directly derived from those studied for the

one- or two-cycle selective extraction of MAs. Several process concepts were studied,

including the use of mixtures of extractants, bi-topic extractants (new concept of extractant

molecules with two different complexing or chelating groups)- and chromatographic

techniques.

Within EUROPART, more than 100 new ligands were synthesized and their complex-

ing and extraction properties were assessed in screening tests according to a precise

extraction protocol. Only a few ligands successfully passed the screening tests, thus

fulfilling the requirements for further process development (i.e., solubility in suitable

organic diluents, high extraction and separation performance, extraction reversibility,

good radiochemical stability, etc.). Basic and process development studies were also

carried out on several separation systems developed in former FP5 projects (CALIX-

PART, PARTNEW). For the coextraction of An(III) and Ln(III) from PUREX raffi-

nates, five systems were studied besides the reference DIAMEX solvent, consisting of

dimethyl-dioctyl-hexylethoxy-malonamide (DMDOHEMA), dissolved in hydroge-

nated tetrapropene (TPH). Among these five systems, only the “TODGA/TBP” mix-

ture was selected to prove the scientific feasibility of the coextraction of An(III) and

Ln(III) from PUREX raffinates, and highly active tests have been successfully carried

out on genuine feed solutions (Magnusson et al., 2009b).

For the separation of An(III) from Ln(III) in DIAMEX product solutions, two

SANEX systems based on CyMe4-BTBP were studied in the EUROPART project.

In both systems the solvent contained an additional extracting agent to improve kinet-

ics, either TODGA or DMDOHEMA. A spiked SANEX process test was performed

with the CyMe4-BTBP+TODGA solvent (Modolo et al., 2013). A flow sheet was

designed for a hot SANEX test using a CyMe4-BTBP+DMDOHEMA solvent

(Magnusson et al., 2009c); the corresponding hot test (Magnusson et al., 2009a)

was performed shortly after the EUROPART project was finished.

For the actinide group separation (with actinide ions in oxidation states III to VI)

directly from spent fuel dissolution solutions, no system had been developed up to a

highly active test: the “TODGA/TBP” mixture dissolved in TPH, which was also

selected for actinide group separation, was investigated in batch tests on genuine

PUREX HAR only, and not on spent nuclear fuel (or target) dissolution liquors.

No efficient bitopic ligand, fulfilling all the requirements for process development,

could be designed in spite of all the efforts applied, even considering covalently

bonded CMPO-COSAN and CMPO-TODGA compounds as “bitopic” ligands.

As EUROPART and the earlier FP4 and FP5 integrated projects—NEWPART and

PARTNEW—have shown, the separation of the MAs from PUREX raffinate or con-

centrate is very challenging. By the end of EUROPART, some partitioning processes

had been demonstrated to be “technically” feasible on the laboratory scale, with some

actual demonstrations performed with irradiated spent fuel at the CEA or at the Euro-

pean Commission’s Joint Research Centre, Institute for Transuranium Elements (ITU)

hot laboratories. These multicycle processes made use of different extractants for

every single process and, by this point in European development programs, one of

the most promising options for the removal of An(III) was considered to be the

DIAMEX-SANEX concept (Miguirditchian et al., 2007; Bourg et al., 2011).
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There are, however, significant challenges to face in optimizing these processes

and proving the viability of the technology at the industrial scale in the context of

an advanced fuel cycle. Furthermore, the integration of these new separation processes

with Generation IV (GenIV) reactor fuel cycles has yet to be demonstrated. In most of

the GenIV systems the comanagement of all the actinides (U, Np, Pu, Am, Cm, etc.)

through recycling is foreseen. Different routes for the treatment and recycling of acti-

nides are still open, specifically (a) the homogeneous recycling in mixed fuels via a

prior-grouped separation and (b) their heterogeneous recycling in targets or core blan-

kets via the selective separation of MAs (Am, Cm) from fission products. In addition,

various forms of fuels are still being considered according to the reactor type: most

likely oxides, carbides, and nitrides or even metallic fuels are options.

Within the hydrometallurgical domain of the FP7 ACSEPT collaborative project

(Bourg et al., 2011), the development of new extracting agents and innovative sepa-

ration processes with a reduced number of cycles was envisioned. A schematic rep-

resentation of the processes studied is shown in Figure 10.1. A new approach, which

was also studied within the ACSEPT project, is the GANEX (grouped actinide extrac-

tion) concept (Figure 10.1, left) addressing the simultaneous partitioning of all trans-

uranium (TRU) elements for their homogeneous recycling in advanced GenIV reactor

systems. In the GANEX concept developed by CEA (France), bulk uranium is

removed in the GANEX first cycle (e.g., using a monoamide extractant)

(Miguirditchian et al., 2009b), followed by the TRU group separation in the GANEX

second cycle (Miguirditchian et al., 2009a). Other approaches have also been

U GANEX 1
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Used fuel

PUREX or 

COEX
U/Pu

Pu/Np/Am/Cm Am Cm Am/Cm Am/Cm

(1) Multicycle (2) Single cycle

An(III) + Ln(III)
coextraction

(TODGA)

An(III)/Ln(III)
separation
(r-SANEX)

Am/Cm
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(1-cycle SANEX)

An(III) selective
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(i-SANEX)

Am selective
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(EXAm)
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Figure 10.1 European hydrometallurgical partitioning process strategy for the homogeneous

and heterogeneous recycling of actinides from used fuel.
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proposed in the frame of the ACSEPT program (Aneheim et al., 2013; Bell et al.,

2012) (cf. “Overview and status of GANEX process”) and are described in more detail

in Section 10.5. Single-cycle processes (Figure 10.1, right) are advantageous in com-

parison to multicycle processes as they would make the advanced reprocessing of

nuclear waste easier and more economical. Consequently, in France, the

americium-selective extraction process “EXAm™” (Rostaing et al., 2012) was

recently presented by the CEA (cf. Section 10.8) as a solution to separate americium

alone from PUREX HLLW in one cycle.

Finally, two new advanced concepts based on the PUREX-SANEX process route

have been studied in Europe: the innovative-SANEX concept and the 1-cycle-SANEX

concept (Wilden et al., 2012). In the 1-cycle-SANEX concept, the direct and selective

extraction of trivalent actinides from PUREX raffinate by a highly selective extractant

system is required. This is a complicated task since the PUREX raffinate includes a

wide range of elements with varying concentrations (Wilden et al., 2011). In the

innovative-SANEX process, An(III) and Ln(III) are coextracted from a PUREX raf-

finate and the An(III) ions are separated from Ln(III) in a selective stripping step, for

example, using a hydrophilic polyaminocarboxylic acid such as diethylenetriamine-

pentaacetic acid (DTPA) (Nilsson and Nash, 2007). The most important developments

of this kind of process based on selective stripping include the reversed TALSPEAK

(trivalent actinide-lanthanide separation by phosphorus reagent extraction from aque-

ous complexes) process developed in the United States, di-iso-decylphosphoric acid
(DIDPA) and SETFICS (solvent extraction for trivalent F-elements intragroup sepa-

ration in CMPO-complexant system) processes developed in Japan, and the

DIAMEX-SANEX process (France). The TODGA-SANEX process was developed

by the CEA and a hot demonstration was carried out within the ACSEPT project

(Hérès et al., 2009). However, a common feature of these processes is the complicated

and precise pH control required during the important An(III) stripping step.Within the

ACSEPT project, the new hydrophilic complexing agent SO3-Ph-BTP was recently

introduced for the An(III) selective stripping step (Geist et al., 2012). This molecule

combines the high selectivity of the well-known BTP family (bis-triazinyl-1,2,4-pyr-

idines) of extracting agents with high solubility in aqueous phases. Ln(III)/An(III)

separation factors in the range of 1000 were achieved. The selective stripping of

An(III) now becomes possible, even at relatively high nitric acid concentrations of

up to 1 mol/L HNO3. More details can be found in Section 10.6.

10.3 Neptunium

A significant amount of neptunium (300-700 g/tHM at burn ups of 30-50 GWd/tHM) is

produced during reactor operation due to neutron absorption on 238U and 235U isotopes

and subsequent decays to 237Np (Yoshida et al., 2011). The management of the highly

radiotoxic alpha-emitting 237Np with a half-life of 2.14 million years is still an issue

and matter of concern within advanced fuel cycles including P&T (OECD-NEA,

1999). The current practice in spent fuel reprocessing is to treat it as a waste, as all

the neptunium is routed to the liquid high-level waste for vitrification. The chemical
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and redox behavior of neptunium under conditions relevant to reprocessing of spent

nuclear fuel (PUREX process) is very complex and has been the scope of many studies

(Birkett et al., 2007; Herbst and Baron, 2011; Bernier et al., 2012; Precek and

Paulenova, 2010).

Neptunium is present in the feed solution to the separation process as a mixture of

Np(V) and Np(VI) according to the following redox equilibrium:

2NpO+
2 + 3H+ +NO�

3 >2NpO2+
2 +HNO2 +H2O (10.1)

In the hexavalent form, it is extracted together with uranium and plutonium by TBP, in

the extraction part of the PUREX process. In contrast, Np(V) has a very low extract-

ability into the PUREX solvent (typically 30% TBP in kerosene-type diluent). The

oxidation state of neptunium ions in the process solution, however, varies significantly

depending on the chemical environment. According to Equation 10.1, HNO2 reduces

Np(VI) to Np(V). On the other hand, at low nitrous acid concentration, which coexists

in nitric acid solution of high concentrations, it accelerates the oxidation of Np(V) to

Np(VI). Hence, the role of HNO2 is twofold (thermodynamic and kinetic). In addition,

during the extraction operation the equilibrium is shifted to the right, because Np(VI)

and HNO2 are well extracted by TBP.

In the current operating conditions at the reprocessing sites in La Hague, France, and

Thorp, United Kingdom, around 25-30% of neptunium is left in the PUREX raffinate

and the remaining fraction follows the uranium and plutonium in the solvent product.

During the further uranium and plutonium purification steps, neptunium is separated

again and routed back to the high-level wastes for vitrification (Taylor et al., 2013).

Many studies have been carried out to develop an advanced PUREX process, with

the aim of improving the neptunium extraction efficiency by carefully controlling the

Np(V)/Np(VI) equilibrium. Very promising results showing full neptunium recovery

in advanced PUREX process flow sheet trials have been obtained at different sites

across the world and were recently summarized by Taylor et al. (2013).

Of particular importance are the advanced flow sheets trialed at the CEAMarcoule

in France, the Japan Atomic Energy Agency (JAEA), the China Institute of Atomic

Energy (CIAE), and at National Nuclear Laboratory (NNL) at Sellafield, United

Kingdom, which are summarized in Table 10.1. It has been shown that an increase

of the nitric acid concentration in the PUREX feed solution should lead to a high nep-

tunium extraction yield (>99%), thanks to an increase in Np(V) oxidation kinetics

(Equation 10.1).

An alternative scenario is that neptunium is routed to the PUREX high-level raffinate

waste streamwith the otherMAs. A considerable amount ofwork has been performed to

develop methods for the partitioning of the actinides (including neptunium) from high

active liquid waste streams (e.g., HLLW). Several partitioning processes based on sol-

vent extraction (not TBP system) have been proposed (OECD-NEA, 1999).

The well-known TRUEX process for the recovery of all actinides from various types

of nuclear waste solutions is based on n-octyl(phenyl)-N,N-diisobutyl-carbamoyl

methylphosphine oxide (CMPO) extraction (Horwitz et al., 1982; Kolarik and

Horwitz, 1988). Because Np(V) is inextractable with CMPO, it must be either oxidized

to Np(VI) or reduced to Np(IV) with special REDOX chemicals.
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Solvent extraction with DIDPA was applied in Japan to the partitioning of all acti-

nides from HLLW (Morita et al., 1996). Even Np(V) in the sample solution is

extracted by DIDPA. The addition of H2O2 enhances the rate of the extraction of

Np(V) (Morita and Kubota, 1988; Yoshida et al., 2011).

The trialkyl phosphine oxide (TRPO) process was developed at Tsinghua Univer-

sity in China during the 1990s for the recovery of neptunium, plutonium, and trivalent

actinides from HLLW. In the TRPO process, the oxidation state of neptunium is

adjusted to the tetravalent state by electrolytic reduction (Zhu and Song, 1992;

Chen et al., 2007).

Further details about the extraction of neptunium with other extracting agents can

be found in different review articles (Mathur et al., 2001; Nash et al., 2006; Tachimori

and Morita, 2010).

10.4 Trivalent actinide separation: challenges, key
separations chemistry, and strategies to be adopted

The separation of trivalent actinides from the HAR (i.e., the aqueous raffinate or con-

centrate from the PUREX process) is challenging due to the presence of nitric acid,

fission products (one-third of them being lanthanides), and corrosion/activation prod-

ucts that can interfere with actinide extraction.

TBP extracts tetravalent and hexavalent actinide ions from nitric acid solutions,

while trivalent and pentavalent actinide ions are practically inextractable and remain

in the PUREX raffinate. Thus, uranium (as UO2
2+), plutonium (as Pu4+), and neptu-

nium (if oxidized to NpO2
2+, cf. Section 10.3) can be separated by the PUREX process

involving TBP as extracting agent. However, this is not the case for americium and

Table 10.1 Summary of conditions and results from improved
PUREX flow sheet trials reported in the literature

Laboratory

reference

U (g/L)

Pu (g/L)

Np (mg/L)

Process

equipment

test scale

[HNO3]

(mol/L)

Np

recovery (%)

CEA

(Dinh et al., 2008)

U + Pu ¼ 250

Np: not quoted

Pulsed column

pilot scale hot test

4.5 >99.6

CIAE

(Zhang et al., 2013)

220

2

40

Mixer-settler

lab simulant test

4.5 99

JAEA

(Nakahara et al.,

2012)

126

23

184

Centrifugal

contactor

hot test

5.5 >98.99

NNL

(Taylor et al., 2013)

250

0

150

Centrifugal

contactor

lab simulant test

4.5 >99

Adapted from data reported in Taylor et al. (2013).
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curium, which are present as trivalent ions in the fuel dissolution solution. Even

though Am(III) can be oxidized to higher oxidation states to make it extractable by

TBP, this requires strong oxidants (Runde and Mincher, 2011). Oxidation of Cm

(III) to higher oxidation states is virtually impossible in aqueous systems.

The separation of Am(III) and Cm(III) from the PUREX raffinate requires devel-

oping new processes and, hence, new extracting agents.

So-called DIAMEX processes were developed in France, utilizing alkylated

malonamide extracting agents. More recently, alkylated diglycolamides (DGAs) have

started replacing the malonamides (cf. Section 10.6).

Malonamides and DGAs coextract the lanthanide ions with Am(III) and Cm(III),

due to the chemically similar behavior of trivalent actinides and lanthanides; indeed, it

is well known that oxygen donor extracting agents do not discriminate trivalent acti-

nides from lanthanides of the same cationic size (Peppard et al., 1957). Considering

some lanthanides have large cross sections for neutron capture, their presence in trans-

mutation fuels would impact transmutation efficiency. This requires separation of Am

(III) and Cm(III) from the lanthanides(III).

The chemical similarity of trivalent actinides (An) and lanthanides (Ln) combined

with the unfavorable mass ratio necessitates very demanding and complex process

steps. This is due to the fact that both groups of elements are highly hydrated in an

aqueous solution, with very similar ionic radii. Both are classed as “hard acids” in

Pearson’s theory of hard and soft acids and bases and, thus, they react preferentially

with hard bases, such as ligands involving oxygen atoms, by way of electrostatic inter-

actions (Pearson, 1963). On the other hand, ligands involving electron-donor atoms

less hard than oxygen (e.g., nitrogen or sulfur) are known to make An(III)-Ln(III) sep-

aration possible; this being the chief challenge posed by recovery of americium, and

curium, from a PUREX raffinate.

Bearing in mind that the americium and curium inventory within the PUREX raf-

finate is low in comparison to the other constituents (HNO3, FPs), the direct selective

An(III) extraction would be the preferred but also the most challenging route, because

the feed contains many other competing cationic species. This requires a highly selec-

tive extracting agent, which currently does not exist. However, the substantial devel-

opments made under successive EU projects have brought us significantly closer to

this goal; see the 1-cycle-SANEX process described in Wilden et al. (2013).

Early work on actinide(III)/lanthanide(III) separation carried out in Europe focused

on the selective extraction of actinides (SANEX process) from the DIAMEX product

solution (i.e., from actinides(III) and lanthanides(III) in nitric acid solutions).

Triggered by studies showing the potential of nitrogen and sulfur donor extracting

agents (Musikas et al., 1980, 1983), the first European projects were commenced

in the early 1990s (Kolarik et al., 1996; Madic and Hudson, 1998). These were

followed by ever-larger European research projects, NEWPART, PARTNEW,

EUROPART, ACSEPT, and the current project, SACSESS (safety of actinide sepa-

ration processes; as described in the earlier section).

Much progress was made but no breakthrough was achieved until the development

of new aromatic dithiophosphinic acids (Modolo and Odoj, 1998) (Figure 10.2 left)

and alkylated BTP (Kolarik et al., 1999b) (Figure 10.2 right) in the late 1990s.
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These were the first extracting agents to extract actinides(III) selectively over lantha-

nides(III) from highly acidic nitric acid solutions. From there a long journey led to the

current class of bis-triazinyl-bipyridine (Foreman et al., 2006; Geist et al., 2006)

(BTBP, Figure 10.3 left), bis-triazinyl phenanthroline (Lewis et al., 2011a, 2013)

(BTPhen, Figure 10.3 middle), and CA-BTP (Trumm et al., 2011) (Figure 10.3 right)

extracting agents (Ekberg et al., 2008; Lewis et al., 2011b; Panak and Geist, 2013)

(cf. Section 10.6).

There are significant differences between the aromatic dithiophosphinic acids and

the BT(B)P molecules:

1. Different donor atoms coordinating the metal ions to be extracted, namely sulfur versus

nitrogen.

2. BT(B)P are CHON molecules while the dithiophosphinic acids are not.

3. BT(B)P are neutral (or solvating) extracting agents; whereas dithiophosphinic acids are

acidic (i.e., cation exchanging) extracting agents; see the following equations. Solvating

extracting agents coextract the metal ion(s) of interest, Mn+
aq, together with its anion(s), A�

aq,

(Equation 10.2) whereas acidic extracting agents exchange acidic protons for the metal ion to

be extracted (Equation 10.3).

Mn+
aq + nA�

aq +mLorg > MAnLmð Þorg (10.2)

Mn+
aq + nHLorg> MLnð Þorg + nH+

aq (10.3)

From a practical point of view, this means that extraction is performed at intermediate

nitric acid concentration; back-extraction requires higher (acidic extracting agents) or

lower (neutral extracting agents) nitric acid concentration. Note that TBP, malona-

mides, and DGAs are solvating extracting agents.
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Figure 10.2 Earlier SANEX extracting

agents: aromatic dithiophosphinic acids

and alkylated BTP.
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Figure 10.3 Current SANEX extracting agents: CyMe4-BTBP, CyMe4-BTPhen, and CA-BTP.
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Current development aims at simplifying the DIAMEX+SANEX+Am(III)/Cm

(III) separation scheme by reducing the number of process cycles; options being as

follows:

(a) The 1-cycle-SANEX process omits the DIAMEX process; Am(III) and Cm(III) are directly

extracted from the PUREX raffinate (Wilden et al., 2013).

(b) The innovative-SANEX process merges DIAMEX and SANEX into one process. This con-

cept is based on the TALSPEAK process (Weaver and Kappelmann, 1964). Hydrophilic

complexing agents selective for actinides(III) over lanthanides(III) such as DTPA or

N-(2-hydroxyethyl)-ethylenediaminotriacetic acid (HEDTA) (Hérès et al., 2009) or

water-soluble BTP (Geist et al., 2013b) are used to strip actinides(III) from a DIAMEX

solvent loaded with actinides(III) and lanthanides(III).

Finally, as explained above, Am(III) and Cm(III) may need to be separated. Most

extracting agents have a low Am(III)/Cm(III) selectivity (typical separation factors

are �1.6), requiring processes with a large number of stages. Using an aromatic

dithiophosphinic acid system with a separation factor SFAm/Cm of approximately 8,

a more compact process has been developed (Modolo et al., 2010).

A further step in simplification is the French EXAm™ process (Bollesteros et al.,

2012; Rostaing et al., 2012), separating only Am(III) from the PUREX raffinate

(cf. Section 10.8).

10.5 Overview and status of DIAMEX processes

10.5.1 An(III)+Ln(III) coextraction using malonamide-based
solvents

The acronym DIAMEX stands for diamide extraction and is used for many different

processes, using a diamide-based solvent. During the 1980s, the family of malona-

mides was developed for the extraction of An(III)+Ln(III) nitrates from HLLW

solutions (Musikas, 1987, 1988; Musikas and Hubert, 1987; Nigond et al., 1994).

From the multitude of synthesized compounds, DMDBTDMA (Figure 10.4) was

found to have the most promising properties for use in liquid-liquid extraction pro-

cesses. A huge improvement over the formerly used phosphorus-based extractants

was the complete combustibility of the solvent, containing only carbon, hydrogen,

oxygen, and nitrogen (CHON principle) (Madic and Hudson, 1998).

N N

O O

C4H9H9C4

C14H29

N N

O O

C8H17 C8H17

O
H13C6

Figure 10.4 Structures of

DMDBTDMA (left) and

DMDOHEMA (right).
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The DIAMEX process was successfully tested using real waste solution for the first

time in 1993 in the CEA’s Fontenay-aux-Roses research center (Madic et al., 1994),

and it was also further developed within European collaborative projects (third, fourth,

and fifth Framework Programmes).

In the NEWPART project (Madic et al., 2002a), 26 different malonamides were syn-

thesized and tested for their suitability for An(III) extraction. In addition, intensive stud-

ies were conducted on hydrolysis and radiolysis stability. Laboratory studies have been

undertaken at the CEAMarcoule plant to optimize the structure of themalonamide from

the standpoint of its affinity for trivalent elements, its loading capacity, and the ease of

managing its degradation compounds (Hill, 2010). Molecular optimizations ultimately

led to a new DIAMEX reference molecule: the N,N¢-dimethyl-N,N¢-dioctyl-2-hexy-
lethoxy-malonamide (DMDOHEMA, Figure 10.4) (Baron et al., 1997).

Its suitability for use in the process was demonstrated in a range of hot tests using

genuine fuel solutions, both at CEA inMarcoule and at the ITU in Karlsruhe. The flow

sheet of the DIAMEX process tested in a hot cell using a set of centrifugal contactors

at the ATALANTE facility in CEA Marcoule is presented in Figure 10.5.

In the feed and in the scrubbing solutions, two complexing agents were added to

prevent the coextraction of some fission products: (i) Zr(IV) and Mo(VI) were not

extracted due to the presence of oxalic acid, and (ii) Pd(II) was not extracted owing

to the presence of HEDTA.

In the framework of the 1991 French act, the technical feasibility of this DIAMEX

process was demonstrated in 2005 at CEAMarcoule by performing a hot test in pulsed

columns and mixer-settlers from a genuine PUREX raffinate (Figure 10.6); four

meter-high pulsed columns were used in order to be representative of industrial con-

tactors. The extraction and scrubbing steps were carried out in three pulsed columns

while the stripping of both actinides and lanthanides was performed in mixer-settlers.

Annular centrifugal contactors with immersed stirring rotors (ECRAN) were also used

for the solvent treatment step. After 33 h, the americium and curium recovery yields
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0.1 M oxalic acid
0.01 M HEDTA
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Scrub 1Feed-HAR
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Figure 10.5 DIAMEX process flow sheet tested at the ATALANTE facility at CEA Marcoule

in 2000 with genuine HAR.

Adapted from Madic et al. (2007).
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exceeded 99.9% with losses of actinides in the raffinate and in the solvent lower than

0.1%. Good decontamination factors (DFs) of actinides were obtained with respect to

fission and corrosion products (DFZr¼889, DFMo¼108, DFFe¼10), which con-

firmed the potential of the DMDOHEMA solvent for separation of trivalent actinides

and lanthanides from fission products even in continuous contactors such as pulsed

columns (Sorel et al., 2008).

Currently, during reprocessing with the PUREX process, the HAR is concentrated

by evaporation and then denitrated for subsequent vitrification. The volume of the

evaporator product, which is known as HAC, is reduced by a factor of 15 compared

to HAR. As a result, the high active process flows to be processed are also reduced in

volume, as is the size of the processing unit required. In the PARTNEW project, three

partners (ITU, CEA, and FZJ) collaborated on the development of a DIAMEX process

for separating An(III) from HAC (Serrano-Purroy et al., 2005c).

As a result of the very high metal concentrations in HAC, the question arose as to

how the coextraction of certain transition metals (Zr, Mo, Pd, etc.) together with the

trivalent actinides and lanthanides could be avoided. The first step was the production

of a genuine starting solution by small-scale PUREX reprocessing of MOX fuel

(1.4 kg; 30 GWd/t burn up). The spent fuel was dissolved in a 7 mol/L HNO3 aqueous

solution, then uranium and plutonium were extracted by a PUREX process. The HAR

produced had a volume of 4.064 L; the HAR was then concentrated and denitrated

to generate the HAC of 0.442 L volume, which was used for the active DIAMEX test.

A final concentration factor of about 10 and an acidity of 4 mol/L were reached.

Solvent

0.65 M DMDOHEMA
in TPH

A
n +

 Ln extraction

A
n +

 Ln extraction

F
P

 scrubbing

Fission products

Am ~ 0.015 %
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Solvent treatment

Load
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(Centrifugal contactors)

Figure 10.6 Flow sheet and main results from the DIAMEX demonstration test carried out in

November 2005 in the CBP line at CEA Marcoule (Sorel et al., 2008).

260 Reprocessing and Recycling of Spent Nuclear Fuel



In the experiment a precipitate mainly composed of strontium, zirconium, molybde-

num, tin, and barium was formed. MA precipitation was not significant (<0.001%). In

batch-extraction experiments, the thermodynamic distribution data were determined

for the DIAMEX process and a 16-stage flow sheet was generated with the aid of com-

puter code calculations (Modolo et al., 2007b; Serrano-Purroy et al., 2005a). To min-

imize the risks during a hot test (third-phase formation, precipitation, etc.), a cold

DIAMEX test was first performed at FZJ, using a centrifugal contactor battery. More

than 99% of the An(III) together with the Ln(III) were recovered and very high DFs for

most of the fission products were achieved. Based on the positive results of the spiked

test, a hot DIAMEX experiment was successfully performed in the hot cell facility at

ITU using a genuine fuel solution (Figure 10.7). The results obtained were excellent:

99.9% of An(III) and Ln(III) were recovered in this test. Most fission products were

not extracted, the exception being technetium, which had a DF¼217; yttrium,

DF¼85; and ruthenium, DF¼1.1. Even better results should be achieved by process

optimization; for example, by increasing the number of stages in the stripping section.

The findings are discussed in detail in Serrano-Purroy et al. (2005a).

10.5.2 An(III)+Ln(III) coextraction using TODGA-based solvents

In the early 1990s, Stephan et al. (1991) reported on the extraction of different metals

using multidentate ligands such as DGA. The DGA substance class also satisfies the

CHON principle, and during the late 1990s, Japanese scientists recognized that these

ligands are particularly suitable for extracting An(III) from acidic waste solutions

(Sasaki et al., 2001).

Different DGAs were synthesized and TODGA (Figure 10.8) was found to have the

best properties in terms of extraction, solubility in aliphatic solvents, and process
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Figure 10.7 DIAMEX flow sheet tested at ITU on genuine HAC (Serrano-Purroy et al., 2005a).
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stability. The tri-dentate TODGA extractant exhibits even higher affinity for trivalent

actinides and lanthanides than the reference diamide DMDOHEMA, and it was

realized that it could, therefore, be an interesting alternative to the diamide-based

processes (Sasaki and Choppin, 1998; Sasaki et al., 2001; Tachimori et al., 2002).

However, TODGA has a tendency for third-phase formation in aliphatic solvents

such as n-dodecane, particularly at high HNO3 concentrations (Nave et al., 2004;

Yaita et al., 2004).

Numerous basic studies with TODGA and related compounds can be found in the

literature nowadays. Around 2001, almost no information existed on process develop-

ment studies or process demonstrations and this motivated Modolo and coworkers to

develop a continuous reversible partitioning process, which was successfully tested

for the first time in 2003 in centrifugal contactors at Forschungszentrum J€ulich
(Modolo et al., 2003).

Following this, Modolo and coworkers optimized the partitioning process and sug-

gested a new continuous process in which the extractant was a mixture of 0.2 mol/L

TODGA and 0.5 mol/L TBP in TPH (Modolo et al., 2007a). The addition of TBP not

only improved the hydrodynamic properties but also increased the loading capacity of

the extractant and reduced the tendency for third-phase formation. In 2006, For-

schungszentrum J€ulich performed two tests in centrifugal extractors in cooperation

with the ITU and CEA Marcoule (Modolo et al., 2008).

Based on encouraging results from the spiked tests, a hot process test was run at the

end of 2006 in ITU’s centrifugal contactor battery with almost identical results

(Figure 10.9) (Magnusson et al., 2009b). Very high feed DFs were obtained for amer-

icium and curium (DF �40,000) and the recovery of these elements was higher than

99.99%. Only yttrium and a small part of ruthenium were routed to the product

fraction together with the lanthanides and the MA. The collected actinide/lanthanide

fraction had an acidity of 0.13 mol/L HNO3 and could be used for a subsequent An

(III)/Ln(III) separation process. The acidity can be easily adjusted to cope with the

requirements of the subsequent process. The main objective (>99.9% actinide sepa-

ration) and a high fission product DF were achieved. The results were comparable to

those obtained for the DIAMEX processes developed in France and within European

projects (Serrano-Purroy et al., 2005b).

Finally, TBP was replaced by 1-octanol, making the TODGA solvent CHON com-

pliant. A solvent consisting of 0.2 mol/L TODGA+5 vol.% 1-octanol in kerosene was

shown to have good performance with respect to loading and third-phase formation

(Geist and Modolo, 2009). This solvent is currently the subject of further process

development. A comprehensive review of the chemistry and process development

studies using DGAs was recently published by Ansari et al. (2011).
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Figure 10.8 Chemical structure of TODGA.
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10.6 Overview and status of SANEX process development
including SANEX variants

In the framework of earlier European research projects, several SANEX processes have

been developed and demonstrated. These have been reviewed previously (Hill, 2010).

Unfortunately, most of them had not much potential, as the chemical and radiolytic sta-

bility of the extracting agentswas not good. In the last 5 years, however, several SANEX

processes using the CyMe4-BTBP extracting agent (Foreman et al., 2006) have been

developed and demonstrated in Europe that seemmore promising for an industrial appli-

cation. CyMe4-BTBP was the first SANEX extracting agent to combine favorable ther-

modynamics (i.e., high selectivity for actinides(III) over lanthanides(III) and suitable

distribution ratios under extraction and stripping conditions) (Geist et al., 2006) with

good chemical and radiolytic stability (Retegan et al., 2007; Fermvik et al., 2009;

Magnusson et al., 2009d; Aneheim et al., 2011). Drawbacks are its low solubility

(Ekberg et al., 2010), loading capacity (Magnusson et al., 2009d), and comparatively

slow kinetics (Geist et al., 2013a). More recently developed extracting agents such

as CyMe4-BTPhen (Lewis et al., 2011a, 2013; Bremer et al., 2014) and CA-BTP

(Trumm et al., 2011) address these issues; however, these extracting agents so far have

not been used in a process.

The “classic” SANEX process extracts Am(III) and Cm(III) from a DIAMEX

product solution, routing the lanthanides to the raffinate. Recently, new SANEX pro-

cesses have been developed and tested, integrating the DIAMEX and the SANEX

cycles into one process.

One way would be to simply skip the DIAMEX process and try to extract only Am

(III) and Cm(III) directly from the PUREX raffinate. The late Charles Madic, coor-

dinator of European partitioning projects from NEWPART to EUROPART, always
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Figure 10.9 Flow sheet and main results of the hot TODGA-based process test carried out at

ITU in 2006 (Magnusson et al., 2009b).
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said that this would be his dream. No one seriously thought about making this dream

come true until scientists at J€ulich developed and tested the 1-cycle-SANEX process.

Another way is based on the established TALSPEAK process (Weaver and

Kappelmann, 1964; Persson et al., 1984), coextracting Am(III), Cm(III), and lantha-

nides(III) into a DIAMEX-type solvent and selectively stripping Am(III) and Cm(III)

from the loaded solvent using selective water-soluble masking agents. Such processes,

called innovative-SANEX,were developed at the CEA and later in the ACSEPT project.

A description of several SANEX, 1-cycle-SANEX, and innovative-SANEX

processes follows.

10.6.1 SANEX: Am(III)+Cm(III) extraction from DIAMEX product

In 1999, Kolarik introduced n-Pr-BTP (Figure 10.2 right, R¼n-C3H7) as a highly effi-

cient SANEX extracting agent (Kolarik et al., 1999a,b). Shortly afterwards the CEA

ran a SANEX process test in a 16-stage laboratory-scale mixer-settler unit using n-Pr-
BTP (Madic et al., 2000; Hill et al., 1999, 2000; Rat and Hérès, 2000). The feed

solution contained 126 mg/L 241Am(III), 1 mg/L 244Cm(III), and inactive metal ions

(Fe(III), Y(III), Ru(III), Pd(II), La(III)-Gd(III)) in 1 mol/L HNO3; the organic phase

was a solution of 40 mmol/L n-Pr-BTP in kerosene/1-octanol (70:30 vol.); stripping

phase was 0.05 mol/L HNO3. Promising results were achieved:<0.2% of Am(III) and

Cm(III) were lost to the raffinate. The Am(III)+Cm(III) product solution contained

<1% of the initial lanthanide mass. Further tests were run at the ITU in a 16-stage

centrifugal contactor setup (Madic et al., 2000) and at the CEA using a 32-stage cen-

trifugal contactor cascade (Madic et al., 2004). However, these tests indicated a low

chemical and radiation stability of n-Pr-BTP (Hill et al., 2000; Rat and Hérès, 2000).

The isopropyl analogue, i-Pr-BTP (Figure 10.2 right, R¼ i-C3H7), was shown to

have better chemical stability than n-Pr-BTP (Hill et al., 2002). Hence, the CEA

designed a countercurrent lab-scale separation process with a solvent consisting of

10 mmol/L i-Pr-BTP+0.5 mol/L DMDOHEMA (added as a phase transfer catalyst

to accelerate kinetics) in 1-octanol. A genuine high active feed solution was used.

Two process tests were run in their 32-stage centrifugal contactor cascade, one test

without and one test with solvent recycling. In the first test (without solvent recy-

cling),>99.9% Am(III) and>99.8% Cm(III) were recovered together with<1% lan-

thanides(III). In the second test (with solvent recycling), the extraction performance of

the solvent decreased by 40% after two cycles (Hill et al., 2004). Despite its good

stability in nitric acid, i-Pr-BTP was degraded by alpha radiolysis.

Around the same time, the ALINA (actinide(iii)-lanthanide intergroup separation

in acidic medium) process was developed at J€ulich, using a synergistic mixture of bis

(chlorophenyl)dithiophosphinic acid (Figure 10.2 left) and tri-n-octylphosphine oxide
(TOPO) (Modolo and Odoj, 1999). The ALINA process (Modolo et al., 2002) was run

using miniature centrifugal contactors; eight stages for extraction, eight stages for

scrubbing, and eight stages for stripping. The solvent was 0.5 mol/L bis(chlorophe-

nyl)dithiophosphinic acid and 0.15 mol/L TOPO in tert-butylbenzene/iso-octane
(80:20). The feed solution contained 5.5 g/L lanthanides(III) in 0.5 mol/L HNO3

and was spiked with 241Am(III) and 244Cm(III); the scrub solution was 1 mol/L
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HNO3 and the strip solution was 1.5 mol/L HNO3. Flow rates were in the range of

50 mL/h for all solutions except the scrub solution, the flow rate of which was

12 mL/h. Less than 0.1% of Am(III) and 22% of Cm(III) was lost to the raffinate.

The product solution contained 99.9% Am(III), �80% Cm(III), <0.01% of the lan-

thanides(III), and<0.1% of Y(III). Despite the fact that the test was not optimized for

Cm(III) recovery, very good results were achieved.

Two SANEX processes based on selective extraction into a solvent containing the

“next generation” nitrogen-donor ligand, CyMe4-BTBP, were subsequently devel-

oped and tested, a spiked (Modolo et al., 2013) and a hot test (Magnusson et al.,

2009a) being undertaken.

The flow sheet for the spiked test consisted of 12 extraction stages, 4 scrubbing

stages, and 4 stripping stages. The solvent consisted of 15 mmol/L CyMe4-BTBP

+5 mmol/L TODGA in 1-octanol. The feed solution contained lanthanides(III) in

nominal concentrations and Am(III)+Cm(III) spikes in 1.3 mol/L HNO3. Scrub solu-

tion was 0.7 mol/L HNO3; strip solution was a 0.5 mol/L glycolate solution set to pH

4. All flow rates were 10 mL/h. 0.08% of Am(III) and 0.3% of Cm(III) were lost to the

raffinate; 0.04% of Am(III) remained in the solvent after stripping. The product solu-

tion, hence, contained approximately 99.9% of Am(III) and 99.7% of Cm(III). It was

contaminated with approximately 0.1% of the lanthanide inventory and 3% of Y(III).

The flow sheet (Magnusson et al., 2009c) for the hot test (Magnusson et al., 2009a)

was modified slightly to allow the whole process to be run in 1 day using the 16-stage

centrifugal contactor setup at JRC-ITU (see Figure 10.10). Nine stages were used for

extraction and three for scrubbing, and feed solution acidity was increased to 2 mol/L.

The feed solution was a hot product solution originating from a TODGA-DIAMEX

process test performed earlier (Magnusson et al., 2009b). A further difference between

the spiked and the hot test was the choice of solvent, 0.25 mol/L DMDOHEMA

being used (rather than 5 mmol/L TODGA) to accelerate kinetics. As shown in

Figure 10.10, only 0.01% of Am(III) and 0.09% of Cm(III) went to the raffinate;
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Figure 10.10 Flow sheet and main results of the hot SANEX CyMe4-BTBP/DMDOHEMA

process test carried out at ITU (Karlsruhe, Germany) in 2008 (Magnusson et al., 2009a).
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no Am(III) or Cm(III) was found in the solvent after stripping. The product solution

contained >99.9% of Am(III) and Cm(III), <0.01% of the lighter lanthanides, and

0.1-0.4% of Y(III), Eu(III), and Gd(III).

The better performance of the hot test compared to the spiked test was mainly due

to the more efficient centrifugal contactors (Robatel BXP-012) used for the former

process test (Magnusson et al., 2009a).

The SXProcess computer code used to calculate the flow sheet for the hot CyMe4-

BTBP+DMDOHEMA SANEX test has since been further developed and improved

(Magnusson and Malmbeck, 2012; Magnusson et al., 2013a,b). It was also used to

calculate the flow sheets for the 1-cycle-SANEX and SO3-Ph-BTP innovative-

SANEX processes (see below).

10.6.2 1-Cycle-SANEX: Am(III)+Cm(III) extraction from PUREX
raffinate

The direct extraction of Am(III)+Cm(III) from the PUREX raffinate could lead to a

simplification of the overall An(III) recycling strategy; ideally, the DIAMEX process

could simply be eliminated. However, this is an obvious challenge: the extracting

agent must have sufficient affinity for the target actinide ions at elevated nitric acid

concentration (3-4 mol/L) and selectivity over all fission and corrosion products

present in the fuel dissolution solution.

Although, for example, CyMe4-BTBP extracts actinides(III) selectively over lan-

thanides(III) from 3 to 4 mol/L HNO3, the coextraction of iron, nickel, zirconium, and

palladium (Aneheim et al., 2013) has hampered the development of such a process so

far. Nevertheless, a 1-cycle-SANEX system was developed at J€ulich (Wilden et al.,

2011). A solvent consisting of CyMe4-BTBP+TODGA was used (similar to the

solvent used in the spiked CyMe4-BTBP r-SANEX process (Modolo et al., 2013);

cyclohexanediaminetetraacetic acid (CDTA) was added to the feed to mask zirconium

and molybdenum (Sypula et al., 2012). Palladium was coextracted and selectively

stripped by L-cysteine before actinides(III) were stripped by a glycolate solution.

Based on equilibrium distribution ratios and kinetic data, a flow sheet was designed

(Magnusson et al., 2013c) using the SX Process code (Magnusson and Malmbeck,

2012; Magnusson et al., 2013a,b).

Based on this flow sheet, a continuous process test was performed in a 16+16 stage

lab-scale centrifugal contactor setup (Wilden et al., 2013). Figure 10.11 shows the

flow sheet and the main results. As the centrifugal contactor setup available at J€ulich
has only 16 stages, the test was divided into two parts, extraction/scrubbing and pal-

ladium scrubbing/stripping. These were run on two consecutive days.

The results of this spiked test were very encouraging. The raffinate contained

0.03% of the Am(III) inventory and 0.2% of the Cm(III) inventory. The Pd(II) fraction

was very pure, containing only�0.01% of Am(III),�3% of both Eu(III) and Gd(III),

6% of Y(III), and 10% of the Ag(I) inventory. Other elements were found to be below

1%. The product solution contained �99.8% of Am(III) and �99.4% of Cm(III).

It was contaminated by 9% of Y(III) and <1% of Pd(II). Very low concentrations

of Ln(III) (<1%) were found in the Am(III)+Cm(III) product solution.
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Due to CyMe4-BTBP’s rather slow extraction kinetics (Geist et al., 2013a; Lewis

et al., 2011a) a comparatively low feed flow rate of 10 mL/h had to be used (same as in

the CyMe4-BTBP r-SANEX process tests, Magnusson et al., 2009a; Modolo

et al., 2013).

10.6.2.1 Innovative-SANEX: selective back-extraction of Am(III)
+Cm(III) from DIAMEX solvent

Another way of simplifying the overall flow sheet for separating actinides(III) is their

selective stripping from a loaded DIAMEX solvent. The concept is similar to a reverse

TALSPEAK process (Weaver and Kappelmann, 1964; Persson et al., 1984). Actinide

(III) and lanthanide(III) ions are separated from the remaining fission and corrosion

products by, for example, DMDOHEMA or TODGA; an aqueous solution containing

DTPA or HEDTA is then used to strip actinides(III) from the solvent. Finally, lantha-

nide(III) ions (and fission products retained in the solvent) are back washed in a final

strip section.

The original TALSPEAK chemistry uses an acidic extracting agent (Nilsson and

Nash, 2007). Thus, the trivalent lanthanides remain in the organic phase in the actinide

(III) strip section, which is operated at very low acidity (pH 2-4). Indeed, this low acid-

ity is required because DTPA and HEDTA are not efficient at higher acidity. This, in

turn, requires measures to keep lanthanides in the organic phase if solvating extracting

agents are used; either a second acidic extracting agent is added to the solvent (Hérès

et al., 2008) or nitrate salt is added to the actinide(III) stripping solution (Hérès et al.,

2009; Sypula et al., 2011).

Spiked (Hérès et al., 2009) and hot (Poinssot et al., 2010) innovative-SANEX

processes were demonstrated at the CEA, using a TODGA+TBP solvent to coextract

An(III) and Ln(III) and a solution containing DTPA,malonic acid, and NaNO3 for strip-

ping An(III). The hot test flow sheet is shown in Figure 10.12. The extraction-scrubbing

0.015 M CyMe4BTBP
0.005 M TODGA

TPH/1-octanol = 40/60
20 mL/h

0.015 M CyMe4BTBP
0.005 M TODGA

TPH/1-octanol = 40/60
10 mL/h

0.5 M glycolic acid
set to pH 4

1 M HNO3
0.2 M oxalic acid

1 M HNO3
0.01 M L-cysteine

HAR surrogate
3 M HNO3

0.3 M oxalic acid
10 mL/h

Solvent

Fresh solvent

Feed Scrub 1

Spent

solvent

Scrub 2

10 mL/h

12 Stages

An product

Raffinate

Strip

4 Stages6+6 Stages

4 Stages
10 mL/h

10 mL/h

Am ∼ 0.08%
Cm < d.I.

Am ~ 0.03%

Cm < 0.2%

Ln ~ 99.9%

Pd ~ 0.8%

Other FP ~ 100%

Am > 99.8%

Cm > 99.8%

Ln < 0.1%

Am ~ 0.03%

Cm < d.I.

Pd ~ 100%

Scrub 1

Scrub 2

Extraction

Stripping

Pd-

fraction

Figure 10.11 Flow sheet and main results of the 1-cycle-SANEX process test (Wilden et al.,

2013) carried out at Forschungszentrum J€ulich (J€ulich, Germany) in 2011.
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section (stages 1-16) is similar to that of a hot TODGA-DIAMEX process

(Magnusson et al., 2009b) (see Figure 10.9). An(III) is selectively stripped in 16 stages

from the loaded solvent using a DTPA solution of pH 2.2 and containing 1 mol/L

NaNO3 to keep Ln(III) in the organic phase; fresh solvent is used to reextract the frac-

tion of lanthanides costripped with An(III). Finally, Ln(III) are stripped in eight stages

into dilute HNO3. Very good results were obtained in this hot test; recovery yields of

An(III)>99.9% with high DFs toward Ln(III) (less than 5%mass of lanthanides com-

pared to the total amount of the actinides in the actinide product).

The hydrophilic complexing agent SO3-Ph-BTP (Figure 10.13) was recently intro-

duced for the actinide(III) selective stripping step (Geist et al., 2012).When coextracting

Am(III) and Eu(III) from nitric acid into TODGA, adding SO3-Ph-BTP to the aqueous

phase suppresses Am(III) extraction while Eu(III) is extracted. Separation factors

in the range of 1000 are achieved. The selective stripping of An(III) now becomes

possible, even at relatively high nitric acid concentrations of up to 1 mol/L HNO3.

0.2 M TODGA +
0.5 M TBP in TPH

0.2 M TODGA +
0.5 M TBP in TPH

3 M HNO3
0.5 M oxalic acid
0.05 M HEDTA

5 M HNO3
0.5 M oxalic acid
0.13 M HEDTA

Solvent

Solvent

Feed-HAR Scrub 1

4 Stages

Raffinate

Spent

solvent

8 Stages

8 Stages12+16 Stages

4 Stages

Scrub 2

0.5 M HNO3

0.01 M DTPA + 1 M malonic acid,
1 M NaNO3, pH 2.22

Extraction Scrub 2Scrub 1

Ln scrubbing/ An stripping Ln, Y stripping

Ln, YAm + Cm Diluted HNO3

Figure 10.12 Flow sheet for the hot innovative-SANEX process test performed at the CEA

(Poinssot et al., 2010).
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N
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SO3Na

SO3Na SO3Na
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Figure 10.13 Structure of 2,6-bis(5,6-di(sulfophenyl)-1,2,4-triazin-3-yl)pyridine (SO3-Ph-BTP).
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Thismeans that nitric acid at a suitable (process level) concentration can be used to keep

lanthanides in the organic phase; nitrate salt or an acidic extractant are not required for

this purpose.

Later, an innovative-SANEX process was designed using an organic phase com-

prising TODGA in TPH+5 v/v% 1-octanol and an aqueous phase containing SO3-

Ph-BTP for the selective strip. This process (Figure 10.14) consists of four main steps:

Step 1: Coextraction of An(III) and Ln(III): four stages.

Step 2: Back-extraction of coextracted molybdenum, strontium, and HNO3 using two scrub-

bing solutions: eight stages of Scrub 1 and four stages of Scrub 2.

Step 3: Six stages for the selective back-extraction of An(III) using the selective aqueous

complexing agent SO3-Ph-BTP at high acidity (0.35 mol/L HNO3) with an additional six

stages for Ln(III) reextraction.

Step 4: Stripping of lanthanides and residual elements from the solvent using a citric-acid-

buffered solution at pH 3: four stages.

Once again the extract-scrub sections are similar to those of the TODGA-DIAMEX

test shown in Figure 10.9. TBP (which is a non-CHON compound) was replaced by 5

v/v% 1-octanol (Geist and Modolo, 2009) to suppress third-phase formation. Finally,

after optimization studies, a solvent consisting of 0.2 mol/L TODGA+5% 1-octanol

in TPH was chosen.

The results of the SO3-Ph-BTP innovative-SANEX process (Geist et al., 2013b;

Modolo et al., 2014) show that Am(III)+Cm(III) and Ln(III) were quantitatively

extracted (>99.9%) and very high feed/raffinate DFs were achieved with DF>103.

0.2 M TODGA
5% 1-octanol

in TPH
60 mL/h

0.2 M TODGA
5% 1-octanol

in TPH
40 mL/h

3 M HNO3
0.05 M CDTA

0.2 mol/L oxalic acid
90 mL/h

0.05 M citric acid
pH 3

40 mL/h

HAR surrogate
4.5 M HNO3
0.05 M CDTA

60 mL/h

Solvent Feed Scrub 1

0.35 M HNO3
18 mM SO3-Ph-BTP

40 mL/h

An strip
Loaded
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Scrub 2
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0.5 M HNO3

Scrub 1Extraction

Ln Re-extr.

Scrub 2

Raffinate

An Strip Ln Strip

Ln stripLn
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An
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Am < 0.1%

Cm < 0.1%

Ln < 0.1%
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Other FP ~ 100%
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Am >99.8%

Cm >99.8%

Ln <0.1%

Am <0.1%

Cm <0.1%

Ln ~99.4%

Am < 0.1%

Cm < 0.1%

Ln < 0.5%

Ru 12.8%
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Figure 10.14 Flow sheet and main results for the SO3-Ph-BTP innovative-SANEX process test

carried out at Forschungszentrum J€ulich (J€ulich, Germany) in 2012 (Modolo et al., 2014).
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To limit the coextraction of zirconium and palladium 0.05 mol/L CDTA was added to

the feed (Sypula et al., 2012). The Scrub 1 and Scrub 2 steps proved to be very efficient

for the back-extraction of molybdenum, zirconium, and strontium; the collected

organic phase (stage 16) contained only 0.07% molybdenum, 0.07% zirconium,

and 0.27% strontium of the initial amounts. The behavior of ruthenium was very sim-

ilar to that in earlier TODGA tests with 16% being coextracted. The results from the

selective back-extraction of An(III) show that six stages were sufficient for An(III)

stripping and only four stages were needed for complete Ln(III) stripping with citric

acid solution. Less than 0.1% of Am(III), Cm(III), and Eu(III) were found in the spent

solvent after stripping. As expected, the spent solvent was contaminated with 12.8%

ruthenium, thus requiring further investigation, either to avoid the extraction of ruthe-

nium using special complexing agents or to regenerate the solvent by specific washing

steps. The Am(III)+Cm(III) product was very pure and only contaminated with

0.34% strontium, 0.44% ruthenium, and <0.1% Ln(III). Over 99.8% of the Am

(III) and Cm(III) were recovered in the actinide product fraction.

10.6.2.2 Comparison of SANEX processes

From the above discussion it is clear that much effort has been put into development of

the SANEX process for MA recovery. However, given the complexities of the later

SANEX flow sheets the question arises as to whether a 1-cycle-SANEX or an

innovative-SANEX process is really a simplification over a combination of a DIA-

MEX and a SANEX process. To answer this question, the SO3-Ph-BTP innovative-
SANEX test (Figure 10.14) and the 1-cycle-SANEX test (Figure 10.11) are compared

to a combination of TODGA-DIAMEX (Figure 10.9) and SANEX (Figure 10.10) tests

with respect to efficiency (i.e., DFs, number of stages, flow rates) and use of

chemicals.

Some of the major performance indicators are compared in Table 10.2. Most impor-

tantly, Am(III) losses to raffinate solutions are <0.1% in all of the process schemes.

Table 10.2 Efficiency of the different processes

TODGA-DIAMEX

+SANEX 1-Cycle SANEX Innovative-SANEX

Stages 32+16 32 32

Feed flow rate,

Qfeed (mL/h)

60 (DIAMEX)

10 (SANEX)

10 60 (aqueous feed)

40 (organic feed)

Am(III) in raffinate <0.02%a 0.04%b <0.1%c

Eu(III) in product 0.08%d 0.4% 0.09%

CHON Yes No (cysteine) No (SO3-Ph-BTP)

aSum of Am(III) in DIAMEX and SANEX raffinates.
bSum of Am(III) in raffinate and in Pd(II) raffinate.
cSum of Am(III) in raffinate and in Ln(III) raffinate.
dEu(III) in SANEX product.
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Furthermore, the final product solutions contain less than 1%of Eu(III) (representing Ln

(III)) in all cases, indicating that very pure An(III) products are generated.

The numbers of required stages cannot be compared directly because feed flow rates

were different (60 mL/h for the TODGA process, 10 mL/h for the SANEX and 1-cycle-

SANEX processes, 40 mL/h for the innovative-SANEXprocess). A qualitative compar-

ison is nevertheless made: fewer stages can be used in the DIAMEX processes if flow

rates are lowered to match those of the consecutive SANEX process (i.e., 10 mL/h). A

further reduction is possible by changing the DIAMEX strip solution from 0.01 mol/L

HNO3 to a solution containing a complexing agent. For a feed flow rate of 10 mL/h, the

total number of stages (TODGA-DIAMEX+SANEX)would probably be similar to that

used in the 1-cycle-SANEX test. Comparing the 1-cycle-SANEX and innovative-
SANEX tests, the latter requires less stages at a given flow rate. This makes the

SO3-Ph-BTP innovative-SANEX process the most compact option.

Regarding the use of chemicals, both the TODGA-DIAMEX and the SANEX pro-

cesses use only compounds consisting of C, H, O, and N atoms. These can be destroyed

to gaseous products, which is advantageous with respect to the generation of secondary

waste. Both the 1-cycle-SANEX process and the SO3-Ph-BTP innovative-SANEX pro-

cess use sulfur compounds (L-cysteine to strip Pd(II) or SO3-Ph-BTP to strip An(III)).

These compounds (or their degradation products) are a source of solid waste.

On the other hand, the combination of a DIAMEX and a SANEX process requires

two different solvents, involving two different solvent handling and regeneration sys-

tems. This increases the size of a plant and may produce more waste than does only

one solvent regeneration cycle.

10.7 Overview and status of GANEX process development

The GANEX process (group actinide extraction) was first developed by the CEA for the

hydrometallurgical reprocessing ofGenIV spent nuclear fuels and the homogenous recy-

cling of actinides. It is composed of two extraction cycles following the dissolution of the

spent fuel in nitric acid. Uranium(VI) is first selectively extracted from the dissolution

solution before the group separation of transuranic elements (Np, Pu, Am, Cm), which

occurs in the second cycle prior to the coconversion step. The preliminary separation of

uranium in the first cycle is required in order to recover uraniumat a high purity. This can

then be used to adjust the ratio of U/TRU before the coconversion of the actinides and to

handle the excess of uranium due to the reprocessing of fuels discharged both from light

water and fast reactors in the future. Additionally, the separation of themajor constituent

of the spent fuels is helpful for the hydrodynamics of the second extraction cycle by

reducing the heavy metal masses and liquor volumes to be processed.

10.7.1 GANEX first cycle: uranium selective separation

The selective separation of uranium is operated by solvent extraction using

N,N-dialkylamide extractants. DEHiBA (N,N-di-(ethyl-2-hexyl)isobutyramide) was

selected from the possible N,N-dialkylamides because it showed a good compromise
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between quantitative extraction of uranium and high U(VI)/Pu(IV) selectivity

(SFU(VI)/Pu(IV) �80 at 3 mol/L HNO3). DEHiBA can selectively extract uranium

(VI) without addition of any reducing or complexing agents for plutonium(IV), thus

avoiding its coextraction in the process. Batch distribution data were acquired and

these allowed the modeling of extraction equilibria with DEHiBA and the calculation

of flow sheets using the PAREX code (Miguirditchian et al., 2008). A flow sheet was

tested in 28 laboratory-scale mixer-settlers on a genuine spent fuel solution containing

176 g/L of uranium and 2.5 g/L of plutonium in the CEA Atalante facility in 2008.

Hydrazinium nitrate was added in the scrubbing solution to reduce Tc(VII) and Np

(VI) and facilitate stripping them from the solvent. The results show that the goals

of uranium recovery yield and DFs were reached. The losses of uranium to the raffi-

nate and the solvent were lower than 0.002% and 0.003%, respectively, corresponding

to a recovery yield of uranium higher than 99.99%. The DFs versus neptunium, tech-

netium, and plutonium were high enough with the help of hydrazinium nitrate in the

scrubbing section and b-g isotopes (137Cs, 106Ru, etc.) were very well decontaminated,

thus confirming the great selectivity of this molecule for uranium versus fission prod-

ucts (Miguirditchian et al., 2009b).

This GANEX first-cycle process was also tested as part of the ACSEPT project in

2012 in the hot cell facility of ITU in order to remove bulk uranium and prepare the

feed for the so-called EURO-GANEX test (group actinide separation). In order to

simulate future GenIV spent fuels, the feed was prepared by dissolving a mixture

of carbide and nitride fast reactor fuel pieces in 6 mol/L HNO3, after a thermal treat-

ment for oxidation. After adjustment of the nitric acid concentration, it contained

5 mol/L HNO3, 103 g/L of uranium, and 22.7 g/L of plutonium. A new flow sheet

was designed by CEA, see Figure 10.15, taking the much more plutonium-rich feed

6 Stages 16 Stages

U Product
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Scrub StrippingExtraction

1.0 M DEHiBA
in TPH

78 mL/h

0.2 M Hydrazine
1.5 M HNO3
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Pu 22.7 g/L
5 M HNO3
23.2 mL/h

Solvent
Feed

Scrub

Spent

solvent

0.01 M HNO3
73 mL/h

StripRaffinate

(feed for GANEX 2)

U ~ 0.1 %

Np < 96.9%

Pu ~ 99.9%
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Tot Ln, Am

Other FP ~ 100%

U ~ 0.04%

Np < d.I.

Pu < d.I.

Tc ~ 7.8%

Am, Ln < d.I.

U > 99.9%

Np ~ 3.1%

Pu ~ 0.1%

Tc ~ 16.6%

Am, Ln < d.I.

Figure 10.15 Flow sheet and main results of the ITU GANEX first-cycle hot test (ITU Hot

Cells Facility, 2012).
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into account, as well as the shorter holdup times of the 16-stage centrifugal contactor

system (mass transfer kinetics of uranium and technetium with DEHiBA were incor-

porated into the PAREX code). Due to the limited number of centrifugal contactors,

the experiment was run in two steps; one step for extraction and scrubbing, with

the loaded organic phase being collected for uranium stripping in the second step.

The results confirmed the excellent properties of DEHiBA for the uranium selective

separation even from plutonium-rich solutions and in short residence time contactors.

99.9% of uranium was recovered with only 0.1% left in the raffinate with the other

actinides (96.9% of Np, 99.9% of Pu, and 100% of Am) and the fission products

(Malmbeck et al., 2014). Uranium was efficiently separated with DFs versus pluto-

nium, neptunium, and technetium equal to 282, 20, and 5, respectively. While these

values are lower than those measured after the CEA test in mixer-settlers, differences

could be explained by a higher content of plutonium and shorter residence time in the

scrubbing section of the contactors in the ACSEPT-ITU test.

10.7.2 GANEX second cycle: TRU group separation

The group separation of TRU (Np, Pu, Am, and Cm) was first developed in Europe

by the CEA by adapting the DIAMEX-SANEX process (Miguirditchian et al., 2007),

initially developed for the partitioning of trivalent MAs (americium and curium) to the

global management of neptunium and plutonium along with americium and curium. A

mixture of a malonamide (DMDOHEMA) and an alkylphosphoric acid (HDEHP)

diluted in TPH allows a quantitative extraction of all actinides from concentrated

nitric acid solution without adjusting the neptunium valence. Molybdenum and tech-

netium, coextracted with actinides by the HDEHP-DMDOHEMA solvent, are then

selectively stripped by a citric acid solution at pH around 2-3, prior to the selective

actinide stripping using a mixture of HEDTA and citric acid at pH 3. Hydroxyurea

is also added in this stripping solution to reduce Np(VI) and ease its stripping with

the other actinides, while the lanthanides and other extractable fission products

(Zr, Fe) remain extracted by HDEHP in the organic phase. Eventually, lanthanides,

zirconium, and iron are stripped from the solvent using a mixture of two water-soluble

complexing agents: TEDGA (tetraethyl diglycolamide) and oxalic acid diluted in

HNO3. A model was developed from batch experiments in order to describe the

extraction of actinides and the main fission products (Ln, Mo, Tc, Zr, Fe) in each step

of this process and to support the development of flow sheets. The flow sheet, depicted

in Figure 10.16 was tested in 48 stages of lab-scale mixer-settlers in a hot cell of the

Atalante facility in 2008 on the HAR produced from the GANEX first-cycle test.

Neptunium, plutonium, americium, and curium were recovered together in the acti-

nide product and the losses of transuranic elements to the other aqueous outputs

and solvent raffinate were estimated to total less than 0.5% (neptunium essentially)

at the end of the test, corresponding to a recovery yield of actinides higher than

99.5% (Miguirditchian et al., 2009a). The DFs for fission products were quite high

except for middle series lanthanides (especially neodymium, samarium, and euro-

pium), which were less efficiently separated than expected (5% of lanthanides were

found in the actinide product at the end of the test). This rather poor Ln/An separation
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was due to an accumulation of lanthanides in the actinide stripping section caused by

an underestimation of lanthanide, zirconium, and iron concentrations in the feed solu-

tion, which led to losses of lanthanides in the actinide product. However, it was pos-

sible to simulate this accumulation with the simulation code and thus to extrapolate the

separation performance to higher values by correcting the organic cationic concentra-

tions or the feed flow rate. Recoveries and DFs are given in Table 10.3.

Alternative second cycle GANEX processes have been developed in Europe

through the ACSEPT program. Chalmers University (Sweden) proposed to use a mix-

ture of CyMe4-BTBP and TBP diluted in cyclohexanone to extract actinides (Np, Pu,

Am, Cm) from nitric acid after a preliminary extraction of bulk uranium (Aneheim

et al., 2010, 2011, 2013). This solvent has the advantage that it can selectively extract

the actinides from the fission products and, in particular, the lanthanides thanks to the

well-known An(III)/Ln(III) selectivity of the BTBP molecule. It is indeed possible to

extract neptunium, plutonium, americium, and curium as well as low quantities of

U(VI) from highly acidic solutions with a high selectivity versus lanthanides and

to recover actinides altogether after stripping at low acidity (glycolic acid at pH 4)

in this so-called CHALMEX process.

However, some fission or activation products (e.g., Ag, Pd, Cd, Mo, Zr, Tc, and Ni)

are also strongly extracted by the CyMe4BTBP+TBP solvent and masking agents

such as bimet (for Pd), mannitol (for Mo and Zr), or glucolactone (for Mo) have to

be added in different scrubbing sections to partially prevent these extractions

(Aneheim et al., 2013). Moreover, cyclohexanone selected as the diluent to improve

extraction kinetics has several drawbacks such as high solubility in water and the
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Ln scrubbing/ An stripping Ln, Y, Zr, Fe stripping
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From GANEX1
3-4 M HNO3 + HEDTA

HNO3
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Figure 10.16 Flow sheet of the CEA GANEX-2 hot test (Bordier et al., 2008).
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potential for exothermic reaction with concentrated nitric acid, which would be too

hazardous to manage in an industrial process.

The UK NNL also worked on the group actinide extraction in the framework of the

ACSEPT project and proposed another route based on the TODGA solvent. TODGA

is an efficient extracting agent for trivalent and tetravalent actinides (Sasaki et al.,

2001) but can lead to plutonium precipitates under high plutonium loading conditions.

DMDOHEMA was thus added to TODGA to prevent demixing in the organic phase,

which allowed the use of this solvent for future GenIV fuels reprocessing

(i.e., plutonium-rich solutions, > 10 g/L of plutonium in organic phase). Neptunium,

plutonium, americium, and curium are extracted along with lanthanides by the solvent

(0.2 mol/L TODGA+0.5 mol/L DMDOHEMA in Exxsol D80) from the highly acidic

raffinate obtained in the first step of the process (Bell et al., 2012). Process develop-

ment studies showed that neptunium can be quantitatively extracted into the organic

phase by increasing the feed acidity in order to facilitate Np(V) disproportionation to

Np(IV) and Np(VI) (Carrot et al., 2013). CDTA is added to the feed to mask zirconium

and palladium (Sypula et al., 2012) and an acid scrub is needed to scrub strontium at

0.5 mol/L HNO3.

Actinides are then selectively stripped using a mixture of AHA (acetohydroxamic

acid) and SO3-Ph-BTP in 0.5 mol/L HNO3. AHA is added to strip Pu(IV), Np(IV), and

Np(VI) (Taylor et al., 1998; Carrott et al., 2007; Bernier et al., 2012) while the SO3-

Ph-BTP (Figure 10.13) is used to strip americium and curium selectively from

Table 10.3 Main results of the CEA GANEX-2 hot test
(Bordier et al., 2008).

Element % in raffinate % in TRU product DF % in solvent

Np <0.46 98.9>Np<99.4 – <0.6

Pu <0.041 �99.95 – <0.005

Am 0.016 �99.97 – <0.008

Cm 0.004 �99.99 – <0.0002

La <1 <3 >36 –

Ce <3 <2 >62 0.06

Pr <1 <3 >37 0.06

Nd <1 6 16 –

Sm <2 18 5.5 –

Eu <10 8 13 0.06

Pd 57 44 2.6 –

Tc 9 <0.1 >1335 –

Ru 82 <3.5 75 –

Fe <3 32.5 3.6 –

Zr <2 <1.4 >86 –

Mo <3 <1.8 72 –
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lanthanides at high nitric acidity (0.5 mol/L) (Geist et al., 2012). Lanthanides are then

stripped in the last step using 0.5 mol/L glycolic acid at pH 4 or 0.01 mol/L HNO3.

Several spiked tests were first performed at NNL in 32 stages of centrifugal con-

tactors, and these showed that it is possible to separate actinides as a group with this

process even though rather high losses of neptunium (30%) to the raffinate were found

and a small fraction of europium (7%, used as a marker for lanthanide behavior) was

measured in the actinide product (Carrott et al., 2014).

This process was then selected as the reference route for the EURO-GANEX pro-

cess and tested in HA conditions at ITU at the end of the ACSEPT project. A flow

sheet (Figure 10.17) was produced for the hot test and adapted to the 16-stage centrif-

ugal contactor setup in the hot cell facility in ITU. The experiment was split over two

consecutive days; 16 stages for extraction and scrubbing on the first day and 16 stages

redeployed for back-extraction on the second day. To prepare the feed solution, the

raffinate from the first GANEX cycle was adjusted to 10 g/L of plutonium and the

acidity increased to 5.9 mol/L. Twelve extraction stages in combination with the

higher acidity were chosen to optimize Np(V) disproportionation and efficiency of

extraction. Selective back-extraction of actinides was then achieved by a mixture

of water-soluble SO3-Ph-BTP in combination with AHA at an acidity of 0.5 mol/L

in six stages. Six stages were used for reextraction of lanthanides and four stages

for back-extraction of lanthanides using 0.01 mol/L HNO3 (Malmbeck et al., 2014).

The results reported in Figure 10.17 show that 99.9% of the TRU (Pu, Np, and Am)

have been recovered as a group with a high selectivity (<0.1% of lanthanides in the

actinide product), which confirms the scientific feasibility of this system for the group

actinide extraction.

0.5 M HNO3
30.2 mL/h

0.01 M HNO3
57 mL/h

0.5 M HNO3
55 mM SO3-Ph-BTP

1 M AHA
57 mL/h

From GANEX1, 10 g/L Pu
5.9 M HNO3

0.055 M CDTA
30.3 mL/h

Solvent

Feed

Acid Scrub 1

29.8 mL/h

Loaded

solvent

An strip

Spent

solvent

0.2 M TODGA
0.5 M DMDOHEMA

in Exxsol D80
29.4 mL/h

0.2 M TODGA
0.5 M DMDOHEMA

in Exxsol D80
29.8 mL/h

Solvent

Scrub 1Extraction

Ln-strippingTRU-stripping

FP raffinate

U ~ 0.2%

Np ~ 0.07%

Pu ~ 0.01%

Am ~ 0.01%

tot Ln  ~ 0.01%

U ~ 57.2%

Np ~ 0.05%

Pu ~ 0.07%

Am ~ 0.07%

tot Ln  ~ 99.9%

U ~ 32.9%

Np ~ 99.91%

Pu ~ 99.85%

Am ~ 99.9%

tot Ln  ~ 0.06%

U ~ 9.96%

Np ~ 0.04%

Pu ~ 0.08%

Am ~ 0.03%

tot Ln  ~ 0.03%

12 Stages 4 Stages

An product Ln product Ln strip

4 Stages6+6 Stages

Figure 10.17 Flow sheet and main results of the Euro-GANEX hot test (ITU Hot Cell

Facility, 2012).
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10.8 Overview and status of EXAm process development

Americium is the main contributor to the long-term radiotoxicity and to the heat gen-

eration of glasses used for HLW conditioning. To decrease these impacts and to avoid

the difficult recycling of curium, the CEA has developed the EXAm process for the

separation and the recovery of a pure americium product directly from PUREX raffi-

nate. The principle of the EXAm process is based on the DIAMEX-SANEX process

and uses the same mixture of HDEHP and DMDOHEMA as the solvent. A water-

soluble complexing agent, TEDGA, is added in the feed solution (PUREX raffinate)

and in the scrubbing section to increase Am/Cm and Am/heavy lanthanides selectiv-

ity, by utilizing the preferential complexation of curium and heavy lanthanides by this

DGA. Americium and light lanthanides (La, Ce, Pr, Nd) are thus selectively extracted

by the EXAm solvent from high nitric acid media, leaving curium, zirconium, and

heavy lanthanides (Sm, Eu, Gd) in the raffinate. After the molybdenum stripping step

(molybdenum is coextracted with americium but can be selectively stripped with citric

acid at pH 3), americium is separated from the light lanthanides by selective stripping

using HEDTA and citric acid at pH 3 (or DTPA and malonic acid at pH 2.5) before the

lanthanide-iron stripping using TEDGA and oxalic acid.

Many experimental data were acquired mainly at the extraction-scrubbing step

(Am/Cm separation) and were used for the development of a phenomenological model

implemented in the PAREX process simulation code. The EXAm flow sheet (see

Figure 10.18) was tested in 2010 on a genuine PUREX raffinate in the ATALANTE

hot cells. The contactor setup consisted of 68 stages of laboratory-scale mixer-settlers:

Solvent

Extraction Scrubbing

Ln scrubbing/ Am stripping

Mo scrubbing

Ln, Fe stripping

1 M HNO3
TEGDA + oxalic acid

HNO3
TEDGA

16 Stages

Solvent

DMDOHEMA + HDEHP
in TPH

Citric acid
pH 3

16 Stages

Raffinate

Feed
DMDOHEMA + HDEHP

in TPH

Solvent
DMDOHEMA + HDEHP

in TPH

Am

Nonextractible FP
+Cm + Eu + Sm + Gd +Y+ Zr

HEDTA + citric acid
pH 3

NaOH

La, Ce, Pr, Nd, Fe

Mo, Pd, Ru

8 Stages

Spent
solvent

20 Stages 8 Stages

HAR > 4 M HNO3
+ TEDGA

Figure 10.18 Flow sheet of the EXAm CEA hot test (Bordier et al., 2008).
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16 stages for americium extraction, 16 for curium scrubbing, 8 stages for molybdenum

stripping, 20 stages for americium stripping, and 8 stages for lanthanide and iron

stripping.

At the steady state, the americium recovery rate was 98.3%with a DF of americium

from curium of 505. More than 99% of americium initially in the feed solution was

extracted into the organic phase after the extraction-scrubbing section but 0.7% of

americium was lost in the molybdenum stripping step, which still needs to be

improved. The americium output was also decontaminated versus lanthanides as only

2.2% of neodymium (in mass/Am mass in the product) was found with americium.

The results from this test have demonstrated the scientific feasibility of separating a

pure americium product from a genuine PUREX raffinate for the first time

(Bollesteros et al., 2012; Miguirditchian et al., 2013).

Other EXAm routes are currently being studied for americium-selective extraction in

the context of the new European program SACSESS. Several processes are proposed,

mostly based on the use of TODGA solvent (with 5% 1-octanol) and consist of coex-

traction of americium, curium, and lanthanides followed by selective americium strip-

ping. In this case, curium and lanthanide would remain extracted by TODGA in the

organic phasewhile americiumwould be stripped by a water-soluble selective complex-

ing agent efficient at moderate acidity (0.1-1 mol/L HNO3). It is anticipated that a

EURO-EXAm process will be selected during the SACSESS project and will be tested

in HA conditions in ITU hot cells before the end of the project in 2016.

10.9 Future trends

The separation processes described in this chapter are based on solvent-extraction

studies that benefit from the experience gained over the last 20 years in European

international collaborative projects. Research on partitioning in the EU is at such

an advanced stage that serious consideration is being given to the industrialization

of some hydrometallurgical separation processes; most notably in France, which

has an ambitious R&D program on partitioning and transmutation. Nevertheless, after

more than two decades of research in this area, separating MAs (americium and

curium) from the PUREX raffinate still poses a challenge.

Several aqueous partitioning processes were selected and developed up to the dem-

onstration level on the laboratory scale using genuine fuel solutions. As shown, the

scientific feasibility of these processes involving new extracting or complexing

organic molecules and new diluents was demonstrated. It is important to improve

the mechanistic understanding of the chemical and physical reactions involved in

the solvent-extraction processes (thermodynamics and kinetics) and the diverse safety

issues involved in the chemical processes under operational as well as malfunctioning

conditions. An increased focus on kinetics, in particular, is needed to understand the

scope for process intensification, including the appropriate choice of extraction equip-

ment. Overall, a better understanding of the chemical systems involved is needed to

enhance the potential for future process operations at the industrial scale.

This knowledge is important to develop multiscale models to be used in a simulation

code, which is an indispensable tool for design and safe operation of such processes.
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Last but not least, the long-term operation of the solvent accounting for degradation

by hydrolysis and radiolysis reactions must be demonstrated before industrial deploy-

ment can be considered. The washing of the solvent to enable solvent recycling and

the management of spent solvent, including the secondary wastes generated, also need

to be studied.
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Acronyms

ALSEP actinide-lanthanide separation process concept

An actinide

CDTA trans-1,2-diaminocyclohexane-N,N,N¢,N¢-tetraacetic acid

CMPO octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide (TRUEX

extractant)

DAAP diamylamylphosphonate

DGA diglycolamide

DIAMEX diamide extraction process

DTPA diethylenetriaminepentaacetic acid, actinide-selective complexant used in

TALSPEAK aqueous phase

FCRD Fuel Cycle Research and Development

FP fission product

HDEHP bis(2-ethylhexyl)phosphoric acid, extractant for An(III) and Ln(III) in TAL-

SPEAK process

HEDTA N-(2-hydroxyethyl)ethylenediamine-N,N¢,N¢-triacetic acid, actinide-selective

complexant used in Advanced TALSPEAK aqueous phase

HEH[EHP] 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester, extractant for An(III)

and Ln(III) in Advanced TALSPEAK and ALSEP processes

Ln lanthanide

MA minor actinide

OECD Organization for Economic Cooperation and Development

P&T partitioning and transmutation

STMAS Sigma Team for Minor Actinide Separations

T2EHDGA N,N,N¢,N¢-tetra(2-ethylhexyl)diglycolamide, extractant for An(III) and Ln(III)

in ALSEP

TALSPEAK trivalent actinide-lanthanide separations by phosphorus-reagent extraction

from aqueous complexes

TBP tri-n-butyl phosphate
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TEDGA N,N,N¢,N¢-tetraethyldiglycolamide

TRUEX transuranic extraction

UREX+ uranium extraction plus, a suite of actinide and fission-product separations

USDOE U.S. Department of Energy

11.1 Introduction

Neptunium, americium, and curium constitute the so-called minor actinides (MAs),

which represent only about a tenth of a percent of the total heavy metal mass in used

light-water nuclear reactor fuel. In contrast to their relatively minor mass percentage,

due to their radiotoxicity and heat generation, their role is major in terms of formu-

lating strategies for used fuel recycle or in designing repositories. With the general

motivation of finding more effective methods for used fuel recycle, the separation

of MAs is being pursued in various fundamental-to-applied research programs in

the United States. In particular, a concentration of effort has been focused within the

Sigma Team for Minor Actinide Separation (STMAS) formed in 2009 within the

U.S. Department of Energy (USDOE) Fuel Cycle Research and Development (FCRD)

program. The STMAS serveswithin the framework of the Nuclear EnergyResearch and

Development Roadmap (USDOE, 2010a) and, in particular, it supports the goal of

developing sustainable nuclear fuel cycles (USDOE, 2010b). Accordingly, the over-

arching goal of the STMAS is to provide the scientific basis formore efficient separation

methods, especially for americium and curium, in order to greatly improve the overall

benefit of fuel recycle. The specific aim of the STMAS is the development of a robust,

more efficient actinide/lanthanide (An/Ln) separation process. The possibility of sepa-

rating americium from curium has also been examined. While the first years of the

STMAS emphasized research on the applicable science behind germinating technology

concepts, the scope of the program has advanced to include the development and

testing of functional separations systems, leading to bench-scale demonstration.

The above aims are being pursued mainly within the paradigm of aqueous reproces-

sing of used oxide nuclear fuel dissolved in nitric acid. Given that an array of previously

matured separation technologies for MA separations had been brought successfully

through demonstrations in the context of the UREX+ (uranium extraction plus) suite

of processes (Regalbuto, 2011; Gelis et al., 2009; Laidler, 2008), the present challenge

deals primarily with the question of the efficiency and economy with which these

separations can be achievedwith the aimof developing amanageable and affordable fuel

cycle.Themagnitude of this problemwill require unprecedented simplification and com-

paction of separations processes, preferably eliminating and combining steps. It is antic-

ipated that this will entail new chemistry and likely altogether new separation agents.

This chapter examines twomajor approaches being undertaken within the STMAS,

first discussing the need for recycle of the MAs and the available chemical principles

by which separation strategies can be developed. The first approach being pursued in

the STMAS relies on aqueous complexation chemistry using nitrogen-donor polycar-

boxylic acid chelating agents to generate the selectivity for trivalent americium and
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curium versus the trivalent lanthanides between the aqueous phase and a nonselective

solvent system. The second approach entails developing the chemistry of the V and VI

oxidation states of americium to achieve a separation from trivalent lanthanides and

curium via solvent extraction. Although other approaches are being pursued, both in

the STMAS and elsewhere, this chapter will focus on the above-mentioned examples

to provide more detailed treatments of these significant advances. The conclusion of

the chapter will look forward to future developments.

11.2 Significance of minor actinide separation

As recognized widely by the national and international scientific community

(Salvatores and Palmiotti, 2011; Tachimori and Morita, 2010; Hill, 2010; Boullis,

2008; Arm et al., 2008; Todd andWigeland, 2006; Nash et al., 2006), the major benefit

of MA separation in general lies in the reduced heat load on a repository, effectively

increasing repository capacity. At the same time, the recycle of the recovered MAs

provides additional energy utilization of the used nuclear fuel, in part offsetting the

cost of performing the separation. In addition, process simplification resulting from

separations research serves the interest of accountability and therefore nonprolifera-

tion. International arguments have also stressed the reduced long-term radiotoxicity of

the waste stored in geologic repositories, though long-lived fission products (FPs) like
99Tc, 129I, and 135Cs are still likely to require long-term geologic storage.

From a technical perspective, the specific requirements for MA separations depend

on the nature of the future fuel cycle that will ultimately be implemented, involving

such system choices as reactor type, fuel type, and waste disposition. A systems-

option study of these myriad choices is in progress within FCRD and will inform

R&D planning in the coming years (USDOE, 2010b). In its Partitioning and Trans-

mutation (P&T) Exchange Meetings (OECD, 2010, 2012), the Organization for Eco-

nomic Cooperation and Development (OECD) has been engaging the general question

of MA separation and transmutation for several decades from multiple perspectives.

A recent review summarizes the current situation, pointing to the need for research on

numerous aspects of advanced fuel cycles, including MA separations (Salvatores and

Palmiotti, 2011). While specific needs for MA separations are in the process of being

more clearly defined, it is taken for present purposes that separations research will

play a critical enabling role, primarily within the full-recycle option as opposed to

a once-through open cycle (USDOE, 2010b).

Benefits of a full-recycle option with separation and recycle (P&T) of MAs include

increased repository capacity (performance), decreased long-term radiotoxicity, and

reduced risk from low-probability/high consequence scenarios such as geologic events

and human intrusion (Salvatores and Palmiotti, 2011; Wigeland et al., 2006). With no

separations whatsoever, as is the case with the once-through option, Figure 11.1 shows

that the heat load on a geologic repository out to 2000 years is dominated by 241Am

(t1/2¼433 years) after the FPs have decayed sufficiently (75 years) (Wigeland et al.,

2006). Given that heat loading directly determines the storage capacity of a repository,
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removal of 241Am alone has clear benefit for increasing storage capacity, reducing

repository size, or permitting a lower repository operating temperature. Estimates of

such benefits have been given for the case of the controversial Yucca Mountain project

(Wigeland et al., 2006), which can be used as an illustrative example. Accordingly, a

4.3-5.4-fold increase in waste loading would be expected for 90-99.9% removal of

americium, assuming equal removal efficiency of plutonium. A maximum 225-fold

increase in waste loading would be expected upon removal of 99.9% of the plutonium,

americium, and curium, along with the FPs cesium and strontium. Similar benefits for

other repositoriesmay also be expected depending on the geology and repository design.

Repository benefits of MA separation and transmutation also include decreased overall

repository radiotoxicity and decreased radiotoxicity lifetime, goals that also promote

public acceptance of nuclear energy (Carelli et al., 2011).While decreased radiotoxicity

of the repository is itself thought to have limited impact on repository performance, sub-

stantial reduction of risk is recognized in terms of disruptive events due, for example, to

geologic phenomena and human intrusion (Salvatores and Palmiotti, 2011).

As described in Section 11.1, the need to develop an efficient An/Ln separation

stands out as most urgent. This separation is important because the lanthanides are

strong thermal neutron absorbers and thus cannot be recycled in light-water reactor

fuel, though fast reactors are expected to be more tolerant. A further separation of

americium from curium has been viewed as a necessary process option (Laidler,

2008), as curium presents difficulties in fuel fabrication due to the greater shielding
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requirements, though this is not a universally agreed upon opinion (Arm et al., 2008).

Given that an effective chemistry already exists for manipulating neptunium in con-

temporary solvent-extraction systems employing tri-n-butyl phosphate (TBP), the

need for neptunium separations research seems relatively less urgent than the need

for americium and curium separations research. By contrast, An/Ln or Am/Cm

separations have been especially difficult because the chemistry of their common

trivalent oxidation states is very similar. Although we can point to significant

progress, a fully satisfactory solution has not yet been found (Hill, 2010, 2011).

A clear need to simplify separations in fuel recycle is universally recognized.

Although the successful demonstrations of UREX+ (Regalbuto, 2011; Gelis et al.,

2009; Laidler, 2008) increased overall confidence in our ability to reprocess used

light-water reactor fuel at a commercial scale to meet a variety of potential U.S.

advanced fuel cycle objectives, the level of complexity and projected cost of deploy-

ing multiple process steps was unprecedented.Whether to separate theMAs in the first

place and what types of streams containing the MAs are best suited to fuel fabrication

or waste disposal must be a result of a comprehensive fuel cycle systems analysis.

While such guidance is being formulated, a chemical toolbox approach has been

undertaken by STMAS under the philosophy that the chemical understanding in

the context of potential separation methods will be available for exploitation as

systems goals are more clearly defined.

11.3 General approaches to minor actinide separation

As shown in Figure 11.2 and discussed in detail in subsequent sections of this chapter,

two distinct strategies for americium separation may be pursued based on either the

competitive complexation (Tachimori andMorita, 2010; Hill, 2010) or the higher oxi-

dation states of americium (Runde and Mincher, 2011). Complexation presents
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Figure 11.2 Strategies for achieving selectivity in two-phase separation systems.
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particular challenges in that the trivalent 4f and 5f elements have very similar bonding

characteristics, dominated by electrostatics. For Am(III)/Cm(III) separations, the

ionic radii differ very slightly, and these fall within the much wider size range of

the lanthanides (Shannon, 1976), making An(III)/Ln(III) discrimination difficult.

Regarding the second strategy, the higher oxidation states of americium that can be

exploited require aggressive oxidizing conditions. The oxidation potentials greatly

exceed the potentials for oxidation of water, and americium(V) and americium(VI)

are thus thermodynamically unstable once formed (Runde and Mincher, 2011).

Indeed, both americium(V) and americium(VI) both spontaneously return to ameri-

cium(III), the lifetime of americium(V) being on the order of days, while that for

americium(VI) being only minutes in aqueous solutions. The auto-reduction rates

are highly dependent on conditions and, for americium(VI), a holding oxidant will

likely be required to perform a separation.

Both complexation and oxidation strategies can be used in either phase of a separation

system. For example, by use of the extractant bis(2-ethylhexyl)phosphoric acid

(HDEHP), which is not selective for actinide(III) vs lanthanide(III), and addition of

the actinide(III)-selective complexant diethylenetriaminepentaacetic acid (DTPA) to

the aqueous phase, the lanthanide(III) ions are render significantly more extractable

than actinide(III) ions (see Section 11.4). This principle can be made to operate in an

extraction of lanthanide(III) ions away from americium(III) or in stripping extracted

americium(III) from coextracted lanthanide(III). Alternatively, the actinide-selective

complexantcanbe theextractant.Onecouldemploy the sameideas in theuseof inorganic

ion exchangers. For example, an inorganic exchanger with affinity for both actinide(III)

and lanthanide(III) ions could be used in the presence of an appropriate aqueous-phase

complexant that has an affinity for An(III) versus Ln(III), such that only the lantha-

nide(III) are removed fromthe feed stream.Alternatively, the complexant could beadded

to the eluent after the combined uptake of americium(III) and lanthanide(III) to selec-

tively desorb the americium(III). To succeed overall, complexation strategies must be

highly sensitive, taking advantage of subtle effects due to very small differences in ionic

radii or interaction with f-orbitals. Manipulation of the americium oxidation state is, in

principle, a powerful approach for a selective americium separation, either in the context

of solvent extraction or ion exchange, but the very high oxidation potentials required for

oxidation of americium(III) to americium(V) and americium(VI) (Runde and Mincher,

2011) present a formidable challenge. Indeed, if this were not such a challenge, the two

aims of the STMAS likely would have been preempted long ago.

11.4 Advanced TALSPEAK

The trivalent actinide-lanthanide separations by phosphorus-reagent extraction from

aqueous complexes (TALSPEAK) process was first described in the 1960s (Weaver

and Kappelmann, 1968), and the key features of this process have recently been

reviewed (Nilsson and Nash, 2007). In the TALSPEAK process, a mixture of trivalent

lanthanides and actinides is dissolved in a lactate-buffered aqueous phase, and DTPA

(Table 11.1) is added. The DTPA preferentially binds the actinide ions, presumably
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Table 11.1 Chemical structures of the extractants, aqueous-phase actinide complexants, and buffers
used in the TALSPEAK and advanced TALSPEAK processes
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because the slightly softer Lewis acidic character of the actinides favors binding to the

soft-donor amine groups (Pearson, 1963). This aqueous phase is then contacted with

an organic phase containing HDEHP (Table 11.1), which binds the lanthanide ions

and thereby transfers them to the organic phase. The DTPA-complexed actinide ions

remain in the aqueous phase. The process can be operated in a slightly different mode

in which the lanthanides and actinides are coextracted from an aqueous phase that

does not contain DTPA, and then the actinides are selectively stripped into a

lactate-buffered DTPA solution. This latter approach is referred to as “reverse

TALSPEAK.”

The TALSPEAK process has been demonstrated at a laboratory scale using solutions

derived from irradiated commercial nuclear fuel (Regalbuto, 2011). However, industrial

implementation of the process is complicated by its high sensitivity to the solution pH

and relatively slow kinetics (Nilsson and Nash, 2007). The latter can bemitigated some-

what by using a high concentration of lactate in the aqueous buffer. For example,

Figure 11.3a presents data that show the distribution of americium into 1 mol/L HDEHP

in odorless kerosene reaches equilibrium more quickly as the lactate concentration is

increased (Svantesson et al., 1979). Although effective, the high concentration of lactate

is undesirable in terms of downstream processing because this material must ultimately

be managed as process waste. The severe pH dependence is not easily mitigated in

the traditional TALSPEAK process. Figure 11.3b presents the pH dependence of

the neodymium and americium distribution ratios for extraction from 0.05 mol/L
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DTPA into 1 mol/L HDEHP in odorless kerosene: (a) influence of the lactate concentration on
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DTPA/1.5 mol/L lactic acid into an organic phase consisting of 1 mol/L HDEHP in

odorless kerosene (Svantesson et al., 1979). As can be seen from this plot, the pH of

the system should be kept between about 3.2 and 3.4 to give reasonable extraction

of neodymium while maintaining americium distribution ratios below 1. Maintaining

this tight pH regime would be difficult in a shielded industrial radiochemical facility.

Recently, it has been suggested that the HDEHP extractant be replaced by

the related extractant 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester (HEH

[EHP]; Table 11.1) (Braley et al., 2012). Because HEH[EHP] is a weaker extractant

than HDEHP, the DTPA actinide complexant must be replaced with a weaker com-

plexant; otherwise, the lanthanide distribution ratios are too low. N-(2-Hydroxyethyl)
ethylenediamine-N,N¢,N¢-triacetic acid (HEDTA; Table 11.1) provides a suitable

balance between complexing the trivalent actinides and allowing the extraction of

the lanthanides by HEH[EHP]. Finally, in this modified system, the lactate buffer

is replaced with a citrate buffer. This new actinide separation system is termed the

“Advanced TALSPEAK” concept, and the development of this concept to date sug-

gests that it overcomes the major shortcomings of the traditional TALSPEAK process.

In particular, the pH dependence is much less in the Advanced TALSPEAK system

compared with the traditional TALSPEAK system.

Figure 11.4 presents the pH dependence of the distribution ratios for americium and

selected lanthanides for extraction from 0.11 mol/L HEDTA/0.2 mol/L citric acid into
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Figure 11.4 Americium and lanthanide distribution ratios for the Advanced TALSPEAK

system: organic solvent, 1 mol/L HEH[EHP] in n-dodecane; aqueous phase, 0.11 mol/L

HEDTA in 0.2 mol/L citrate buffer (Lumetta et al., 2014a).
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an organic phase consisting of 1 mol/L HEH[EHP] in n-dodecane. Comparison of the

data in Figure 11.4 to that in Figure 11.3b clearly shows the advantage of the

Advanced TALSPEAK system. Whereas the slopes of the distribution ratio versus

pH lines for the traditional TALSPEAK system are about �2 (Figure 11.3b), that

for the Advanced TALSPEAK system is only about �0.3 (Figure 11.4). This shal-

lower slope with Advanced TALSPEAK provides for a much wider pH operating

range for Advanced TALSPEAK compared with traditional TALSPEAK.

11.5 Actinide-lanthanide separation process concept

A major disadvantage with both the TALSPEAK and Advanced TALSPEAK

approaches is that a separate solvent-extraction process is needed upstream to separate

the lanthanides and actinides together as a group from the high-level waste raffinate

arising from the primary fuel reprocessing step. This can be done with, for example,

the transuranic extraction (TRUEX) process (Horwitz et al., 1985) or the diamide

extraction (DIAMEX) process (Courson et al., 2000; Malmbeck et al., 2000). To

reduce the complexity of MA separations, a number of attempts have been made at

combining extractants to produce a single solvent-extraction process that can separate

the MAs from acidic high-level waste raffinate, including their separation from the

lanthanides (Lumetta et al., 2010a).

An early example of this approach was the combination of the TRUEX extractant

octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide (CMPO) with

HDEHP (Dhami et al., 2001; Lumetta et al., 2013a). It was hypothesized that under

highly acidic conditions (molar concentrations of nitric acid), the chemistry of CMPO

would dominate, and the MAs and the lanthanides would be extracted together. Fur-

thermore, it was assumed that switching the aqueous chemistry to a carboxylate-

buffered solution of a polyaminocarboxylate complexant would result in a selective

stripping of the MAs, akin to the reverse TALSPEAK approach. The combination of

CMPO and HDEHP proved to be problematic because interactions between the two

extractants in the organic phase reduced the effectiveness of the coextraction of the

MAs and lanthanides from nitric acid and limited the separation factors that could

be achieved (Lumetta et al., 2010b, 2011, 2013a). These problems were reduced

by replacing HDEHP with HEH[EHP]. The interaction between HEH[EHP] and

CMPO is weaker than that between HDEHP and CMPO. But the HEH[EHP]/CMPO

interaction still adversely affects the effectiveness of this extraction system, especially

at nitric acid concentrations greater than 2 mol/L (Braley et al., 2013).

A new combined system is under investigation that combines a diglycolamide

(DGA) extractant with HEH[EHP]. The interaction between the DGA extractant

and HEH[EHP] is very weak, resulting in a system that closely fulfills the original

intent; that is, the chemistry of the DGA dominates at molar concentrations of nitric

acid, allowing the MAs to be extracted along with the lanthanides. When the aqueous-

phase chemistry is switched to a buffered (pH 3-4) polyaminocarboxylate solution, the

MAs are selectively stripped from the solvent, separating them from the lanthanides.

This approach has been termed the actinide-lanthanide separation (ALSEP) process
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concept (Lumetta et al., 2014b; Gelis and Lumetta, 2014; Guelis, 2013). The currently

preferred formulation of the ALSEP solvent consists of 0.05 mol/L N,N,N¢,N¢-tetra(2-

ethylhexyl)diglycolamide (T2EHDGA) plus 0.75 mol/L HEH[EHP] dissolved in n-
dodecane (this will hereafter be referred to as the ALSEP solvent). Figure 11.5 pre-

sents the chemical structures of the chemical components used in ALSEP.

The ALSEP solvent effectively extracts americium at nitric acid concentrations

greater than 1 mol/L (Figure 11.6a). The heavier lanthanides samarium, europium,

and gadolinium, are also efficiently extracted into the ALSEP solvent under these

conditions. The neodymium distribution ratios for extraction from nitric acid closely

parallel those of americium, but are slightly lower. The light lanthanides are less

strongly extracted by the ALSEP solvent. This is especially true for lanthanum.

The distribution ratios for this element remain below 1 mol/L up to a nitric acid
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Figure 11.5 Structures of the chemicals used in the ALSEP concept.
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concentration of approximately 5 mol/L. These results suggest that americium can be

separated from lanthanum in irradiated fuel during the ALSEP extraction step, which

would reduce the metal loading in the organic phase and improve the efficiency of the

downstream stripping steps.

Figure 11.6b presents the americium and lanthanide distribution ratios under the

conditions used for selectively stripping the MAs. In this case, the aqueous phase con-

sists of 0.125 mol/L HEDTA in 0.2 mol/L citrate buffer. The distribution ratios for the

lanthanides remain above 1 for the entire pH range examined (2.1-4.4). The ameri-

cium distribution ratios decrease with increasing pH. The slope of the logarithm of

the americium distribution ratio versus the pH plot (slope approximately �0.4) is

slightly more negative than that observed for the Advanced TALSPEAK system

(slope approximately �0.3; Figure 11.4), but is still substantially closer to zero than

that for the traditional TALSPEAK process (slope approximately �2; Figure 11.3).

The minimum separation factors (defined as the distribution ratio for the most poorly

extracting lanthanide, neodymium, divided by that for americium) are relatively

insensitive to the pH in the range 2.6-4.0, with the minimum separation factors being

about 20.

The ALSEP chemistry is complicated by the extraction of zirconium and molyb-

denum. The latter element must be removed from the loaded organic phase before the

MAs are stripped with HEDTA; otherwise it will contaminate the MA product. Con-

tacting the metal-loaded ALSEP solvent with 0.2 mol/L citrate at pH 3.3-4.0 removes

the molybdenum from the solvent. This citrate scrub also serves to precondition

the solvent for the MA stripping step by removing any residual nitric acid in the sol-

vent. Zirconium is somewhat more difficult to control. Two approaches have been

1000

100

10

1

0.1

1000

100

10

1

0.1
2.0

D
is

tr
ib

ut
io

n 
ra

tio
 o

r 
se

pa
ra

tio
n 

fa
ct

or

D
is

tr
ib

ut
io

n 
ra

tio
 

2.5 3.0 3.5 4.0 4.50 1 2 3 4 5

[HNO3] (mol/L) pH

m = –0.44

(a) (b)

Am
La
Ce
Pr
Nd
Sm
Eu
Gd
Min. SF

Figure 11.6 Americium and lanthanide distribution ratios for the ALSEP system: organic

solvent, 0.05 mol/L T2EHDGA plus 0.75 mol/L HEH[EHP] in n-dodecane; aqueous phase,
(a) various concentrations of HNO3, (b) 0.125 mol/L HEDTA in 0.2 mol/L citrate buffer

(Lumetta et al., 2014a).
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proposed tomanage zirconium in ALSEP. The first approach involves adding trans-1,2-
diaminocyclohexane-N,N,N¢,N¢-tetraacetic acid (CDTA; Figure 11.5) to the feed solu-

tion. TheCDTA suppresses zirconium extraction so that it goes directly to the high-level

waste raffinate. However, in some experiments, the extraction of ruthenium was

enhanced by the presence of CDTA. An alternative approach to manage zirconium

is to allow it to extract into the ALSEP solvent and then strip it from the solvent with

an aqueous oxalic acid solution after the MAs have been recovered, and after the lan-

thanides have been stripped. The lanthanides can be removed by contacting the ALSEP

solvent with a nitric acid solution containing N,N,N¢,N¢-tetraethyldiglycolamide

(TEDGA, Figure 11.5) (Lumetta et al., 2013b).

In summary, Advanced TALSPEAK and ALSEP are promising methods for sep-

arating the MAs from high-level waste raffinate arising from reprocessing of nuclear

fuel. Both of these methods use HEH[EHP] as the extractant together with a weaker

aqueous complexant, which leads to systems that are less sensitive to pH than anal-

ogous systems that use HDEHP as extractant. Key aspects of the process chemistry for

both systems have been addressed, but some challenges remain, especially regarding

the fate of transition metal FPs such as molybdenum, zirconium, and ruthenium. With

the Advanced TALSPEAK system, separation from the transition metal FPs occurs in

the upstream process used to isolate the combined Ln/MA stream (e.g., during the

TRUEX or DIAMEX process). In the case of ALSEP, the flow of the transition metals

must be controlled within the ALSEP solvent-extraction cycle.

11.6 Exploiting high oxidation states of americium

The valence state of americium in aqueous solution is almost ubiquitously trivalent

(Am3+), resembling that of most of the lanthanides. However, higher americium oxi-

dation states (IV, V, and VI) are available, and they have occasionally been exploited

for analytical separations (Runde and Mincher, 2011). Tetravalent americium rapidly

disproportionates and is only observed in the presence of strongly complexing ligands

such as phosphate, fluoride, polytungstate, or carbonate. In its (IV) oxidation state,

americium forms hydrated or complexed high charge-density Am4+ ions, while in

the (V) and (VI) oxidation states, the bare cations hydrolyze to form the linear

trans-dioxo americyl cations, AmO2
+ and AmO2

2+, in analogy with uranium, neptu-

nium, and plutonium. For separations to be conducted from nitric acid solution, it

is these latter, more stable oxidation states that are of potential utility. Such ions with

either much higher (AmO2
2+) or much lower (AmO2

+) charge density than trivalent ions

(Ln3+ and Am3+) offer alternative options for separations chemistry.

Values of about 1.7 and 1.75 V are typically reported for the electrode potentials

for the couples Am(III)/Am(VI) and Am(III)/Am(V), respectively, in acidic solution

(Runde and Mincher, 2011). The use of strong oxidizing agents is thus required to

produce these valences under the conditions envisioned for fuel cycle separations.

The first reported preparation of americium(VI) was by Asprey et al. (1950, 1951).

They used an excess of solid ammonium peroxydisulfate (NH4)2S2O8, added to
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0.2 mol/L nitric, perchloric, or sulfuric acid solutions containing 0.002-0.035 mol/L

americium(III). At 85 °C, the pink americium(III) color was replaced by straw yellow,

and a sharp spectral absorbance peak was reported at 992 nm, with another minor peak

at 666 nm. No evidence of americium(III) or americium(V) absorbance was reported

in these preparations. The separations potential inherent in the ability to perform amer-

icium valence-state adjustments was recognized immediately. Precipitation of the tri-

valent elements away from soluble americium(VI) was commonly employed. Many

salts, including the fluorides of lanthanides, americium(III), and curium(III), exhibit

low solubilities and can be scavenged on lanthanide precipitates. The salts of higher

oxidation states of americium have higher solubility and stay in solution when the tri-

valent species are precipitated. An early example was provided by Stephanou and

Penneman (1952), in which americium was oxidized in the presence of curium by

treating 0.1-0.3 mol/L HNO3 solutions with solid ammonium peroxydisulfate and

heating at 85 °C for 1-2 h. Following oxidation, the solution was made 3-4 mol/L

in HF to precipitate CmF3 on La carrier, leaving oxidized americium in solution.

In theory, the above procedures should yield nearly quantitative americium(VI), as

any produced americium(V) is easy to oxidize further. The reduction potential for the

Am(V)/Am(VI) couple is reported to be 1.6 V (Runde and Mincher, 2011). However,

depending on parameters such as acidity, peroxydisulfate concentration, and duration of

heating, significant amounts of americium(V) may also be produced (Burns et al.,

2012). Mixtures of all three oxidation states are even possible. The generation of large

amounts of americium(V) is probably due to reduction of the produced americium(VI).

Peroxydisulfate decomposes in solution to produce two strong oxidizing agents,

the sulfate radical anion (SO��
4 ) and the hydroxyl radical (OH�) (Behrman and

Edwards, 1980):

S2O8
2� ! 2SO4

�� (11.1)

S2O8
2� +H2O! SO4

�� +HSO4
� +OH� (11.2)

In acidic solution the peroxydisulfate anion protonates, initiating a series of reactions

ultimately producing H2O2:

H+ + S2O8
2� !HS2O8

� (11.3)

HS2O8
� ! SO4 +HSO4

� (11.4)

SO4 +H2O!H2SO5 (11.5)

H2SO5 +H2O!H2O2 +H2SO4 (11.6)

Hydrogen peroxide is an effective reducing agent for oxidized americium. Thus, the

use of peroxydisulfate as an americium(VI) reagent is limited to low-acid concentra-

tions. Lengthy high-temperature oxidations would also have a tendency to reduce

americium(VI) to americium(V), which is more stable in acidic solution (Schulz,
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1976). Ammonium peroxydisulfate alone is thus not always a reliable reagent for the

production of americium(VI). For example, Ward and Welch (1954) reported that the

yield of americium(VI) was only 80% in 0.2 mol/L HNO3 under similar conditions to

those used successfully by others. In fact, recently Burns et al. (2012) have shown the

quantitative production of americium(V) in 0.01 mol/L HNO3, using peroxydisulfate.

This group is currently investigating the separation of americium(V) from curium(III)

on titanate ion exchange materials following peroxydisulfate oxidation.

To achieve more reliable yields of americium(VI) with peroxydisulfate, Ward and

Welch (1954) recommended the addition of silver nitrate to ensure quantitative

oxidation. When Ag+ is added, the Ag2+ ion is generated according to Equation 11.7,

which acts as a one-electron transfer agent capable of oxidizing substrates,

Ag+ + S2O8
2� !Ag2+ + SO4

2� +SO4
�� (11.7)

The use of silver-catalyzed S2O8
2� oxidation rapidly became the standard method for

the production of americium(VI) for the analytical-scale separation of americium

from the lanthanides and curium (Holcomb, 1954; Moore, 1971; Hindman, 1986).

Despite its success in analytical applications, peroxydisulfate suffers from two

main drawbacks for use in the fuel cycle. The first has already been mentioned; it can-

not be used in highly acidic solution. The second is the production of sulfate anion

(Equations 11.6–11.7), which interferes with waste vitrification and is an undesirable

constituent of the final waste form (Moyer et al., 2013). However, the TBP solvent

extraction of americium(VI) from nitric acid solutions following silver/peroxydisulfate

oxidation is possible, as reported by Kamoshida and Fukusawa (1996), who used neat

TBP to achieve an americium distribution ratio (DAm) of �4 following oxidation in

0.1 mol/L HNO3 and adjustment of the acidity to 1.0 mol/L. In continued work, the

extraction of silver/peroxydisulfate-oxidized americium from diluted dissolved nuclear

fuel was demonstrated, after previous extraction of uranium, plutonium, and neptunium

(Kamoshida et al., 1999).

An alternative oxidizing agent that has been a major focus of fuel cycle research is

sodium bismuthate (NaBiO3). This reagent is a stable, convenient, off-the-shelf com-

pound, only sparingly soluble in nitric acid. The reduction potential for the Bi(III)/Bi

(V) redox couple has been reported to be 2.0 V, which is comparable to that of

the peroxydisulfate system (Ford-Smith and Habeeb,1973). As a reagent that is slow

to dissolve, bismuthate has the advantage that it acts as its own holding oxidant, as

bismuth(V) ions are continually introduced to the system when in the presence of

the solid, helping to counteract the tendency of americium(VI) to auto-reduce

(Mincher et al., 2008).

The earliest report of the use of sodium bismuthate to oxidize americium(III) was

that by Hara and Suzuki (1977), who prepared a form of americium that did not pre-

cipitate at nitric acid concentrations as high as 2 mol/L. This report was followed by

one in which bismuthate was used as the oxidizing agent to study the stability of

oxidized americium (Hara and Suzuki, 1979). Renewed investigation of sodium

bismuthate did not occur until the last few years, mainly in work at Idaho National

Laboratory, where it has been investigated for potential fuel cycle applications using
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several ligands (Mincher et al., 2008, 2011; Martin et al., 2009). The current ligand of

choice is diamylamylphosphonate (DAAP), which was chosen for investigation due to

its utility in U(VI) extraction (Siddall, 1959; Mason and Griffin, 1980;

Brahmmananda Rao et al., 2007). It was demonstrated that a 1-mol/L DAAP/dode-

cane solution could be used to extract bismuthate-oxidized americium across a wide

range of acid concentrations, with maximum DAm obtained at �6.5 mol/L HNO3.

Typical results for americium extractions from a first-cycle UREX raffinate simulant

solution adjusted across a range of acid concentrations are shown in Figure 11.7,

where it can be seen that europium and curium were not oxidized and not extracted.

At 6.5 mol/L HNO3, Am/Eu and Am/Cm separation factors (aAm/Eu¼DAm/DEu and

aAm/Cm¼DAm/DCm) of �50 and �70 were obtained, respectively. It can also be seen

that at nitric acid concentrations of<4 mol/L, americium behavior is similar to that of

europium, suggesting that it was not oxidized, possibly due to the lower concentration

of dissolved bismuthate at that acidity. It has since been shown that this pattern of

decreasing extractive capability with decreasing acid concentration is common to

the trivalent metals, including the other lanthanides, curium(III), and bismuth(III)

(Mincher et al., 2012).

Among other fuel dissolution constituents of concern, the only lanthanide that is

oxidized and extracted is cerium, as Ce4+. However, americium is readily reduced,

even by the organic phase itself, and thus it is easy to selectively strip (Mincher

et al., 2012). Among nonlanthanide constituents, only ruthenium, which is oxidized

by bismuthate, and zirconium were extracted. The occasionally problematic elements
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Figure 11.7 The 1 mol/L DAAP solvent extraction of americium (closed diamonds), europium

(open diamonds), and curium (closed circles) versus nitric acid concentration for extractions

from bismuthate-treated raffinate simulant.

Data replotted from Mincher et al. (2012) and Mincher et al. (2014).
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palladium, technetium, and molybdenum were not extracted at acid concentrations of

interest for americium extraction (Mincher et al., 2014).

The DAm values achieved during DAAP extraction depend on the oxidation yield of

americium(VI). Pentavalent and trivalent americium do not get extracted. The initial

oxidation yield can be measured by UV/Vis spectroscopy and depends on the amount

of solid bismuthate used, temperature, and duration of oxidative treatment (Mincher

et al., 2008, 2011), as well as the americium and acid concentrations (Mincher et al.,

2012). Given 40-60 mg/mL bismuthate in >4 mol/L HNO3 with a 2 h oxidation

at ambient temperature, yields of >85% can be expected for tracer americium con-

centrations, with higher yields at higher americium concentrations. The UV/Vis

absorbance spectrum of a bismuthate-oxidized 0.1 mol/L HNO3 solution, containing

americium(III) (503 nm, e¼386.7 L/mol cm) (Mincher et al., 2008); americium(V)

(513 nm, e¼39.7 L/mol cm) (Mincher et al., 2011); and americium(VI) (666 nm,

e¼27.9 L/mol cm) (Mincher et al., 2008), is shown in Figure 11.8. The total americium

concentration was 4�10�5 mol/L. The americium(VI) content of this solution is 68%.

The persistence of americium(VI) after oxidation is also important, as hexavalent

americium must have a lifetime sufficient to allow the extraction. Small amounts of

trace-reducing agents will decrease the yield and persistence of americium(VI). The

use of high-purity reagents is important, as is preequilibration of the organic phase

with bismuthate-containing acid. Contact with the organic phase begins to reduce

americium(VI), and contact times must be short to prevent reduction and back-

extraction of americium. In the research cited here, 10-s contact times were used, with

longer contacts giving lower distribution ratios for both TBP (Mincher et al., 2008)

and DAAP extraction (Mincher et al., 2012).

In the absence of reducing agents in nitric acid solution, the higher oxidation states

of americium undergo auto-reduction. Auto-reduction is zero-order with respect to the
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Figure 11.8 The UV/Vis absorbance spectrum of a 0.1 mol/L HNO3 solution containing a

mixture of Am(III) (503 nm), Am(V) (513 nm), and Am(VI) (666 nm) measured in a 100-cm

liquid waveguide capillary cell.

Minor actinide separation in the reprocessing of spent nuclear fuels 305



concentration of high-valence americium, but pseudo-first-order with respect to the

total americium concentration, suggesting that reduction is caused by reaction with

the radiolysis products of americium decay (Asprey and Stephanou, 1950). Thus,

for tracer experiments, 243Am(VI) will be more stable than higher specific activity
241Am(VI). More importantly from a fuel cycle perspective, the additive radiation

dose rate during processing will contribute to americium reduction. The radiolytically

produced reducing-radical species are scavenged in the aerated, irradiated acidic

solvent-extraction system and are unlikely to be responsible for the reduction of amer-

icium (Mincher et al., 2009). However, especially for a-irradiated systems, molecular

species such as H2O2 and HNO2 are produced from irradiated water and nitric acid,

respectively. These species accumulate with absorbed dose, as demonstrated for the

reduction of neptunium(VI) by radiolytically produced HNO2 (Mincher et al., 2013).

The kinetics of the reduction of americium(VI) by H2O2 was reported by Woods et al.

(1974) and found to depend on the nitric acid concentration. While americium(VI) has

a half-life of minutes in nitric acid solution, americium(V) is found to be far more

stable, persisting for hours (Schulz, 1976;Mincher et al., 2011). The presence of resid-

ual bismuth(V) mitigates the fast reduction of americium. However, once the bismuth

has been reduced, onset of americium(VI) reduction can be expected (Mincher

et al., 2008).

While bismuthate oxidation has the advantages described above, a significant

objection is the need to filter undissolved solids from the aqueous phase prior to

the process solvent-extraction contact. Also, the oxidation kinetics are slow. Cross-

flow filtration has been demonstrated at Idaho National Laboratory during a nonra-

dioactive test in which 2 L of 2.3 mM cerium was oxidized using 30 g/L sodium

bismuthate in a stirred batch reactor for 1 h. The color change due to the oxidation

of cerium(III) to cerium(IV)was visually discernible. This slurrywas then easily filtered

using a cross-flow filter with a cross-membrane pressure of 20 psig and a flow rate of

0.6 Lpm. The bismuthate-free, cerium(IV)-yellow permeate was then introduced into a

5-cm centrifugal contactor for a 1-stage contact with 0.25 mol/L DAAP/dodecane, and

the resultingDCeIV value was 167, in good agreement with batch contacts at this DAAP

concentration. However, only 70% total cerium was extracted, indicating that cerium

(IV)was reduced in the stainless steel filter. Americium(VI) would thus also be reduced,

and filtration and extraction would need to be performed using more inert materials.

A radioactive test is currently in design (Law et al., 2014).

Alternative oxidizing agents are also being investigated. Researchers at Pacific

Northwest National Laboratory have shown that the Cu(III) salt Na5[Cu(HIO6)2] is

able to oxidize 2 mM americium to americium(VI), with the estimated reduction

potential of the Cu(II)/Cu(III) couple being �2.4 V (Bratsch, 1989). The oxidation

yield was 98-99% at nitric acid concentrations �3 mol/L, with an auto-reduction rate

of <1%/h. These preliminary results are encouraging.

The potential electrochemical oxidation of americium is also being pursued.

Previous literature has investigated the oxidation of americium only in very strongly

complexing solutions in order to stabilize the americium(IV) product of single elec-

tron transfer. For example, Yanir et al. (1969) reported the preparation of americium

(IV) in 12 mol/L phosphoric acid using a 1-h electrolysis with a two-compartment cell
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and a platinum anode. At lower acid concentrations of about 5 mol/L, preparation of

americium(VI) was claimed. Similarly, Myasoedov and coworkers (1973) success-

fully reproduced the work of Yanir et al. (1969) and reported long half-lives for

the reduction of americium(IV) and americium(VI), depending on the phosphoric acid

and americium concentrations. However, attempts to oxidize americium(III) in nitric

acid until now have not been successful, possibly because americium(IV) does not

exist long enough to oxidize to americium(V) or americium(VI).

Currently, catalytic oxidation using ruthenium-containing phosphonate complexes

anchored to indium-tin oxide carbon electrodes is being studied at the University of

North Carolina at Chapel Hill. This research is based on reports that ruthenium com-

plexes can be used to catalytically oxidize water (Jurss et al., 2010). In preliminary

work, manganese is being used as a surrogate for americium, because the metals have

some similarities in their electrochemical behavior. The one-electron oxidation of amer-

icium(III) to americium(IV) (2.6 V) and Mn(IV) to Mn(V) (4.3 V) both occur at very

positive potentials. Therefore, in order to access the higher valences, multielectron

redox reactions must occur if the difficult one-electron transfer step is to be bypassed.

It has been shown in preliminary results that bulk electrolysis has generated permanga-

nate (Mn(VII)) (Dares, 2014). The system has not yet been tested on americium.

11.7 Conclusions

In addressing the need for nuclear fuel recycle as part of the goal toward developing

sustainable nuclear energy, research on MA separation in the United States and other

countries faces many challenges, both scientifically and technologically. The techno-

logical challenges depend on the nature of the fuel cycle envisioned in any given coun-

try and stem generally from the need to reduce the heat load on geologic repositories,

reduce waste radiotoxicity, and recover energy value. Presently, full recycle of acti-

nides from used nuclear fuel does not exist in any country, nor are the technological

requirements well defined. In the United States, a systems options study is taking place

and can be expected to provide a basis for identifying the most desirable systems, from

which technology gaps in MA separation can be recognized and prioritized. In view

of this evolving framework, the Sigma Team for MA Separations in the USDOE

nuclear energy program will continue to employ a “toolbox” approach to developing

potentially useful separations chemistry and technology concepts, focusing on sepa-

ration of trivalent actinides from lanthanides. Progress on MA separations in the

United States has been made along two lines, one exploiting the higher oxidation

states of americium and one exploiting differences between the complex stabilities

of An(III) versus Ln(III). One example of each of these lines of investigation has been

described in detail in this chapter. Widely recognized scientific challenges of separat-

ing trivalent f-elements include discriminating small differences in ionic radii and

covalency, or surmounting the difficulties in oxidizing americium and holding it in

the V or VI states long enough to achieve a separation.

The development of the ALSEP concept has led to successful nonselective extrac-

tion of actinides and lanthanides using a combination of neutral extractant and cation
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exchanger followed by a selective strip of the trivalent actinides using a

polyaminocarboxylate-type aqueous complexant. A candidate solvent system has

been identified, and conditions are being optimized to deal with FPs such as zirco-

nium, molybdenum, and ruthenium, improve stripping kinetics, and increase contac-

tor stage efficiency, thus moving toward a bench-scale multistage countercurrent test

with simulated high-level waste feed. An optional americium-selective strip from

curium is possible. Alternative extractants and aqueous-phase complexants are also

under development.

Significant progress has been made in generating americium(V) and americium

(VI) species in nitric acid solution and effecting selective separations from lanthanides

and curium. Most of the results so far have been obtained using sodium bismuthate as

an oxidant, but more attractive oxidants are being tested with positive results. Testing

of tandem oxidation and extraction concepts is in progress to demonstrate the feasi-

bility of generating americium(VI) and carrying out a fast extraction using a

corrosion-resistant centrifugal contactor.

In the long term, effecting trivalent actinide separation from lanthanides represents

a daunting challenge for science and technology. Indeed, it has been an active research

topic for half a century. To accelerate progress will require better tools for research as

well as engineering. Computational techniques are becoming more powerful and

available to researchers, enabling prediction of properties, design of new separation

agents, and understanding of observed behaviors. Spectroscopic tools exploiting

intense photon and neutron sources provide powerful experimental methods to char-

acterize f-element bonding and structure. Advances in engineering are also needed, for

example, in the design of more efficient contactors for solvent extraction to overcome

kinetic and hydraulic limitations prevalent in many extraction systems. As fuel recycle

requirements are refined in the coming years, continuing progress in MA separation

will likely be able to provide effective process options that are simpler, more effective,

and economical than current methodologies.
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12Advanced thermal denitration

conversion processes for

aqueous-based reprocessing

and recycling of spent nuclear fuels

Emory D. Collins
Oak Ridge National Laboratory, Oak Ridge, TN, USA

Acronyms

ADU ammonium diuranate (process)

ASTM American Society for Testing and Materials

MDD modified direct denitration (process)

MH microwave heating

MOX mixed oxide

NOx nitrogen oxide

ORNL Oak Ridge National Laboratory

RD&D research, development, and demonstration

UNH uranyl nitrate hexahydrate

12.1 Introduction

The aqueous nitrate solutions of uranium and plutonium resulting from the reprocessing

of spent nuclear fuels must be denitrated and converted to oxide particles with good

ceramic properties for fabrication of recycle fuels. Several processes are suitable for this

purpose, including those that utilize precipitation: filtration-calcination, such as the

ammonium diuranate (ADU) process; the plutonium oxalate precipitation process using

plutonium in either the trivalent or the tetravalent state; the uranium or plutonium perox-

ide precipitation process; or the ammonium-uranium carbonate process. Also, the use of

direct thermal denitration processes is possible and is the subject of this chapter.

12.2 History and concepts for improvement

Thermal denitration has been used for many years in the processing and recovery of

uranium frommining ores in the United States. Simple thermal denitration was used in

large-scale operations to convert aqueous uranyl nitrate hexahydrate (UNH) solution

to a solid oxide (uranium trioxide: UO3) interim product, usually for subsequent

conversion to uranium fluorides UF4 or UF6 (Haas, 1988). The conversion of UNH

to UO3 is a two-step process in which the aqueous solution is first evaporated and
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concentrated to eliminate most of the water and produce a syrupy liquid, followed by

calcination and decomposition (denitration) to produce a solid caked oxide product.

In the calcination step, decomposition of the UNH begins at temperatures less than

300 °C and is completed by 400-500 °C. These operations have been performed in

heated pots, fluidized beds, and stirred troughs, either in batch or in continuous mode.

In European refineries, the denitration and conversion is accomplished by means of

the addition of ammonia to the UNH solution to precipitate ADU, which is then

filtered, dried, and calcined to form uranium trioxide powder.

The use of direct thermal denitration eliminates multiple precipitation-filtration-

calcination steps and enables the use of less-complicated process equipment (Lerch

and Norman, 1984). Direct thermal denitration, however, does not provide any sep-

aration of impurity metals and relies on previous chemical separations to provide

the required product purity. Although direct thermal denitration offers significant pro-

cess simplification, the process has not been used widely due to the formation of a

“mastic” phase during melting and decomposition of the metal salts, leading to poor

handling characteristics and poor ceramic properties of the product oxide.

Since the 1980s, research, development, and demonstration (RD&D) studies in

Japan and the United States have focused on direct thermal denitration processes to

prepare uranium oxide and mixed oxides (MOXs) for recycle nuclear fuel fabrication

(Koizumi et al., 1983; Haas et al., 1981). The RD&D studies have been aimed at the

use of more uniform heating equipment or the addition of modifier agents to avoid the

mastic phase formation and to enable suitable product quality. A major breakthrough

in this area occurred when Haas et al. (1981) discovered that, by introducing ammo-

nium nitrate into a uranium solution, the mastic phase is eliminated by the formation

and denitration of double salts of ammonium-uranium nitrate. The process is called

modified direct denitration (MDD).

Current reprocessing and recycle fuel fabrication operations rely on the production of

separated uranium oxide and plutonium oxide and the use of ball-milling methods to

produce a suitable MOX for use in recycle fuels. Separated plutonium is viewed as a

safeguards concern that increases the “attractiveness level” (Bathke et al., 2009) for

diversion of the fissilematerial to weapons ofmass destruction. Therefore, coprocessing

and co-conversion methods are being developed in several countries for use in future

reprocessing and recycle fuel fabrication plants. A microwave heating (MH) process

has been developed and demonstrated in Japan for codenitration of uranium-plutonium

solutions without formation of the mastic phase to produce a homogeneous MOX.

Both the Japanese MH process and the U.S. MDD process are suitable for codeni-

tration. Description of these processes is the focus of this chapter.

12.3 Process chemistry

Thermal denitration of uranium and plutonium, either individually or from mixed

uranium-plutonium, is believed to be represented by the following approximate cal-

cination reactions:

UO2 NO3ð Þ2�6H2O!UO3 + 1:86NO2 + 0:14NO+0:57O2 + 6H2O (12.1)
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Pu NO3ð Þ4�5H2O! PuO2 + 3:4NO2 + 0:6NO+1:3O2 + 5H2O (12.2)

The denitration begins at a temperature<300 °C and is completed at 350-400 °C. The
reaction can be performed in a batch mode, as in the Japanese MH process, or in a

continuous mode, as in the U.S. MDD process.

The Japanese MH process proceeds through a sequence of four steps as the

temperature is increased (Numao et al., 2007):

1. The mixed uranium-plutonium nitrate solution is concentrated at 120 °C, the azeotropic

temperature of nitric acid and water.

2. Decomposition (denitration) of the fused salt occurs between 120 and 250 °C, during which
nitrogen oxide (NOx) gases are generated, recovered by scrubbing of the off-gas, and

subsequently recycled.

3. Above 250 °C, residual moisture evaporates and NOx evolves from the decomposition of

uranium.

4. The denitration is completed at about 350 °C, and the temperature begins to drop as the UO3

begins to decompose to U3O8. The temperature at that point in the process is detected by

means of an infrared thermometer, and the MH is stopped to prevent excessive decomposi-

tion of the UO3 product.

The reaction sequence occurs in a time frame of 30-40 min per batch. Slower heating

was found to result in localized heating and temperature increase, creating a product

powder that is less active and less suitable for MOX fuel fabrication (Numao

et al., 2007).

The process chemistry of the MDD process was studied by Notz and Haas (1981)

for the denitration of the ammonium-uranium nitrate double salt, which proceeds

through a sequence of reactions (Equations 12.3–12.5) as illustrated by the results

of a thermogravimetric analysis shown in Figure 12.1.
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Figure 12.1 Thermogravimetric analysis of (NH4)2UO2(NO3)4�2H2O (initial sample

weight, 171 mg).
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The thermal decomposition proceeds in three distinct steps:

1. Dehydration at �40 °C:

NH4ð Þ2UO2 NO3ð Þ4�2H2O! NH4ð Þ2UO2 NO3ð Þ4 + 2H2O (12.3)

2. Loss of 1 mole of ammonium nitrate (NH4NO3) at �170 °C

NH4ð Þ2UO2 NO3ð Þ4 !NH4UO2 NO3ð Þ3 +N2O+ 2H2O (12.4)

3. Conversion to UO3 at �270 °C:

NH4UO2 NO3ð Þ3 !UO3 + N2O5ð Þ+N2O+ 2H2O (12.5)

The decomposition products for the latter two reactions were inferred on the basis that

NH4NO3 decomposes under controlled conditions to H2O and N2O, which is a standard

method for the preparation of N2O. However, a differential thermal analysis, shown in

Figure 12.2, and effluent gas analysis, shown in Table 12.1, indicated that a combination

of several other reactions, which are known to occur for decomposition of NH4NO3, are

involved. Some are exothermic, but the overall effect is endothermic with a large endo-

therm occurring immediately after the exotherm, as indicated in Figure 12.2.

12.4 Process equipment and operation

The JapaneseMH process equipment is centered onmultiple-batchMH units, each con-

tained in a glove box. Each batch of uranium-plutonium solution is loaded into a 50 cm

diameter, 6 cm deep round denitration dish, which is constructed of Si3N4; a ceramic

material that transmits the microwave energy uniformly from the surface to the bottom

Temperature (°C)

200 300100

Reactions (1) and (2) and (3)

Reactions (2) and (3)

Reaction (3)Figure 12.2 Differential thermal

analyses. Upward

deflection¼exothermic effect;

downward deflection¼endothermic

effect.
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of the solution. In addition, the denitration dish is slowly rotated on a turntable inside the

glove box to heat the solution uniformly. Active tests have been made of full-size pro-

duction units at the Rokkasho Reprocessing Plant (Numao et al., 2007).

Uranium nitrate solution and plutonium nitrate solution are received from the

chemical purification facility and are blended at a mass ratio of 1:1 U:Pu for codeni-

tration and conversion to UO3-PuO2. The denitrated powder has a porous structure due

to foam formation by evolution of NOx gas during boiling. Bulk density of the product

is typically about 2 g/cm3. Accessory equipment includes a microwave generation and

wave guide transmission to each glove box, plus process off-gas treatment for recov-

ery and recycle of nitric acid. The capacity of the MH system at Rokkasho is 108 kg

(U+Pu) per day (Numao et al., 2007).

The MDD process equipment is centered on one or more rotary kilns, such as the

development unit illustrated in Figure 12.3.

Each kiln is basically a straight length of stainless steel tubing with a diameter

selected for the capacity of oxide production needed. Typically, the kiln is mounted

on steel wheels and rotates within a tube furnace, which surrounds about one-third or

more of the pipe length. Feed solution is introduced at one end of the rotary pipe kiln,

which is angled downward to enable the decomposing salt and solid oxide powder to

move by a combination of gravity and tube rotation to the end of the kiln, where the

oxide product is collected. One or more solid stainless steel rods are located within the

kiln and roll freely to act as “breaker bars” to crush lumps or to remove solid oxide

from the tube wall. An air purge gas enters the kiln at the powder discharge end and

Table 12.1 Effluent gas analysis

Mass no. Species Relative quantity

Temperature of maximum rate (°C)

320 185 280 185 290

Decomposition products

UO2

(NO3)2

NH4NO3 NH4UO2

(NO3)3

(NH4)2UO2 (NO3)4

14 N+ m t M m M

15 NH+ M m M M

16 NH2
+ m M m M m

17 NH3
+ M m M

18 H2O
+ m M M m M

28 N2
+ m m m

30 NO+ M M M

32 O2
+ m M M

44 N2O
+ m M m M

46 NO2
+ M M M

Abbreviations: m, minor component; t, trace component; M, major component.
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flows countercurrently through the kiln to remove the water, acid, and NOx gases that
are formed. The off-gases leave the kiln at the liquid feed end and are routed to a scrub-

ber and condenser system for recovery and recycle of nitric acid and for removal of

entrained oxide.

Most of the development work has been done with uranium in rotary kilns measur-

ing up to 16 cm in diameter and has progressed to demonstration at the multi-kilo-

gram-per-hour scale. More recently, small-scale units (Figure 12.4) have been built

and installed in a glove box to permit testing of the process for denitration of

ammonium-uranium-plutonium nitrate solutions and co-conversion to MOX powder

at a rate of �100 g/h.

TC
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All internal materials: stainless steel

3.5-in. IPS
Sch 10 pipe

1.91-cm. (3/4-in.)
O.D. tubing

220 V

Support wheels
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3�

Variable-speed
motor with chain

and sprocket drive
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Figure 12.3 Rotary kiln cross section.
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Figure 12.4 The U.S. MDD process and small-scale experimental equipment.
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Coprocessed uranium-plutonium nitrate solution is mixed with ammonia gas or

ammonium nitrate solution to provide the desired ratio of NH4
+ to heavy metal, typically

2:1. The resulting ammonium-heavymetal double salt solution is fed to the rotary kiln at

the rate needed for the production capacity. Inside the kiln, the solution goes through the

sequence of (i) evaporation of water and nitric acid, (ii) denitration of the fused double

salt, and (iii) formation of mixed uranium-plutonium powder. With the tube furnace

operating at a typical temperature of 650 °C, measurements of the temperature profile

and decomposition gas concentrations within the kiln have indicated that the denitration

is completed within a short distance from the liquid feed entry point.

12.5 Conversion of UO3 to UO2

Thermal denitration of uranium produces a UO3 product; codenitration of mixed ura-

nium and plutonium produces a mixed UO3-PuO2 product. Subsequently, a separate

calcination and reduction step is required to convert the UO3 to UO2 or the UO3-PuO2

to a single-phase (U,Pu)O2 solid solution.

The UO3 can be converted to UO2 bymeans of the following calcination and reduc-

tion reactions:

3UO3 !U3O8 + 0:5O2 (12.6)

U3O8 + 2H2 ! 3UO2 + 2H2O (12.7)

The calcination occurs at temperatures up to �700 °C. The reduction reaction occurs

at a temperature of 700-800 °C in a period of 4 h. Alternatively, by heating in a

reducing atmosphere, uranium trioxide (UO3) can be directly converted to uranium

dioxide (UO2).

For the Japanese MH process at the Rokkasho plant, the dry MOX product from

the denitration dish is crushed and placed into a rotary calcination furnace. Then,

the calcined powder is transferred to a rotary reduction furnace, where it is treated with

95% N2-5% H2 to convert the powder to the final MOX form (U,Pu)O2 (Numao

et al., 2007).

The oxide powder produced in the MDD rotary kiln leaves the kiln in an agglom-

erated form, which requires screening through a 40-mesh sieve before calcination and

reduction. Although not extensively developed, the calcination-reduction process and

equipment would likely be similar to the process and equipment used for the MH pro-

cess at Rokkasho. X-ray diffraction examination of MDD MOX has determined that

the oxides in the MOX form a solid solution during reduction (Walker et al., 2007).

12.6 Product characteristics

Table 12.2 shows the endothermic heat of decomposition and typical UO2 product

characteristics from direct thermal denitration in comparison with those from the

MDD process.
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Much less heat is required to decompose and denitrate the ammonium-uranium

double salt in the MDD process, and the MDD oxide product has greater surface area,

better sinterability, and smaller average particle size. In appearance, the MDD oxide

product is in the form of fine granular agglomerates; the oxide produced by direct ther-

mal denitration is in the form of hard glass-like chunks. These characteristics show

that significant improvements in product quality are achieved in the MDD process.

In Table 12.3, key physical properties of MDD-produced UO2 are compared with

those of industrial grades of UO2 produced by the ADU process. The physical prop-

erties of MOX produced by the MH process and theMDD process and the U.S. ASTM

(American Society for Testing and Materials) standards for UO2 and PuO2 are also

shown for comparison. The ADU process is already industrially deployed and pro-

duces UO2 suitable for fuel fabrication (Haas, 1988). The properties shown for

MH- and MDD-produced MOX also indicate suitability for fuel fabrication.

Table 12.2 Comparison of typical oxide product characteristics
produced by MDD and direct denitration

Direct thermal

denitration

Modified direct

denitration

Heat of decomposition, DH
(kcal/gmol U)

110 26

Characteristics

Surface area (m2/g) 0.1-1.6 8-12

Average particle size (mm) 43 �2.5 mm

Bulk density (g/cm3) 1.6-2.5 0.7-0.9

Appearance Hard glass slag-like chunks Fine granular solids

Sinterability (%) �70 >90

Table 12.3 Comparison of UO2 and coconverted MOX physical
properties

Source

Density (g/mL)
Surface area

(m2/g)

Mean particle

size (mm)Bulk Tap

ADU UO2 (Source #1) 2.36 3.21 4.81 5.52

ADU UO2 (Source #2) 2.3 2.65 3.11 2.40

MDD UO2 1.0 1.3 6.90 3.43

MH (UO2-PuO2) 2.2 3.7 4.5 Milled

MDD (92U-7.4Pu-

0.4Np)O2

�1 1.4 7.5 5.36

Prior to reduction of

UO3

�1 1.3 10.6 5.51

UO2 (ASTM C 757-79) – – >2.5 <10

PuO2 (ASTMC 753-81) – – >2.5 �10
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Further tests of oxide powder rheology have been made to compare the product-

handling characteristics of the MDD-produced UO2 with the industrial-grade UO2

products produced by the ADU process. The results indicated that:

l theMDD powder requires less energy to transport because it has less particle-to-particle fric-

tion during flow;
l theMDD powder agglomerates have a larger amount of interparticle void space and aremore

compressible; and
l the MDD powder is finer, more densely packed, and less permeable.

Thus, based on these analyses, the product-handling characteristics appear to be

improved by the MDD process.

Mailen et al. (1982) conducted tests with MDD-produced mixed uranium-

plutonium oxide having a plutonium content of 22.4 wt%, which is typical of

MOX fuel recycled to fast breeder reactors. Part of the MOX product from these tests

was shipped to Pacific Northwest National Laboratory for determination of fuel fab-

rication characteristics. The results are shown in Table 12.4. Sintered densities of

>93% of theoretical were obtained.

Microstructure analyses made at Oak Ridge National Laboratory (ORNL) showed

that the sintered pellets were free of significant porosity. Additional sintered pellets

were used in dissolution tests at ORNL; the results showed that the pellets were

completely dissolved in�15 h by refluxing in nitric acid (initially 7 M). Periodic sam-

ples were taken and showed that the dissolution rate was linear over the 15-h period,

indicating the homogeneity of the MOX pellets.

Table 12.4 Fabrication properties for MDD-produced MOX powder
tests performed at Pacific Northwest National Laboratory

MOX powder
Tap density (g/cm3) 1.23

Surface area (m2/g) 9.2

Calcined powder
Calcining conditions

Temperature (°C) 600

Time (h) 4

Weight loss (%) 13.6

Tap density (g/cm3) 1.22

Surface area (m2/g) 10.2

Pellet propertiesa

Forming pressure (MPa) 269 296

Green density (g/cm3) 5.39 5.50

Sintered density (% of theoretical)b 93.9 93.5

aAfter being calcined, the powder was preslugged to 4.7 g/cm3 and was granulated through a 14-mesh screen. 35.4 wt%
of the granules were �14+20 mesh. The remaining particles were less than 20 mesh in size.
bSintered at 1700 °C in 4% H2-Ar for 4 h.

Advanced thermal denitration conversion processes 321



12.7 Co-conversion process comparisons

In comparison with precipitation and gelation processes, the MH and MDD advanced

direct denitration processes require less-complicated process steps and equipment and

do not require precise feed solution concentrations. For example, the one-step deni-

tration replaces the multiple precipitation, filtration, and drying steps. In addition, less

liquid waste and recycled product are generated. However, the advanced direct deni-

tration processes do not remove any impurities, whereas coprecipitation has some

impurity removal capability. Production of UO2-PuO2 MOX by means of oxalate

coprecipitation requires a prereduction (of U6+ to U4+), whereas the MH and MDD

processes require a postcalcination reduction of UO3 to UO2.

The attributes of the MH and MDD processes are compared in the following list:

l The MH process has greater technical maturity.
l The MH process does not require addition of the ammonium nitrate denitration modifier and

corresponding safety evaluation.
l The MH process is an automated multiple-batch process, whereas MDD is operated contin-

uously in a rotary calciner.
l Both processes use simple one-step denitration but produce UO3, which requires an addi-

tional calcination-reduction process.
l The MDD oxide powder does not require crushing and milling as does the MH product. The

MDD product requires only screening through a 20-40 mesh sieve to deagglomerate larger

agglomerates.
l TheMHproduct is 50%plutoniumand requires a ball-milling stepwithUO2 to be down-blended

to recycle fuel concentrations, whereas the MDD product may be able to use liquid blending of

uranium and plutonium nitrate solutions to meet the precise recycle fuel concentrations.

12.8 Future trends

The MH process has been fully demonstrated at the Japanese Tokai Reprocessing

Facility and is being deployed at full industrial scale in the Rokkasho Reprocessing

Plant. TheMH process product has been tested for production of both light water reac-

tor recycle fuel and fast breeder recycle fuel (Numao et al., 2007).

The MDD process has been demonstrated at industrial scale for UO2 production, but

MOX production has only been tested at the engineering scale in research and devel-

opment studies. As indicated in Table 12.3, the MDD process has been used to accom-

plish co-conversion of uranium-plutonium-neptunium nitrate. Moreover, in companion

tests (Walker et al., 2007; Felker et al., 2008), co-conversion of uranium-plutonium-

neptunium-americium nitrate was successfully demonstrated.

Variations of the MDD process using different modifiers are used industrially for

other applications. For example, at the French LaHague reprocessing plant, a similar

process and similar equipment are used for codenitration and c-conversion of fission-

product nitrate solutions to a solid oxide form prior to incorporation into vitrified high-

level waste (Brueziere et al., 2013).

Because of its promising simplicity, the MDD process will likely be the focus of

continued RD&D in the United States. Variations of the process are of interest in other

countries.
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13The coprecipitation and

conversion of mixed actinide

oxalates for aqueous-based

reprocessing of spent nuclear fuels

Mark J. Sarsfield
National Nuclear Laboratory, Central Laboratory, Sellafield, Seascale, UK

Acronyms

CEA Commissariat à l’énergie atomique et aux énergies alternatives

COEX™ coprecipitation of uranium and plutonium

EXAFS extended X-ray absorption fine structure

MA minor actinide

MOx mixed oxide fuel

P&T partitioning and transmutation

PUREX plutonium uranium redox extraction

PXRD powder X-ray diffraction

SSA specific surface area

TD theoretical density

UMACS uranium minor actinides conventional sintering

XANES X-ray absorption near edge structure

13.1 Introduction

To enhance the sustainability of the nuclear fuel cycle, and fully utilize the fissionable

material from spent nuclear fuel, the recovered plutonium can be fabricated into

mixed uranium and plutonium oxide fuel (MOx) and irradiated in a nuclear reactor

to generate more energy. In addition, minor actinides (e.g., MA¼Np, Am, Cm)

can be included in the fuel or as targets to be transmuted into shorter-lived isotopes

and reduce the radiotoxicity and heat loading of long-term waste storage locations

(Salvatores and Palmiotti, 2011).

Industrial reprocessing of spent nuclear fuel currently involves the separation of

uranium and plutonium from waste fission products by hydrometallurgical methods

(plutonium uranium redox extraction, PUREX process) (Wilson, 1996). The output

streams are metal nitrates in nitric acid solution that require conversion to a final form

that is suitable for either storage or fabrication into new fuel. For plutonium this

“finishing process” involves precipitation as solid plutonium oxalate, and has been
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the technology of choice with over 50 years of industrial experience. The oxalate prod-

uct is then converted to the dioxide (PuO2) by decomposition at temperatures>400°C.
For MOx fuel fabrication, the plutonium dioxide product is intimately mixed with

uranium dioxide and milled to provide material of suitable consistency for efficient

pressing and sintering to produce ceramic fuel. This methodology provides a fuel that

is as homogeneous as possible in order to avoid hot spots during irradiation and to

make the fuel easier to dissolve during reprocessing; difficulties that can arise as a

result of localized plutonium-rich areas. Achieving this through powder mixing

methods requires rigorous process control and falls short of complete homogeneity

(Oudinet et al., 2008). At the same time, the amount of milling and mixing of finely

divided powders increases the risk of spreading contamination making alpha glove

boxes and associated equipment difficult to maintain. Similarly for the transmutation

of MAs, simple dust-free processes are preferred to convert the nitric acid streams into

either a homogeneous U,Pu,MA containing MOx fuel or U,MA blanket/target fuel

(Salvatores and Palmiotti, 2011; Somers, 2011). The high neutron and gamma radi-

ation fields make manufacturing MA fuels particularly challenging.

A novel method for solving some of these problems is to have the two (or more)

actinides in the same oxalate precursor material ensuring complete homogeneity at the

molecular level by coprecipitation. This chapter summarizes the developments made

in this area and the challenges to be faced in application at an industrial-process scale.

A discussion on the current industrial-scale plutonium oxalate precipitation will intro-

duce the chemistry and equipment involved in the process. This is followed by current

oxalate coprecipitation knowledge and how it is applied to actinide finishing pro-

cesses. Finally, there will be a discussion of how the technology is being implemented

for MOx and transmutation target fuels.

13.2 Plutonium oxalate precipitation and decomposition

From the early days of plutonium production at the Hanford plant in the 1940s

and 1950s, precipitation of plutonium using oxalic acid has provided a simple and

effective way to isolate plutonium in a pure form (Sukumar et al., 2013).

Plutonium can be precipitated as Pu(IV) oxalate, Pu(C2O4)2�6H2O, which has been

characterized by powder X-ray diffraction (PXRD) (Jenkins et al., 1965a) and shown

to be isostructural with the U(C2O4)2�6H2O (Duvieubourg-Garea et al., 2008) and Np

(C2O4)2�6H2O (Harmon and Reas, 1957) analogues. Alternatively, Pu(IV) can be

reduced to Pu(III) and precipitated as Pu2(C2O4)3�9-10H2O (Jenkins et al., 1965b;

Runde et al., 2009), which is isostructural with Ln2(C2O4)3�10H2O; (Ln¼La, Ce,

Pr, Nd (Gelman and Moskvin, 1958)). Much of the research performed on actinide

oxalates relates to these two plutonium materials because of their usefulness in pro-

ducing PuO2 as a final form for storage and use in MOx fuel (Wilson, 1996), or for use

in radioisotope heating units in space power systems (Hayashi et al., 2013).

The oxalate ligands bond to plutoniumcenters in a bidentate fashion through two oxy-

gen atoms. ForPu(C2O4)2�6H2O, the overall crystal structure is triclinic and isostructural

toU(C2O4)2�6H2O(Duvieubourg-Gareaet al., 2008),whichcontainsuraniumatoms sur-

rounded by four oxalates bonding through two oxygens each making the metal center

326 Reprocessing and Recycling of Spent Nuclear Fuel



8 coordinate. Each oxalate is also bonded to another uranium atom to make a layer of

connected six-membered rings (Figure 13.1 left). Each layer is also connected above

and below via a bridging oxalate group resulting in a polymeric 3-D layered structure

(Figure 13.1 right). The solvated water molecules lie between these layers.

For Pu2(C2O4)3�9-10H2O, the PXRD structure was determined as monoclinic and

assumed to be the same as the crystallographically determined Ln2(C2O4)3�10H2O;

Ln¼La, Ce, Pr, Nd, Er, Eu-Dy (Ollendorff and Weige, 1969; Michaelides et al.,

1988; Kalinina et al., 2003; Trombe and Jaud, 2003), Am (Weigel and TerMeer,

1967). Recent single-crystal studies have confirmed the structure as Pu2(C2O4)3(-

H2O)3�6H2O (Runde et al., 2009), which is the same as the lanthanide oxalates

(Hansson, 1970) with three bidentate oxalates and three water molecules bonded to

the metal in the inner coordination sphere. The additional waters in the lanthanide

structures are in the outer coordination sphere and between the metal oxalate layers.

The oxalates are bonded to neighboring plutonium atoms forming a two-dimensional

layer of [Pu(C2O4)]6 connected rings (Figure 13.2).

There are a number of structures proposed with varying levels of hydration and

these demonstrate the flexibility of the structures toward inclusion of small molecules

within the layers, particularly important when considering the countercations incor-

porated within coprecipitated actinide complexes, which will be discussed later in this

chapter.

The precipitation mechanism of plutonium oxalates is dependent on a number of

factors that can influence the particle morphology and size distribution of the final

plutonium dioxide product. These include temperature of precipitation, nitric acid

concentration, oxalate concentration, stirring speeds, order of mixing, and residence

time before filtering (through Ostwald ripening, Kahlweit, 1975).

U
O
C

U
O
C

Figure 13.1 Crystal structure within U(C2O4)2�6H2O (Runde et al., 2009) showing (left) the

layer of [U(C2O4)]6 rings; (right) the side view of the layers (gray spheres, uranium; red spheres,

oxygen; black spheres, carbon). Interstitial waters have been removed for clarity.
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The precipitation mechanism includes nucleation, dependent on the supersatura-

tion of the system and growth of the plutonium oxalate crystals. The classical theory

of crystal precipitation is based on these two processes. Nucleation can be described

by the terms:

RN ¼ANexp � BN

lnSð Þ2
" #

where RN is the rate of nucleation; AN and BN are the rate constants specific to the

system in question that are determined by experiment; S is the supersaturation and

is further defined as the ratio of the activities of each species in solution divided

by the solubility product at equilibrium:

S¼ 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2
Pu3+

�a3
C2O4

2�
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S¼ 3
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Once nucleation has occurred, the growth rate (G in m/s) of the crystal is expressed as

@n L, tð Þ
@t

+G tð Þ @n L, tð Þ
@L

¼ 0

where n(L,t) is the number particle size distribution and G(t) represents the linear

growth rate (Randolph and Larson, 1988).

Pu
O
C

Pu
O
C

Figure 13.2 Crystal structure within Pu2(C2O4)3(H2O)3�6H2O (Runde et al., 2009) showing

(left) the layer of [Pu(C2O4)]6 rings; (right) the side view of the layers (gray spheres, plutonium;

red spheres, oxygen; black spheres, carbon). Interstitial waters have been removed for clarity.
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From both the nucleation and growth terms, it is clear to see that concentration

differences within the reactor vessel can have a profound effect on the local supersat-

uration and growth rate values leading to changes in the particle size distribution.

For more details, the interested reader is directed to the work of Bertrand-Andrieu

and references therein (Bertrand et al., 2012; Bertrand-Andrieu et al., 2004).

On an industrial scale, Pu(C2O4)2�6H2O is the target oxalate, and high throughput

is desired with a precipitate that has a large enough particle size to ensure efficient

filtering. The many precipitation variables are controlled by using a continuous

precipitation process that involves a simple vessel with an overflow spout that pours

onto a rotary vacuum table where it is filtered, washed, and scraped into a rotary

calcination tube (Figure 13.3). Within the calcination tube the material is dried and

then decomposed into the dioxide (calcined) coming out of the process and into cans

used to store the product. This continuous process allows 10s kg/day throughput levels

in a criticality safe manner.

The decomposition of plutonium oxalates has been a subject of study for over

50 years as it exhibits a complex mechanism with potential operational safety and

quality implications. A more detailed review of the work in this area is provided in

Orr et al. (submitted) but is summarized here to highlight some of the potential issues

that may affect the coconversion of mixed actinide oxalates to oxide products.

The decomposition mechanism follows different paths for different plutonium

oxidation states and different reaction atmospheres. Early studies of the decomposi-

tion reaction gave conflicting results (Glasner, 1964; Jenkins and Waterman, 1964;

Karelin et al., 1990; Kartushova et al., 1957; Kozlova et al., 1984; Myers et al.,

2003; Nissen, 1980; Rao et al., 1963; Sali et al., 2005; Subramanian and

Subramanian, 2012; Vigier et al., 2007;Waterbury et al., 1961) but more recent studies

have clarified the situation somewhat using a combination of complimentary analyt-

ical techniques.

From
PP

cycle
Conditioner

Precipitator

Rotary vacuum filter

Drying furnace

Hopper

Blender

PuO2
product

PuO2
store

Sample

Calcine furnace Hopper

Figure 13.3 Schematic of the plutonium finishing process as used at the industrial scale.
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For Pu(C2O4)2�6H2O there are a number of dehydration steps followed by oxalate

decomposition either directly to the dioxide or via a series of mixed oxalate-carbonate

complexes (Figure 13.4). Samples of the oxalate heated in a thermogravimetric

analyzer (TGA) under either flowing argon or static air were isolated at particular

temperature points in the process and analyzed by solid-state electron absorption spec-

troscopy (EAS) and infrared (IR) spectroscopy (Vigier et al., 2007). Changes in the

amount of hydration between ambient temperature and 200 °C could not be

confirmed because of the tendency to readily rehydrate, but distinct water losses

are identifiable from the weight loss of the TGA curves. Successive replacement of

oxalate by carbonate groups was indicated by IR spectroscopy that also identified

CO2 occluded or sorbed within the solid. EAS showed that in static air, oxalate decom-

position starts when dehydration is complete and confirmed that full reduction from

Pu(IV) to Pu(III) occurs as the oxalate-carbonate complexes are formed. This reduc-

tion process is believed to be attributed to the oxidation of CO to CO2 by the anhy-

drous plutonium oxalate. Decomposition under argon followed a different path in that

the intermediate carbonate compounds were not observed, although reduction to

Pu(III) was confirmed by EAS. Releases of CO and CO2 are thought to be distinctly

sequential with the decomposition to PuO2 complete by�400°C in air and�600 °C in

argon (Figure 13.4).

The fact that reduction occurs demonstrates that the reaction progression is heavily

influenced by the immediate atmosphere around the solid and that physical effects

such as gas flow rates, temperature gradients, and thickness of the solid bed can have

PuIVO2PuIV(C2O4)2.6H2O

PuIV(C2O4)2
.2H2O

PuIV(C2O4)2
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2(C2O4)(CO3)2½Pu2

III(C2O4)3
.H2O
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−CO2

320–600 °C
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60–100 °C
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100–120 °C
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180–210 °C
−(CO2 + ½CO)

120–180 °C
−H2O

235–260 °C
−CO

210–235 °C
−½CO

Ar
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PuIVOCO3

Figure 13.4 Decomposition mechanism for Pu(C2O4)2�6H2O in air and in an argon atmosphere

(Vigier et al., 2007).

Reproduced from Orr et al. (submitted).
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a marked influence on the efficiency of the decomposition process, particularly the

amount of carbon impurities in the product. For example, the disproportionation of

carbon monoxide (Boudouard reaction) results in the depositing of carbon within

the product and the amount will be dependent on the kinetics and thermodynamics

of CO oxidation by O2 and C oxidation by CO2 and O2. Thus, under inert atmospheres

and low temperatures, more carbon is found as an impurity in the PuO2 product. It is

also important to note that carbon monoxide in high concentrations can cause a def-

lagration risk (Hustad and Sonju, 1988) within operating vessels and so understanding

when and how much is released is vital for underpinning safety cases.

For the decomposition of Pu2(C2O4)3(H2O)3�6H2O, a similar study was performed

with direct comparison to neodymium and cerium as potential surrogates for pluto-

nium (Almeida et al., 2012). Samples of the oxalate were heated at 2 °C/min under

air or argon. The initial hydration number was different in each case, this being attrib-

uted to the drying of the furnace under vacuum prior to heating in argon. There are two

or three discreet dehydration stages to get to the anhydrous Pu(III) oxalate from which

complete decomposition to PuO2 occurs under both air and argon atmospheres

(Figure 13.5). Loss of waters is an endothermic process while oxalate decomposition

is strongly exothermic, especially in air due to Pu(III) to Pu(IV) oxidation and, there-

fore, is accelerated by an oxidizing atmosphere (complete at<450 °C in air cf. 700 °C
in argon) (Almeida et al., 2012). It was also concluded that cerium rather than

neodymium is the more appropriate simulant for plutonium oxalate decomposition

studies.
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.xH2O

Pu2
III(C2O4)3
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Figure 13.5 Decomposition

mechanismforPu2(C2O4)3(H2O)3�
6H2O in air and in an argon

atmosphere (Almeida et al., 2012).

Reproduced from Orr et al.

(submitted).
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Production of PuO2 for fuel manufacture is required to have a low carbon content

because of the potential detrimental effects on the sintering and densification of pellets

(Cina, 1963). From the information gathered on the oxalate decomposition mecha-

nism, it would appear logical to perform the calcination processes at high temperatures

(>700 °C) in air to ensure low carbon impurities. However, other factors need to be

considered that generally require a compromise of conditions.

One significant factor is the specific surface area (SSA) of the final oxide material.

Higher surface area is often consideredmore reactivewhen it comes tomaking ceramic

pellets. The oxalate precipitation conditions can determine the particle size and shape

(Burney and Smith, 1984) and this morphology is generally retained upon conversion

to the oxide, albeit with a�20%volume reduction. Calculation of the SSA for the aver-

age PuO2 particle size distribution assuming a theoretical perfect sphere is <1 m2/g,

and yet the SSA can range from above 40 to 1 m2/g depending on the calcination tem-

perature (Haschke and Ricketts, 1995a; Machuron-Mandard and Madic, 1996;

Moseley and Wing, 1965; Dias and Chackraburtty, 1971). High SSA is believed to

occur at low calcination temperatures because of the fracturing of the particles along

a particular crystal plane as gases such as H2O, CO, and CO2 escape the particle. This

appears to result in a “puff pastry”-like structurewith large porosity. LowSSAmaterial

is believed to form at higher calcination temperatures because of a closing of the pores

and repairing of the particle structure. A review of the dependence of temperature and

residence time of the calciner versus SSA has been made by Daniel (2012). The review

culminated in an empirical equation describing the approximate dependence of SSA

on calcination temperature (T) and calcination time (t) between 250 and 1100 °C.

SSA¼A + B:e�0:5 T�C
Dð Þ2

� �
+ E:e�0:5 t�F

Gð Þ2
� �

+ H:e�0:5 T�C
Dð Þ2 + t�F

Gð Þ2
� �

A¼2.5080, B¼42.241, C¼310.99, D¼184.85, E¼�0.39178, F¼2.5971,

G¼0.64387, and H¼29.805.

Other reports suggest that the calcinations atmosphere could also influence the

SSA and Vigier found that PuO2 calcined at 650 °C under air gave 11 m2/g, while

under argon the SSA was 20 m2/g; although the latter had high (1% w/w) carbon

within the final material (Vigier et al., 2007). Also, Crowder reported that the batch

size, or powder depth, was statistically the most significant influence on the SSA

(Crowder et al., 2012).

Further analysis by Orr et al. (submitted) showed that removing the materials

decomposed below 400 °C allowed a simplification of the empirical fit to the data

given the inherent uncertainty in the conditions used to generate the material from

one study to the next.

SSAfit ¼ exp �5:227�10�3T + 5:635�0:755ð Þ� �
The best fit and 95% confidence interval are overlaid on the experimental data as the

solid and dashed lines, respectively, in Figure 13.6.

Importantly for actinide coprecipitation and calcination processes, the decomposi-

tion of the oxalate in an oxidizing atmosphere is in most cases not an option and this
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Figure 13.6 Best fit to experimental data showing the specific surface area of plutonium

dioxide against the temperature at which the plutonium oxalate was calcined assuming an

exponential function. Note: The best fit is shown by the solid line and the 95% confidence

interval by the dashed line (Moseley and Wing, 1965; Marshall et al., 1976; Francis and
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et al., 2003; Bluhm et al., 2005; Veirs, 2006; Smith et al., 1976; Alwin et al., 2007; Livingston

and Duffey, 2001; Caldwell, 1961; Caldwell and Menis, 1961; Haschke and Ricketts, 1995b,

1997; Stakebake and Robinson, 1983; Nicholson, 1965; German andMunir, 1979; Subramanian

et al., 1963).

Reproduced from Orr et al. (submitted).
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must be considered from the viewpoint of total carbon impurity in the solid and the

desired SSA of the final product. Often, the presence of U(IV) in coprecipitated acti-

nides requires calcination under inert atmosphere and, thus, higher temperatures are

required to remove residual carbon, the levels of which must be balanced against the

SSA required for fabrication into new fuel.

13.3 Coprecipitation of mixed oxalates

It is worth pointing out some of the attributes of coprecipitation that will be important

for the eventual conversion to the final oxides:

l The compounds must be reproducible and properly controlled to give a homogeneous mix of

the two (or more) metal ions.
l It should be possible to decompose any counterions (e.g., cations) within the oxalate struc-

ture such that the final oxide is free of impurities.
l It must be possible to decompose the oxalates in a safe way without possible deflagration

events.
l There needs to be some consideration of the increased throughput of precipitation required

compared to current plutonium finishing processes as the amount of solids for MOx fuel

could increase to anywhere between a factor of 2 and 10.
l Oxidation state control will be important particularly for UIV because autocatalytic oxidation

(Koltunov, 1974; Dvoeglazov et al., 2005) back to UVI will undoubtedly change the final

oxalate product.

There are many reports of mixed metal oxalates containing actinides now published

but most since 2005. To understand which structures are of most interest, and why, the

following section will categorize the crystal structures and draw some general trends

from the published research to date.

13.3.1 Crystal structures of the mixed MIII/MIV oxalates

As already seen in the structures of U(C2O4)2�6H2O and Pu2(C2O4)3(H2O)3�6H2O

there is a propensity for metal oxalates to form layers or double layers and the number

of possible structural types increases when monovalent cations are introduced that

often occupy the gaps between these layers. The numbering convention for different

families of tertiary systems can be categorized by the ratio of counter-cation/metal

ion/oxalate. For example M[Ln(H2O)2(C2O4)2]�H2O; Ln¼La, M¼K, NH4 (Bataille

et al., 2000) and NH4[Ln(H2O)x(C2O4)2]�yH2O; Ln¼La, x¼2, y¼1; Ln¼Gd,

x¼1, y¼0s (Trombe et al., 2001) are of the 112 class and all have a 2-D layered

structure.

The earliest reports of mixed uranium lanthanide oxalate structures in the 1990s

were of the 124 structure (MI)[LnIIIUIV(C2O4)4]�8H2O; Ln¼La, Ce, Pr, Nd Tb;

M¼K (Chadha et al., 1991); NH4 (Mudher et al., 1997). The purpose of the experi-

ments was to assess structural variations in the K2UO4 system, but instead thermal

decomposition of the oxalates resulted in a mixed phase system including K2U2O7
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and a cubic (Ln,U)O2�x. This interesting result gave an early indication that homoge-

neous mixed MIII/UIV oxides could be made from coprecipitated oxalates.

These early mixed oxalates were characterized by PXRD and other analytical

methods, but their exact structures were not solved mainly because the insolubility

of the oxalates made it very difficult to grow single crystals suitable for crystallogra-

phy. This was overcome by the use of slow diffusion of metal ions through silica gel

impregnated with oxalic acid or diffusion through membranes separating compart-

ments containing oxalic acid and actinide nitrate solutions (Tamain et al., 2012).

The first structurally characterized mixed metal oxalate containing an actinide was

(NH4)2[U2(C2O4)5]�0.7H2O, part of the 225 class of oxalates (Chapelet-Arab et al.,

2005a). Substituting LnIII for a UIV site readily occurs with a concomitant increase

in the number of monovalent cations and water molecules that can be accommodated

in the hexagonal tunnels running down the [001] direction, although unlike the 112

family of metal oxalates, a 3-D structure is formed with oxalate ions bridging the

layers resulting in a hexagonal honeycomb structure. Compounds with different

monovalent cations were made: (N2H5)2.6U1.4Ln0.6(C2O4)5�xH2O (Ln¼Nd, Sm),

Na2.56U1.44Nd0.56(C2O4)5.7�6H2O, and Na3UCe(C2O4)5�10.4H2O, all with hexagonal

tunnels throughout the structure (Chapelet-Arab et al., 2005a). The incorporation of

the hydrazinium cation (H5N2
+) is notable as this is generally present in processing

solutions as a nitrite (NO2
�) scavenger to stabilize UIV in nitric acid solution and

can be decomposed to leave no metal impurities in the final product. These early com-

pounds demonstrated that up to 50% of a MIII ion could be incorporated into the UIV

oxalate structure.

By taking the converse approach of substituting LnIII sites with UIV ions and

concomitant removal of cations, a 112 family of oxalate compounds was

prepared with a higher LnIII to UIV ratio ranging from 75% to 50% LnIII incorporation

in (N2H5)x[LnxU1�x(C2O4)2]�nH2O (Ln¼Nd, Gd; x¼0.75) and (Na)x[LnxU1�x

(C2O4)2]�nH2O (Ln¼Nd, x¼0.5; Ln¼Gd, x¼0.65) (Chapelet-Arab et al., 2005b).

These compounds were of the triclinic space group rather than the hexagonal or ortho-

rhombic space group as seen with the 225 oxalate family; however, the six-membered

rings remain present and the interstitial layers are occupied by waters and monovalent

cations. It is clear from these structures that changing the monovalent cation can lead

to a significant change in the LnIII:UIV ratio.

A third series of compounds supports the importance of the role of the monovalent

cation. While still in the 112 family of compounds (NH4)xLnxUx�1(C2O4)2(H2O)]�
(4�x)H2O (Ln¼Y, Pr, Nd, Sm, Gd, Tb; x¼0.40-0.75)s containing ammonium

cations has a very different structure than the 112 family containing H5N2 or Na

countercations (Chapelet-Arab et al., 2006). All six compounds made are of the

tetragonal space group and the structures consist of a 2-D framework of layers

composed of four-membered rings joined by metal oxalate linkages rather than six-

membered rings observed for all previous structures. The structure is related to the

112 Na[Y(C2O4)2(H2O)]�3H2O compound (Bataille and Louër, 1999). The difference

in ring size is not fully understood; however, the 45-75% MIII loading makes this an

attractive structure to target for high plutonium fuels.

Coprecipitation and conversion of mixed actinide oxalates 335



It was also not clear from these studies whether the single crystals obtained would

actually be representative of a powder product obtained in a continuous process. Thus

bulk powder production and analysis of products from varying LnIII/UIV nitrate solu-

tion ratios treated with oxalic acid were required to establish whether the mixed metal

content can be controlled and whether the oxalate products are a single phase or a mix-

ture, for example, of trigonal and tetragonal 112 compounds. The influence of mono-

valent cation on the structures also needed to be confirmed.

More recently, the first crystallographic characterization of the mixed UIV/PuIII

oxalates has been reported (Tamain et al., 2013). Interestingly, two crystallographic

forms of the mixed oxalate were produced with NH4
+ as the countercation. Using a

three-compartment diffusion cell containing oxalic acid, ammonium nitrate and

the actinide solutions each separated by a compressed glass fiber membrane, single

crystals were grown of suitable quality for X-ray diffraction. Crystals related to the

tetragonal 112 class of mixed oxalates (NH4)0.5[Pu0.5U0.5(C2O4)2(H2O)]�nH2O were

formed in the oxalic acid-rich compartment. In the same diffusion experiment, crys-

tals of the hexagonal 225 class of mixed oxalates (NH4)2.7Pu0.7U1.3(C2O4)5�nH2O

were formed in the actinide-rich solution (Tamain et al., 2012, 2013).

The tetragonal structure (NH4)0.5[Pu0.5U0.5(C2O4)2(H2O)]�nH2O is directly related to

the (NH4)xLnxUx�1(C2O4)2(H2O)]�(4�x)H2O [Ln¼Y, Pr, Nd, Sm, Gd, Tb; x¼0.40-

0.75] (Chapelet-Arab et al., 2006) with each actinide ion coordinated to nine oxygens

in amonocapped square antiprism of (U,Pu)O9with eight of the oxygens from four sym-

metrically related bidentate oxalate anions and capped with the oxygen atom of a water

molecule (Figure 13.7). This tetragonal structure is also similar to that of [U(C2O4)2]�
H2O�dma (dma¼dimethylamine) containing neutral dma molecules within the inter-

layer structure rather than monovalent cations (Duvieubourg-Garea et al., 2008).

The hexagonal (NH4)2.7Pu0.7U1.3(C2O4)5�nH2O structure is comprised of six-

membered rings in a three-dimensional honeycomb array (Figure 13.8). Each actinide

UPu
O
C

UPu
O
C

Figure 13.7 Crystal structure of tetragonal (NH4)0.5[Pu0.5U0.5(C2O4)2(H2O)]�nH2O showing

(left) the four-membered ring tunnels through the structure and (right) the two-dimensional

layers (gray spheres, uranium/plutonium; red spheres, oxygen; black spheres, carbon) (Tamain

et al., 2013).
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ion is 10 coordinate surrounded by 5 bidentate oxalate anions, 2 of which bridge the

six-membered ring layers. The crystal morphology is one of hexagonal tubes that may

not be conducive to high-density pellet pressing (Tamain et al., 2012, 2013).

This confirms that it is possible to access the tetragonal structure, which may be

preferred because of the high plutonium loading and the tetragonal plate morphology

of the crystals that may require less processing when converting to the oxide and

pressing into ceramic mixed oxide pellets. It seems that the hexagonal structure is

the kinetically stable form and will be preferentially made during bulk oxalate powder

processing unless some radical change to the production method is made.

13.3.2 Bulk powder studies of the mixed MIII/MIV oxalates

Later studies on bulk powder properties of M/Nd/U oxalates demonstrated that

near quantitative recovery of just the single solid solution of the hexagonal phase

(M)2+x[U2�xNdx(C2O4)5]�nH2O was produced when the ratio of metal nitrates in

the feed (Nd/(U+Nd)) was between 0% and 50% (Arab-Chapelet et al., 2008).

Beyond 50%, a mixture of the mixed oxalate and single Nd2(C2O4)3�10H2O phases

were formed. When Sm is substituted for Nd the situation is more complex. From

0% to 10% Sm there is a mixture of two oxalate phases U(C2O4)2�6H2O and the

UIV-SmIII 225 hexagonal mixed oxalate. Between 10% and 30% Sm there is a single

hexagonal 225 phase but between 30% and 50% Sm there is a mixture of the hexag-

onal 225 phase and the tetragonal 112 phase. For 50-70% Sm a single tetragonal 112

phase is formed and at higher Sm levels (70-100%) a mixture of the tetragonal 112 and

Sm2(C2O4)3�10H2O were formed (Arab-Chapelet et al., 2008).

A study into the influence of the monovalent cation has been performed for the

225 family of oxalates using ThIV and NdIII metal ions of the general formula

(M)2+x[Th2�xNdx(C2O4)5]�nH2O (M¼Li, Na, K, Rb, Cs, NH4) (Gil-Martin et al.,

2012a,b). Variation in the Nd/(Nd+Th) ratio of the feed gave a single phase of the

UPu
O
C

UPu
O
C

Figure 13.8 Crystal structure of hexagonal (NH4)2.7Pu0.7U1.3(C2O4)5�nH2O showing (left) the

hexagonal tunnels through the structure and (right) the three-dimensional structure with bridging

oxalate groups between layers (gray spheres, uranium/plutonium; red spheres, oxygen; black

spheres, carbon) (Tamain et al., 2012).
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oxalate between 5% and 50% depending on the cation radius. A small solid-solution

window 40-50%Nd/(Nd+Th) was observed for the smallest cation Li+ while for Cs+ a

solid solution is obtainable for a wide range of 10-50% Nd/(Nd+Th). Above and

below these windows mixed phases or single metal oxalate phases were formed. This

study also gave confidence that the bulk PXRD patterns were consistent with the

single-crystal data for the hexagonal 225 family of mixed oxalates.

Building on the single-crystal characterization work for the mixed LnIII/UIV sys-

tems, a number of experiments were performed with varying actinides in the MIII

and MIV positions. A summary of the crystallographic results are provided in

Table 13.1. For a ratio of AnIII/(UIV+AnIII), close to 10% the mixed oxalate adopts

a 225 hexagonal structure regardless of the AnIII used (Arab-Chapelet et al., 2007). For

a 50:50 ratio with MIV:PuIII, the larger ThIV and UIV ions gave the 225 hexagonal

(H5N2)2+x[An
IV
2�xAn

III
x(C2O4)5]�nH2O structure, while the smaller NpIV and PuIV gave

the 112 tetragonal (H5N2)1�x[An
III
1�xAn

IV
x(C2O4)2�H2O]�nH2O (Arab-Chapelet et al.,

2007). Solid-state UV-visible spectroscopy confirmed that quantitative coprecipita-

tion of the AnIII and AnIV occurred without modification of the initial metal ions ratio

or of the oxidation states (Arab-Chapelet et al., 2008).

Extending this study to the incorporation of AnIII into the UIV 225 structure was

performed for americium and curium in shielded hot cells to protect operators from

high gamma and neutron radiation doses. Using a 10% AnIII/(UIV+AnIII) ratio, both

americium and curium were successfully incorporated into the hexagonal 225 struc-

ture as demonstrated by PXRD analysis (Grandjean et al., 2009).

13.4 Decomposition of coprecipitated oxalates
to the oxides

The synthesis of a range of mixed UIV/PuIII oxalate powders containing varying

amounts of Pu/(Pu+U) (7-70%Pu) were made by mixing a solution of UIV and PuIII

stabilized by hydrazinium nitrate with a concentrated solution of oxalic acid (in a slight

molar excess) (Arab-Chapelet et al., 2007; Grandjean et al., 2005, 2009). The powders

were all shown by PXRD analysis to be of the 225 hexagonal class of structure (H5N2)2

+x[U
IV
2�xPu

III
x(C2O4)5]�nH2O (Arab-Chapelet et al., 2007). There is little information

on the decomposition of the mixed oxalates. One report showing the TGA trace

during decomposition under argon confirms that the mixed metal oxalate

(H5N2)2.55[U
IV
1.45Pu

III
0.55(C2O4)5]�nH2O is converted to U0.725Pu0.275O2 (a U/Pu ratio of

2.64:1) at temperatures above 700 °C (Arab-Chapelet et al., 2007). There does not

appear to be any steep or sudden losses of material during the TGA run due to

H5N2
+ decomposition, which is to be expected in an argon atmosphere but may be more

exothermic in an oxygen atmosphere. There is no discussion on the residual carbon left

in the material, which may be considerable under these inert atmosphere conditions.

For this material to be beneficial from aMOx production viewpoint it must be dem-

onstrated that the uranium and plutonium are homogenously mixed in the final oxide.

There are a few reports on the characterization of the (U,Pu)O2 samples produced
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Table 13.1 A summary of the crystal structure information of relevance to oxalate coprecipitation

Methoda,b Molecular formula M(III) M(IV) Cation

No.

H2O

System

symmetry

Space

group References

SCXRD (NH4)2[U2(C2O4)5]�0.7H2O – U NH4 0.7 Hexagonal P63/
mmc

Chapelet-Arab

et al. (2005a)

PXRD (N2H5)2.6[Nd0.6U1.4(C2O4)5]�xH2O Nd U N2H5 x Hexagonal P63/
mmc

Chapelet-Arab

et al. (2005a)

PXRD (N2H5)2.6[Sm0.6U1.4(C2O4)5]�xH2O Sm U N2H5 x Hexagonal P63/
mmc

Chapelet-Arab

et al. (2005a)

SCXRD Na2.56[Nd0.56U1.44(C2O4)5]�7.6H2O Nd U Na 7.6 Orthorhombic Pbcn Chapelet-Arab

et al. (2005a)

SCXRD Na3[CeU(C2O4)4]�10.4H2O – U/Ce Na 10.4 Monoclinic C2/c Chapelet-Arab

et al. (2005a)

SCXRD (N2H5)[Nd(C2O4)2]�4H2O Nd – N2H5 4 Trigonal P�1 Chapelet-Arab

et al. (2005b)

SCXRD (N2H5)[Gd(C2O4)2]�4.5H2O Gd – N2H5 4.5 Trigonal P�1 Chapelet-Arab

et al. (2005b)

SCXRD (N2H5)0.75[Nd0.75U0.25(C2O4)2]�
4.5H2O

Nd U N2H5 4.5 Trigonal P�1 Chapelet-Arab

et al. (2005b)

SCXRD (N2H5)0.75[Gd0.75U0.25(C2O4)2]�
4H2O

Gd U N2H5 4 Trigonal P�1 Chapelet-Arab

et al. (2005b)

SCXRD (N2H5)0.65[Nd0.65U0.35(C2O4)2]�
3H2O

Nd U Na 3 Trigonal P�1 Chapelet-Arab

et al. (2005b)

SCXRD (N2H5)0.65[Gd0.65U0.35(C2O4)2]�
4H2O

Gd U Na 4.5 Trigonal P�1 Chapelet-Arab

et al. (2005b)

SCXRD Na[Y(C2O4)2(H2O)]�3H2O Y – Na 4 Monoclinic Pc Chapelet-Arab

et al. (2006)
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Table 13.1 Continued

Method, Molecular formula M(III) M(IV) Cation

No.

H2O

System

symmetry

Space

group References

SCXRD (NH4)0.53[Y0.53U0.47(C2O4)2(H2O)]�
3.47H2O

Y U NH4 3.47 Tetragonal P4/n Chapelet-Arab

et al. (2006)

SCXRD (NH4)0.58[Pr0.58U0.42(C2O4)2(H2O)]

3.42H2O

Pr U NH4 3.42 Tetragonal P4/n Chapelet-Arab

et al. (2006)

SCXRD (NH4)0.40[Nd0.40U0.60(C2O4)2(H2O)]�
3.60H2O

Nd U NH4 3.6 Tetragonal P4/n Chapelet-Arab

et al. (2006)

SCXRD (NH4)0.45[Sm0.45U0.55(C2O4)2(H2O)]

3.55H2O

Sm U NH4 3.55 Tetragonal P4/n Chapelet-Arab

et al. (2006)

SCXRD (NH4)0.75[Gd0.75U0.25(C2O4)2(H2O)]�
3.25H2O

Gd U NH4 3.25 Tetragonal P4/n Chapelet-Arab

et al. (2006)

SCXRD (NH4)0.48[Tb0.48U0.52(C2O4)2(H2O)]�
3.52H2O

Tb U NH4 3.52 Tetragonal P4/n Chapelet-Arab

et al. (2006)

SCXRD (NH4)0.50[Pu0.50U0.50(C2O4)2(H2O)]�
xH2O

Pu U NH4 x Tetragonal P4/n Tamain et al.

(2013)

SCXRD (NH4)2.7[Pu0.7U1.3(C2O4)5]�xH2O Pu U NH4 x Hexagonal P6/
mmm

Tamain et al.

(2013)

PXRD (N2H5)2.5[Pu0.5Th0.5(C2O4)5]�xH2O Pu Th “N2H5” �4 Hexagonal “P6/
mmm”

Arab-Chapelet

et al. (2008)

Continued
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Table 13.1 Continued

Method, Molecular formula M(III) M(IV) Cation

No.

H2O

System

symmetry

Space

group References

PXRD (N2H5)2.5[Pu0.5U0.5(C2O4)5]�xH2O Pu U “N2H5” �4 Hexagonal “P6/
mmm”

Arab-Chapelet

et al. (2008)

PXRD (N2H5)2.5[Am0.5U0.5(C2O4)5]�xH2O Am U “N2H5” �4 Hexagonal “P6/
mmm”

Arab-Chapelet

et al. (2008)

PXRD (N2H5)0.5[Pu0.5Np0.5(C2O4)2(H2O)]�
xH2O

Pu Np “N2H5” �4 Tetragonal “P4/n” Arab-Chapelet

et al. (2008)

PXRD (N2H5)0.5[Pu0.5Pu0.5(C2O4)2(H2O)]�
xH2O

Pu Pu “N2H5” �4 Tetragonal “P4/n” Arab-Chapelet

et al. (2008)

PXRD (N2H5)2.5[Cm0.1U0.9(C2O4)5]�xH2O Cm U “N2H5” �4 Hexagonal “P6/
mmm”

Grandjean et al.

(2009)

PXRD (N2H5)2.5[Am0.1U0.9(C2O4)5]�xH2O Am U “N2H5” �4 Hexagonal “P6/
mmm”

Grandjean et al.

(2009)

aPowder X-ray diffractometry.
bSingle-crystal X-ray diffractometry.
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from coprecipitation of the metal oxalates. A PXRD and X-ray absorption spectros-

copy study were used to examine the bulk and localized structure respectively of

(U1�y,Puy)O2 (y¼0.07-0.5) (Martin et al., 2007). The lattice parameter (a) was used
to demonstrate a solid solution by showing a linear change in a with variation in y
according to Vegard’s law. Indeed, a linear correlation was observed, although later

studies (Grandjean et al., 2009) showed a deviation from linearity once the value of y
exceeded 0.5, with the formation of a biphasic mixed oxide. To assess the local struc-

ture XANES and EXAFS were used. Initial results suggested some discrepancies for

samples with y<0.5 that were attributed to a disordered hyperstoichiometric structure

(U1�y,Puy)O2+x (Martin et al., 2007). Later repeat studies demonstrated that by careful

production of the samples, calcined at 900 °C in flowing argon, no hyperstoichio-

metric structure was observed and the material was deemed to be a true ideal solid

solution of (U1�y,Puy)O2 (Grandjean et al., 2009).

Other mixed oxalates have been successfully converted to oxides for the hexagonal

225 class of compounds with UIV/AmIII and UIV/CmIII in (H5N2)2

+x[U
IV
2�xAn

III
x(C2O4)5]�nH2O, where x¼0.1 (Grandjean et al., 2009). The oxides have

the expected fcc pattern for UCmO2 and UAmO2. There are no significant changes

in morphology upon conversion, although the particles illustrated appear quite

amorphous possibly as a result of self-irradiation.

13.5 Developments in the application of the
coprecipitation process

One of the main applications for the oxalate coprecipitation process is the pivotal role

played in the COEX™ process, which is an evolutionary change to the traditional

PUREX process used for the reprocessing of spent nuclear fuel (Bordier et al.,

HA cycle
U purification
and finishing

cycle

Pu+U
purification 

cycle

PuIV+UVI

concentrated

PuIV+UVI

oxidation state
conditioning

PuIII+UIV oxalate
co-precipitation
+ conversion 

MOx fabrication

Dissolved
spent fuel
U+Pu+Np+FPs

U+Np

Pu+U

HA waste
FPs

Np

Pu+U

UO2

Figure 13.9 Overview of the COEX™ process (Drain et al., 2008).
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2008). The COEX™ process is developed to avoid the separation of pure plutonium

during any step of the reprocessing and recycling process and to avoid the storage of

large quantities of solid plutonium oxide (Figure 13.9). Rather than completely

separating the uranium and plutonium into individual product streams, some of the

uranium is allowed to follow the plutonium through to the oxalate precipitation

finishing process.

One potential problem with this process is the reduction of uranium and plutonium

to the UIV and PuIII oxidation states. The current solution to this problem is to add UIV

to the process from an external source (Drain et al., 2008). Such a source of UIV is

currently supplied to both the oxide reprocessing plants at Sellafield and La Hague

by the catalytic reduction of UVI by H2. A by-product from this strategy is the presence

of UVI that needs to be separated from the UIV and PuIII mix during coprecipitation

(Drain et al., 2008). Possibly a more elegant and proliferation resistant method would

be to convert the UVI and PuIV to UIV and PuIII in situ by chemical or electrochemical

reduction methods.

The COEX™ process takes advantage of the 225 class of mixed oxalates to

produce a master blend that is combined with UO2 to make the composition of choice

and results in a homogeneous pellet with uranium and plutonium mixed at the molec-

ular level. Another possible disadvantage that has been touched on is the hexagonal

particle morphologies that derived from the 225 class of mixed oxalates, which may

require additional milling to achieve consistent results. A move to the 112 tetragonal

platelet particles could provide advantages in this area.

Another topic not discussed in the literature thatmay ormay not be problematic is the

removal of any residual carbon from the final oxide produced under an inert atmosphere

and whether this presents difficulties in achieving high-density pellets.

Other areas where developments are taking place include novel oxalate precipita-

tion methods to cope with potentially higher (at least double) throughputs of material

within a COEX™ plant in a criticality safe manner. For example, the use of pulsed

columns is being considered for the precipitation of metal oxalates that form emul-

sions in a recirculating inert organic phase (hydrogenated tetra propylene). The metal

nitrate and oxalic acid are fed into the column at different stages and when the aqueous

droplets meet then the precipitation reaction takes place. The precipitate falls to the

bottom of the column under gravity to a separated aqueous phase (below where the

pulse is applied), which is circulated to a decanting/filtering system. Process modeling

from the drop-scale to bulk-process scale has also been reported (Chartona et al., 2013;

Borda et al., 2011; Lalleman et al., 2012).

A very encouraging recent development has seen the utilization of the 225 hexag-

onal material (H5N2)2+x[U
IV
2�xAm

III
x(C2O4)5]�nH2O in a much simplified pelleting

process for the creation of americium-bearing blanket fuels for transmutation targets

(Kumar et al., 2011). Previous methods used a dry powder mixing process named ura-

nium MAs conventional sintering (UMACS) developed by CEA and AREVA NC

(Magesvaran et al., 2012; Horlait et al., 2013; Kulyako et al., 2011; Grate et al.,

2011; Claparede et al., 2011; Reboul et al., 2011; Sivakumar et al., 2012a,b) that is

designed to carefully control the oxygen potential of the atmosphere during heat treat-

ment processes and avoid undue americium volatilization. For the more common reac-

tive sintering methods employed for UO2 or MOx fuel, reducing conditions are
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acceptable but generally produce low-density material<92% TD (theoretical density)

when americium is present. Unfortunately, if the temperature is high enough and the

conditions reducing enough (to avoid UO2 oxidation) it is possible to reduce the amer-

icium to the metal form, which has a high vapor pressure under normal sintering con-

ditions (Ohmura et al., 2011).

The UMACS process can achieve high TDs (>94%) by using a two-stage heating

process. UO2 and AmO2 powders are mixed and pelletized to give a green pellet

of�49% TD that is then sintered under a controlled atmosphere to provide a solid solu-

tion of U1�xAmxO2�d at a temperature of 1873 K and an oxygen potential of

�414 kJ mol�1. These conditions are sufficient to avoid significant volatilization of

americium (Kulyako et al., 2011) but are not sufficient to obtain high-density pellets.

The pellets are then ground to a fine reactive powder and pelletized again before a sec-

ond heat treatment reaching higher sintering temperatures, resulting in pellets of the

desired high (>94% TD) density (Kulyako et al., 2011) (Figure 13.10). It is because

at the second stage of heating the solid solution retards the volatility of americium

AmOUO2+x AmO2-δ

Ball-milling
(30 min–15 Hz)

Pelletizing (450 MPa) 
Heat to 1873 K

1% H2/75 ppm O2 in Argon
Oxygen potential = –414 kJ mol–1

U1−xAmxO2±δ

Grinding
(few hours –15 Hz)

Pelletizing
4 h 2023 K
Ar/H2 4%

U1−xAmxO2±δ
Pellet (>95% TD)

Co-converted
U1−xAmxO2±δ

powder

Pelletizing
4 h 2023 K
Ar/H2 4%

U1−xAmxO2±δ
Pellet (>95% TD)

Synthesis

Densification

Figure 13.10 Process for making americium-bearing blanket fuels by (left) the UMACS

process and (right) powder generated from coprecipitation.
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and this allows higher temperatures to be achieved safely. Unfortunately, the long grind-

ing stage can potentially produce large amounts of undesirable radioactive dusts.

Dual benefits of control of the particle morphology and homogeneous mixing of

americium and uranium at the molecular level are realized by simple mixing of

respective metal nitrate solutions followed by calcining the mixed oxalate precursor

to the mixed oxide. A solid solution of U1�xAmxO2�d can thus be obtained

(Figure 13.10). Dense pellets of >95% TD were produced with a homogeneous com-

position and microstructure, and limited residual porosity. Residual carbon from the

calcinations of the oxalate precursor (�2700 ppm) did not appear to be an issue with a

final carbon content of �400 ppm in the densified pellet. It was also noted that the

sintering temperature was 100 K lower than that used in the UMACS process because

of the higher reactivity of the coconverted powders (Kumar et al., 2011).

This much simpler process has the potential to open the door to americium trans-

mutation in fast reactor systems reducing the heat load and, therefore, the overall vol-

umes of geological waste repositories.

13.6 Summary

The use of oxalate chemistry to produce a homogeneous mixed metal actinide oxide

suitable for fabrication into pellets for new nuclear fuel or partitioning and transmu-

tation (P&T) targets is demonstrated at the laboratory scale. The two- and three-

dimensional structures of the 225 and 112 class of mixed oxalates are capable of

accommodating both AnIII and AnIV ions into the crystal lattice sites distributing

the metals homogeneously through the material. A desired AnIII:AnIV ratio can easily

be achieved by mixing the two metal nitrates in the appropriate ratios. Thermal

decomposition of the materials in an inert atmosphere can provide the mixed metal

oxides needed for pelletizing. While limited information is as yet available regarding

the applications to traditional (U+Pu) MOx as part of the COEX™ process or MA-

bearing MOx fuel for P&T, the oxalate coprecipitation strategy has already been

proven beneficial for MA-bearing (Am+U) blanket fuel targets.

Future considerations for oxalate coprecipitation may include the following:

l Assessing whether the (H5N2)2+x[U
IV
2�xPu

III
x(C2O4)5]�nH2O 225 hexagonal particle mor-

phology is acceptable for direct MOx production without the need for milling, or whether

there are sufficient benefits in accessing the (NH4)0.5[Pu0.5U0.5(C2O4)2(H2O)]�nH2O 112

tetragonal structures with platelet morphology.
l Understanding if the potential hazards of decomposing metal oxalates containing the hydra-

zinium cation can be controlled through process design or if a suitable alternative cation

(e.g., ammonium ion) can be substituted.
l Understanding the effects of residual carbon on the final pellet quality.
l Oxidation state control of UIV within the COEX™ process without using an external source

of UIV.
l Implementing an industrial-scale precipitation process that can deal with the higher through-

puts required for the COEX™ process while maintaining criticality safety margins.
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14Gelation and other innovative

conversion processes for

aqueous-based reprocessing and

recycling of spent nuclear fuels

Manuel A. Pouchon
Paul Scherrer Institut, Laboratory for Nuclear Materials, Villigen, Switzerland

Acronyms

BISO bistructural-isotropic fuel (see TRISO)

DCC direct coagulation casting (sol-gel based method to produce arbitrary shapes)

HMTA hexamethylenetetramine (also called hexamine)

HMUR mixture of hexamethylenetetramine (HMTA) and urea in 1:1 proportion

INRAM infiltration of highly radioactive materials

KFA Kernforschungs anlage (former name of “Forschungszentrum J€ulich,”
Germany)

ORNL Oak Ridge National Laboratory (United States)

PSI Paul Scherrer Institut (Switzerland)

SGMP sol-gel microsphere pelletization process (process to gain pellets from gelled

particles)

SNAM Società Nazionale Metanodoti (Italy)

Sphere-pac particle fuel composed of fuel beads gained in a gelation process

TRISO tristructural-isotropic fuel (concept where the central fuel kernel is sur-

rounded by several layers of pyrolytic carbide and silicon carbide)

Vipac,

Vibropack

particle fuel composed of small fuel fragments gained from the electrode in a

pyroprocess

(V)HTR gas-cooled (very) high-temperature reactor

14.1 Motivation

Fuel production in a closed nuclear fuel cycle implies a considerable presence of

minor actinides and, therefore, the production of fuels in shielded hot cells with

remote manipulation. In this environment the conventional, powder-based, fuel pro-

duction presents major disadvantages as it requires powder handling with unavoidable

dust production. Mechanical processes like milling and grinding also result in dust,

which can be handled in an open process, but which is much more difficult to treat

in a hot cell. Furthermore, the mechanical manipulation devices used are also subject
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to regular maintenance and, sometimes, costly replacement. These challenges are the

main driving force to look for alternative production methods and in some cases for

alternative fuel forms. Processes that remain aqueous up to the final product and min-

imize dust generation appear to be an attractive alternative. In this chapter, different

aqueous production methods are, therefore, introduced.

14.2 History and overview

Early thoughts about alternative ways of producing nuclear fuel go back to the late

1950s, when at the Hanford/Pacific Northwest Laboratory (USA) (Hauth, 1959) direct

use of small fuel particles promised a much simplified production method, implying

less powder handling and maintenance effort. The concept was first developed using

products from a pyrochemical process, as described in Hauth (1959), which was gen-

erally known as the vipac or vibropac concept. Later the process was modified at the

Oak Ridge National Laboratory (ORNL) for products from aqueous reprocessing, this

being commonly referred to as sphere-pac. Both concepts have been developed to a

high technical readiness, with production and fuel performance studies, up to in-

reactor experiments and postirradiation examinations. Today the vipac concept is

mainly pursued by the Russian Federation, whereas the sphere-pac concept is being

explored in the United States and Europe. After a decline of interest in closing the fuel

cycle as a consequence of the Chernobyl accident in the 1980s, today there is a revi-

talized interest in these processes and fuel forms as part of the development of a more

sustainable closed fuel cycle that enables enhanced resource usage with the potential

for reduction in long-lived and heat generating radioactive wastes.

14.3 Fuel concepts

14.3.1 Sphere-pac

Two particle fuel concepts, the sphere-pac and vibropac (vipac), have been researched

in the past and are still under active development. The vibropac is the first choice when

coming from a pyroreprocessing route. Sphere-pac can directly be employed when

coming from an aqueous route, and it represents the simplest usage of spheres pro-

duced in a sol-gel process. After having been treated thermally, the sintered sol-gel

spheres are directly filled into the fuel pin, with no further modification. Besides

its simplicity, this concept also offers the advantage that a single fuel sphere is small

and if not stored in a compact form with more spheres, does not heat to very high tem-

peratures even for high curium contents. This applies for the production process up to

the thermal treatment of the spheres, where the spheres could be stored in flat beds,

before they are filled into the pins. The sphere-pac fuel form, a packing of two or more

size fractions of these fuel spheres is, however, very different from the classical pellet

and questions arise about the fuel performance. The main issues here are the heat
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transfer and fuel restructuring. These questions have initiated large international

research programs, which are partially summarized in Pouchon et al. (2012a,b).

14.3.2 BISO and TRISO

A classical application of fuel beads being produced by the gelation technique are the

kernels of the bistructural-isotropic fuel (BISO) and tristructural-isotropic fuel

(TRISO) concepts, which were employed for the high-temperature gas-cooled reac-

tors in the past (HTR) and potentially in the future for very high-temperature reactors

(VHTRs). This is part of the Generation IV initiative, aiming for gas temperatures of

around 1270 K. In order to get excellent fission gas retention behavior, the kernels are

coated with several layers, ensuring microencapsulation. The names come from the

two (bi-) or three (tri-) different materials classes being used for the coating. As an

actual new development, TRISO particles are also considered as accident tolerant fuel

for use in light-water reactors, with the potential of retaining the fission gases even

under the most severe accident conditions (Terrani et al., 2012).

14.3.3 Composite fuels

Fuel kernels have also been investigated in the frame of composite fuel concepts, such

as cermet or cercer, where “cer” stands for the ceramic nature of a dispersed phase and

“met” for a metallic matrix; also, cercers have been investigated with a fuel ceramic

being dispersed into a ceramic matrix (Meyer, 2012). In case of a cermet, an actual

example can be found in reference (Hunt et al., 2014) concerning fuel for space reac-

tors. Cermet is a heterogeneous concept, as two different materials are used; cercers

can be heterogeneous with two different ceramics, or homogeneous with the same

ceramic. The idea is a division of functions. On one hand there is a fuel-carrying con-

tainer, where the material often contains the heavy metal in a solid solution, and that

shows tolerant irradiation behavior. This phase is formed into small particles, repre-

senting a dispersion. On the other hand, there is the matrix containing the dispersed

ceramic phase, which serves as an inactive container and a thermally conducting

medium, transferring the heat toward the cladding wall in the case of a classical

pin design. By choosing a balanced size and distribution density of the dispersoids,

both aspects, the particle internal temperature gradient and the radiation damage of

the conducting containing phase, can be optimized.

14.3.4 Pellet

Even though the classical pellet production has some disadvantages, such as the final

machining of the pellet, the pellet as an end form is so well established that there is a

large interest in maintaining it. Therefore, some modified production methods are

studied that try to minimize the known disadvantages. This can be a simplified pellet-

ing process (Suzuki, 2008) or the compaction of sol-gel derived fuel particles into a

pellet, also called the sol-gel microsphere pelletization process (SGMP) (Ganguly

et al., 1985, 1989; Ganguly and Hegde, 1997; Nästren et al., 2013). A very innovative
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approach here is direct coagulation casting (DCC), which promises direct production

of the precise pellet shape by an aqueous route, without the need of grinding. This

technique is described in Section 14.10 below. Another approach is the hybrid method

of a pellet being produced by the powder method, and then being infiltrated with an

actinide containing liquid. This process is called INRAM (infiltration of highly

radioactive materials) and was invented at the Institute for Transuranium Elements

(Germany) (Richter et al., 1997).

14.4 Sol-gel techniques

The idea behind the sol-gel techniques is a simple, dustless process for forming dense

fuel kernels that can then be utilized in a sphere-pac concept, in fuel kernels for high-

temperature gas-cooled reactors (HTR), or compacted to classical pellets.

The starting phase is a true colloidal suspension: a sol. This is destabilized leading to

an aggregation and the formation of a rigid network: a gel. A gel is an intermediate phase

between solid and liquid and only with drying and a thermal treatment the final dense

ceramic phase can be obtained. The term sol-gel is widely used for virtually all chemical

processes from solutions to ceramics. The starting solution can be metallo-organic,

polymeric, or ionic solutions. The chemistry in the sol-gel process then dictates the

physical characteristics, such as the structure and density distribution of the network

in the gel product. There are three principle classes of networks, these are a simple par-
ticle network (a), where the surface chemistry controls the suspension properties or the

single particles, the aggregate network (b) with a clustering of aggregates, a collection
ofmacromolecules,with a nonuniformdensity distribution.Here the solution is prepared

in a way that a solid phase precipitates out with tiny particle sizes and there is a contin-

uous aggregation of these particles, forming a rigid network. The third class is a polymer
network (c) with a rather low uniform density distribution formed by cross-linking

polymers. The desired metal atom of the targeted ceramic is contained in the inorganic

polymers, which are formed by metal-oxygen bonds. Figure 14.1 gives a qualitative

representation of the three classes. For a more in-depth description, see Ring (1996).

An overview of early nuclear related activities using these techniques is provided in

Sol-Gel Processes for Ceramic Nuclear Fuels (1968) and De Leone (1968).

14.5 Water extraction process (ORNL process)

14.5.1 Introduction

This technique has been suggested by researchers at the ORNL in the United States

(Haas et al., 1968; McBride et al., 1972). Compared to other sol-gel processes, the

solvent extraction avoids the contamination of the resulting kernels with organics

and, therefore, enables the omission of an additional process step (i.e., the cleaning

procedure), with a consequent reduction in liquid radioactive waste. The major disad-

vantage of this process, the slow dehydration process, will become obvious in the next

section; this issue makes industrial implementation difficult.
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14.5.2 The process

Dioxides of the actinides of interest, such as thorium, uranium, plutonium, and nep-

tunium, are highly insoluble; this can be changed by having nitrates as counterions.

For the preparation of sols the tetravalent nitrates Th(NO3)4, U(NO3)4, Pu(NO3)4,

and Np(NO3)4 are used as starting solutions. Among these, U(NO3)4 is not stable,

as U(IV) is oxidized to U(VI) in air and nitrate solutions. In the case of thorium,

the oxide sol ThO2 is prepared by precipitation of the hydroxide Th(OH)4 with an

ammonia addition. In order to provide NO�
3 counterions for stabilization of the sus-

pension, the precipitation step is followed by the addition of small quantities of Th

(NO3)4 and a boiling step. Similar processes are used for the production of UO2

and PuO2 sols (Sood, 2011). The sol is therefore surface chemistry driven and is a

particle network, corresponding to Figure 14.1a.

Solvent extraction (instead of precipitation) is then used to produce gels, whereby

70-80% of the nitrate is removed, followed by digestion (Ostwald ripening of the pre-

cipitate) at 370 K for 10 min (Sood, 2011). Countercurrent flow within a 2-ethyl-1-

hexanol tapered column for 10-15 min leads to the desired dehydration. Fluidized

Monomeric solution

Linear polymersParticles

Aggregate Aggregate Crosslink

Particle network

(a) (b)

Aggregate network Polymer network

Random aggregates

Polymer synthesisParticle synthesis

(c)

Figure 14.1 Schematic representation of the sol-gel routes for the different sol classes.

(a) The particle network, (b) the aggregate network, and (c) the polymer network.

After Ring (1996, p. 341).
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droplets travel down the column as they become denser. The gelled particles are

removed from the bottom of the column. The main drawbacks of this technique are

the need for U(IV), which is not stable, and the lengthy dehydration process.

14.6 External gelation

14.6.1 Introduction

The external gelation process was originally developed in Italy (Brambilla et al., 1970),

where it was known as the SNAM-process (Società Nazionale Metanodoti), and in Ger-

many (Ringel and Zimmer, 1979), where it was referred to as the KFA-process
(Kernforschungs anlage J€ulich). The main purpose of the process is the conversion

of uranyl nitrate solution into microspeheres without the need for reducing U(VI) to

U(IV), compared to the solvent extraction technique, making the procedure more stable.

14.6.2 The process

Given the fact that uranyl nitrate UO2(NO3)2 in contact with ammonia results in a very

fragile gel, not being usable for further processing, water-soluble organic polymers are

added to the uranyl nitrate solution for stabilization and to obtain a broth. Employed

candidate polymers are

l hydroxypropyl methylcellulose (methocel): semisynthetic, inert, viscoelastic polymer with

the molecular formula C17H32O11

l polyvinyl alcohol (PVA): water-soluble synthetic polymer with the molecular formula

(C2H4O)x
l dextran: complex, branched glucan composed of chains of varying lengths, with the molec-

ular formula (C6H10O5)x

In order to adjust the properties additionally, the following modifiers are used:

l tetrahydrofurfuryl alcohol (THFA): molecular formula C5H10O2

l formamide: molecular formula CH2O
l urea: molecular formula CH4N2O
l ammonium nitrate: molecular formula (NH4)(NO3)
l dioxane: molecular formula C4H8O2

Therefore, this gelation corresponds to case (c) in Figure 14.1, based on the polymeric

network. In the SNAM process a mixture of these components was found to be most

efficient. Then the solution is dropped though a nozzle, first passing a curtain of

ammonia gas, providing a hard outer shell to the droplet, consequently stabilizing

the spherical shape before impact, and then falling into a bath of ammonium hydrox-

ide (typically 4 mol/L NH4OH). The polymer provides a stable framework to the

hydrated UO3 gel. In order to get mixed oxides (MOXs) with plutonium and/or tho-

rium, colloidal solutions can be added to the broth.
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2UO2 NO3ð Þ1:5 OHð Þ0:5 aqð Þ + 5NH4OH aqð Þ
! NH4ð Þ2U2O7 sð Þ+ 3NH4NO3 aqð Þ+ 3H2O (14.1)

The gelation, and therefore the protonation, is initiated by a pH shift. In the case of

external gelation, this shift is driven by the external addition of a base, in this case

ammonium hydroxide:

UO2 NO3ð Þ2 +NH4OH!UO3�xH2O�yNH3 +NH4NO3 (14.2)

In the KFA process, the chemistry has been refined for the production of ThO2 and (U,

Th)O2 kernels. Avoiding the usage of any organic polymer, the thorium nitrate is neu-

tralized with ammonia to get a suspension of Th(OH)4 and then boiled to get a ThO2

suspension. Compared to the SNAM process, the heavy metal concentration reached

three times higher values (2.0 versus 0.7 mol/L), making the resulting sol highly vis-

cous, such that the addition of polymers can be avoided. Figure 14.2 shows a gener-

alized flowchart of the process, with the ammonia gas surface hardening and the

successive entire gelation in ammonium hydroxide.

14.6.3 Programs

The external gelation, especially the KFA process, is the reference production route

for the TRISO particles in the HTR fuel, such as employed in the German pebble bed

reactor AVR (Arbeitsgemeinschaft Versuchsreaktor J€ulich) and the follow up thorium

reactor THTR-300 (Thorium-Hoch-Temperatur-Reaktor) in Hamm, Germany. The

process has also been used for the Japanese, American, South African, and the Chinese

high temperature reactor programs. Besides these applications, the production of

minor actinide-containing fuels as transmutation targets has also been addressed.

One successful approach is the production of porous beads by internal gelation that

can then be infiltrated with a minor actinide-containing solution. In Nästren et al.

(2013), 6% americium content fuels are reported. The particles are then compacted

into pellets.

14.7 Internal gelation

14.7.1 Introduction

The internal gelation process was initially developed at KEMA (Keuring van Elektro-

technische Materialen te Arnhem) laboratories in the Netherlands, partly under a con-

tract with the Dragon Project for ThO2 spheres (Kanij et al., 1968), and for UO2

spheres (Kanij et al., 1974) (van der Brugghen et al., 1970). Contrary to the external

gelation process, the pH shift is driven from the decomposition of an agent in the feed

solution, acting as an internal donor of ammonia. It allows the preparation of oxide

spheres of ThO2, containing up to 15% UO2, with a size range of 100-700 mm.
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14.7.2 The process

The usage of gel-forming additives is omitted. The gelation is instead launched by an

internal reagent, the organic compound hexamethylenetetramine, also called hexam-

ine or HMTA (Hexamine), which is acting as a homogeneous precipitating agent.

HMTA causes rapid precipitation of U(VI). Therefore, in order to prevent a premature

Figure 14.2 Generalized flowchart of the external gelation process up to the drying process.
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process the organic compound urea (CO(NH2)2) is added to complex the uranyl ions

(Equation 14.3):

2CO NH2ð Þ2 +UO2
2+ $UO2 CO NH2ð Þ2

� �
2

2 +
(14.3)

Therefore, the initial broth is composed of acid deficient uranyl-nitrate solution

(ADUN) and a mixture of HMTA and urea, also known as HMUR. At increasing tem-

perature, HMTA decomposes and releases ammonia. In order to prevent this reaction

at preparation time, the solutions are cooled to temperatures around 273 K.

At increasing temperatures, the initial ADUM-urea complex (Equation 14.3)

weakens. Then the metal ion gets hydrolyzed and releases a hydrogen ion

UO2
2+ +H2O$UO2 OHð Þ+ +H+ (14.4)

followed by the HMTA protonation with the consumption of this hydrogen ion, this

can be denoted by

CH2ð Þ6N4 +H
+ $ CH2ð Þ6N4H

� �+
(14.5)

Finally, the decomposition of HMTA occurs:

CH2ð Þ6N4H
� �+

+ 3H+ + 6H2O! 4NH4
+ + 6CH2O (14.6)

With this release of ammonia, the formation of the UO3H2O gel is launched:

2UO2 OHð Þ0:5 NO3ð Þ1:5 + 3NH4OH! 2UO3H2O+ 3NH4NO3 (14.7)

Therefore, the process is driven by a temperature increase, which classically is intro-

duced by immersion into a hot immiscible liquid, such as silicon oil. This approach has

the disadvantage of creating an additional waste flow, as the silicon oil gets contam-

inated. On the other hand, the gelled particles get contaminated by the silicon oil. This

requires a sophisticated recycling technique for the silicon oil and an additional clean-

ing step for the fuel particles with an organic solvent, creating yet another waste

stream.

An alternative approach is microwave heating, which was already suggested in

the early 1980s (Bonek et al., 1982) and further developed in that period

(Ledergerber, 1985) (Yamagishi et al., 1994). The elimination of a fluid heat carrier

promises a reduction in liquid waste, as there is no need for the spheres to contact a

liquid for heating and, therefore, no liquid is contaminated; plus, the spheres do not

have to be cleaned from this immiscible liquid, the silicon oil. In recent work the

process has been revisited, developing it to a reliable procedure (Pouchon, n.d.-a;

Cabanes-Sempere et al., 2012), where the issues associated with including minor

actinide-containing fuel have been addressed (Pouchon, n.d.-b). Other approaches

Gelation and other innovative conversion processes 361



address the droplet formation allowing a larger range of particle sizes to be pro-

duced, using microfluid channels, for example, Ye et al. (2013). A similar technique

is proposed in Couland et al. (2012) where the immiscible liquid is tetrachloroethy-

lene (C2Cl4), replacing the classical silicon oil. Figure 14.3 shows the scheme for the

classical process using hot silicone oil to reach the temperature step for the gelation;

Figure 14.3 Generalized

flowchart of the internal gelation

process up to the drying process.
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at the same time, the flowchart also shows the simplified method that uses micro-

wave heating, where the surface washing procedure, necessary to remove the sili-

cone oil, can be omitted.

14.7.3 Programs

The internal gelation process is the most employed route for fabrication of fuel par-

ticles for the sphere-pac concept; a concept where the pellet is replaced by an arrange-

ment of spherical fuel particles, being directly filled into the fuel pin. An overview of

the conducted programs can be found in Pouchon et al. (2012b). It was generally used

as fast reactor fuel with two size fractions, but was also tested as light-water reactor

fuel with three size fractions to reach high smear densities (up to 90%). Beside oxide,

carbide and nitride matrices were also produced, which was simply achieved by add-

ing carbon black to the feed solution and performing a carbothermic reduction under

either an argon or nitrogen atmosphere. In most of the programs, UO2 was produced

and often irradiated and postirradiation examined. However, MOXs, inert matrix fuels

(e.g., yttria stabilized zirconia-based fuel with plutonium as the fissile component),

and many more compositions, were produced and tested. The internal gelation is a

very versatile method where almost all metals could be coprecipitated. Products

directly fabricated by internal gelation with the highest minor actinide content are

reported in Hellwig et al. (2006) and Morihira et al. (2005), where 20% plutonium

and 5% neptunium (at% in metal) was processed into a sphere-pac fuel and tested.

14.8 Total gelation

14.8.1 Introduction

In the frame of the Chinese high-temperature program and fuel production for the

HTR 10, a new, combined technique has been developed using both the external

and the internal gelation approaches. The process is, therefore, called total gelation

of uranium (Fu et al., 2004).

14.8.2 The process

A sol is prepared according to the external gelation process, by mixing a uranyl nitrate

solution with urea, PVA, and THFA. However, HMTA is added to the sol resulting in

an internal gelation by the ammonia being released by the HMTA, and by the external

ammonia. The metal concentration can at the same time also be increased, resulting in

a lower shrinking of the final product when undergoing the thermal treatment. This

promises to give a better shape conservation, or very symmetric spheres. Vacuum dry-

ing is applied, resulting in an open porosity for the later thermal treatment. The spheres

are then calcined and sintered at about 900 K and above 1900 K, respectively, result-

ing in 98% dense spheres.
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14.9 Weak acid resin process

14.9.1 Introduction

The weak acid resin (WAR) process was developed in the early 1970s in the United

States at ORNL (Haas;Weber et al., 1977; Notz et al., 1978) and later also at the Com-

missariat à l’énergie atomique et aux énergies alternatives (CEA), France (Moreau

et al., 1977). Recently the process has gained interest again in the production of minor

actinide-containing fuel kernels (Picart et al., 2010). In the latter reference, a produc-

tion example of kernels with americium is given. Americium and curium are the more

difficult elements to handle in production, whereas neptunium-containing fuels are

easier to realize. Therefore, americium-containing products represent a significant

step forward.

14.9.2 Process

The process consists of two steps. First, the carboxylic resin is loaded and then the

fully loaded resin is thermally converted into an oxide or into carbide phases depend-

ing on temperature and atmosphere. The loading represents hereby the more difficult

part, as the actinide cation-containing solution must meet precise pH conditions

enabling hydrolysis. The actinide metal content must also be adjusted to fit the desired

product stoichiometry (Picart et al., 2010).

Ionic exchange between the proton of a carboxylic resin and a metallic cation is

only possible at low acidity. The loading reaction in case of uranium is (Notz

et al., 1978b)

2RCOOH+UO2
2+ $UO2 RCOOð Þ2 + 2H+ (14.8)

For carboxylate resins, an alkaline pH is normally required to drive the reaction to the

right. One disadvantage of the process is the low conversion rate, depending on the

actinides being loaded, which makes a recycling process necessary.

14.10 Direct coagulation casting

14.10.1 Introduction

DCC offers the option to produce special, almost arbitrary shaped pellets, offering

new pin designs with potentially higher burn up. The method is mainly known for

the production of complex zirconia parts, such as turbine rotors. The parts can be

directly produced with high precision, so that no grinding is necessary as a final shap-

ing step. In the perspective of having a dustless production method, this technique has

been investigated for nuclear fuel (Streit et al., 2003).
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14.10.2 Process

Direct coagulation is a colloidal-forming technique based on the time-delayed reac-

tions that alter an electrostatically stabilized ceramic suspension (Balzer and

Gauckler, 2003; Streit et al., 2002; Gauckler et al., 1999). This consolidation is per-

formed by changing pH or ionic strength catalyzed by enzymatic reactions (ETH—

NONMET—Colloidal Forming Techniques). Such a reaction can be the hydrolysis

of urea in the presence of the enzyme urease, in solution buffered to pH 9

(Zimmer, 2000; Lippard, 1995):

CO NH2ð Þ2 +H2O!NH3 +CO NH2ð ÞOH (14.9)

CO NH2ð ÞOH+H2O!NH3 +H2CO3 (14.10)

It is, however, known that enzymes can be inactivated or destroyed, when being irra-

diated (Kopp et al., 1966). Therefore, the applicability of the process for the produc-

tion of highly radioactive nuclear fuel can be questioned. These findings are also

reported in Streit et al. (2002). The chemistry has, however, a high potential for opti-

mization, making the process so fast that the inactivation of the enzymes would be

after solidification.

14.11 Conclusions

Experience with sol-gel techniques has been gained within the framework of high tem-

perature and fast reactor programs. The external and internal gelation techniques,

especially, were applied in large production programs with irradiation experiments.

They have proven to be very stable and effective production methods. The two main

applications have been the production of microencapsulated fuel kernels, for the high

temperature fuels (BISO and TRISO), and the idea of having a dustless and simple

production method for the (re)fabrication of highly active fuel; these have been the

main motivations for these aqueous production routes. The latter aspect has, however,

only partially been satisfied, as only a fewminor actinide-containing targets have been

produced and tested. All of the approaches still bear a large optimization potential, and

especially the need to prove the applicability for high contents of minor actinides, fac-

ing problems like decay heating and change in chemistry due to radiolysis. These

aspects will have to be covered in greater detail in future programs. The next section

emphasizes the actual state of affairs and an outlook to potential further developments.

14.12 Present state and outlook

The aqueous production techniques have mainly been developed in the 1950s-1970s,

as closing of the fuel cycle was of large interest at these times, and nuclear energy was

regarded as the future technology with the need of large fissile material resources,
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including breeding through the introduction of fast reactors. With the Three Mile

Island accident in the United States (1979) and later the Chernobyl accident in Ukraine

(1985), the technology development was slowed down, at least in the western world.

Recently, with the Generation IV initiative, the fuel cycle has gained interest again

and is the subject of numerous American and European (FP7 ACSEPT Project;

FP7 ASGARD Project; FP7 PELGRIMM Project) projects. Here, the different gela-

tion techniques have received renewed interest with particular emphasis placed on the

internal gelation process for the sphere-pac concept. Some techniques like the WAR

project have also gained renewed attention, with some successful production of minor

actinide-containing samples.

The twomost experienced gelation techniques are the internal and external gelation

methods. Important experience with the production of minor actinide-containing fuel

has been gained with neptunium containing fuel particles being produced by the inter-

nal gelation route (Hellwig et al., 2006b), and americium containing particles where

the minor actinide was infiltrated into porous particles from external gelation (Nästren

et al., 2013), similar to the aforementioned INRAM process. However, much more

experience in conversion of minor actinide-containing solutions to fuels is required

in the development of processes for advanced closed fuel cycles. Presently, americium

containing sphere-pac, also produced by the infiltration method (Somers and

Fernandez, 2006), is being irradiated in the “sphere irradiation” study in the frame-

work of the European projects FAIRFUELS and PELGRIMM (FP7 FairFuels

Project; FP7 PELGRIMM Project). The direct production of a minor actinide contain-

ing sphere-pac is also addressed by the Swiss projects PINE (Pouchon, n.d.-a) and

MeAWaT (Pouchon, n.d.-b) for waste minimization. Additionally, addressing mini-

mization of the influence of radiolysis and decay heating on product formation is nec-

essary. The latter two aspects are addressed by the application of an instantaneous

preparation of the feed solutions, not allowing the mixing time to affect the gelation

process. In a current development, the elapsed time of the solution from mixing to

dripping into the anticipated spheres is reduced into the subsecond regime. This

way, cooling of the source solutions can be omitted. Even the internal gelation with

a metal solution being heated up to 50 °C has been successfully tested (Tian et al.,

2014). Besides an increased versatility of the process, because any self-heating solu-

tion can be treated, this development also signifies an important simplification of the

fabrication units.
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Acronyms

ACP advanced spent fuel conditioning process

ACSEPT actinide recycling by separation and transmutation

An actinide

ANL Argonne National Laboratory (-W: West, -E: East)

CEA Commissariat à l’Energie Atomique

CEFR Chinese Experimental Fast Reactor

CIAE China Institute of Atomic Energy

CRIEPI Central Research Institute of Electric Power Industry

DEOX declad and oxidize

DER direct electrochemical reduction

DF decontamination factor

DOVITA dry oxide vibropacking integrated transmutation of actinides

DPV differential pulse voltammetry

EBR II Experimental Breeder Reactor II

ENEA Italian National Agency for New Technologies, Energy and Sustainable Economic

Development

ER electrorefining

FBR fast breeder reactor

FP fission product

FR fast reactor

GWe gigawatt electric

HLLW high-level liquid waste

IAEA International Atomic Energy Agency

IFR integral fast reactor

IGCAR Indira Gandhi Centre for Atomic Research

INERI International Nuclear Energy Research Initiative

INL Idaho National Laboratory

ITU Institute for TransUranium Elements

JAEA Japan Atomic Energy Agency

KAERI Korean Atomic Energy Research Institute

LCC liquid cadmium cathode
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LKE lithium potassium eutectic (salt)

Ln lanthanide

LWR light water reactor

MA minor actinide

MOX mixed oxide

MSR molten salt reactor

MWe megawatt electric

NEA Nuclear Energy Agency

NM noble metal

NPV normal pulse voltammetry

OECD Organisation for Economic Co-operation and Development

P&T partitioning and transmutation

PFBR prototype fast breeder reactor

PRIDE pyroprocess inactive integrated demonstration

PWR pressurized water reactor

R&D research and development

REEs rare earth elements (lanthanides)

RIAR Russian Institute of Atomic Reactors

ROK Republic of Korea

SF separation factor

tHM tons heavy metal

TRU transuranium (elements)

USDOE U.S. Department of Energy

15.1 Introduction

Increasingly, it is being recognized that the use of nuclear energy will be required to

achieve a satisfactory security of supply for electricity for many nations and, as a

consequence, the demand for economically viable, safe, and proliferation-resistant

nuclear fuel cycle solutions will be sought. One essential component of these objec-

tives is the effective management of spent nuclear fuel. A review by the International

Atomic Energy Agency (IAEA) (Lovasic, 2008) estimated that, in 2010, the cumu-

lative waste arising from the world’s nuclear energy production would be in the

region of 340,000 tons heavy metal (tHM), rising to an estimated value of

445,000 tHM in 2020. Development of advanced fuel cycle strategies necessitate

the development of both reactor systems and complementary and compatible fuel

cycles.

The quest for pyrochemical alternatives to aqueous reprocessing started in the

United States and Russia around the late 1950s, with the metal electrorefining

(ER), oxide electrowinning, and fluoride volatility processes winning greatest accep-

tance internationally. Electrorefining now has wide international interest, with

research and development (R&D) being performed in the United States, the Republic

of Korea (ROK), Japan, India, and Europe; while oxide electrowinning is favored in

Russia with R&D also being performed in Japan and India. R&D on fluoride volatility

now takes place predominantly in Russia and the Czech Republic.
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Advantages of pyrochemical processes, for Generation IV fuel cycles, are claimed

to include

l Good integration of reactor operation and fuel processing;
l High resistance of molten salt and liquid metal solvents to radiation damage that is especially

valuable for short-cooled and high-burn up fuels such as the fast breeder reactor (FBR) type;
l Higher fissile mass limits in salt as compared to aqueous solution or as metal;
l Low quantities of wastes arising;
l Inherent actinide (An) partitioning with good nonproliferation characteristics and well suited

to future fast neutron cycles where low decontamination factors (DFS) are acceptable;
l Simplicity and compactness of equipment;
l Low off-gas flows and simplified noble fission gas recovery;
l Compatible with inert matrix fuel chemistries and the dissolution and processing of fuels of

high plutonium content; and
l Suited to high minor actinide (MA) concentrations found in fuels of some accelerator-driven

system and critical burner reactor partitioning and transmutation (P&T) cycles.

This chapter sets out to provide a state-of-the-art review of nonaqueous reproces-

sing options for spent nuclear fuel. Particular emphasis has been placed on one of the

numerous options discussed: pyrochemical reprocessing using LiCl-KCl (LKE) mol-

ten salt, which represents the pyrochemical technology option receiving the greatest

international development funding.

15.2 Molten salt technologies

Pyrochemical techniques form a powerful range of chemical, electrochemical and

physical treatments for separations of nuclear materials. They include the following:

l Oxidation/reduction with selective extraction between metal and salt phases
l Electrowinning
l Electrorefining
l Electroslag refining in molten salts
l Precipitation, coprecipitation, and fractional crystallization from melts
l Selective absorption of species in molten media (e.g., ion exchange, zeolite occlusion)
l Chemical transport (e.g., conversion to unstable compounds)
l Vapor phase transport (e.g., fluoride volatility with gas/solid reactions)
l Physical methods including melting, alloying, zone refining, transport by differential solu-

bility, volatilization, vacuum distillation, sintering, and hot pressing

A short summary of the most relevant technologies related to advanced fuel cycles

is provided in Sections 15.2.1–15.2.3.

15.2.1 Molten salt reactors

The molten salt reactors (MSR) concept was first developed in the United States in the

1960s as a backup option to the FBR (http://www.world-nuclear.org/info/Nuclear-Fuel-

Cycle/Power-Reactors/Generation-IV-Nuclear-Reactors/, December 2010.DE07003/06/

48/29.). MSRs are one of the Generation IV reactor systems that do not have a solid phase
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fuel but comprise a molten fluoride-based salt in which fuel is dissolved. A wide range of

fuels is possible, which include thorium. Fertile 232Th can be introduced to the system

where it can be converted to fissile 233U, the main reactor fuel (http://www.world-

nuclear.org/info/Nuclear-Fuel-Cycle/Power-Reactors/Generation-IV-Nuclear-Reactors/,

December 2010.DE07003/06/48/29) (Research Agenda, 2012).

Molten salt flows through a neutron-moderating graphite core to produce heat. The

heated salt is then passed to a complex set of heat exchangers that raise high-pressure

steam to drive conventional steam turbines.

Removing fission products (FPs) from the salt system is required to sustain the fis-

sion process, which can be undertaken by processing a small purge stream of the salt

diverted to a stand-alone separation unit, then returning the “clean” salt to the reactor.

Pyrochemical processes to cleanup and recycle the fuel are considered ideal for this

system. A general schematic of the cleanup is shown in Figure 15.1 (Generation IV

International Forum, 2011).

15.2.2 Liquid-liquid extraction

In the CEA’s (Commissariat à l’Energie Atomique) pyrochemical R&D program, an

innovative fluoride process has been developed that allows a grouped separation of the

actinides with sufficient decontamination of FPs. Previous lab-scale studies had dem-

onstrated an effective immobilization of up to 15 wt% fluoride salt in a glass-ceramic

matrix compatible with existing industrial-scale nuclear waste vitrification processes

(Grandjean, 2005). These results led to the development of a novel reference process

(Lacquement et al., 2005; Boussier, 2006; Mendez et al., 2012a), which is shown in

Figure 15.2 (Mendez et al., 2012b), with the current areas of experimental investiga-

tion indicated by the red circles.

The process has, at its core, two different liquid-liquid extractions, which are shown

schematically in Figure 15.3. The first consists of the reductive extraction of actinides

from spent fuel dissolved in a molten fluoride salt into liquid metallic aluminum, that is,

AnF3 salt phaseð Þ + Al metalð Þ ¼AlF3 salt phaseð Þ +An metalð Þ

The aluminum acts as both the reductant and solvent for the actinides, resulting in an

aluminum-actinide alloy. In order to remove the actinides from this alloy, it is then

necessary to perform a liquid-liquid oxidative back-extraction using a molten chloride

salt containing AlCl3, that is,

An metal solventð Þ +AlCl3 salt phaseð Þ ¼AnCl3 salt phaseð Þ +Al metal solventð Þ

The first stage has been demonstrated by using variousLiF-AlF3 eutectics at�830 °C, and
the latter using LiCl-CaCl2 (30-70 mol%)-AlCl3 at 700 °C, providing a complete assess-

ment of the core of the CEA’s reference pyrochemical process (Mendez et al., 2012a).

Recent studies have shown that the reductive extraction efficiency decreases with an

increase of the AlF3 content of the salt and that uranium is the most difficult element to

be back-extracted (plutonium and americium recovery is almost quantitative) (Mendez

et al., 2012a).
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The other stages of the process that are currently being studied are the headend

steps and conversion of the back-extracted AnCl3 into oxides for the refabrication

of nuclear fuel. The former consists of a hydrofluorination of the oxide spent fuel,

which is carried out between 300 and 500 °C for several hours using HF generated

in situ. It has been shown that the lanthanide oxides all convert to fluorides, whereas

the transition metals all remain as oxides. For the latter, the technique of wet argon
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Figure 15.2 CEA’s liquid-liquid extraction process flow sheet indicating current areas

of investigation (Mendez et al., 2012b).
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Figure 15.3 Schematic of the two main CEA extraction processes: (a) reductive extraction

and (b) oxidative back-extraction (Mendez et al., 2012b).
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sparging has been shown to be effective, producing a mixture of UO2 and PuO2,

although further investigations are needed.

In terms of future perspectives, a few of the unit operations in Figure 15.2 need to

be demonstrated and tested using genuine spent fuel and an alternative headend pro-

cess that does not use HF is under investigation. Furthermore, the waste treatment

aspects of the process have not been well studied. Distillation is the only method that

has been investigated for cleaning and removing the FPs from the LiF-AlF3, and the

process was far from optimized (Bourg et al., 2012).

15.2.3 Electrodeposition-based processes

15.2.3.1 Electrowinning (RIAR process)

The Russian Institute of Atomic Reactors (RIAR) has developed processes for dry

recycle of oxide fuels (Bychkov et al., 1993, 1997; Kormilitzyn et al., 2000;

Organisation for Economic Co-operation, 2004) based on the following:

l Pyroprocessing of spent oxide fuel to produce a dense recycled granulated fuel particle prod-

uct and waste treatment.
l Manufacturing of fuel pins by the vibropac method.
l Remote automated equipment for reprocessing and fuel manufacturing.

Electrochemically, uranium and plutonium oxides behave like metals. During salt

dissolution, they form complex oxygen ions MeO2
n+, which are reduced at the cathode

to oxides. At higher temperatures (>400 °C), UO2 and PuO2 have poor conductivity in

comparison to the melt, which creates a flat front of crystallization with compact cath-

ode deposits. In molten alkali chlorides, the stable oxidation states of uranium are

U(III), U(IV), and U(VI). The highest states of plutonium oxidation, Pu(V) and Pu

(VI), are stable only for particular oxidation-reduction potentials of the system. For

electrocodeposition of UO2 and PuO2, the melt must be treated with a chlorine-oxygen

sparge to create the required PuO2
2+ ion concentration. Plutonium can be converted

from all oxidation states to oxide by change of the oxidation-reduction potential.

This process is called precipitative crystallization.Under oxidizing conditions, uranium
stays in the melt and plutonium can be preferentially precipitated. UO2

2+ and PuO2
2+ are

reduced at positive potentials in comparison to FPs; therefore, purification of UO2 and

PuO2 occurs during electrodeposition. Various size chlorator-electrolyzers have been

tested for fuel processing, which differ only in crucible volume. Pyrolitic graphite is

used as working materials for bath, anode, cathode, and gas tubes. Further equipment

is used for crushing cathodic deposits, removal of salts, drying, and classification.

RIAR has demonstrated electrodeposition of UO2, electrocodeposition of UO2-PuO2,

and precipitation of PuO2 using uranium and mixed oxide (MOX) fuels.

An indicative electrowinning process described in Figure 15.4 was developed

within the DOVITA (dry oxide vibropacking integrated transmutation of actinides)

program (National Programmes in Chemical Partitioning—A Status Report et al.,

2010; Organisation for Economic Co-operation, 2004) and comprises the following

typical unit operations: decladding, dissolution, electrodeposition, crystallization, salt

cleanup, and product processing prior to vibropac (NEA-OECD, 2012; DOE Nuclear
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Energy Research Advisory Committee and the Generation IV International Forum,

2002), as shown in Figure 15.4. A second UO2 electrodeposition process can also

be performed after PuO2 crystallization, if required. Figure 15.4 shows a number

of representative unit operations. It should be noted that these take place in one single

reactor vessel made of pyrolytic graphite.

15.2.3.2 Electrorefining process

Today, there are a number of organizations working to develop various technology ele-

ments for thepyrochemicalelectrorefiningprocess.However, at thispoint in time, there is

no generally agreed process flow sheet or agreed key steps in the process. It must, there-

fore, be stated that the following process steps are to be considered generic, and comprise

unitoperations thathavebeeninvestigatedbyseveralorganizations.Anoverviewof these

isprovided inFigure15.5.Thisprocess is discussed inmuchgreaterdetail inSection15.3.

The process steps in the metal electrorefining process for the integral fast reactor

(FR) fuel cycle may be summarized as follows:

l Fuel receipt and dismantling
l Fuel decladding/hulls separation
l Oxide reduction (if processing oxide fuels)
l Electrorefining

– Anodic dissolution of spent fuel

– Cathodic deposition of actinides onto/into solid or liquid electrodes
l Cathode processing

– Solid electrode-salt removal by volatilization

– Liquid electrode (cathode) actinide separation by distillation

– Actinide metal casting/blending for store or recycle
l Anode processing

– Removal of sludge

– Removal of hulls
l Salt cleaning and recycle

– Actinide strip

– Reductive extraction of FPs

Fuel 
receipt

Fuel 
decladding

Oxide
reduction Electrorefining Product 

processing

Fuel
refabrication

Salt
cleanup

Waste

Agreed
disposal

route

Salt
cleanup

Figure 15.5 Schematic representation of the ER process.
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– Phosphate precipitation of FPs

– Zeolite polish

– Recycle or sentence to waste
l Actinide recovery through cathode reprocessing
l Wastes

– Recovery of FPs from reductive extraction by distillation

– Oxidation and immobilization of FPs within a glass-sodalite ceramic waste form

– Immobilization of phosphate waste in glass or glass ceramic

– Immobilization of noble metal (NM) FP anode sludges and cladding hulls as a stainless

steel-zirconium metal waste form by melting (�1600 °C)

It should be noted that the above example is generic and describes process options

for spent metal and oxide fuels. In the case of oxide fuels, a reduction step is necessary

before electrorefining. A detailed analysis of all the different unit operations for both

metal and oxide fuels is provided in Section 15.3.

The main separation step is performed in the electrorefining unit operation,

although some decontamination is likely in earlier process steps. Electrorefining of

irradiated metallic fuel is performed in LiCl-KCl salt. Batches of fuel are anodically

dissolved and uranium is electrotransported to a solid iron cathode, where it deposits

in purified form. Plutonium, MA, and reactive FPs convert to chlorides and accumu-

late in the salt. FPs that are unreactive generally accumulate as metallic solids in the

anode baskets (anode sludge). When a number of fuel batches have been treated, the

plutonium is recovered as a Pu-U-MA alloy in an LCCwith a “pounder” for interfacial

agitation to maximize transuranium (TRU) electrodeposition and prevent growth of

pure uranium from the cathode-salt interface.

15.3 Status of electrorefining

15.3.1 Introduction

The term electrorefining (ER) is used here to collectively describe all the unit repro-

cessing operations associated with the core actinide separation step, and does not

include headend fuel preparation and subsequent waste treatment processes. Today,

there are several international research institutes and organizations developing this

process for the future recycling of spent nuclear fuel. A full description of the elec-

trorefiner unit operations can be found in Section 15.3.3.

15.3.2 Fuel preparation

Fuel preparation for an ER flow sheet is not expected to be significantly different than

that already used throughout the nuclear industry. Fuel pins would be chopped by con-

ventional methods to produce short segments, typically 2.5-5.0 cm.

For metallic FR fuel, the fuel segments and metallic fines produced in the chopping

process are collected and transferred directly to a basket that serves as the anode in the

electrorefining process.
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Oxide fuels have to be reduced to a metallic feed prior to electrorefining.

Hence, the fuel cladding has to be removed. This can be achieved using conventional

mechanical methods, although the majority of the proposed ER flow sheets use a

high-temperature pretreatment process such as voloxidation or declad and oxidize

(DEOX) (see Section 15.4.6.1) (NEA-OECD, 2012; DOE Nuclear Energy

Research Advisory Committee and the Generation IV International Forum, 2002;

Westphal et al., 2007).

Note, however, that it has been found that after the DEOX process, sufficient

amounts of spent fuel still remain in the cladding hulls to classify them as HLW.

In order to significantly reduce the TRU elements being sent into the waste streams,

Seoul National University (SNU) has proposed a hull electrorefining stage as part of

their PyroGreen process. The PyroGreen process (NEA-OECD, 2012) uses Korean

Atomic Energy Research Institute (KAERI)’s pyroprocessing flow sheet but with

three additional stages to significantly reduce the amount of TRUs in the waste: hull

electrorefining, salt purification, and technetium/iodine target fabrication for

transmutation.

15.3.2.1 Hull electrorefining

Multistage hull electrorefining is employed in the PyroGreen process for the recovery

of zirconium, uranium, and TRU from the waste stream, with the actinides recycled

back to the main process stream. Both the cladding hulls containing residual fuel from

the DEOX stage and the uranium and NM remaining at the anode of the electrorefiner

(see Section 15.3.3) are fed into the process, which is shown schematically in

Figure 15.6. Literature results have shown that hull electrorefining can yield a very

high DF to produce high-purity zirconium, free from significant radioactive contam-

ination (Goto et al., 2009).

15.3.3 Oxide reduction

For an electrorefining pyrochemical process to be applied to a spent oxide fuel, the

oxide must first be reduced into its metallic form. To date, this has been done by

either contact with lithium metal or direct electrochemical reduction (DER). This

provides the metal feed for the electrorefiner. These two approaches are discussed

below.

Salt SaltSalt

Hull

AnodeAnodeAnode Cathode AnodeNew cathodeNew cathode New cathode

Figure 15.6 Schematic of multistage countercurrent hull electrorefining.
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15.3.3.1 Oxide reduction using lithium metal

The reduction of UO2 and PuO2 by lithium metal is described by Usami et al., (2002).

Lithium metal is dissolved in LiCl salt at 650 °C. LiCl is then contacted with the acti-
nide oxide. The oxides are reduced to metal and lithium is converted to Li2O. UO2 was

converted to a porous solid metal, whereas the PuO2 was converted to a molten metal

product. The concentration of Li2O influenced the extent of reduction. Americium

oxide, present in the PuO2, could be reduced at Li2O concentrations of 1.8 wt%. How-

ever, at 8.8 wt%, little reduction was observed.

Reduction of actinides can be achieved by contacting lithium metal with metal

oxide as described; however, this process necessitates the recovery of lithium

metal from the Li2O formed. Additional process steps, while feasible, are not par-

ticularly favored when the process is to be remotely operated. DER has less unit

operations and has thus become the preferred technique to convert actinide oxides

to metal.

15.3.3.2 Direct electrochemical reduction

Oxide reduction is simple in principle: spent metal oxide fuel is introduced into a

cathode basket and loaded into a cell containing an electrolyte of, usually, LiCl con-

taining�1 wt% Li2O. An appropriate potential is applied to the cathode, sufficient to

reduce the oxide to metal without breaking down the salt to produce lithium metal.

Oxygen is transported through the electrolyte, as oxide ions, to the anode, where they

are removed as oxygen, carbon monoxide, or carbon dioxide (i.e., when the anode is a

carbonaceous material). A general schematic is shown in Figure 15.7.

Considerable research has been invested in this technology, and key areas include

the following:

l Oxide form—Particle size and oxidation state, UO2 versus U3O8

l Oxide ion concentration in the salt
l Basket materials of construction
l Anode materials
l Scale-up for industrialization

LiCl (Li2O)

MeO2

O2−

O2

Carbon 
anode

CO2 or CO

Oxide 
powder or 

pellets

Metal for 
electrorefining

Figure 15.7 Schematic arrangement of a direct electrochemical reduction process.
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15.3.4 Electrorefining

Electrorefining of irradiated metallic fuel is currently a batch process performed in a

LiCl-KCl salt. Batches of fuel are anodically dissolved with the uranium electrotran-

sported to a solid iron, steel, or graphite cathode where it deposits in purified form.

Plutonium, MAs, and reactive FPs convert to chlorides and accumulate in the salt.

FPs that are unreactive, NMs and residual oxide from the reduction step, generally

accumulate as metallic or oxide solids in the anode baskets to form an anode sludge.

When a number of fuel batches have been treated and the TRU concentration has

reached a suitable value, plutonium and MAs are recovered from the salt as a

Pu-U-MA alloy in an LCC. A “pounder” is used to create interfacial agitation at

the liquid cadmium surface to maximize TRU electrodeposition and prevent growth

of pure uranium from the cathode-salt interface. Recovery of the actinides from the

deposition process is completed using a cathode processor.

Considerable laboratory-scale R&D has been completed over the last two decades

to establish a broad range of data to underpin scale-up and industrialization; for exam-

ple, DFs for voloxidation, separation factors (SFs) for solid and liquid metal cathodes,

cathode deposition efficiencies and actinide recovery from product. The Institute for

Transuranium Elements (ITU) have studied both solid and liquid cathode systems and

are now looking at aluminum, which behaves more like a gel rather than a solid or

liquid, and is reported to have improved actinide selectivity (Malmbeck et al.,

2011). Studies of anodic processes at Idaho National Laboratory (INL) have led to

the conclusion that diffusion of reactants from a metal alloy fuel, and thus anodic dis-

solution, is the rate-controlling step in the ER (Benedict et al., 2007; Simpson, 2012).

The dissolution process is, under normal conditions, performed using a constant cur-

rent; however, studies have also shown that the anode voltage becomes more positive

with time, which can lead to increased zirconium metal dissolution. An inverse rela-

tionship between uranium dissolution and zirconiummetal retention was found during

these studies (Li and Simpson, 2005; Li et al., 2005; Simpson, 2012).

Engineering-scale development has continued to progress as greater emphasis is

placed on industrialization and some highly innovative approaches to electrorefiner

design have been taken. INL continue to develop their Mark IV and V electrorefiner

designs and modes of operation to improve anodic dissolution and cathodic deposition

and actinide recovery. KAERI are developing a number of innovative approaches to

support a continuous industrial process, namely:

l The separation of electrorefining into electrorefining and electrowinning of uranium and

uranium plus TRUs, respectively.
l A process that comprises a “nonstick” graphitic cathode, thus producing a self-scraping

graphite cathode system.
l A mechanical product transfer system (Kim et al., 2012; Lee et al., 2007).

CRIEPI (Central Research Institute of Electric Power Industry) have designed a

system in which anode baskets are located in the center while the cathode is formed

by the inner wall of the vessel. The dendrites are removed by scraping and collection

in a basket located at the bottom of the vessel (Koyama et al., 2009; Shirai et al., 2000).
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Deposition of uranium and the TRUs to a liquid cathode has been demonstrated at

laboratory scale and engineering scale in the INL Mark IV ER, recovering >4 kg of

TRUmaterial (Benedict et al., 2007). Management of the liquid cathode is a major con-

cern. Migration of the molten metal throughout the electrolyser, due to its high vapor

pressure (Simpson, 2012) is problematic, together with poor elemental selectivity,

although this may support the argument for increased proliferation resistance due to

product impurity levels. Uncontrolled growth of metal dendrites from the liquid metal

surface has also been observed when the liquid metal has reached its saturation limit for

uranium and TRUs. Agitation of the metal surface to submerge growing dendrites using

a ceramic “pounder” has been the main approach to minimizing dendritic growth.

INL have performed work to demonstrate that the performance of the anode is rate

limiting in the electrorefining process and work is ongoing to improve electrochem-

ical dissolution. Further studies will be necessary to develop a better understanding of

the system for both metal and oxide spent nuclear fuel, because these arrive in an

anode basket with and without cladding material, respectively. The performance char-

acteristics will, therefore, necessarily be different.

Anodic “sludge” will be produced as part of the anodic process. This will comprise

cladding material, NMs, and fuel fragments from metal fuels and NMs and residual

oxide from the reduction step, in the case of an oxide fuel. Metal fuel sludge will be

sent to the cathode processor to remove the salt and consolidate the product as a metal

ingot prior to disposal. Oxide fuel sludge will have a NM/oxide separation and recycle

step to maximize overall actinide recovery.

15.3.5 Product processing

15.3.5.1 Cathode processing

Cathode processing is a high-temperature distillation process performed under vac-

uum. It comprises a process vessel, induction furnace, crucible, and condenser/collec-

tor. It was originally developed for purifying and consolidating both solid cathode

uranium product and liquid cathode TRU products.

The solid cathode product removed from an ER comprises metal uranium dendrites

containing a large volume of entrained salt. Using the processor, salt is vaporized and

condensed under vacuum, while the metal dendrites melt and coalesce in the process ves-

sel to form a product in the form of a metal ingot. In the case of an LCC containing

uranium and TRUs, this again, is heated under vacuum; the cadmium is distilled, con-

densed, and collected for reuse while the uranium and TRU product remain as a solid

metal ingot in the process vessel. In both cases, the separated salt is returned to theERunit.

15.3.5.2 Anode processing

At the anode, fuel fines and NMs, including cladding hulls or inert matrix material

(zirconium), are retained with the anode after electrorefining. These materials are

removed from the anode baskets and loaded into a vacuum distillation unit to remove

any adherent salt. The metals are melted and consolidated in the process to produce a
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metal waste form suitable for disposal in a high-level waste repository (Simpson and

Law, 2003). Work has been completed to understand and characterize the metal waste

form (Simpson, 2012).

15.3.6 Salt cleanup

15.3.6.1 Actinide recovery

In order to meet the sustainability requirements of advanced nuclear fuel cycles and

minimize the inventory of long-lived radionuclides being sent to waste, it is necessary

to maximize the amount of actinides recovered in any pyrochemical separation pro-

cess. Hence, following the main electrorefining separation stage(s), any residual acti-

nides present in the LiCl-KCl salt must be removed prior to it being sent for FP

cleanup and recycle. A number of different options for this process are currently being

investigated worldwide:

l Exhaustive electrolysis on a solid (aluminum) cathode (Souček et al., 2010, 2011).
l Exhaustive electrolysis on a liquid (cadmium) cathode plus oxidation of lanthanides (Song

et al., 2010).
l Multistage reductive extraction using bismuth (Kinoshita et al., 1999).
l Hydrometallurgical chromatography.
l Chemical reduction/oxidation (Simpson et al., 2012).

Exhaustive electrolysis: Solid cathode
This process, shown schematically in Figure 15.8, is a group-selective electrolysis

using a chlorine gas-producing inert anode with actinides deposited on a solid alumi-

num cathode forming AndAl alloys (Souček et al., 2010). It is currently being inves-

tigated by ITU, Germany, where proof-of-principle experiments have been

undertaken. Most notably, a chlorine gas-producing inert anode has been designed
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Figure 15.8 Schematic of the

exhaustive electrolysis process.
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and successfully tested, although management of Cl2 and scale-up are still significant

issues for this process.

Note efficient recovery of actinides from the An-Al alloys formed by exhaustive

electrolysis is key for establishing the feasibility of the overall process. However,

the An-Al alloys will be similar to those produced in an electrorefining process using

solid aluminum cathodes; hence, the same process for actinide recovery can be used

(i.e., chlorination) (Souček et al., 2011). The chlorination method is based on the dif-

ferent volatilities of AnCl3 and AlCl3 and comprises four main steps, which are shown

schematically in Figure 15.9:

l Vacuum distillation for removal of salt adhered on the electrodes after the electrochemical

separation process.
l Chlorination of the entire deposit (AndAl alloys) by chlorine gas.
l Sublimation of the resulting AlCl3 by heating under inert atmosphere.
l Conversion of the nonvolatile AnCl3 into metals via reduction.

Exhaustive electrolysis: Liquid cathode
The residual actinide recovery process, which combines electrolysis using an LCC

and chlorination of lanthanide FP, is being developed by KAERI (Song et al.,

2010). The first stage is the LCC electrolysis that collects all of the residual actinides

and some of the lanthanide FP to form a CddAndLn alloy. In the second stage,

CdCl2 is added to the cadmium alloy, whereupon the lanthanide elements are selec-

tively chlorinated and redissolve back into the LiCl-KCl salt. The actinides are then

recovered from the cadmium using a distillation process, which is the same as that

used in the main actinide separation process. Indeed, one advantage of this process

is that it uses the same compact LCC equipment developed for the core separation

stage. Again, proof-of-principle experiments have been demonstrated at laboratory

scale (Song et al., 2010).

Multistage reductive extraction using bismuth
The multistage extraction process proposed by Kinoshita of CREIPI in Japan

(Kinoshita et al., 1999) was investigated for the treatment of salt containing

actinides, lanthanides, and alkaline earth FP. It comprises the sequential addition

An-Al alloy  + 
LiCl-KCl salt +
FP chlorides 

Distillation of 
adhered salt 

An-Al 
alloy 

Chlorination
by Cl2/HCl
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An Clx
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Figure 15.9 Schematic of the process for recovery of the actinides from an An-Al alloy.

388 Reprocessing and Recycling of Spent Nuclear Fuel



of bismuth-lithium alloy at �500 °C, with the actinides preferentially extracted into

the liquid metal phase, separated from the lanthanides by the difference in distribution

coefficients between LiCldKCl and bismuth. Multiple-batch experiments have been

performed with five additions of Bi-Li, which gave>99% of the actinides extracted

into the bismuth phase. In addition, a countercurrent extraction method using the same

principle was simulated, which indicated potentially higher AndLn separation

efficiencies.

Chemical reduction/oxidation
Using a similar principle to the above, Simpson et al. of INL have recently proposed

selective precipitation as a means of removing residual actinides from waste

LiCldKCl salt (Simpson et al., 2012). Both chemical reduction using lithium and oxi-

dation using Li2O additions were proposed, as these processes are suitable for scale-up

and avoid the issues of chlorine evolution inherent with electrolysis. The main con-

cerns, however, were the lack of selectivity between actinide and lanthanide ions and

product recovery.

Preliminary results using surrogates for the actinides confirmed the drawback of

low selectivity for specific species, but lithium metal reduction performed better in

this respect. Furthermore, the thermodynamic proximity of plutonium and the lantha-

nides is expected to lead to some loss of plutonium into the waste stream or substantial

carryover of lanthanides into the reduced product.

15.4 International programs

Pyrochemical R&D and engineering studies for nuclear process applications are

underway in the Czech Republic, the European Union (EU), France, Italy, Japan,

the ROK, the Russian Federation, the United Kingdom and the United States. Further

countries involved with such work, now or previously, include Belgium, Spain, China,

India, and the Netherlands. Many of the studies are scientific and small-scale, tech-

nical assessments/design studies, although a limited number are larger-scale demon-

strations. For example, the electrowinning process at RIAR, Dimitrovgrad, which has

been used to treat and reprocess irradiated fuels.

Major worldwide studies include the Argonne National Lab (ANL) integral fast

reactor (IFR) recycle process in the United States, where metallic fuel was elec-

trorefined in a LKE molten salt with separated products recycled as FR fuel. CRIEPI

in Japan participated as a major collaborator in the IFR program until program

termination in 1995. More recently, electrometallurgical treatment has been used to

condition FR fuel at INL (before February 2005, this site was known as

ANL-West) in the United States for storage and disposal. The former Soviet Union

and now Russian program at RIAR has successfully tested the electrowinning process

on 7000 kg of unirradiated fuel and 40 kg of BN-350 and BOR-60 irradiated oxide

fuel (Bychkov, 2008).
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Japan continues its R&D program building on its fundamental scientific studies,

again with a focus on industrialization. Integrated facilities have been constructed

and an electrorefiner developed to improve throughput. Pyrochemical processes, post

Fukushima, are considered as potential options for treating legacy materials from the

Fukushima incident.

The ROK has a major research program. All facets of the electrorefining program

are being investigated at laboratory scale and many at engineering scale. A strong

focus has been placed on industrialization, and a large-scale integrated facility named

PRIDE (pyroprocess inactive integrated demonstration) is planned for operations in

2017. The ROK and the United States are collaborating under the International

Nuclear Energy Research Initiative (INERI) program.

India is undertaking a wide range of pyrochemical R&D activities. Several pyro-

chemical technology options are being evaluated at laboratory or small scales. Early

fuels for treatment will be oxide fuels from FRs. However, in the longer term, fuels are

likely to be metal fuels, as they provide an improved plutonium breeding ratio over

oxide and carbide fuels, which is an essential component of the 3-stage plan for

the nuclear fuel cycle in India.

Within Europe, relatively small-scale R&D is being performed. The major contrib-

utors are CEA, ITU, and the Nuclear Research Institute Rež (Czech Republic). The

R&D is focused on two reference scenarios: liquid-liquid extraction in molten fluoride

and electrorefining in LKE onto solid aluminum cathodes. Studies have also included

oxide reduction, to link a light water reactor (LWR) oxide fuel cycle to a metal-fueled

FR recycle scenario; the “double strata” concept.

The United States and the Russian Federation have pyrochemical demonstration

plants for metal fuel conditioning and oxide fuel recycling at INL and RIAR, respec-

tively. They prove process viability even though an industrial-scale plant and associ-

ated cost level have not yet been shown.

Sections 15.4.1–15.4.7 provide a more detailed discussion with respect to the cur-

rent status of nonaqueous reprocessing on an international basis. Note the level of

detail does vary, but is, nevertheless, representative of the current status of that region.

15.4.1 India

Nuclear energy is expanding in India with a 3-stage approach to closing the fuel cycle,

transitioning over time from thermal to FRs and, ultimately, implementation of the

thorium fuel cycle. In the medium term, it is expected that the use of metal fuels,

designed for their high breeding ratio, will be used in FRs. The exact choice of fuel

has not yet been established, although the fuel selected is expected to have a burn up in

the region of 200 GWd/t. The fuel cycle will also be short-cooled (<1 yr) to minimize

out-of-pile inventory (Kutty et al., 2009).

During the early phase of development, the fast breeder test reactor at Kalpakkam has

been used to test fuel pins. However, with a 500 MWe prototype fast breeder reactor

(PFBR) at an advanced stage of construction, togetherwith fourmore expected tobebuilt

by 2020, facilities to test metal fuel will become available (Reddy et al., 2010). These

facilities will be sited at Kalpakkam, together with an FR fuel cycle facility that will

include reprocessing, fuel fabrication, andwastemanagement plants (Kutty et al., 2009).
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Initial fuels for the PFBRs will be based on MOX. However, the use of oxide

fuel will reduce such that, after 2020, metal fuel will be the primary fuel of use. A

well-defined roadmap for the development of the metal fuel cycle has been estab-

lished (Reddy et al., 2010), which in this case includes pyrochemical processing

using the LiCl and LKE molten salt systems. A general flow sheet for the treatment

of metal fuel is shown in Figure 15.6. R&D on all aspects of the fuel cycle for metal

fuels is currently in progress (Reddy et al., 2010; Nagarajan, 2010; Nagarajan

et al., 2011).

The R&D (Kutty et al., 2009; Reddy et al., 2010; Nagarajan, 2010; Nagarajan et al.,

2011; Sri Maha Vishnu et al., 2012; Ghosh et al., 2009, 2011; Vandarkuzhali et al.,

2012) at IGCAR (Indira Gandhi Centre for Atomic Research) in the area of molten

salts is comprehensive and includes studies with respect to electrowinning of actinide

oxides, separation processes linked to fluoride-based systems relevant to MSRs, and

recycling fuel by dissolution in tin as well as electrorefining of metal fuel. In the area

of electrorefining, the work comprises research in the areas of the following:

l Reduction
l Electrorefining-electrochemical studies on anodes and cathodes
l Analytical studies
l Materials development
l Development of waste forms

Active facilities have been designed and built at both laboratory and engineering

scale. Laboratory-based studies are defined as those performed at gram scale and have

included electrorefining experiments on uranium and uranium-bearing alloys, pluto-

nium and plutonium alloys, including distillation of salt and cadmium together with

product and metal consolidation.

Reduction studies include calciothermic reduction of metal fluorides and the DER

of oxide. DER is covered in greater detail in Sections 15.3.3.2 and 15.4.6.2; however,

in this case the system comprises a UO2 (pellet) working electrode, platinum counter

electrode, and platinum reference electrode in a LiCldLi2O salt, with the Li2O con-

centration being between 2 and 3 wt% (Nagarajan, 2010). Consumption of the plat-

inum anode has been problematic and further work is being performed on different

anode materials; for example, tantalum, molybdenum, and graphite to improve the

anode characteristics. Reduction of the oxide to metal was also found to be limited

to the surface of the oxide pellet when reduction was performed in either CaCl2 or

LiCl salt systems. Propagation of the reduction through the oxide matrix has been pro-

posed (Sri Maha Vishnu et al., 2012).

Reduction, in principle, also extends to the salt cleanup process where a liquid Li/

Cd metal alloy is used to “drawdown” dissolved actinide species from the salt into the

liquid metal as an alloy. This has been developed to an engineering-scale unit oper-

ation that is discussed later in this section.

Electrorefining studies have considered the reduction of U3+ at bulk cadmium and

cadmium films and shown a 200 mV underpotential deposition of uranium at cad-

mium surfaces. Semistable uranium and UCd11 were also identified after the deposi-

tion of uranium at a bulk cadmium surface. The underpotential deposition of uranium

and other species is a well-recognized phenomenon that allows group capture of the
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actinides. However, other FPs are also reduced, which means the process is difficult to

control and optimize. Anodic dissolution studies on UdZr have shown that the alloy

dissolves to form U3+ and Zr2+/Zr4+ and that zirconium oxidation to the +2 and +4

states is a two-stage diffusion-controlled process (Reddy et al., 2010; Nagarajan,

2010; Ghosh et al., 2011). The presence of zirconium metal influences the oxidation

state of the zirconium ions in solution (Ghosh et al., 2009). Cathode studies have cov-

ered different electrode materials, including stainless steel and cadmium as well as

aluminum (Vandarkuzhali et al., 2012), which in other studies have been claimed

to have better selectivity for actinides. The PRAGAMAN code is being developed

to model the electrorefining process. It is based on the thermodynamic equilibria

between the actinides and FPs and will solve nonlinear equations under different elec-

trorefining conditions.

Three electroanalytical techniques have been developed to quantify species in solu-

tion. Normal pulse voltammetry (NPV), differential pulse voltammetry (DPV), and

square wave voltammetry have been used on an LKE salt containing 1 wt% UCl3,

0.7 wt% EuCl3, 1 wt% CeCl3, and LaCl3, respectively. Separate peaks for the differ-

ent species were readily identified, and the presence of lanthanides did not influence

the estimation of uranium concentration in solution. NPV and DPV gave a linear

dependence of concentration across all species.

Larger-scale development, using facilities that can handle materials in the region of

1-3 kg of uranium or uranium alloys, is ongoing and being performed on the

following:

l Chopping of fuel pins.
l Electrorefining, including salt transfer systems.
l Salt cleanup.
l Distillation.
l Development of manipulators.

Electrorefining comprised 1 kg of uranium metal in a rotating perforated stainless

steel anode basket of cruciform geometry and a stainless steel cathode rod that appears

to rotate between two vertical parallel rods. It is assumed these retain the dendritic

deposit within a confined and predetermined volume. Electrolysis was galvanostati-

cally controlled with the cathodic potential being ��1.5 to �1.6 V versus an

Ag/AgCl reference electrode. The current efficiency for deposition was �60% with

the deposit containing about 25 wt% occluded salt.

As of 2010, there were plans to clean up salt by transferring several liters of con-

taminated salt and Li-Cd alloy to a mixing vessel with “clean salt” and “spent” cad-

mium alloy returning to receipt tanks. This is a significant step in both engineering and

scale-up, as the ability to move salt and liquid metal safely and effectively is a cor-

nerstone to industrialization.

A distillation unit capable of consolidating 500 cm3 of dendritic material has been

designed and built. An MgO container is housed within a graphite crucible that acts as

a susceptor for an induction heating process, and deposits are heated and melted at

1473 K. The chamber operates at 0.01 torr and salt vapor is cooled, condensed, and

collected in a chamber above the hot zone.
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15.4.2 China

According to Chen et al. (2009), the capacity for nuclear power is expected to be

40 GWe by 2020, with a predicted rise to a maximum of 350 GWe by 2050. The pre-

dicted expansion, however, has been evaluated in three bands with expansion being

low, medium, or high. This has led to the following ranges:

l 40-60 GWe by 2020.
l 82-180 GWe by 2035.
l 150-350 GWe by 2050.

Clearly, as the reactor fleet develops, the type of fuel, composition, burn up, and

overall fuel cycle will have to be developed in a complementary way to ensure a sus-

tainable future, using resources in the best way possible. In the case of China, aqueous

reprocessing is being developed to manage spent fuel emerging from the pressurized

water reactor (PWR) fleet and those reactors using oxide fuel. Parallel R&D is also

being performed on FR fuel cycle scenarios. The Chinese Experimental Fast Reactor

(CEFR), based on the BN-800 reactor, was started in 2010 and connected to the grid in

2011 with its fuel cycle designed to use electrometallurgical reprocessing. As the next

step in the China Institute of Atomic Energy (CIAE) program, a Chinese Demonstra-

tion FR, 1000 MWe prototype reactor (CDFR-1000) based on the CEFR, is being con-

sidered for construction in 2017 and commissioning in 2023, with the ultimate

objective to have metal fuel in a closed cycle. The CDFR-1000 is then expected to

be followed by a 1200 MWe China Demonstration FBR comprising a UdPudZr

metal fuel with a burn up of 120 GWd/t (http://www.world-nuclear.org/info/inf63.

htmlDE07003/06/48/30).

In addition to those FRs using solid fuel systems, the Chinese Academy of Sciences

launched a thoriumMSR program. A 5 MWe system is apparently under construction

with planned operation in 2015 and is claimed to be the world’s largest national effort

on thorium breeding MSRs. The U.S. Department of Energy (USDOE) is collaborat-

ing with the Chinese Academy of Sciences (http://www.world-nuclear.org/info/inf63.

htmlDE07003/06/48/30).

According to Guoan (Guoan et al., 2012), pyrochemical R&D studying the mea-

surement of basic parameters has been started at CIAE. These include studies on

the electrochemistry of uranium and rare earth elements (REEs) in chloride and fluo-

ride melts, dissolution processes, purification/recycle, and process control.

15.4.3 Japan

In 1999, the Japan Atomic Energy Agency (JAEA) initiated a feasibility study on FR

fuel cycle systems to meet targets on economics, environmental impact, and nonpro-

liferation. It was concluded that the most promising system was aqueous reprocessing

of oxide fuel, with an alternative option being a pyrochemical reprocessing system to

treat metal fuel (National Programmes in Chemical Partitioning—A Status Report

et al., 2010). Programs of work to evaluate and develop both these approaches have

taken place and pyroreprocessing has been included as a “subconcept” of FR cycle
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technology (FaCT)—a project for the commercialization of the FBR fuel cycle for the

twenty-first century (Koyama et al., 2012).

CRIEPI is taking part in the feasibility study and the OMEGA (options making

extra gain from actinides) long-term R&D P&T program. Their focus is on pyropro-

cessing metal FR fuel and partitioning of TRUs from aqueous high-level liquid waste

(HLLW) (Inoue et al., 2011) to get 99.99999% recovery of uranium and plutonium

and 99.5% recovery of MAs (Inoue et al., 2011). Oxide reduction is included in

the study to provide an option to treat oxide fuels using pyrochemical techniques.

Their studies started in 1986 to determine basic properties to underpin process chem-

istry and engineering (Koyama et al., 2012).

CRIEPI has, in collaboration with a number of other organizations (ANL, USDOE,

ITU, United Kingdom Atomic Energy Authority (UKAEA), Kyoto University, and

the University of Missouri) (National Programmes in Chemical Partitioning—A

Status Report et al., 2010), performed laboratory-scale active and inactive testing

on LKEwith solid and liquid electrode systems to establish thermodynamic properties

(Sakamura et al., 1998; Uozumi et al., 2001; Masset et al., 2005), including SFs and

distribution coefficients related to electrorefining. Experimental work on UO2 and

other TRU oxides, including MOX pellets, has demonstrated the feasibility of oxide

reduction using lithium metal (Usami et al., 2000) or DER (Iizuka et al., 2006). Work

on reductive extraction to reduce the lanthanide concentration in molten salt contain-

ing actinides, after electrorefining, has also been undertaken.

CRIEPI and JAEA have collaborated to demonstrate the electrorefining of ura-

nium, plutonium, and neptunium using solid and liquid electrode systems (Iizuka

et al., 2001) and developed an integrated facility comprising lithium reduction, elec-

trorefining, and distillation unit operations (National Programmes in Chemical

Partitioning—A Status Report et al., 2010). Tests have been successfully completed

on UO2 and PuO2 and testing of MOX fuel started in 2010.

JAEA have undertaken small-scale studies on electrorefining and oxide electro-

winning, and performed active studies on nitride systems (fuels for the transmutation

of long lived MA in the double-strata concept) determining redox potentials for

uranium, neptunium, and plutonium systems and investigating the possible recovery

of 15N.

An integrated test equivalent to 1 tHM/yr has been designed and built and com-

prises the following main process elements: oxide reduction, electrorefining, product

processing (solid and liquid cathodes), a six-stage countercurrent reduction extraction

contactor, and fuel casting. Uranium testing is being performed to verify system integ-

rity and reliability (Koyama et al., 2012).

15.4.3.1 Electrorefining: Underpinning and integrated technology

CRIEPI is adopting a two-stage approach: (i) laboratory-scale electrorefining tests to

develop an understanding of the process chemistry and (ii) an engineering-scale sys-

tem to establish an understanding of scale-up issues (Koyama et al., 2012; Inoue et al.,

2011), including a strong focus on process integration.
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Laboratory-scale deposition trials onto solid and liquid cathodes using nonirra-

diated metal fuel simulants, uranium, plutonium, zirconium, and MA have been per-

formed for CRIEPI at ITU (Koyama et al., 2009), while deposition at liquid cadmium

electrodes using plutonium and americium have been completed at JAEA (Uozumi

et al., 2004). Intermetallic compounds, (U,Pu)Cd6 and (U,Pu)Cd11, were identified

and americium concentration was seen to increase with increasing plutonium content.

Metal fuel, UdPudZr, with and without MAs or REEs have been irradiated in PHE-

NIX and subsequently electrorefined, successfully, to recover the actinides (Koyama

et al., 2012). Separation of the actinides from the lanthanides agreed well with data

from nonirradiated experiments and the behavior of NMs was similar to that of

zirconium.

A uranium-active engineering-scale ER has been set up at Toshiba, Figure 15.10.

The anode baskets are located in the center while the cathode is formed by the inner

wall of the vessel. Dendrites are removed by scraping and collection in a basket

located at the bottom of the vessel (Shirai et al., 2000; Uozumi et al., 2004). Simulant

metal fuel, U/Zr, in stainless steel cladding has been used for the test.

15.4.3.2 Reductive extraction

Reductive extraction is the process in which lithium metal, dissolved in either cad-

mium or bismuth, is exposed to a molten salt containing less electropositive elements

like TRUs or FPs. In theory, lithium will react with the least electropositive elements,

the TRUs, leaving the most electropositive elements as soluble products in the salt.

Amultistage reductive extraction process has been demonstrated on simulant aque-

ous HLLW, after the HLLW was converted sequentially to an oxide and then chlori-

nated to form the corresponding chloride. 99.5% of the plutonium and neptuniumwere

recovered together with 99.4% of the americium from salt, which contained 10 times

the concentration of FPs (Kinoshita et al., 1999). Uranium was removed by electro-

chemical deposition onto a solid cathode prior to reductive extraction.

Validation of the overall process using HLLW from MOX reprocessing was com-

pleted; however, the technical feasibility of a three-stage, engineering-scale counter-

current reductive extractor has yet to be established (Inoue et al., 2011).

Figure 15.10 Engineering-scale electrorefiner at Toshiba (Inoue et al., 2011).
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15.4.3.3 Salt and cadmium pumping

The ability to transfer salt and liquid metal is one of the main challenges in the path

toward industrialization (Koyama et al., 2007). Molten salt and liquid cadmium pump-

ing to a distillation and electrorefining unit has been demonstrated. Centrifugal pumps

transport cadmium to a distillation unit and salt to a salt treatment system. A schematic

describing the concept for the transfer system is shown in Figure 15.11. The whole

assembly is located in an argon-filled glove box of dimensions 7 m�3 m�5 m height

(Inoue et al., 2011). Cadmium has been lifted to a height of 1.7 m.

15.4.3.4 System integration

Process integration of unit operations is a major challenge and progress has been made

in addressing this issue. UO2 has been reduced to uranium metal in order to prepare a

simulated metal fuel U-Zr, which is seen as a key process step linking LWR oxide fuels

to the metal FBR fuel cycle. Sequential operations starting from the reduction step and

finishing with injection casting have been implemented, and repeated recycling of the

U-zirconium fuel is in progress to simulate the closed metal fuel cycle (Koyama et al.,

2012). Electrorefining, product transfer, distillation, and injection casting have been

successfully operated; however, challenges still remain with the electroreduction step.

15.4.4 Russian Federation

Pyroprocessing in Russia has a long history, with early investigations in the 1960s

leading to the demonstration of fluoride volatility reprocessing technology in the

1970s, a pilot facility for pyrochemical MOX fuel production starting in the late
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Figure 15.11 Concept molten salt/liquid cadmium industrial transport system for a

pyrochemical process (Koyama et al., 2007).
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1970s, and finishing in the 1990s. Following this, DOVITA, a dry technologies oxide-

based reprocessing and fuel processing program, including vibropac pin production to

close the fuel cycle for an FR and initially designed for MA partitioning for transmu-

tation (National Programmes in Chemical Partitioning—A Status Report et al., 2010),

was proposed by RIAR. The processes adopted for this program included the repro-

cessing of neptunium, uranium, and plutonium oxide fuel and the recycling of amer-

icium, curium, and uranium oxide transmutation targets, described as homogeneous

and Heterogeneous processing operations, respectively (see Figure 15.12). DOVITA

started in 1992 (Kormalitsyn et al., 2008), which was followed by the DOVITA-2,

again designed for MA partitioning for transmutation by an FR. DOVITA-2 expands

the range of fuels to include nitrides and metals and various melts to be considered for

processing in a reactor island concept (colocation of reactor and reprocessing facili-

ties). Techniques include electrochemical deposition on solid and liquid cathodes,

anodic dissolution, and oxide precipitation in a range of melts including chlorides,

fluorides, molybdates, and ionic liquids.

The processing of oxide is based on simple principles. Fuel would be irradiated and

partially recycled by decladding, crushing, and vacuum reprocessing, followed by

vibropacking to produce a fuel element, which may be returned to the reactor. Every

second cycle, the fuel is fully reprocessed using the electrowinning process described

in Section 15.2.3.1, to separate actinides, MAs, FPs, and REEs. Americium and

AFBR reactor 

FAs production

Fuel and fuel pins production Targets production

Partial treatment without 
reprocessing 

Pyrochemical reprocessing

NpO2 PuO2 UO2 (Am, Cm) O2 Inert matrix or UO2

FAs Target
assemblies

Phosphate concentrate of 
FP’s to preparing for storage 

Used chloride salts containing 
residual Cs-137 and Sr

(U,Pu,Np)O2
(Am, Cm)O2 + 
residual REE

Homogeneous recycling

Heterogeneous recycling

Figure 15.12 DOVITA fuel cycle (Bychkov et al., 2006). Note: FAs, REEs, and FPs are fuel

assemblies, rare earth elements, and fission products respectively.
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curium separation from REEs is achieved using a liquid metal cathode (National

Programmes in Chemical Partitioning—A Status Report et al., 2010).

R&D appears to be at an advanced stage, with key process steps and equipment for

oxide fuel reprocessing tested using �7 tons of nonirradiated oxide fuel and 40 kg of

BN-350 and BOR-60 irradiated fuels (Bychkov, 2008). A considerable amount of

research has been performed to establish fundamental data to underpin the future tech-

nology development toward industrialization, with a major emphasis on spent fuel

partitioning (Kormalitsyn et al., 2008; Bychkov et al., 2006).

15.4.5 Republic of Korea

The ROK operates 20 nuclear power plants. Spent fuel from these plants amounted to

�8000 tons in 2005, with the total accumulated waste expected to reach 20,000 tons

by 2020. In 2005, KAERI proposed a long-term plan; the Korean innovative environ-

mentally friendly proliferation resistant system for the twenty-first century (KIEP-21)

(National Programmes in Chemical Partitioning—A Status Report et al., 2010), which

comprises:

l Direct use of PWR spent fuel in Canadian deuterium uranium (CANDU) reactors.
l The advanced spent fuel conditioning process (ACP).

The ACP (National Programmes in Chemical Partitioning—A Status Report et al.,

2010; You et al., 2007) is a process that contains many of the recognized pyrochemical

process steps for the LKE system, which are typically decladding (voloxidation),

oxide reduction, electrorefining, product processing to condition the metal actinides

product, salt cleanup, and waste treatment.

However, in the KAERI process there are two additional process steps: cathode

processing, which sits between the reduction and electrorefining unit operations,

and electrowinning of TRU products after electrorefining. The overall pyroprocess

is shown schematically in Figure 15.13.

Following reduction, the reduced oxide is treated using a cathode processor

designed to remove salt and separate any unreduced oxide from the metal. Using this

process, minimal LiCl salt and unwanted oxide will be transferred to the

electrorefining stage.

KAERI has developed a number of innovative concepts aiming to improve the

throughput of an industrial-scale electrorefiner (Kim et al., 2012). One such concept

is the separation of the uranium deposition from the TRU recovery. Uranium is recov-

ered on to a solid cathode in the normal manner, while the TRUs are electrochemically

deposited onto a liquid cathode in a separate electrowinning process vessel. A second

concept is the recovery of uranium onto a self-scraping graphite cathode, created by a

spontaneous deposit release through the formation of a uranium graphite intercalation

compound (Lee et al., 2007), instead of more conventional rotating mechanical

scrapers. Using this arrangement, uranium metal is easily released from the surface,

dropping into a collection vessel in the bottom of the electrorefining unit. A third con-

cept uses a bucket transfer mechanism to move the collection bucket from the bottom

of the electrorefiner to the top, allowing the continual recovery of dendritic material.
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This latter arrangement has been demonstrated and, together with the graphite cath-

odes, has shown a significant increase of electrorefiner throughput. These advances

are expected to deliver a continuous, high-throughput, uranium, recovery unit oper-

ation well-suited to industrial application. A continuous electrorefining system

(CERS) comprising a uranium chlorinator, electrorefiner, and salt distiller have also

been described (Song et al., 2010).

Having recovered the uranium dendritic deposit, the vast majority of the entrained

salt is removed by vacuum distillation, leaving clean dendritic uranium. A throughput

of 28.5 kg uranium per day has been achieved. This product is melted in an induction

furnace under vacuum by heating the product to 1300 °C in a zirconia-coated graphite

crucible and poured into molds to demonstrate the basic principles of metal fuel

fabrication.

After a defined quantity of uranium has been recovered in the electrorefining unit,

the build up of TRUs in the salt is sufficient to permit the recovery of these onto a

liquid metal cathode in an electrowinning electrolyser. Using lab-scale electrowinning

units, the data and performance characteristics of the system components have been

obtained and further development to improve performance is planned (Song et al.,

2010). Following TRU recovery, the cadmium is removed from the TRUs by distil-

lation. Data for distillation at temperatures between 500 and 565 °C and pressure of

0.5-10 torr demonstrated evaporation rates increased with increasing temperature and

decreasing pressure.

To ensure minimum losses of actinides from the system, salt from the electrowin-

ning step is sent for further actinide recovery using a combination of reduction of
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Figure 15.13 Schematic representation of the KAERI pyrochemical process (Lee, 2010).
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uranium plus TRUs (and some REEs) onto a liquid cathode followed by REE oxida-

tion using CdCl2. Less than 0.01 wt% of the uranium and TRUs remained in the salt.

KAERI aims to minimize waste generation by recycling salt for reuse using inno-

vative cleaning technologies; for example, melt crystallization or more conventional

oxidative precipitation followed by distillation. Eighty to ninety percent of the salt

could be recovered using the former process, compared with �99% for the latter.

By using a new inorganic composite of silicone, aluminum, and phosphorus oxide,

a solid final waste form with a much lower waste volume, compared to zeolite, can be

produced. A composite of transition metal oxides and phosphates has also been devel-

oped to improve the processing conditions for treating separated REEs.

The main goals of KAERI are to increase throughput and minimize waste for the

pyrochemical process. New and innovative technologies are being developed to sup-

port this, with bench- and laboratory-scale tests underpinning the design and build of a

10 te/yr nonactive engineering-scale integrated process facility—PRIDE.

15.4.6 United States

Since the 1940s, the United States has undertaken R&D in several areas of pyrochem-

ical processing that included fluoride volatility, oxide electrowinning, oxidative

reductive extraction, and electrorefining. The main focus of this section, however,

is to review the nonaqueous technology currently being developed for treating spent

nuclear fuel; effectively, the work being performed at the Idaho National Laboratory

INL and the ANL.

R&D in the area has focused on twomain areas: the treatment of spent fuel from the

Experimental Breeder Reactor II (EBR II) and the development of advanced technol-

ogy to help close the nuclear fuel cycle (Simpson, 2012).

Between 1984 and 1995 a pyrochemical process based on LKE molten salt tech-

nology was developed as part of the IFR program—a program to treat and recycle

spent fuel from the EBR II. The pyroprocessing equipment was housed in the fuel

cycle facility at INL (then known as ANL-West) (Benedict et al., 2007; Simpson,

2012; Simpson and Law, 2010), which operated until the program was stopped

in 1994.

After closure of the IFR program in 1994, fuel fabrication was no longer necessary

and the IFR program was converted to a spent fuel treatment program to treat the

25 tHM from EBR-II. The fuel cycle facility at INL (then ANL-West) was modified

to demonstrate the technology at engineering scale, becoming the fuel conditioning

facility that, from 1996 to 1999, successfully demonstrated the feasibility of pyro-

chemical processing by treating more than 1 tHM of driver and blanket fuels. Since

2000, the Idaho facility has continued to process EBR-II spent fuel in addition to that

from the fast flux test facility. A total of 4.62 tHM had been treated as of January 2012,

leaving 21.13 tHM remaining. Plans to move from a demonstration facility to produc-

tion operations have not materialized, and the current focus is to recover uranium from

driver fuel only. Treatment to remove the sodium bond from blanket fuel prior to dis-

posal remains a future option (Simpson, 2012).
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Generally, pyrochemical processing aims for technical simplicity with low DFs

incorporating MA recycle while facilitating economical remote fabrication of “low

DF” metallic fuel by casting. Pyrochemical processing technology still remains at

laboratory-scale and engineering-scale demonstration, although the continuous

R&D performed at INL and ANL has led to the acquisition of considerable knowl-

edge, know-how, and technical understanding. INL remains, internationally, the

largest-scale active electrorefining facility.

Use of pyrochemical technology to treat spent oxide fuel has also been considered;

however, in this case, a pretreatment step to reduce the oxide to metal is necessary.

Chemical reduction using lithium metal and DER are the main candidate processes,

although DER appears to be the preferred technique at the time this is written. A tail

end step of reoxidation would also be required prior to oxide fuel fabrication.

A summary of the current status of the INL pyrochemical program and the asso-

ciated unit operations is given below. These are treated in the order one would expect

to see in a process flow diagram.

15.4.6.1 Headend

Chopping/DEOX
INL is currently considering two process options for the headend unit operation—

chopping or oxidation (DEOX) for metal and oxide fuels, respectively.

Chopping of fuel elements is very much the norm for metal fuel and represents con-

ventional headend processing to reprocess spent nuclear fuel. It is, therefore, not dis-

cussed in any significant detail in this text, other than to compare physical aspects of

the process to that of DEOX, which is a specially designed technology dedicated to

pyrochemical processing of oxide fuel.

The DEOX process was originally developed by collaborative research between

KAERI and INL as part of the International Nuclear Energy Research Initiative

(INERI) program (NEA-OECD, 2012; Westphal et al., 2007). Oxide fuel is heated

to 1200 °C in air, with the evolution of volatile and semivolatile FPs and the oxidation

of UO2 to U3O8. This conversion is accompanied by a volume increase, as the U3O8 is

less dense than UO2, which ruptures the cladding and results in separation of the pul-

verized fuel from the hulls.

The relative merits of treating oxide fuel elements by chopping or DEOX in terms

of particle size, fuel cladding separation, and volatile FP release have been discussed

by Westphal et al., (2007). Particle morphology is also relevant to downstream pro-

cesses, namely, oxide reduction. According to Karell and Gourishankar (1998), the

oxide reduction rate can be increased by a factor of three for crushed versus

uncrushed oxide.

DEOX is expected to reduce the contamination on the inner surface of cladding

from spent fuel compared to chopping, thus reducing the additional decontamination

burden needed to meet regulatory waste disposition criteria. Using DEOX also

removes the need for cladding material to be introduced into the reduction and elec-

trorefining unit operations, preventing the chemical reactions between lithium and

cladding oxide, the reaction of UO2 with zircalloy, and the additional carryover of
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LiCl into the LKE eutectic salt. DEOX also offers the potential to remove and trap

significant quantities of volatile and semivolatile species in a single unit operation,

possibly simplifying the overall flow sheet and assisting waste management.

15.4.6.2 Direct electrochemical reduction

Electrorefining of spent nuclear fuel requires a metal feed. Therefore, reprocessing

oxide fuel necessitates a reduction of oxide to metal before any further pyrochemical

treatment. An electrolytic reduction process is being developed at INL as part of an

integrated process for the treatment of spent oxide nuclear fuel (Herrmann et al.,

2007). A detailed description of the overall process has been given in Section 15.2

and a typical apparatus is shown in Figure 15.14.

Early reduction processes used lithium metal, where lithium reacts with the spent

fuel oxide to form lithium oxide, soluble in LiCl salt, with the counterreaction being

the reduction of oxide to metal. Using lithium metal is not ideal; managing the chem-

istry is challenging, the process tends to be performed in batches, and requires the

recovery of lithium metal for the reduction of the next batch of oxide fuel. Workers

have tried to couple the lithium metal recovery with the reduction of oxide to produce

a semicontinuous process. However, over the last decade or so, DER of metal oxide

has received considerable attention and some interesting research has been performed.

ANLhas investigated theDERof oxides of uranium (Barnes andWillit, 2007). Reduc-

tion of UO2 and U3O8 were found to behave differently. Numerous tests on UO2

Figure 15.14 Sectional view of DER cell at INL.

From Benedict et al. (2007).
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demonstrated that>99% reduction could be achieved at�75% efficiency, while a reduc-

tionof�93%wasachievedforU3O8.Thedifference in the reductionprocesseshasyet tobe

fully explained.During the reductionofUO2, the concentrationofO
2�was routinely found

to reduce gradually throughout the reduction process from �1.5 to 0.6 wt%, while with

U3O8 the concentration decreases rapidly to �0.4 wt%. This is thought to be due to the

reaction of Li2O with U3O8 to form Li2UO4 (Barnes and Willit, 2007).

Herrmann et al. (2006) electrochemically reduced 26-year cooled Belgium reactor 3

(BR3) UO2 fuel. It was concluded that uranium and transuranic oxides had comparable

reduction efficiencies of 99.7%, 97.8%, 98.8%, and 90.2% for uranium, plutonium, nep-

tunium, and americium, respectively. Cesium, barium, strontium, and iodine accumu-

lated in the salt phase with REE and NM remaining with the reduced UO2 phase.

The REEs were found to have only partially reduced. The effect of FP accumulation

in the salt was inconclusive and no comment was made with respect to the impact of

particle size distribution. Similar work was reported by Herrmann et al. (2005); addi-

tionally, the reduction of zirconiumwas observed to be similar to that of the REE oxides.

Lab-scale work to assess the performance of U3O8 versus UO2 and the behavior of

cathode containment materials was also performed by Herrmann et al. (2007) in col-

laboration with KAERI as part of the INERI program. These tests were performed in

the hot fuel dissolution apparatus located in the hot fuel examination facility at INL.

Oxide fuel from the Belgium reactor BR3was oxidized by heating in air to in excess of

450 °C to produce U3O8. Results indicated that there was no significant difference in

reduction performance for U3O8 when compared to the reduction work completed by

Herrmann et al. (2006) on UO2. Different oxide containment vessels were tested and

the authors noted the loss of the porous MgO vessel. The loss of porous magnesia bas-

kets was highlighted as one of the major challenges in using ceramic materials in

remotely operated pyrochemical processes.

15.4.6.3 Electrorefining

This is a key unit operation that, potentially, has two feed streams: spent metal fuel and

a metal feed produced by the DER of spent oxide fuel. In the case of the former, ura-

nium and TRUs are electrochemically separated from the cladding material, sodium

bond, FPs, REEs, and NMs. A more detailed description of oxide reduction is given in

Section 15.3.3.

INL has developed two high throughput electrorefining (HTER) units, which are

known as the Mark IV and Mark V units, designed to process driver and blanket fuels,

respectively (see Figure 15.15).

These electrorefiners are cylindrical steel vessels with a height and internal diam-

eter of one meter and have four �25 cm ports to provide access for the anode and

cathode assemblies. Essentially, the ER units are similar with the Mark IV having

a 33 cm layer of LKE on top of a 15 cm layer of molten cadmium, in comparison

to the Mark V, which comprises a single 42 cm layer of LKE (Davies and Li, 2007).

The Mark IV electrochemical reactor was the first concept for a production-scale

unit. The anode design includes four rectangular baskets, arranged in a cruciform

geometry. The cathode is a solid steel rod (Westphal et al., 2009).
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In the Mark V ER, the anode and cathode are vertically colocated in a single mod-

ule and called the anode-cathode module (ACM). The ACM comprises nine curved

anode baskets, positioned between cathode cylinders (Figure 15.15). During electro-

refining, the baskets are rotated and scrapers shear uranium dendrites off the cathode

cylinder. Deposits fall into a product collector located below the ACM.

The Mark IV design is complex and has met with some interesting challenges

(Simpson, 2012). Early tests indicated poor current efficiency �50%, which was

attributed to the recovery of uranium from the cadmium that had fallen from the solid

cathode. Current efficiencies of �70% were achieved when the anode baskets were

rotated. Uranium was also found to enter the cadmium pool electrochemically

(Li, 2008), adding further complexity to the ER operation. The incorporation of a cad-

mium pool has led to the condensation of cadmium at various locations within the

electrorefiner. Although this might largely be expected due to the high vapor pressure

of the cadmium system, it has created electrical short circuits. The operating protocol,

which includes electrochemical stripping (current reversal), has improved overall per-

formance, alleviating anode stalling caused by buildup of the cathode deposit

(Westphal et al., 2009; Brunsvold et al., 2000).

Modifications have been made to the design to improve reliability, but also include

larger anode baskets to improve throughput and reference electrodes to provide better

process monitoring (Benedict et al., 2007).

Anodic dissolution has been identified as a rate-limiting step in the electrorefiner

(Benedict et al., 2007; Li and Simpson, 2005; Li et al., 2005). An inverse relationship

between uranium dissolution and the retention of NM, including zirconium, was also

found. Increasing uranium dissolution beyond 98% resulted in significant NM loss (Li

and Simpson, 2005). Li (Li et al., 2005) reported that in excess of 99% uranium dis-

solution could be achieved although �88% zirconium and �25% of other NM prod-

ucts were lost from the anode. This was believed to be due to fine particulate matter

not being retained in the anode basket and falling through the mesh into the cadmium
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pool. Zirconium dissolution was found to be preventable by using an “interrupting

current” technique (Li and Simpson, 2005).

In 2007, an engineering-scale LCC system was used to successfully recover>4 kg

of transuranic materials (Benedict et al., 2007), and tests were performed over a range

of U3+ concentrations to establish provisional bounding conditions. The recovery of

transuranic materials will improve the useful lifetime of the salt, prevent any breech of

criticality limits for plutonium, and minimize the amount of actinide sentenced to the

final waste form.

15.4.6.4 Product processing

INL has developed and operated cathode processor equipment with electrorefined ura-

nium products from irradiated FR fuels. This is a batch-type operation that utilizes a

high-temperature vacuum retort and a heavy-metal-melting furnace. It was originally

developed for purifying and consolidating both solid cathode uranium product and

liquid cathode TRU products. The main equipment components are process vessel,

induction furnace, crucible, and condenser/collector. The equipment is capable of

reaching 1673 K and, therefore, capable of melting uranium, some U-Zr alloys,

and INL metal waste alloys. A uranium cathode of �40 kg batch size has been suc-

cessfully processed. In processing LCCs, the batch size is restricted to a single cath-

ode. To maintain criticality safety, a mass limitation of �25 kg is imposed. As of

2007, the cathode processor had processed >300 batches, a cadmium distillation rate

of 0.41 g/min/cm2 achieved, and >99 wt% cadmium recovered for recycle. Salt,

recovered from cathode processing, has been returned to the electrorefiner over a

period of time and analysis has shown that impurities from the product processing unit

operation have not been detected.

Historically, graphite crucibles coated with zirconia have been used to minimize

the reaction of uranium and the crucible material. However, the coating can react with

uranium metal to form the oxide. Oxide can be reduced and recycled back into the

process, although this is inefficient; the process is labor intensive and has the potential

to limit throughput. Different crucibles are being developed, which include niobium

coated with hafnium nitride. Experimental work has provided promising results

(Benedict et al., 2007).

15.4.6.5 Process integration

An integrated efficiency test between element chopper, Mark IV electrorefiner, cathode

processor, and casting furnace was performed at an engineering scale (50 kgHM) by Li

et al. (Li et al., 2007). The total mass balance was found to be 101.28%, indicating

slightly more output than input, while 99.3% of the uranium was electrochemically dis-

solved in comparison to the 98.4% collected in the casting furnace. The behavior of zir-

conium was found to be complex, with results indicating that there was significant loss

to the cadmium pool. A problem with material holdup was also identified.
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15.4.6.6 Cross-cutting activities

Reference electrode development
Reference electrode systems have been developed to provide real-time data with

respect to electrodes in an operating electrorefiner. These were based on Ag/AgCl

in the salt of choice and held in a ceramic or glass housing. Housing materials inves-

tigated included vycor glass, quartz, mullite, zirconia, and alumina. Original reference

electrodes were complex constructions requiring multiple ceramic-glass or ceramic-

metal joints to be made under inert conditions.

A simplified approach has used commercially available mullite tubes and ceramic

material. Using these components and materials to provide electrode location, struc-

tural and internal atmosphere integrity, a robust, easily constructed, and reliable ref-

erence electrode has been fabricated, which is shown in Figure 15.16.

Online monitoring
Square wave voltammetry and NPV techniques are under investigation (Johnson and

Dunzik-Gougar, 2006) as online monitoring techniques. These are being developed

to measure the ratio of Pu/U in solution to control the electrorefiner operations. Knowl-

edge of this ratio is a fundamental parameter that determines the point at which uranium

recovery on a solid mandrel stops and recovery of uranium and TRUs in an LCC starts.

Modeling
Process modeling has been developed to enhance the fundamental understanding of

physicochemical processes and to predict the mass and inventory composition based

on the input and output streams during the ER process (Simpson, 2012; Hoover et al.,

2009, 2010, 2011).

A project, in collaboration with the University of Idaho, the Seoul National Univer-

sity, and KAERI, as part of the US-ROK INERI program, to develop a kinetic model of

the Mark IV electrorefiner was started in 2007 (Hoover et al., 2009, 2010, 2011). The

model was able to track uranium and zirconium dissolution and produced data consis-

tent with experimental results. Increasing the concentration of uranium in the salt was

Ceramic cap

Alumina sleeve

Mullite tubeCeramic potting
Silver wire

Stainless
housing

Figure 15.16 Reference electrode developed at INL (Davies and Li, 2007).
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also shown to be detrimental in that uranium and zirconium dissolution are retarded and

enhanced, respectively. Potential mapping of the electrode also indicated the remote

parts of the electrode have small potential gradients and little ionic movement.

15.4.7 Europe

The recently completed European Seventh Framework Program (FP7) project

ACSEPT (actinide recycling by separation and transmutation) comprised 34 partners

gathered together to address chemical separation development challenges for Gener-

ation IV fuel cycle initiatives in both aqueous and pyrochemical technologies. From a

pyrochemical perspective, four main areas were studied: fuel dissolution, core process

(separations), salt treatment for recycle, and waste conditioning.

To date, a significant amount of data has been gathered with respect to dissolution

in chloride media and, therefore, ACSEPT has included significant work on dissolu-

tion in fluoride systems. The core process has two reference technologies (Mendez

et al., 2012a,b; Bourg et al., 2011, 2012), liquid-liquid extraction in molten fluoride

and electrorefining in LKE onto solid aluminum cathodes. Progress has been made on

actinide recovery from aluminum, and exhaustive electrolysis has been investigated as

a salt treatment process to recover actinides from the salt before decontamination,

using zeolite or phosphate/carbonate precipitation. Sodalite was shown to have poor

characteristics and properties for long-term storage of actinides and FPs. In molten

fluoride systems, distillation of the reference salt was seen to provide effective decon-

tamination for salt recycle. Cross-cutting activities included engineering and system

studies, online monitoring, and corrosion studies (Bourg et al., 2011, 2012).

Outside the collaborative European frameworks, NRI, in the Czech Republic, con-

tinues to develop the fluoride volatility method as a “front-end” technology for theMSR

and electroseparation methods for online reprocessing of the circulating MSR fuel

(Uhlı́r et al., 2007; Uhlı́ř et al., 2012). In France, the CEA R&D molten salt program

for reprocessing Generation IV spent fuels is focused on liquid-liquid extraction in fluo-

ride media (Lacquement et al., 2007, 2009). ITU continues their studies of actinide and

lanthanide separation onto an aluminum cathode and oxide reduction using spent

nuclear fuel in collaboration with CRIEPI (Malmbeck et al., 2011). Recovery of acti-

nides from aluminum is also reported (Cassayre et al., 2011). ENEA (Italian National

Agency for New Technologies, Energy and Sustainable Economic Development) con-

tinues to develop waste forms from zeolite (De Angelis et al., 2009, 2012). REFINE

(reduction of spent fuel vital in a closed loop nuclear energy cycle) is a coordinated

U.K. research program delivering the materials science required for sustainable spent

fuel reduction in a closed loop nuclear energy cycle (REFINE research consortium).

This builds on a significant U.K. (BritishNuclear Fuels)molten salt program in the early

2000s, which focused on engineering and fundamental science using state-of-the-art

specialist equipment. This included a fully inerted argon glove box designed for alpha

active programs, and a molten salt dynamics rig, designed and built as a one-of-a-kind

test facility, with three pumping options and replaceable test sections for process flow

characterization, to provide data and test capability for pumpingmolten salt. Themolten

salt dynamics rig is an integral part of the current REFINE program.
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15.5 Future directions and outlook

Globally, nuclear energy will form part of the non-greenhouse gas generating energy

mix; however, the safe and economic management of spent nuclear fuel will have to

be demonstrated. Current forecasts show the generation of spent nuclear fuel outstrip-

ping available reprocessing capacity, and different international fuel cycle approaches

are being considered. Development of advanced fuel cycle strategies necessitate the

development of both reactor systems and complementary and compatible fuel cycles.

Nonaqueous reprocessing techniques for treating high fissile, high burn up, short-

cooled metal, oxide, carbide, nitride, or inert matrix fuels offer potential solutions.

This chapter has provided a state-of-the-art review of nonaqueous reprocessing

technologies that are being considered for advanced fuel cycle initiatives. Based on

the number of institutes and development programs underway, particularly in the

ROK, electrorefining in LKE appears to represent the single technology option receiv-

ing greatest international development interest. Therefore, particular emphasis has

been placed, in this study, on the pyrochemical reprocessing of metal and oxide

nuclear fuels using LKE molten salt.

As industrialization of the process is a major focus, improvement in electrochem-

ical reduction, electrorefiner, and electrowinning performance is essential. Analytical

techniques to underpin process operation and control, criticality, and safeguards are

vital, together with the movement and management of molten salts with maintenance-

free pumping technology being ideal for remote applications.

Clearly, electrorefining technology still requires significant development before

reaching a mature status. A substantial amount of R&D is being performed interna-

tionally, and some ambitious development targets have been set to demonstrate an

integrated process at 1-10 tHM/annum throughput. Meeting such targets is a challenge

from both a technical and financial viewpoint. International alliances and research

programs, for example, KAERI and INL under the INERI program, the EU seventh

framework SACSESS (safety of actinide separation processes) program, or the OECD

(Organisation for Economic Co-operation and Development) expert working groups

on P&T have been formed to help generate, share, and disseminate knowledge and

information in order to maximize the technical return on any financial investment.

Given the scale of the challenge, future new joint international R&D projects will

inevitably be required to support the different national strategies.
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Souček, P., Malmbeck, R., Mendes, E., Nourry, C., Glatz, J.-P., 2010. Exhaustive electrolysis

for recovery of actinides from molten LiCl-KCl using solid aluminium cathodes. J. Radio-

anal. Nucl. Chem. 286, 823–828.
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Acronyms

ACPF advanced spent fuel conditioning process facility

ANL Argonne National Laboratory

CANDU Canadian deuterium uranium reactors

DDP Dimitrovgrad dry process

DFDF DUPIC fuel development facility

DUPIC direct use of spent pressurized water reactor fuel in the Canadian deuterium ura-

nium reactors

EBR experimental breeder reactor

IFR integral fast reactor

KAERI Korea Atomic Energy Research Institute

PRIDE pyroprocessing integrated inactive demonstration facility

PUREX plutonium uranium redox extraction

REEs rare-earth elements

TRU transuranic

16.1 Introduction

Pyro from the Greek means fire, and this implies pyroprocessing is a high-temperature

operation. The pyroprocess is generally called a metallurgical or electrochemical pro-

cess as it produces metal from ore at high temperature. In the 1960s, Argonne National

Laboratory (ANL) in the United States started the integral fast reactor (IFR) program,

which applied the pyroprocess as a spent fuel treatment process (Till and Chang,

2011). Because the fast reactor in the IFR concept used metal fuel, the pyroprocess

is considered an appropriate process to treat the spent fuel from fast reactors.

At the outset, the pyroprocess to handle the spent fuel was pyrometallurgy that liq-

uefies metal followed by extraction of desired elements from the metal mixture at high

temperature. This was realized later to be unsuitable for large-scale use so it was

replaced by electrochemical processing at high temperature to improve process

efficiency.
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There are two methods to treat spent nuclear fuel: an aqueous process and a dry

process. An aqueous process, of which the plutonium uranium redox extraction

(PUREX) process is representative, uses nitric acid to dissolve spent oxide fuel and

applies organic reagents to recover target materials in aqueous and organic phases.

On the contrary, the dry pyrochemical process uses molten salt so it is able to handle

metal fuel directly.

Recently, research institutes worldwide have been interested in pyroprocessing as a

potential option for the closed fuel cycle. Fast reactors in Russia and France use oxide

fuel, while experimental breeder reactors (EBRs) in the United States use metal fuel.

The metal fuel is considered more efficient with respect to heat conductivity, breeding

ratio, and so forth, and is considered as a potential fuel for a fast reactor in the future.

This use of metal fuel drives the interest in pyroprocessing technology development to

handle and recover metal fuel in the fuel cycle. The attractiveness of its intrinsic pro-

liferation resistance is another interesting factor.

In the United States, through the IFR program, spent metal fuel was treated by pyr-

oprocessing (Till and Chang, 2011). Indeed, from 1964 to 1969, approximately 30,000

fuel pins were processed by the melt refining process. The averaged throughput was

100 kg/month. The electrorefining process replaced melt refining, as melt refining

was not able to control noble fission product composition in high burn up spent fuel.

The electrorefining process can also increase the plutonium and uranium ratio to some

extent for refreshing core fuel. After termination of the IFR program in 1994, about

4400 kg of EBR-II driver and blanket spent fuels were treated from 1996 to 2010 by

pyroprocessing.

Apart from the US concept of pyroprocessing, Research Institute of Atomic Reac-

tors (RIAR) in Russia developed the Dimitrovgrad dry process (DDP). The DDP,

which uses molten salt as an electrolyte, starts with oxide spent fuel and produces

oxide fuel for fast reactors. The product from the DDP with vipac technology supplies

mixed oxide (MOX) fuel for the Russian fast reactor. Although Japan has developed

aqueous processes and constructed a reprocessing plant at Rokashomura, currently

waiting for permission to operate, there have been studies on pyroprocessing as a sup-

plementary process. There has been research and development of a process similar to

the US concept and engineering-scale experiments were conducted recently. France

and India have also studied pyroprocessing as an alternative process. France, in the

context of European Commission research projects, have studied liquid aluminum

as a cathode for recovering a mixture of transuranic (TRU). Compared with liquid

cadmium, liquid aluminum is a favorable material to recover TRU from mixtures

of TRU and rare-earth element (REE), due to higher selectivity between the two

groups, but higher temperatures are needed to recover the TRU from the Al-TRU

mixture. India has a 1-5 kg capacity laboratory for electrochemical processes and

is planning construction of the pyrochemical reprocessing research and development

(PRRD) facility, which is to be commissioned in 2015. China is also interested in pyr-

oprocessing. Based on their long-term plan, China will construct a pyroprocessing

plant by 2030. Korea started pyroprocessing in 1997. Before developing pyroproces-

sing as a potential spent fuel treatment technology, Korea focused on the development

of direct use of spent pressurized water reactor fuel in the Canadian deuterium
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uranium reactor (DUPIC) technology, which has higher proliferation resistance than

other recycling technologies as there is no chemical or metallurgical separation of fis-

sion products from spent oxide fuel. There are pressurized water reactor (PWR) and

Canadian deuterium uranium (CANDU) reactors together in Korea, and this enables

DUPIC to be developed as a candidate technology for addressing spent fuel manage-

ment. However, for reasons described later, most activities of the DUPIC program,

except the headend process, were halted. Now, Korea is one of the most active coun-

tries working on the deployment of pyroprocessing technology for spent fuel

treatment.

16.2 Overview of DUPIC process

16.2.1 Background

In 1991, a joint project called DUPIC was launched between ROK, Canada, and the

United States (Yang et al., 2006). The purpose of this project was to resolve spent fuel

accumulation issues from PWRs and enhance energy resource efficiency by reusing

PWR fuels in CANDU reactors. Because no separations on the spent fuel are made,

DUPIC can be considered as a highly proliferation resistant recycling process, attrac-

tive to countries concerned about proliferation risks of nuclear fuel cycle separations.

DUPIC fuel from PWR fuel was fabricated and tested, from which technical data for

its appropriate use in CANDU reactors was produced. However, because adoption of

CANDU fuel normally takes place in areas without shielding and DUPIC fuel contains

high heat and radioactivity, modifications to the construction of existing CANDU

reactor buildings were needed to handle DUPIC fuels by remote operations. This

led to remarkable cost increases of CANDU reactors with respect to building recon-

struction and also the need for new licensing processes from regulatory bodies. Con-

sequently, nuclear power plants were reluctant to accept DUPIC fuel, although it has

obvious benefits of reusing PWR fuel as a resource and reducing spent fuel waste.

Currently, a part of this DUPIC program remains in order to facilitate handling of

PWR fuel in the headend area of the pyroprocess. Developed technologies in the

DUPIC program such as decladding, voloxidation, and granulation technologies,

are applicable to fuel fabrication for advanced spent fuel conditioning process facility

(ACPF) in which oxide reduction is being undertaken.

16.2.2 Progress

The principle of DUPIC is reuse of PWR spent fuel without any chemical separation.

The PWR spent fuel is pulverized by an oxidation and reduction process alternately.

Then, pelletization and sintering processes fabricate the pulverized powder into pel-

lets. The flow sheet of the DUPIC process is shown in Figure 16.1 (Song et al., 2008).

The oxide PWR fuel is disassembled, followed by decladding. Then, it is treated by an

oxidation and reduction of oxide fuel (OREOX) process in which oxidation at 450 °C
in air and reduction at 700 °C in 4% H2/Ar processes take place three times,
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alternately, to produce suitable powder for DUPIC fuel manufacture. This powder is

granulated, mixed, compacted, dewaxed, and sintered, consequently yielding the

DUPIC pellets.

The pellet was irradiated in HANARO, a research reactor at Korea Atomic Energy

Research Institute (KAERI), and postirradiation effects were examined (Yang et al.,

2006). Good results showed the applicability of DUPIC fuel in a CANDU reactor. The

optical microstructures of irradiated fuel pellets shown in Figure 16.2 (Yang et al.,

2006) indicated the irradiation test of DUPIC fuel at HANARO and DUPIC fuel in

National Research Universal (NRU) reactor in Canada were under the same condi-

tions as CANDU, and not much different.

Spent PWR fuel

Disassembling

Precompaction 800 psi
(20 MPa)

35 rpm
(120 min)

1100-2000 psi
(120-130 MPa)

800 °C

1800 °C
(10 h)

Granulation

Mixing

Compaction

Dewaxing

Geometric
immersion

Sintering

Pellet QC

Cutting

Slitting
decladding

Oxidation

Blending

Raw powder

Oxidation

Reduction

1

to DFDF

2
5

6

3

4 Milling
10 min (450 rpm)
10 min (600 rpm)

3 Cycles

450 °C, 2 h

35 rpm
120 min

500 °C oxidation
(5 h)

500 °C oxidation
(5 h)

700 °C, 7 h

Figure 16.1 Qualified process flow sheet of the DUPIC fuel fabrication.

(a) (b) 4 mm

Figure 16.2 View of irradiated fuel pellets: (a) DUPIC fuel irradiated at Hanaro and (b) DUPIC

fuel irradiated in NRU, Canada.
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A part of DUPIC technology is used as the pretreatment technology of pyropro-

cessing. Remote operations such as disassembling, decladding, and slitting technol-

ogies are useful to handle spent oxide fuel from PWRs. The voloxidation process is

also applied for removing volatile elements. Destructive analysis and nondestructive

assay for oxide fuel are directly employed for nuclide distribution analysis in

oxide fuel.

16.3 Role of pyroprocessing in the fuel cycle; advantages
and disadvantages of pyroprocessing

The advanced fuel cycle addresses the issues associated with managing spent fuel.

The main idea is to recover groups of elements according to their characteristics.

Uranium, which comprises about 92% of the spent fuel, is recovered for reuse in

fast reactors. This enhances uranium utilization efficiency. Recovering and also

reusing the TRU elements in fast reactors allows burning of long-lived actinides

with the effect that the overall radiotoxicity of the waste can be reduced by a factor

of 1000 (OECD/NEA, 2009; Warin, 2011). Cesium and strontium in spent fuel are

major elements that emit heat in the short term after fuel is removed from the reac-

tor. Recovering these elements reduces the heat load from the spent fuel, resulting

in a dramatic reduction of repository footprint (Wigeland et al., 2006; Ko and

Kim, 2009).

Pyroprocessing is able to recover TRU elements together; this is due to the ther-

modynamic characteristics in the molten salt system, in which the TRU elements

have quite similar deposition potentials in the liquid cadmium cathode. Pyropro-

cessing can then be used to supply the recycled fuel for the fast reactor. Aqueous

processes can also recover groups of elements but, in the case of metal fuels, pyr-

oprocessing is arguably a more appropriate technology. Because the molten salt in

pyroprocessing is known to be stable under a strong radioactive environment, pyr-

oprocessing is able to handle short-cooled spent fuel with high heat and high radio-

activity (Hannum et al., 1997; Inoue and Koch, 2008). The environment of high

heat and radioactivity increases intrinsic barriers to human intrusion. Conse-

quently, pyroprocessing needs a facility comprising hot cells, implying consequent

application of better containment and surveillance concepts with a strengthened

physical barrier (Borrelli, 2013). The inseparable product mixture of U, TRU,

and other fission products significantly increases intrinsic proliferation resistance

(see Table 16.1).

Regarding technical maturity, pyroprocessing is immature with technology still to

be developed for commercialization. In contrast, aqueous processing using the

PUREX process is a commercial operation, which means the technology is mature.

However, compared with pyroprocessing, aqueous processes require a longer cooling

time at the storage pool to reduce heat and radioactivity of spent fuel to prevent exces-

sive organics degradation.
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16.4 Fundamentals of molten salts separations

The principle behind exploiting electrochemistry for separation is using the differ-

ences in Gibbs free energy of formation. Table 16.2 shows Gibbs free energy of for-

mation for various elements (Till and Chang, 2011; Koyama et al., 2012).

The benefits of using molten salt instead of aqueous electrolyte are higher operat-

ing temperature, insensitivity to radioactivity, and higher conductivity. These enable

stable operations under high radioactivity and temperature conditions. If liquid cad-

mium is used as a cathode, then the deposition potential of actinides lies in a narrow

band so that the separation of actinides is most unlikely. This induces high intrinsic

proliferation resistance as well.

Table 16.1 PWR spent fuel composition (4.5 wt% enriched U,
55 GWd/tU burn up, 10 years cooling)

Group Elements wt%

U U 92.9

FP Cs, Sr 0.53

I, Tc 0.16

Other FPs 5.01

TRU Pu 1.16

MA 0.2

Table 16.2 Gibbs free energy of formation

Element Standard Gibbs free energy (kcal/g-equiv.)

KCl 86.7

LiCl 82.5

LaCl3 70.2

CeCl3 68.6

NdCl3 67.9

YCl3 65.1

AmCl3 64.3

CmCl3 64.0

PuCl3 62.4

NpCl3 58.1

UCl3 55.2

ZrCl4 46.6

CdCl2 32.3

FeCl2 29.2

MoCl4 16.8
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The principle of electrochemistry is applying an appropriate voltage to dissolve

metal at the anode in the electrolyte and deposit the metal simultaneously at the cath-

ode. The required equilibrium potential is expressed by the Nernst equation (Bard and

Faulkner, 2001).

E¼�DG
zF

¼�DG°
zF

�RT

zF
ln a¼E°�RT

zF
ln a (16.1)

To proceed with the reaction, an overvoltage is necessary. This overvoltage is asso-

ciated with current, which can be expressed by the Butler-Volmer equation.

i¼ i0 exp 1�að Þ zF
RT

�

� �
� exp �a

zF

RT
�

� �� �
(16.2)

The operation of electrochemical reaction can be in galvanostatic or potentiostatic

modes. For each case, reaction kinetics can be simulated based on the model with

proper assumptions (Bard and Faulkner, 2001). In galvanostatic mode, when a planar

electrode and unstirred condition in the electrolyte are assumed, the relation of tran-

sition time, t, and diffusivity of solute in the solution is expressed as follows:

it1=2

Co
¼ nFAD1=2p1=2

2
(16.3)

where i is constant current, t is transition time in which the surface concentration at the

surface drops fromCo to zero, n is stoichiometric number of electrons,F is the Faraday

constant, A is the surface area of the electrode, and D is the diffusivity.

In potentiostatic mode, under the same assumptions of a planar electrode and

unstirred solution, the current density i and diffusivity of solute in the solution is

expressed as follows:

i tð Þ¼ nFAD1=2Co

p1=2t1=2
(16.4)

This information provides the operational voltage and current for the electrochemical

reaction, from which parameter values pertinent to the design of an electrochemical

reactor can be induced.

16.5 Introduction to the pyrochemical process

16.5.1 Background

Korea has increased the share of nuclear power in the total energy supply since the

country industrialized. This is due to lack of natural resources as indicated by the fact

that 97% of the country’s energy is imported. Growth of nuclear power plants
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inevitably led to a rise in spent fuel management issues. In order to address spent fuel

issues, KAERI has developed pyroprocessing technology. Aqueous processing, in

which class the PUREX process is representative, is considered to be a less

proliferation-resistant process; so, for this reason, Korea is trying to develop a

proliferation-resistant fuel cycle using the pyroprocess.

16.5.2 Flow sheet

The pyroprocessing flow sheet is shown in Figure 16.3. Pyrochemical processes are

used to group-recover actinides using electrochemical processing. As the metal phase

is requisite to flow electric current, an upfront oxide-reduction process is necessary to

convert spent oxide fuel to metal. Detailed descriptions on the processes are published

elsewhere (Lee et al., 2013a).

In the headend stage, separation of oxide spent fuel from the assembly is followed

by a voloxidation process that changes the physical form of oxide spent fuel to pow-

der, and volatile elements including iodine and cesium are released. The powder pro-

duced by the voloxidation process is compacted to a pellet, which is transferred to the

following oxide-reduction process.

Strontium and residual cesium are removed from spent metal fuel in the oxide-

reduction process. Uranium is recovered mainly in the electrorefining process, which

employs a solid cathode. The rest of the dissolved elements in the salt such as residual

U, TRU, and REE are recovered in an electrowinning process with the liquid metal

cathode. Salts in oxide-reduction and electrowinning processes are recycled after puri-

fication of contaminated salt by appropriate methods.
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Figure 16.3 Pyroprocessing flow sheet developed by KAERI.
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16.5.3 History

In 1997, KAERI started to study pyroprocessing. In the beginning, the oxide-reduction

process was studied. Similar to ANL, liquid metal extraction was tested to reduce the

oxide fuel. Laboratory-scale experiments were successfully conducted. However, the

operational conditions and procedures were inadequate to scale-up, so that the metal-

reduction process was switched to an electrochemical process. The next trial was an

integrated oxide-reduction system in which a magnesia crucible encompassed a cath-

ode rod, oxide powder produced after voloxidation, and the Li2O reducing agent. The

benefit of using this integrated oxide-reduction system is direct loading of oxide pow-

der after voloxidation at the cathode. Moreover, magnesia is a nonconducting material

used to separate the anode and cathode electrically, while being porous so the ion can

be freely transferred through the magnesia crucible from the salt. However, magnesia

crucibles have less mechanical integrity and sometimes the crucible was broken and

the process was difficult to operate remotely. After trials, a stainless steel screen was

used to accommodate the oxide pellet at the cathode.

The electrorefining system has been tested with various cathodes to recover ura-

nium dendrites efficiently. Graphite was chosen as a potential cathode because the

graphite shell peels off as uranium dendrites grow on the surface of the cathode. This

reduces the work related to recovery of dendrites by cutting them off from the cathode

surface, and it increases current efficiency, which can be lowered if reverse current is

applied to eliminate residual dendrite tips.

Electrowinning process development started recently, beginning in 2007. Though

actual actinides are not authorized to be used in experiments, simulated material is

effectively used to investigate electrochemical reactions. A residual actinide recovery

system was developed to control the REE concentrations after the electrowinning pro-

cess, as the maximum RE concentrations are confined by the requirements for fast

reactor fuel composition.

16.6 Headend and oxide-reduction process

16.6.1 Headend process

The headend stage includes disassembling, cutting of fuel rods, decladding, and feed

material fabrication. The goals of technology development for the headend process are

enhancement of the fuel material recovery and increase of fission product removal

from the cladding material. Mechanical decladding is relatively easier than the oxi-

dative method. Roller straightener, hammering, agitation using a ball mill, and slitting

methods are the various potential mechanical decladding methods. Mechanical

decladding efficiency with fuel burn up is shown in Figure 16.4. Decladding effi-

ciency is high; up to 58 GWd/tU burn up. However, it is significantly reduced as burn

up increases. Mechanical decladding followed by the oxidative method showed more

than 99% recovery of fuel material. The efficiency of oxidative decladding depends on

fuel burn up, oxidation conditions, and chopped fuel length. Figure 16.5 shows that
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decladding efficiency depends on burn up and chopped fuel lengths (Park et al., 2009).

High temperatures, vacuum, and shorter chopped fuel lengths enhance decladding

efficiencies. The product of oxidative decladding is U3O8 powder.

The feed material for the following process is fabricated by granulation or pellet-

ization. For granule production, U3O8 powder is treated in the rotary voloxidizer at a

temperature of 1150-1200 °C in an argon atmosphere. The recovery rate is about 89%

for granules larger than 1 mm, while 98% for granules larger than 0.5 mm. Porous

pellets with true densities of 60-70% can be fabricated by conventional compaction

followed by sintering (Lee et al., 2012b).

16.6.2 Oxide reduction

Oxide reduction converts the oxide materials from the headend process to a metal feed

ready for the following electrochemical process. The anode is normally platinum,

while the cathode uses a stainless steel mesh basket encompassing the oxide material.

The salt is LiCl containing Li2O, and the reaction takes place at 650 °C. The reactions
at the cathode are

Li+ + e� !Li

UOx + 2 xLi!U+ xO2� + 2 xLi+

UOx + 2 xe
� !U+ xO2�

(16.5)

At the anode, the reaction is

xO2� ! x

2
O2 + 2 xe

� (16.6)

The lithium facilitates the electroreduction rate of UO2, as verified by cyclic voltam-

metry and chronopotentiometry (Park et al., 2008a,b; Jeong et al., 2010; Hur

et al., 2010).

Li+ ion concentration is a key factor for the platinum anode corrosion and reduction

reaction. When Li+ ion concentrations are low, a platinum spallation process occurs,

resulting in platinum loss (Jeong et al., 2009). If the Li+ ion concentration is high, the

backward reaction in Equation 16.5 is favored, impeding the material reduction rate

(Usami et al., 2002). The optimum Li2O concentration is known to be about 1%. For

monitoring the reaction, the O2� ion concentration can be measured by in situ square
wave voltammetry (Choi et al., 2012). Li2O concentrations less than �0.8% are com-

pared through the measurements of square wave voltammetry and acid titration, and

the results are very close together.

Investigations of reaction rate kinetics are necessary to design the reduction reactor

efficiently. Oxygen is evolved as a gas at the anode and oxide ion is dissolved into the

salt at the cathode. The rate determining resistance in the overall reaction is on the gas

evolution side rather than the oxide ion dissolution reaction. This has been verified

experimentally (Choi et al., 2011) in Figure 16.6, showing that, after a threshold point,

decreasing cathode to anode ratio increases the current density. This indicates that
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attention should be paid to anode surface area in the reactor design. Another issue at

the anode is guiding oxygen evolution by a shroud. Without a shroud, evolved oxygen

is present in the cover gas; consequently, oxygen is released to the argon cell when the

reactor flange is open. The shroud also protects against lithium reaction with the anode

material, which causes corrosion of the anode. If a nonporous shroud is applied at the

anode, then the reaction is occurring at the tip of the anode, which leads to the corre-

sponding oxygen evolution reaction area to be small. The porous shroud is much better

from this perspective (Choi et al., 2014).

Unlike uranium oxide, some rare earth oxides are not completely reduced by lith-

ium; however, unreduced rare earth oxide can be handled by further electrochemical

processing (Park et al., 2012). The unreduced rare earth oxides can react with UCl3,

which is a chemical constituent in the salt of the electrorefining reactor, to give rare

earth chlorides and uranium oxide. Rare earth chlorides in the salt are routed to the

electrowinning process, where most of them are removed, and eventually become part

of the waste product. Uranium oxide produced by the reaction of unreduced REE and

UCl3 is recovered from the electrorefining salt and is recycled to be a part of oxide fuel

material in a headend process or abandoned as a waste.

The oxide feed form, as fabricated from the prior process, was tested to investigate

the impact on reduction rate (Choi et al., 2013) in Table 16.3. Cylindrical pellets,

crushed lumps and particles, and granules were tested. Lower densities and smaller

size are favorable for higher reduction rates; however, mechanical integrity should

also be considered when choosing the feed form.

After the reaction, the reduced cathode product includes salt. This salt should be

removed before being transferred to the following process; that is, distillation at

900 °C under 1 torr vacuum is applied to remove the salt. More than 99% of the salt

is recovered. This salt contains strontium and residual cesium, which emit high heat in
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Table 16.3 Comparison of conversion rate of various UO2 forms after electrolytic reduction in 1 wt% Li2O-
LiCl at 650 °C

Conversion rate to metal U (%)b

Type (pictures) Density (%) Sizea (mm) Run 1 Run 2 Run 3 Run 4 Run 5

Cylindrical pellet 55 f 6, 8 (H) Not used Not used 100�0.3 Not used 97.0�2.7

60 f 9, 8 (H) Not used Not used 86.0�3.5 68.0�4.5 Not used

70 f 8, 8 (H) Not used Not used 96.4�0.5 96.0�3.9 Not used

80 f 8, 7 (H) Not used 87.4�6.0 95.5�0.5 90.0�4.1 Not used

>95 f 10, 12 (H) 46.0�4.0 Not used Not used 12.0�5.6 Not used

Crushed particles of type P-95% >95 1-5 97.0�4.0 Not used Not used Not used 95.0�3.2

Granule 40 f 1-5 Not used 100�0.5 Not used Not used Not used

aThe sizes were measured in ambient atmosphere.
bIn each run, the different UO2 forms were loaded in a cathode basket and their electrolytic reduction was simultaneously performed.
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the short term. The salt is transferred to a waste salt treatment system where the salt is

recycled by purification, and the residual materials are abandoned as solid waste.

16.7 Transuranic separations

16.7.1 Electrorefining

The role of the electrorefiner is to recover most of the uranium frommetallic spent fuel

transferred from the preceding oxide-reduction process. The solid cathode is used for

uranium deposition, while the anode uses a metal basket for containing the metallic

fuel. These electrodes are immersed in LiCl-KCl eutectic salt maintained at 500 °C. At
the anode, elements includingU, TRU, and REE dissolve. The residual elements such as

zirconium and others remain at the anode, which is treated as waste at the end of the

electrorefining. These remaining elements are fine particles that may be suspended

in the salt. This requires that the basket be finely porous in order to retain the particles

inside the basket. So, the respective reactions at the cathode and anode are

U3+ + 3e� !U (16.7)

U,TRU,REE!U3+ ,TRU3+ ,REE3+ + 3e� (16.8)

The graphite cathode is used for recovery of uranium dendrites, at which the graphite

peels off as the uranium dendrites grow on the graphite surface (Kang et al., 2006; Lee

et al., 2008). This eliminates the conventional scraping process for recovering ura-

nium dendrites from the solid cathode, resulting in an increase of the throughput.

The rate-determining step in the overall reaction has been experimentally explored

and found to be anodic dissolution (Li, 2002). Interfacial charge transfer coupled with

diffusion resists the anode dissolution reaction, implying increased anode area should

be considered to overcome the weakness of a rate-determining step (Lee et al., in

press). However, in reality the anode area effect is not a significant issue, as the overall

reaction in electrorefining takes place in constant current mode. This means the reac-

tion is proportional to the applied current and the rate-determining step affects only an

increase in the overpotential that relates to the product purity. As the reaction pro-

ceeds, the potential increases gradually under the constant current due to a decrease

of concentration of target material in the salt. As the potential increases, the element

next to the target material is recovered together with the target material, leading to

increasing product impurity.

UCl3 is a precursor in the electrorefining reaction, which allows uranium and other

elements to be dissolved in the salt and deposit on the cathode. If the UCl3 concen-

tration is too low, then TRU in the metal at the anode is able to codeposit on the cath-

ode. More than 6% of UCl3 is required to restrict the deposition of elements other than

uranium (Lee et al., 2006). The uranium purity is crucial because, if the uranium prod-

uct is contaminated, then it can be classified into a higher-level waste category. The

dependencies of applied voltage and initial UCl3 concentration on the composition of

recovered metal are shown in Figure 16.7.
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The uranium product contains LiCl-KCl eutectic salt entrapped in dendrites. The

salt is recycled to the electrorefiner after distillation. The distillation behavior of mix-

tures of uranium and rare earth chlorides were investigated. The vapor pressure of rare

earth chlorides is lower than LiCl and KCl; however, it was found that the rare earth

chloride is covaporized with LiCl-KCl eutectic salt (Park et al., 2011). Prior to distil-

lation, liquid separation by moderate heating is favored for removal of liquid salt from

the solid dendrites in regard to reduction of the distillation burden and faster proces-

sing rates (Kwon et al., 2011).

The distilled uranium dendrite is cast in a furnace into ingot form for safe and easy

interim storage. An initial charge of molten metal in the crucible, followed by the

addition of solid dendrite into the molten metal, facilitates smooth processing

(Jang et al., 2013).

The salt containing residual U, TRU, and rare earth elements then moves to the

electrowinning process, where all the elements are recovered together.

16.7.2 Electrowinning

The LiCl-KCl eutectic salt transferred to electrowinning from the electrorefining pro-

cess contains residual U, TRU, and REE. These elements can be recovered together by

using the liquid cadmium cathode. The anode can use uranium for compensating ele-

ment depletion in the salt, or an inert cathode at which Cl2 gas evolves as the electro-

chemical reaction proceeds. Various materials were tested for an inert anode.

Molybdenum corroded but graphite or glassy carbon were found to be suitable mate-

rials (Paek et al., 2013). However, if the anode is a rod, of which the surface area is

Figure 16.7 Dependencies of the applied voltage and initial UCl3 concentration in the LiCl-

KCl salt on the composition of the metal deposited at 500 °C.
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relatively small, then the overall reaction rate can be reduced as the rate-determining

step is Cl2 evolution at the anode. This suggests that the surface area of the anode

should be relatively large. Another issue in anode design is a shroud to guide evolved

Cl2 gas. If a nonconducting material is used, then ions for transfer are concentrated at

the bottom tip of the anode, which increases nonuniform potential distribution around

the anode leading to decrease of the current efficiency. To resolve these issues, a

graphite tube with a silicon carbide shroud is introduced to the electrowinning reactor,

showing enhanced results by increasing the anode area and allowing salt transport

through the shroud (Kim et al., 2013).

While the electrowinning reaction proceeds, uranium deposits faster than TRU and

REE, so that deposited uranium on the surface of cadmium at the cathode grows to run

off from the cadmium cathode crucible. This process was hampered by introducing a

mesh-type stirrer. The rotating mesh-type stirrer moves down into the cadmium cath-

ode, pushing uranium dendrites into the liquid cadmium. This mesh functions not only

to restrict uranium growth out of the crucible but also to increase the uranium content

in cadmium. The uranium solubility in cadmium is 2.35%, but this pushing of uranium

into cadmium increases the uranium content up to 5% (Paek et al., 2010).

The U:TRU:REE elemental ratio in the salt from the electrorefining process is

approximately 1:3:4. If these elements are recovered all together, the composition

is not compatible with fuel requirements for the fast reactor. The maximum allowable

REE concentration is reported to be 5% (Ohta et al., 2009). In order to adjust the REE

concentration in the product, oxidation of REE by CdCl2 injection has been tested

(Shim et al., 2009). Once all elements are deposited in cadmium, the injection of

CdCl2 oxidizes the REE selectively. The product is rare earth chlorides that redissolve

into the salt. Oxidation of the REE is more favorable than oxidation of TRU or ura-

nium. Accordingly, REE becomes richer in the salt, while poorer in cadmium as the

oxidation reaction proceeds.

Finally, the product with adjusted composition of U-TRU-REE is distilled to

remove cadmium and transferred to the fast reactor fuel fabrication process.

16.8 Waste treatment

There are two saltwastes; one is from the oxide-reduction process containing cesiumand

strontium, and the other is the waste containing REE from the electrowinning process.

Cesium and strontium are characterized by high heat emission so that not only the

purpose of salt recovery but also separation of heat-emitting elements is necessary to

satisfy fuel cycle objectives. Crystallization is used to recover pure salt from LiCl salt

containing cesium and strontium (Cho et al., 2010). Crystallization uses the difference

of solubilities of elements in liquid and solid phases. This method is preferred com-

pared with ion exchange methods to remove Group I and II elements, because ion

exchange needs exchange media, which increases the waste volume.

Oxidation is used to remove REEs from the LiCl-KCl salt used in the electrowin-

ning process (Cho et al., 2009). The oxide-conversion efficiency is 99%. In order to
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enhance operating conditions such as lower operating temperature and faster oxida-

tion reaction rate, phosphate precipitation is used (Cho et al., 2013). In this case,

Li3PO4 and K3PO4 are used as oxidants together. REEs react with phosphate ions

to produce rare earth phosphates that are subject to precipitation, while both lithium

and potassium ions in the oxidants remain in the salt. Consequently, the eutectic ratio

of lithium and potassium is preserved in the salt.

After oxidation, the sediment involves eutectic salt and REE precipitates, in par-

ticular, containing 80% eutectic salt and 20% rare earth oxides. In order to reduce

waste volume and increase the amount of recycled salt, the sediment is treated by dis-

tillation (Eun et al., 2012). The salt recovery rate by precipitation followed by vacuum

treatment is 99%.

The separated cesium and strontium in LiCl salt concentrates need to be solidified

for production of the final waste form. SAP (SiO2-Al2O-P2O5) was investigated as a

stabilizer (Park et al., 2008a,b). SAP functions well by resolving the difficulty of solid-

ification of chloride salt. The stabilized solid is mixed with borosilicate glass and heat

treatment so that the final solid matrix satisfies conditions for final disposal by having

low leachability. The precipitated REEs are mixed with ZIT (zinc titanate: Zn2TiO4)

producing a ceramic for waste disposal (Ahn et al., 2011).

16.9 Facilities for engineering-scale development of the
Korean pyroprocess

DUPIC fuel development facility (DFDF) illustrated in Figure 16.8 is the hot cell

facility for DUPIC fuel handling. It has 10 operating windows and operates under

an air environment. It was constructed in 1999 and has been in operation since

2006 for DUPIC fuel pellets/rod fabrication using PWR spent fuel including qualifi-

cation of DUPIC fuel fabrication. The high-power irradiation test on DUPIC fuel

manufactured at DFDF was carried out at the HANARO research reactor (Jung

et al., 2001; Ryu et al., 2008). From 2007, DFDF has been used for the improvement

of key technologies for DUPIC such as fabrication of DUPIC fuel using high burn up

PWR spent fuel. More recently, DFDF functions as a headend process for pyroproces-

sing. Disassembly and rod cutting activities are carried out at post irradiation exam-

ination facility (PIEF), and decladding, mixing, voloxidation, and fuel fabrication for

the oxide-reduction process are conducted in DFDF.

< DUPIC fuel development facility (DFDF) > < SF rod >

Figure 16.8 Views of DFDF: (left) the exterior view of DFDF; (right) spent fuel rod in

manipulator.
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ACPF was constructed in 2005 for testing oxide reduction of spent fuel. In the

beginning, the cathodic part of the oxide-reduction reactor used an integrated unit

of magnesia crucible containing uranium oxide powder and cathode. This integrated

unit was immersed in the salt. The reduction reaction was successfully demonstrated;

however, a magnesia crucible was too weak to be remotely handled. The design of the

oxide-reduction reactor was consequently changed. ACPF is now under refurbishment

for accommodating an argon chamber in the hot cell.

Instead of using spent fuel, an integrated inactive test facility is needed to test integ-

rity of all pyroprocessing unit processes, process flow monitoring, equipment remote

operability, and process information tracking. (Inactive test here means no use of irra-

diated fuel.) Instead, uranium and surrogate materials will be in use as feed material.

For these purposes, the pyroprocessing integrated inactive demonstration facility

(PRIDE) was constructed in 2012. It has 17 windows and 17 sets of manipulators.

The PRIDE environment is under argon, and an argon purification process is installed

to keep the environmental conditions such as moisture and oxygen contents below

specified limits. There is a large transfer lock system to transfer equipment into the

cell and to return the broken parts back to a workshop. A small transfer lock is located

at the end of the cell. Samples or small equipment are transferred through the small

transfer lock. Two gravity tubes are placed at both ends of the cell. Tools and simple

devices will be introduced through the gravity tubes. Views of PRIDE are shown in

Figure 16.9.

Safety analyses have been carried out on the PRIDEwith process with radiological,

criticality, structural, environmental, and industrial safety issues evaluated and

reviewed (You et al., 2011). The dose-rate assessment considering use of uranium

and simulated materials turned out to be far below the regulation limit.

The remote operability of the facility system and equipment are crucial to operate

the facility properly. Conventional master-slave manipulators with 15 kg payload are

used in the operation of unit equipment and material transportation. However, finer

actions for operations and more complex motions are envisioned to operate the com-

plicated equipment so that a bridge-transported bilateral master-slave manipulator

(BDSM) was developed (Lee et al., 2012a, 2013b). This manipulator, capable of han-

dling 25 kg/arm, was successfully installed, showing good performance inmeeting the

desired actions.

Figure 16.9 Views of PRIDE: (a) exterior view of PRIDE and (b) interior view of PRIDE.

432 Reprocessing and Recycling of Spent Nuclear Fuel



Because the PRIDE cell was planned to be constructed in a pre-existing building used

for another purpose, the cell space was limited to accommodate all unit equipment. The

oxide-reduction, electrorefining, electrowinning, and waste salt treatment processes are

in an argon cell placed on the second floor. Fuel fabrication, uranium ingot casting

equipment, and waste solidification processes in glove boxes are located on the first

floor. The design information verification by IAEA was achieved in 2012. After com-

pleting the blank test, which comprises assembling and disassembling equipment by

remote operation, temperature testing, electric current checking, and an electronic

devices check, a salt was recently introduced. The purpose of the salt test is investigation

of individual equipment operability, evaporated salt vapor effects on moving parts, salt

transportation, process losses in individual unit processes, holdup information, and elec-

tronic signal transmittances. The salt test was continued through 2014, followed by ura-

nium testing in 2015. Surrogate materials will be tested subsequently. Operation of

PRIDE will provide utility operational experience, equipment design improvement,

material measurement, online/offline monitoring, material flow checks, testing of other

innovative concepts for unit processes, and personnel training, which includes not only

process operation, but also maintenance of equipment and apparatus.

16.10 Future trends

Pyroprocessing research and development must be continued to develop the range of

interrelated technologies needed. Laboratory-scale testing has been successfully ver-

ified and the technologies for engineering-scale deployment are now under develop-

ment. PRIDE, using “inactive” materials, will contribute toward technology

development with this perspective. For actinide-related experiments, a US-ROK joint

fuel cycle study is in progress. Combination of these two activities, scale-up technol-

ogy and actinide-related technology development, will increase the technical maturity

of pyroprocessing in the future.

The direction of technology developments is to increase process efficiency and

throughput, to enhance economic viability and proliferation resistance. The reactor

design related to electrochemistry will thus be studied. The effects of actinides or

impurities of REE will be carried out to explore the product quality and generated

waste volume. Handling of high-temperature salts and reactions with corrosive mate-

rials will be explored. Various innovative concepts will be examined to increase

throughput, remote operability, and safety.

In particular, for increasing transparency of pyroprocessing technology, coopera-

tion with IAEA is needed in terms of safeguards development. The development of

safeguards technology is essential to ensure proliferation resistance. NDA and DA

technologies, online and offline monitoring for tracking special nuclear materials will

be stringently deployed.

Conceptual designs for pyroprocessing incorporating advanced technologies and

advanced safeguards concepts will be needed to evaluate economic viability and pro-

liferation perspectives. Reflecting the political strategy will also be an important issue.

It is obvious that application of a closed fuel cycle can be a promising option to resolve
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spent fuel management issues by reducing repository footprint and decay periods of

disposed products as well. In this regard, worldwide discussions on closed fuel cycle

strategies will energize technology development by clarifying the benefits of closing

the fuel cycle and making a consensus between stakeholders and the public regarding

the closed fuel cycle option.
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17.1 Pyrochemical reprocessing of spent nuclear fuels

Major objectives for future advanced nuclear energy systems are effective fuel utili-

zation for sustainability as well as waste minimization through recycling of all acti-

nides (DOE, 2002). Waste minimization is also the overall goal of partitioning and

transmutation (P&T) strategies (Magill et al., 2003), which are being developed as

an alternative waste management option to direct geological disposal of spent nuclear

fuels (OECD, 1999). P&T schemes specifically aim to reduce the long-term radiotoxi-

city of spent fuel by “burning” plutonium, minor actinides (i.e., neptunium, ameri-

cium, and curium) and long-lived fission products in dedicated reactors. For any

successful sustainable fuel cycle concept, an efficient and selective recovery of the

key elements from spent nuclear fuel is absolutely essential. Regardless of whether

transmutation of actinides is to be pursued by a heterogeneous accelerator driven sys-

tem (ADS) or fast reactor concept, or as integrated waste burning with a homogenous

recycling of all actinides, the fuels used in advanced systems are likely to be signif-

icantly different than the commercial fuels of today due to, for example, fuel matrix,

plutonium and minor actinide content, burn up, and so on. Because of the fuel type and

the very high burn up needed, traditional hydrometallurgical reprocessing such as is

used today might not be the most appropriate method. The main reasons are the lim-

ited solubility of some fuel materials in acidic aqueous solutions and the limited radi-

ation stability of the organic solvents used in the extraction processes. Therefore,

different pyrometallurgical (nonaqueous) separation techniques are under develop-

ment based on high-temperature molten salts as the solvent (OECD, 2012).

As a molten salt is a very radiation-resistant solvent, the fuel cooling times before

reprocessing can be significantly shortened. Cooling times of a few months seem fea-

sible, which can be compared to five years or longer needed for (conventional) aque-

ous reprocessing. A pyroprocess can also be made fairly compact compared to

conventional reprocessing and integrated concepts are thus foreseen in which the

irradiation and recycling/reprocessing are combined in the same facility. Further

advantages of using a molten salt are the reduced criticality hazard and the more

proliferation-resistant process due to the relatively impure product fractions. How-

ever, pyrochemical processes also have a number of drawbacks. Molten salts and

liquid metals are aggressive media; the high melting points and the corresponding

high operating temperatures require resistant construction materials. A highly pure

atmosphere is normally needed, which implies rather sophisticated technology at

the industrial scale. In addition, technological and process wastes, such as waste salt,

require novel treatments.

Pyrochemistry is often based on electrochemical methods, such as electrolysis or

electrorefining, or on reductive extraction. For metallic fuels, electrochemical

methods are particularly well-suited due to the high conductivity of both the fuel

and the solvent. Purification and recycling of uranium and plutonium from the irra-

diated fuel is done by electrorefining in molten LiCl-KCl salt and is currently the most

advanced pyroprocess (Laidler et al., 1997). It is used in the metal fuel fast breeder

reactor cycle, which has attracted global attention as one of the most promising energy
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sources for the next-generation systems. This technique was originally developed at

the Argonne National Laboratory for the integral fast reactor (IFR) concept, which

included on-site processing and recycling of irradiated metallic EBR-II fuel

(McFarlane and Lineberry, 1997). In Japan, this concept was further developed for

the OMEGA double-strata P&T scenario (Inoue and Tanaka, 1997; Koyama et al.,

2011). The proposed concept, based on deployment of fast reactors with a closed fuel

cycle, is shown in Figure 17.1. The spent metal fuel is processed to recover uranium,

plutonium, and MA (pyrometallurgical processing); the recovered actinides are used

to fabricate a metal fuel (injection casting), which is irradiated in the fast breeder

reactor (metal fuel FBR).

In the following text, some of the important present pyrochemical activities world-

wide are discussed. TheMETAPHIX experiment (Ohta et al., 2011) is an experimental

demonstration project on a closed nuclear metal fuel cycle. The program includes

fabrication, irradiation at the Phenix reactor (Marcoule, France), postirradiation exam-

ination, and finally pyrometallurgical reprocessing of the fuel. The pyroprocessing

stage is composed ofmolten salt chemical/electrochemical techniques (electrorefining,

electroreduction, and pyropartitioning) using the METAPHIX fuel before and after

irradiation.

The Russian DDP (Dimitrovgrad dry process) process has been developed up to a

semi-industrial scale. After initial chlorination of the oxide fuel in a molten chloride

salt, the separation process is based on electrodeposition of UO2 or on codeposition of

UO2 and PuO2 for production of MOX fuels by the vibropacking technique and

subsequent irradiation in the BOR 60 fast reactor. Selective precipitation of PuO2 in this

process is optional. This process has been successfully demonstrated on irradiated fuels

(Kormilitsyn et al., 2003).

Dry methods open up possibilities to also treat refractory fuel materials, such as

ceramic (oxide) or ceramic/metal-based fuels and targets. The key is the molten

salt-based electroreduction process (Kurata et al., 2004; Sakamura et al., 2009) in

which an oxide fuel is converted (reduced) to metallic form. The metallic fuel is then

subsequently treated by electrorefining.

Recovered actinide
(U-Pu-MA)

Spent metal fuel
(U-Pu-MA-Zr-FP)

Metal fuel
(U-Pu-MA-Zr)

Pyrometallurgical processing

Metal fuel FBR
(fast breeder reactor)

Injection casting

Figure 17.1 Concept of the

metal fuel fast breeder reactor

cycle. MA: minor actinide

(Np, Am and Cm), FP: fission

products.

Glatz et al. (2013).
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Pyrochemical processing of nuclear fuels and targets, using established and new

technologies, is under continuous development today (OECD, 2004). Several coun-

tries have domestic programs, for example, France (Mendes et al., 2012a), Japan

(Inoue et al., 2011), Korea (Lee et al., 2011), India (Nagarajan et al., 2011), and China

(Guoan et al., 2012). Also, in Europe, several research collaborations have been

launched over the last decade (Bourg et al., 2011; Madic and Hudson, 2004).

17.2 Electrochemical studies of actinides in molten salts

17.2.1 Basic studies in molten salt systems

An accurate knowledge of the thermodynamic and electrochemical properties of acti-

nides, lanthanides, and other fission products dissolved in a suitable carrier molten salt

(e.g., LiCl-KCl or LiF-CaF2 eutectics) is crucial for the development of pyrochemical

separation processes. The separation between actinides and fission products is enabled

by the difference in the Gibbs free energies of formation of the respective halides,

according to media used for their dissolution. This can be directly translated to the

terms of electromotive forces of the corresponding electrochemical cell reactions

and, thus, to the differences of electrode potentials needed to deposit the metals onto

an inert (e.g., W, Mo, Au, Pt) or reactive (e.g., Cd, Bi, Al, Ni) cathode. The following

data have the greatest importance: (i) standard, apparent, and deposition electrode

potentials and reaction mechanisms describing general electrochemical behavior;

(ii) activity coefficients, enthalpies, and entropies of formation as thermodynamic

quantities; and (iii) diffusion coefficients for evaluation of kinetic aspects.

In order to obtain correct and accurate results, it is necessary to have access to suit-

able equipment that maintains the required experimental conditions; to have methods

that enable preparation of the high purity chemicals required; and to correctly use rel-

evant techniques for the determination of experimental quantities. These three topics

are discussed in the following sections.

17.2.1.1 Experimental equipment for studies in molten salt media

Pyrochemical research requires a particularly pure inert atmosphere in order to protect

the highly hygroscopic materials used (chloride and fluoride salts, pure metals) from

unwanted reactions with moisture, oxygen, nitrogen, and others. The electrochemical

reactor can possibly be placed directly in a laboratory with normal atmosphere if

sufficient argon flow to the reactor is provided, the reactor is gastight, and additional

in situ purification of the chemicals used is possible. However, typically the storage

and handling of all chemicals as well as the electrochemical experiments are carried

out in a glove box under a purified argon atmosphere (the atmospheric content of water

and oxygen should be less than 5 ppm).Aphotograph of a glove box installed at the ITU

(Karlsruhe, Germany) and equipped for work with molten salt is shown in Figure 17.2.

High-temperature furnaces, electrolysers, and reactors must be used for the studies

of molten salt media as the typical temperature range needed is 400-1000 °C.
Construction materials resistant for the used chemicals at the given conditions are

typically stainless steel or quartz for chlorides and nickel-based alloys for fluorides.
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For molten salt containers, alumina or magnesia is used for chloride-based media and

boron nitride or glassy carbon for fluorides.

A three-electrode setup consisting of working, reference, and counter electrodes is

required for the electrochemical measurements. A typical electrochemical cell used

for molten chlorides is a working electrode consisting of a metallic wire, auxiliary

electrode made of molybdenumwire bent into a spiral shape, and a reference electrode

based on silver-silver chloride (1-10 wt.%) red-ox couple. A scheme and photograph

of the set-up as used in ITU is shown in Figure 17.3. The situation is more complex for

molten fluorides, as under many working conditions it is very difficult to design a

Figure 17.2 Glove box equipped for work with molten fluoride media installed at the ITU

(Karlsruhe, Germany).

Ag/AgCl (1 wt.% AgCl)
reference electrode

Working
electrode

Mo counter
electrode

Figure 17.3 Scheme (left) and

photo (right) of a three-

electrode set-up for

electrochemical measurements

in molten chloride media used

at ITU.
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suitable and stable reference electrode, except for lower-melting fluoride mixtures

(e.g., LiF-NaF-KF or LiF-BeF2 eutectics). Therefore, platinum wire is typically used

as a semireference electrode based on the Pt/PtOx/O
2� redox system. Detailed infor-

mation of the setup and equipment needed can be found in the literature, for example,

Masset et al. (2005b) for molten chloride and Massot et al. (2002) and Souček et al.

(2003) for high- and low-melting fluoride media.

17.2.1.2 Chemicals and melt preparation

All chemicals have to bemoisture free, either purified by the producer and delivered in

a sealed package under argon atmosphere (typically chlorides) or they must be puri-

fied in situ. Typical examples are heating under vacuum up to the melting point of the

given mixture or chemical treatment, for example, bubbling of HF through the molten

salts (fluorides).

Preparation of melt depends on the available input materials, because actinides,

especially transuranium elements, are rare and highly radioactive materials that are

not commercially available. They are typically stored as oxides and need a conversion

into the halide form before use. However, some actinides can be found as metals or

alloyed with zirconium. In this case, the actinide-based bath can be prepared in a setup

consisting of a crucible containing a metallic pool (usually bismuth or cadmium) and a

carrier salt phase. The actinide metal/alloy is added to the metallic pool and oxidized

by adding the corresponding metal halide (e.g., BiCl3) to the salt phase as described in

Equation 17.1

An 0
Bi-phase + Bi

3 +
salt-phase !An 3+

salt-phase + Bi
0
Bi-pool (17.1)

Care must be taken that substoichiometric amounts (compared to the actinide) of the

metal halide are added in order to avoid residual metal ion impurities in the bath. The

reaction rate can be increased by applying a higher temperature; specifically, 550 °C is

recommended for LiCl-KCl eutectic carrier salt.

If available only as oxide, halidation of actinides oxides in a molten carrier salt by

Cl2(g), HF(g), or other halidation agents can be used for preparation of the salt bath.

A particular chlorination process as carried out in ITU to prepare plutonium, neptu-

nium, and americium containing LiCl-KCl carrier salt from respective actinide oxides

is summarized in the following text. A glove box equipped with a chlorine gas line and

an off-gas treatment system (wash bottles containing 4 and 8 M KOH solutions) was

specially designed for the chlorinations. The bath containing actinide oxide is prepared

in a glassy carbon crucible placed on the bottom of a quartz reactor, which is inserted in

a vertical oven. Cl2(g) is bubbled directly to the melt with a flow rate of 15 ml/min

using a quartz tube guided through the lid of the reactor. After about 2-4 h of bubbling,

the reactor is sealed and left overnight to complete the reaction. If needed, the com-

plete procedure is repeated twice. As the oxygen released from actinide oxides reacts

with carbon from the crucible, this procedure is referred to as a “carbochlorination”

process. The final product can be checked for purity (e.g., by electrochemical mea-

surements). If needed, the impurities (likely consisting of actinide oxychlorides)
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can be removed by complete reduction using Li-Bi alloy (35 mol.% Li) followed by

reoxidation of the reduced actinide metal by BiCl3.

The reactions are described by the following schemes for tetra- and tri-valent acti-

nides (Equations 17.2 and 17.3):

2 AnO2 + 3Cl2 + 2C! 2AnCl3 + 3CO2 (17.2)

2 An2O3 + 6Cl2 + 3C! 4AnCl3 + 3CO2 (17.3)

All actinides, plutonium, neptunium, and americium were successfully chlorinated at

a temperature of 650 °C during the bubbling of Cl2 and 450-500 °C during the period

of reaction completion with the reactor isolated.

17.2.1.3 Experimental techniques

The determination of the above-mentioned electrochemical properties of actinides in

molten salts relies on transient electrochemical techniques; for example, cyclic vol-

tammetry (CV), chronopotentiometry (CP), and square-wave voltammetry (SW)

and equilibrium techniques such as electromotive force measurements (EMF) or open

circuit potentials measurements (OCP). In Table 17.1, the methods, conditions, and

the relevant equations typically used for the determination of the most important elec-

trochemical properties are summarized. In the selected references, practical applica-

tion of the methods for studies of actinides in molten salt media can be found.

17.2.2 Electrochemical properties of actinides in molten
chloride salts

The electrochemical and thermodynamic properties of actinides and lanthanides have

been extensively studied worldwide with the main focus on the carrier salt composed

of LiCl-KCl eutectic mixture, which has been selected as the main candidate for pyr-

ochemical recovery of actinides from spent nuclear fuel. The selected experimental

data collected mainly within projects PYROREP (Boussier et al., 2003), EUROPART

(Madic and Hudson, 2004), and ACSEPT (Bourg et al., 2011) of the EC/EURATOM

fifth to seventh framework programs are summarized in Table 17.2.

For development of an electrochemical separation process, the choice of cathode

material onto which the actinides are deposited is crucial. The use of reactive elec-

trodes is very advantageous, as the actinide metals are stabilized by the formation

of alloys with the cathode material, and undesired side-reactions of the deposit

(Serp et al., 2006) can be prevented. According to the available activity coefficients

of actinides and lanthanides (particularly plutonium, uranium, and cerium) in different

reactive metals, aluminum has been identified as the reactive electrode material

enabling the highest separation factor of actinides from lanthanides (Conocar et al.,

2006). The formation of An-Al and FP-Al alloys has been studied in molten LiCl-

KCl in order to determine the deposition potentials (the potential point from which
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Table 17.1 Methods, conditions, and the relevant equations typically used for the determination of the most
important electrochemical properties

Quantity/

feature Method Equation Conditions, validity, notes References

Reaction

mechanism

CV, SW No equation, the evaluation is based on

analysis of the curves (shapes of the peaks)

Masset et al. (2005b),

Serp et al. (2006)

Reversibility CV Ip � v1=2 and DE¼Ep,a�Ep,c � 2:3RT=nF Linear dependency Nourry et al. (2012)

SW Ip � f 1=2 Linear dependency Nourry et al. (2012),

Serp et al. (2006)

Number of

exchanged

electrons

CV Ep�Ep=2

�� ��¼ 2:2RT=nF Reversible soluble-soluble

transition

Serp et al. (2006)

Ep�Ep=2

�� ��¼ 0:77RT=nF Reversible insoluble-soluble

transition

Masset et al. (2005a)

SW W1=2 ¼ 3:52RT=nF Reversible systems Nourry et al. (2012),

Serp et al. (2006)

All below listed methods for apparent standard potential can be used for the determination of the

number of exchanged electrons using the slope of the lines E vs. ln XAn(ox) and/or E vs.

t1=2� t1=2
� �

=t1=2

Masset et al. (2005a),

Cassayre et al. (2007b)

Apparent

standard

potential

EMF

+OCP

Eeq:
An oxð Þ=An0 ¼E�0

An oxð Þ=An0 +
RT
nF lnXAn oxð Þ Insoluble-soluble transition Cassayre et al. (2007b)

CP E¼E0�
An oxð Þ=An0 +

RT
nF lnXAn oxð Þ + RT

nF ln t1=2�t1=2

t1=2

� �
Reversible insoluble-soluble

transition

Masset et al. (2005b)

CV Ep,c ¼E0�
An oxð Þ=An0 +

RT
nF lnXAn oxð Þ �0:854RT

nF Reversible insoluble/soluble

transition

Masset et al. (2005a)

E0�
An oxð Þ=An0 ¼ Ep,a +Ep,c

2

� �
� RT

nF ln

ffiffiffiffiffiffiffiffiffiffiffi
DAn redð Þ

p ffiffiffiffiffiffiffiffiffiffi
DAn oxð Þ

p
� 	

Reversible soluble/soluble

transition

Masset et al. (2005a)

4
4
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Diffusion

coefficient

CP i
ffiffiffi
t

p ¼ 0:5nFcAnn + S
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pDAnn+

p
Not dependent on the

reversibility

Cassayre et al.

(2007b), Masset et al.

(2005b)

CV Ip ¼ 0:446 nFð Þ3=2 RTð Þ�1=2cAnn + S vDAnn+ð Þ1=2 Reversible soluble-soluble

transition

Masset et al. (2005a),

Serp et al. (2006)

Ip ¼ 0:61 nFð Þ3=2 RTð Þ�1=2cAnn + S vDAnn+ð Þ1=2 Reversible insoluble-soluble

transition

Ip ¼ 0:496nFScAnn+ vDAnn +ð Þ1=2 anaF=RTð Þ1=2

ana from Ep�Ep=2

�� ��¼ 1:857RT=anaF

Diffusion controlled totally

irreversible system

Bard and Faulkner

(2000)

Activity

coefficient

CP, CV,

EMF

E�0
An oxð Þ=An0 ¼E0

An oxð Þ=An0 +
RT
nF lngAn oxð Þ

RT lngAn oxð Þ ¼ nFE�0
An oxð Þ=An0 �nFE0

An oxð Þ=An0

¼DG1
f �DG0

f ,SC

E0
An oxð Þ=An0 is calculated from the

available thermodynamic data

Cassayre et al.

(2007b), Serp et al.

(2006)

List of variables:
R universal gas constant (J mol�1 K�1), E0

An oxð Þ=An0 standard electrode potential (V);
F Faraday constant (C), E0�

An oxð Þ=An0 apparent standard potential (V);
T absolute temperature (K), Eeq:

An oxð Þ=An0 equilibrium potential for a pure metal/metal halide (V);
X molar fraction of the specie, Ep,c, Ep,a cathodic, anodic peak potential for CV (V);
S electrode surface (cm2), Ep/2 half-peak potential for CV (V);
f frequency for SW (Hz), W1/2 half width of the peak for SW (V);
n number of exchanged electrons, cAnn+ concentration of dissolved An (mol cm�3);
t elapsed time for CP (s), gAn(ox) activity coefficient;
t transition time for CP(s), DAnn+ diffusion coefficient (cm2 s�1);
Ip peak current of wave/peak, DG1

f Gibbs free energy of formation at infinite dilution (J);
v potential scan rate (V s�1), DGf, SC

0 Gibbs free energy of formation in the supercooled state (J).
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Table 17.2 Apparent standards potentials, diffusion coefficients, free Gibbs energies of formation, and
activity coefficients of selected AnClx and FPs in the molten LiCl-KCl eutectic at 773 K

Element Red-ox couple

E°a

[V vs Cl2/Cl
2]

D

[cm2/s]�1025
DG1

MClx

(kJ mol21) g �103 References

Th Th(IV)/Th �2.559 4.47 �987.62 0.68 Cassayre et al. (2007b)

U U(III)/U

U(IV)/UCl3

�2.509

�1.428

3.10

2.20

�726.20

�137.80

1.39

14.8

Masset et al. (2005a)

Np Np(III)/Np

Np(IV)/Np(III)

�2.682

�0.724

3.15

2.79

�776.44

�69.87

0.079

8.45

Masset et al. (2007)

Pu Pu(III)/Pu �2.770 1.6a �801.9 12.0 Serp et al. (2004)

Am Am(III)/Am(II)

Am(II)/Am

�2.676

�2.893

3.20

1.65

�816.6

�558.3

5.1

56

Serp et al. (2006)

Cm Cm(III)/Cm �2.861 1.26 �809.8 — Osipenko et al. (2011)

Ce Ce(III)/Ce �3.054 1.54 �850.11 5.05 Castrillejo et al. (2003), Madic et al. (2007)

La La(III)/La �3.095 1.63 �896.003 6.64 Castrillejo et al. (2003), Madic et al. (2007)

Nd Nd(III)/Nd �3.079 1.61 �891.371 0.38 Castrillejo et al. (2003), Madic et al. (2007)

Pr Pr(III)/Pr �3.060 1.59 �885.87 5.53 Castrillejo et al. (2003), Castrillejo et al.

(2005)

Sm Sm(III)/Sm(II) �2.00 1.35 �193.340 0.358 Cordoba and Caravaca (2004), Madic et al.

(2007)

Eu Eu(III)/Eu(II) �0.800 0.20 �77.200 2.178 Madic et al. (2007)

Gd Gd(III)/Gd �2.9993 0.95 �868.29 0.150 Caravaca et al. (2007)

aTemperature 733 K.
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the reduction starts in the real-studied system). The obtained values with original ref-

erences are summarized in Table 17.3.

17.2.3 Electrochemical properties of actinides in molten
fluoride salts

In comparison to molten chloride salts, studies in molten fluoride are less developed.

Even though a lot of experiments were carried out in various salts (e.g., LiF-NaF, LiF-

NaF-KF, LiF-CaF2), thermodynamic data could not be unequivocally determined.

This is mainly due to the lack of an invariable reference electrode. The diffusion coef-

ficients collected for different fluoride melts and calculated deposition coefficients for

selected actinides and lanthanides are summarized in Table 17.4.

17.3 Electrorefining process using solid aluminum
electrodes

Within the EC/EURATOM framework programs, two pyrochemical processes have

been selected as reference nonaqueous technologies for recovery of the actinides from

spent nuclear fuel to enable a concentration of effort on the most promising options

from the viewpoint of development of the advanced nuclear fuel cycle in Europe.

These are (i) electrorefining of actinides onto solid aluminum cathodes in molten

Table 17.3 Deposition potentials of selected An and FPs on solid
aluminum cathode in molten LiCl-KCl eutectic

Element

M3+/

M0(Al)

Temperature

(°C)

Deposition

potential

[V vs. Cl2/Cl2]

Concentration

(wt.%) References

U 450 �2.25 1.58 Souček et al.

(2009a), Cassayre

et al. (2008)

Np 450 �2.38 3.20 Souček et al.

(2009a), Souček

et al. (2009b)

Pu 450 �2.43 1.65 Mendes et al.

(2012b), Souček

et al. (2009a)

Am 450 �2.48 0.46 Souček (2008)

Nd 460 �2.63 0.50 Conocar et al.

(2006)

Gd 460 �2.64 1.58 Caravaca and

Cordoba (2006)

La 460 �2.68 0.84 Serp et al. (2005)
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chloride media and (ii) liquid-liquid reductive extraction in molten fluoride media.

The following section describes the principles and main achievements of the electro-

refining process.

17.3.1 Principle of the process

Results of the electrochemical studies described in Section 17.2.2 led to the develop-

ment of the electrorefining process for group-selective recovery of actinides from

nuclear fuel using reactive solid aluminum cathodes. In this process, electroseparation

of actinides from fission products is carried out in LiCl-KCl eutectic molten salt at

T¼450 °C by applying a constant current between the metallic fuel contained in a

tantalum basket and an aluminum cathode. During the electrolysis, actinide cations

arising from the anodic oxidation of the fuel are electrotransported and deposited onto

the aluminum cathode, where they form An-Al alloys.

Table 17.4 Diffusion coefficients and calculated deposition potentials
of selected An and FPs in molten LiF-CaF2 eutectic mixture

Element Compound

Temperature

(K)

D

[cm2/s]�1025

Edep

[V vs

F2/F
2] References

Th Th(IV)/Th 1113 5.0 �4.57 Chamelot et al.

(2007, 2010)

U U(III)/U

U(IV)/U(III)b
1083

993

2.2

1.25

�4.53

�3.81

Hamel et al.

(2007)

Pu Pu(III)/Pu 810 n/a �4.7 Hamel (2005)

Am Am(II)/Am 780 n/a �4.80 Lacquement

et al. (2009)

Ce Ce(III)/Ce 1093 2.2-5.4 n/a Chandra et al.

(2011)

Nd Nd(III)/Nd 1083 1.1-1.3 �4.98 Hamel et al.

(2004)

Pr Pr(III)/Pr 900 n/a �5.2 Straka et al.

(2011)

Sm Sm(III)/Sm(II) 1103 2.96 �5.15 Chamelot et al.

(2007), Massot

et al. (2005)

Eu Eu(III)/Eu(II) 1073 3.18 �3.53a Massot et al.

(2009)

Gd Gd(III)/Gd 1106 1.56 �4.93 Chamelot et al.

(2007), Nourry

et al. (2008)

aExperimentally determined formal standard potential.
bIn molten LiF-NaF eutectic mixture.
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Alkali, alkaline earthmetal, and rare earth fission products are also dissolved into the

melt during the process, but they are not reduced thanks to the controlled deposition

potential. The selectivity of this process ismaintained by controlling the cathodic polar-

ization above a cutoff potential for codeposition of fission products. Theoretically, zir-

conium and more noble metal FP should not be oxidized and remain in the anodic

basket. However, in practice, the extent of their cooxidation depends on the portion

of recovered actinides. According to Westphal et al. (2009), the oxidized noble metals

probablywill be partly codepositedwith actinides and partly remain on the electrolyser

hardware. The principle of the electrorefining process is illustrated in Figure 17.4.

17.3.2 Group selective recovery of actinides by electrorefining

A group selective separation of actinides from lanthanides was demonstrated by

electrorefining of both nonirradiated and irradiated An-Ln-Zr fuel produced at the

ITU (METAPHIX-1 fuel, composition U61-Pu22-Am2-Nd3.5-Gd0.5-Y0.5-Ce0.5-Zr10)

(Ohta et al., 2011). During the experiments, pieces of metallic alloy were loaded into

a tantalum anode basket and immersed into the molten salt, which already contained

dissolved actinide and lanthanide ions. A constant current was then applied between

the basket and an aluminum cathode. The metallic alloy was anodically dissolved

feeding An3+ and Ln3+ to the salt, while only actinides were collected onto the alu-

minum foils, plates, and rods as An-Al alloys. Destructive (ICP-MS) and nondestruc-

tive (calorimetry; neutron coincidence counting; gamma spectrometry; X-ray

fluorescence) analyses were used to monitor the concentration of actinides and lan-

thanides both in the salt and in the deposits; SEM-EDX analysis and optical

Molten LiCl-KCl (450 °C)

Anodic
dissolution
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reduction
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AlFPn+
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Figure 17.4 Principle of the electrorefining process of metallic An-Ln fuel using solid

aluminum cathodes.
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microscopy was used for characterization of the morphology and composition of the

deposits.

The experiments with nonirradiated fuel were focused mainly on confirmation of

the selectivity of the process and capacity of aluminum to take up actinides. More than

20 electrolyses were carried out with 24 g of metallic alloy. Homogeneous and com-

pact deposits were obtained at the aluminum foil cathodes containing mainly uranium,

plutonium, and americium. The excellent separation of actinides from lanthanides was

shown, as the deposit was composed of more than 99.9 wt.% actinides. Even when

comparing only americium to lanthanide content in the deposit, a very efficient sep-

aration was achieved (Souček et al., 2009a). Compositions of the selected deposits

during electrorefining of METAPHIX-1 fuel are shown in Table 17.5 together with

the concentrations of actinides and fission products dissolved in the melt at the begin-

ning of each run.

17.3.3 High capacity of solid aluminum for recovery of actinides

Several experiments were carried out to characterize An-Al alloys formed by electro-

deposition of individual actinides or their mixtures from LiCl-KCl-based melts and on

the capacity of solid aluminum to take up actinides (Cassayre et al., 2007a; Souček

et al., 2008). The theoretical maximum loading of actinides in an aluminum cathode

is dependent on the alloy composition; for the most typical alloy compositions of An-

Al3, this value is 2.94 g of actinides in 1 g of aluminum. Electrorefining of U-Pu-Zr

alloy (71-19-10 wt.%, respectively) was carried out to examine the maximum possible

loading of the solid aluminum electrodes. The highest actinide content in aluminum

was achieved for potentiostatic electrolysis, with 2.3 g of actinide loaded into 1 g of

aluminum. The average value for all experiments was 1.9 g of actinides. An example

of the almost fully loaded aluminum cathode prepared by the electrorefining process is

shown in Figure 17.5.

Although the experiments with thin aluminum plates showed a very high capacity

of aluminum to take up actinides, the maximum actinide content is limited by the

intermetallic diffusion of actinides and aluminum through the solid alloy phase. With

Table 17.5 Total masses of actinides (An5U, Pu, Am) and fission
products including Zr (FP5Y, Ce, Nd, Gd) in the deposits and
their concentration in melt for selected runs during electrorefining
of nonirradiated METAPHIX-1 fuel

Run

1 2 3 4 5 6

An in dep. (mg) 1017 768 265 437 330 310

FP+Zr in dep. (mg) 2.12 0.31 0.08 0.24 0.34 0.29

An in melt (wt.%) 1.63 1.30 1.27 0.51 0.71 1.66

FP+Zr in melt (wt.%) 0.50 0.55 0.79 0.81 2.66 2.37
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increasing thickness of the alloy, the deposition of actinides as An-Al alloy is more

difficult, and the cathodic potential is shifted toward the deposition potential of

lanthanides. The final point for the process is reached when the potential becomes

too negative to allow the selective separation and the current could not be decreased

to keep the desired process rate.

17.3.4 Experiments with irradiated An-Zr metallic fuel

Therefore, the experiments with the irradiated METAPHIX-1 fuel were aimed not

only toward verification of the separation abilities in a complex mixture of actinides

and fission products, but also to study the diffusion of actinides in solid aluminum.

Aluminum plates and rods were used as cathodes. The plate cathodes were 1 mm thick

and 3 mm wide, the rods had diameter 0.3 cm, and the active surface was in the range

0.9-1.2 cm2. One hundred-thirty grams of LiCl-KCl salt originating from previous

experiments was used, containing 6.15 wt.% of actinides and 0.17 wt.% of lantha-

nides. All experiments (five runs with aluminum plates, two runs with rod cathodes)

were galvanostatic, using different constant current densities in a range 10-40 mA/

cm2. Each run was stopped after the An-Al intermetallic diffusion became too slow

to enable alloy formation at the given current; that is, when the uranium metal depo-

sition potential was reached. In all cases, a uniform, dense, and well-adherent

metallic-shiny deposit was obtained. The thickness of the An-Al alloy layer on the

electrode surface was determined for each current density using optical microscope

photographs of the electrode cross sections taken inside the hot cell. Figure 17.6(left)

shows resulting deposits from the run carried out at a current density of 28 mA/cm2;

this represents an average value of the applied conditions. The layer of the An-Al alloy

is 0.48 mm thick. In addition, the alloy layer on the electrode surface is shown in

Figure 17.6(right).

The diffusion coefficient of actinides in aluminum was calculated using the equa-

tion for solid-state diffusion; knowing how the thicknesses of the alloy layers depend

on the time of electrodeposition and assuming formation of a uniform AnAl3 alloy.

The diffusion coefficient of actinides in aluminum was estimated to be

Al

Deposit

Resin

Figure 17.5 SEMmicrograph

of an almost fully loaded

aluminum electrode after

electrorefining of U-Pu-Zr

alloy fuel in LiCl-KCl salt.

The deposit is composed of

(U,Pu)Al3 alloy.
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1.5�10�7 cm2/s, that is, two orders of magnitude lower than the diffusion coefficients

of actinides dissolved in molten salt media.

During the experiments, salt samples were regularly taken and analyzed by ICP-

MS, as well as samples of the deposits. The analyses showed high current efficiencies

for the process (84-96%) and confirmed the excellent ability of the process for recov-

ery of the actinides. Even though the experiment was not focused on the selective acti-

nide deposition and the potential was allowed to drop to the value of uranium metal

deposition, high separation factors from lanthanides were achieved, especially for the

lower current density runs.

17.4 Summary and future trends

Pyrochemical methods and technologies are currently under development in several

countries around the world and are seen as an important complement to traditional

recycling technologies, particularly in the treatment of refractory fuels and targets

in advanced nuclear fuel cycles. The oxide electroreduction process is a key process

in this respect, enabling oxide fuel materials to be routed into pyrochemical reproces-

sing schemes already based on metallic fuels.

The molten chloride system has been especially well-investigated and most of the

basic electrochemical data are nowadays available. For reprocessing of metallic fuels,

a scheme has been developed utilizing the homogenous recycling of all actinides

based on the well-established electrorefining process. It takes advantage of the spe-

cific alloying behavior of actinides onto reactive solid aluminum cathodes.

An efficient and selective separation of actinides has been demonstrated using

unirradiated as well as irradiated fuel materials. However, a particular problem of

these pyrochemical processes relates to management of process wastes, especially

chloride-based salts, that require special treatment.

The molten fluoride systems are less developed and are inherently more difficult to

study because of the aggressive solvent and lack of a suitable reference electrode.

Figure 17.6 Optical microscopy pictures of an aluminum cathode with An-Al alloy deposit

after electrorefining of irradiated METAPHIX fuel (left: transverse cut, right: surface of the

electrode).
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Nevertheless, reprocessing schemes based on reductive extraction (Mendes et al.,

2012a) or fluoride volatility (Kani et al., 2009; Uhlı́ř and Mareček, 2009) have been

proposed, which look promising. The processes deploying molten fluoride media play

an essential role in development of the molten salt reactor fuel cycle, where liquid fuel

consisting of molten fluoride salt will be processed (Delpech et al., 2009; Rosenthal

et al., 1971; Uhlı́ř, 2005).
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Souček, P., Lisý, F., Zvejšková, R., 2003. Electroseparation studies of uranium and selected

lanthanides in molten LiF-NaF-KF. In: Proceedings of Global 2003, November 16-20,

New Orleans, Louisiana, USA, pp. 1582–1590.
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Acronyms

AEM alkaline earth metals

AM alkali metals

ANL Argonne National Laboratory

CRIEPI Central Research Institute of Electric Power Industry

DF decontamination factor

EBR-II Experimental Breeder Reactor-II

EPMA electron probe microanalyzer

FBR fast breeder reactor

FCF fuel conditioning facility

FEM finite element model

FP fission product

HLLW high-level liquid waste

HM heavy metal

IFR integral fast reactor

INL Idaho National Laboratory

JAEA Japan Atomic Energy Agency

JRC-ITU Joint Research Centre—Institute of TransUranium Elements

LCC liquid cadmium cathode

LWR light water reactor

MA minor actinide

MOX mixed oxide

NM noble metal

NPP nuclear power plant

PUREX plutonium uranium reduction extraction

PWR pressurized water reactor

RE rare earth

SEM-EDX scanning electron microscope/energy dispersive X-ray

SF separation factor

SS stainless steel
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TEPCO Tokyo Electric Power Company

TMI Three Mile Island

TRU transuranium or transuranic

XRD X-ray diffraction

18.1 Introduction

The study of pyrochemical fuel cycle technology started in Japan around the 1950s;

however, most of the activities were terminated in the 1970s because the government

had started construction of the pilot-scale Tokai plant using aqueous reprocessing

technology. Based on the domestic experience on the Tokai plant and French expe-

rience on the UP3 reprocessing plant at La Hague, Japanese utilities determined to

deploy a PUREX reprocessing plant, Rokkasho, as a first commercial facility. It

was constructed in 1993-2001, and is still in the hot testing phase in 2014 due to initial

troubles with the glass melter, and new regulations after major earthquakes. In the

course of this elongated introduction of the commercial plant, construction costs were

drastically increased from the original estimate. On the other hand, government

started to develop FBR cycle technology for the utilization of plutonium to be pro-

duced by Rokkasho reprocessing. Fast breeder reactors were successfully built one

after another; that is, the experimental reactor Joyo and prototype reactor Monju.

As for the reprocessing facility for fast reactor fuels, a small hot cell for PUREX test-

ing per pin was constructed and successfully operated. However, the construction of

an engineering-scale hot cell was suspended; not only due to the increase of construc-

tion costs of the cell itself but also because of the predicted increases in the costs of the

future FBR fuel cycle based on the scale-up experience with PUREX plants. Hence,

technology innovation capable of significant cost reductions was expected. Under the

circumstances, pyrochemical reprocessing technology for metal fuel, termed pyropro-
cess, developed for the Integral Fast Reactor (IFR) concept, as proposed by Argonne

National Laboratory (ANL) in USA, became the focus of R&D at the Central Research

Institute of Electric Power Industry (CRIEPI) on behalf of the electric utilities in Japan.

As well as the participation in the IFR program of ANL, CRIEPI has been carrying

out its own program consisting of basic data measurement, simulation code develop-

ment, engineering technology development, and so on, in order to address the

technology gaps between the output of the IFR program and the readiness of commer-

cial fuel cycle technology. For implementation of the own program, CRIEPI has been

carrying out collaborating studies with many domestic organizations having knowl-

edge of spent fuel reprocessing; for example, Japan Atomic Energy Research Institute,

Power Reactor and Nuclear Fuel Development Corporation (later integrated into

JAEA), Toshiba Corporation, Kawasaki Heavy Industry, Hitachi Ltd., and several

universities. After the termination of the IFR project, demonstration tests with

irradiated materials have been carried out through a joint program between CRIEPI

and Joint Research Centre-Institute for Transuranium Elements (JRC-ITU). Such

extensive activities at CRIEPI have renewed the focus on the advantages possessed

by the pyroprocess; for example, nuclear proliferation resistance, waste burden
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reduction, and MA recovery, in addition to fuel cycle cost reduction. Hence, several

other organizations within Japan have started studies into various types of pyrochem-

ical reprocessing technologies; for example, JAEA has studied electrowinning tech-

nology for oxide spent fuel, Hitachi has studied the fluoride volatility process for spent

oxide fuel, and so on.

In order to select the reference technologies for the commercialization of an FBR

fuel cycle in the mid-twenty-first century from pyrochemical technologies and mod-

ified aqueous technologies, the Japanese government and utilities jointly carried out a

feasibility study consisting of technology evaluation and cost evaluation. In 2006, they

selected two reference technologies; the “main concept” was an advanced aqueous

reprocessing technology for mixed oxide (MOX) fuel, which had been developed

by JAEA, while the “subconcept” was the pyroprocess for metal fuel, which had been

studied mainly by CRIEPI. They recognized the potential advantages of a metal fuel

cycle over a MOX fuel cycle in the core performance aspects such as breeding ratio

and fuel cycle cost, but pointed out the less experience in industrial-scale operation

(MEXT, 2006). Hence, development of the pyroprocess has continued with a focuses

on the engineering technology development and demonstration with irradiated fuels.

In this chapter, key results of the developments and basic studies will be summa-

rized along with theoretical works such as simulation model developments. The goal

is to provide a comprehensive understanding of pyrochemical fuel cycle technologies

as well as the state of-the-art in Japanese technology development.

18.2 Role of pyrochemical processing in the Japanese
fuel cycle scenario; synergy of aqueous reprocessing
and pyroreprocessing

As mentioned above, in Japan, because the reprocessing facility for light water reactor

UO2 fuel by PUREX has long been operated and MOX fuel has been manufactured at

the pilot scale, the combination of MOX fuel and aqueous reprocessing technology

was recognized as the reference commercial FBR fuel cycle technology. However,

if reduction of the waste burden by minor actinide (MA: neptunium, americium,

and curium) transmutation as well as a high plutonium breeding ratio are required

for the fast reactor in the future, it will be hard for the combination of MOX fuel

and aqueous reprocessing to realize an economic fuel cycle because of unsolved tech-

nological difficulties. For instance, the fabrication of MOX fuel containing MA

(strong radiation source) requires very complicated remote operation, and the recovery

of MA requires complex separations among MAs and between MA and lanthanides.

Therefore, whether it occurs at the beginning or middle of FBR deployment, it will

be reasonable to assume a shift in the FBR fuel cycle technology to the metallic fuel

cycle, which can realize the economic reactor core with high plutonium breeding and

high MA transmutation ratios and uses remote fuel fabrication technology known

as injection casting. The separation characteristics of TRU from lanthanide elements

by pyrochemical processing are well-known; the technology development will be
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discussed in this chapter. The scenario implies the coexistence of oxide fuel aqueous-

based reprocessing and metallic fuel reprocessing by pyroprocessing for a certain

period. It is expected to be required in the future that the shift will be carried out flex-

ibly, maintaining economic rationality.

By using the advantages of pyroreprocessing technology, which is applicable to

various fuels, CRIEPI has proposed the fuel cycle scenario given in Figure 18.1, which

has increased flexibility in the future nuclear fuel cycle deployment. In this scenario,

partitioning and transmutation (P&T) of the long-lived nuclides in high-level waste

from aqueous reprocessing of light water reactor fuel is also realized by applying

pyrochemistry to the HLLW. Hence, all actinide elements generated in the LWR

fuel cycle will be burnt in fast reactors or transmuters, thus realizing a closed

actinide cycle.

On the other hand, after the Fukushima accident, pyrochemistry has been consid-

ered for an additional role in the treatment of damaged fuel debris because it is almost

impossible to dissolve corium, (U,Zr)O2 with nitric acid.

18.3 Pyroreprocessing process development

A typical process flow sheet for pyroreprocessing for metallic and oxide fuels is

shown in Figure 18.2 (Koyama, 2011). In order to process either the LWR spent fuels

or the MOX products from the PUREX fuel reprocessing plant, these materials are
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Figure 18.1 Proposed future fuel cycle scenario in Japan.
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transformed to metals using the electrolytic reduction technique. Spent metallic fuel

dismantled from a fast reactor is disassembled and irradiated fuel pins are mechani-

cally chopped into 5-10 mm lengths. The chopped fuel pins are then sent to the molten

salt electrorefining step, where the actinides are decontaminated from the fission prod-

ucts (FPs) and recovered in LiCl-KCl eutectic melt at 773 K. The electrolytic reduc-

tion product is also fed to the electrorefining step. In the electrorefining step, two kinds

of cathodes are used to obtain different streams of products. One is a solid cathode

made of iron, where uranium is selectively collected due to its higher standard elec-

trode potential compared with other actinide elements. The other cathode is a liquid

cadmium cathode (LCC), where TRUs are collected together with uranium taking

advantage of low activity coefficient and subsequent chemical stabilization of these

elements in liquid cadmium. The cathode products taken out from the electrorefining

apparatus are accompanied by the solvents (chlorides and cadmium metal). In the

high-temperature distillation step, called cathode processing, those solvents are dis-

tilled off, and the cathode products are consolidated into dense metal ingots at the

same time. The products of the cathode-processing step are adequately blended with

other product and supplementary zirconium to make the fuel composition, and then

sent to the injection casting step to fabricate the recycled fuel slug.

As described above, the main part of the pyroreprocessing flow sheet is very simple

and the number of the required steps is much smaller than the PUREX process.

Because water, which is an excellent moderator of neutrons, does not exist in the pro-

cess as a solvent, restrictions in the apparatus design from the viewpoint of criticality

are less severe. The dimension of the process equipment per its capacity would be con-

sequently smaller. The elimination of organic solvents that are degraded by irradiation

is advantageous not only from the standpoint of process waste reduction, but also in

acceptability for high burn up spent fuel such as LWR-MOX, fast reactor fuels,

MA-containing fuels, and fuels with short cooling times. The injection-casting step

does not need minute manipulations and it has been already demonstrated to be adapt-

able to remote operations required for handling of highly active materials. All these

characteristics indicate the excellent economical potential of pyroreprocessing due to

a remarkable reduction in the plant volume.
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Figure 18.2 Process flow sheet of the pyro-reprocessing for metallic and oxide fuels.
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Another feature of the pyroreprocessing is that its economic advantage is not

diminished even in a small-scale operation as pyroprocessing is primarily a sequence

of batch processes. This feature greatly increases the value of pyroprocessing during

an introductory period of fast reactor cycle technologies where a superior flexibility

should be needed toward stepwise deployment and expeditious improvement in the

process equipment design and operational conditions.

Further, plutonium is always recovered with uranium, MAs, and a small amount of

lanthanide FPs into the LCC product. Such low decontamination properties of prod-

ucts from the pyroreprocessing could be an advantage from the viewpoint of prolif-

eration resistance. It is also an important feature that MAs inevitably accompany

plutonium throughout the pyroprocess, as it indicates attainment of “self-confine-

ment” ofMAs in the metallic fast reactor cycle conjointly with the excellent suitability

of the metallic fuel for transmutation (see Section 18.4).

Regarding the major steps in the process flow sheet, fundamental feasibility has

been demonstrated through a large number of experimental studies using actinides

and various simulants. Especially for the core steps from the disassembly of spent fuel

to the cathode processing, a lot of operational experiences with prototype or practical-

scale equipment have been already accumulated in the fuel conditioning facility (FCF)

at the Idaho National Laboratory (INL) by reprocessing of actual spent metallic fuels

from Experimental Breeder Reactor-II (EBR-II) (Goff et al., 2007; Goff and Simpson,

2009; Li et al., 2007).

However, there still remains a vast area of technical challenges to be solved before

the practical use of pyroreprocessing technologies. In this section, we present current

achievements in the research and development activities on such areas, while studies

on waste treatment processes are reviewed later in a separate section (see

Section 18.5).

18.3.1 Flow sheet development, experiments,
and computational analysis

18.3.1.1 Demonstration of the electrolytic reduction process

The principle of the electrolytic reduction process is schematically shown in

Figure 18.3 (Sakamura et al., 2009). In this process, oxide fuels are loaded at the cath-

ode in a molten chloride bath that dissolves oxide ions (O2�). The reactions at the cath-
ode and anode are as follows:

Cathode :MO2 + 4 e
� !M+2O2� (18.1)

Anode : 2O2� !O2 + 4e
� (18.2)

where M denotes actinides such as uranium and plutonium. The oxygen is electro-

chemically ionized and the actinide metal remains at the cathode. The ionized O2�

is transported through the molten chloride bath and discharges at the anode to form

O2 gas. When a carbon anode is employed, CO2 or CO is evolved instead of O2.
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The distinctive feature of the process is that the actinides never dissolve into the salt.

The advantages of the electrolytic reduction process are as follows. No reductant is

needed and the by-product is only oxygen or carbon oxide gas. The O2� concentration

in the salt is almost constant and can be maintained at a low value, which is effective

for reducing transuranic oxides (Usami et al., 2002). The amount of salt used in the

process may be small because O2� does not accumulate in the salt bath.

Three kinds of molten chloride melts (i.e., LiCl, CaCl2, and LiCl-KCl eutectic mix-

ture) were investigated for their suitability as an electrolytic reduction bath. In CaCl2,

the reduced uranium metal cohered due to the high operating temperature (>800 °C)
and a dense metal skin that covered the UO2 surface, which prevented the reduction

from progressing inside (Sakamura et al., 2006). When LiCl-KCl was used at 650 °C,
the reduction rate of UO2 was quite slow because the removal of reduction product

O2� from the cathode was retarded due to low Li2O solubility in this melt

(Sakamura et al., 2005b). Finally, it was verified that LiCl is a more suitable solvent

for reducing oxide fuels, where UO2 a1nd MOX were easily reduced into metal at

650 °C.
The effect of coexistence of alkali and alkaline earth FPs (AM, AEM), which accu-

mulate gradually in the salt bath during a long-term operation, was also investigated

(Sakamura et al., 2008). In the LiCl-CsCl system, the Li2O solubility decreased with

increasing CsCl composition; this caused the low UO2 reduction rate. On the other

hand, the presence of SrCl2 and BaCl2 did not have appreciable effect.

An electrolytic reduction test using MOX containing neptunium

(U0.55Pu0.40 Np0.05)O2 was performed in LiCl-0.72 mol% Li2O at 650 °C to gain a

better understanding of the fundamental behavior of transuranium elements (Iizuka

et al., 2006). Figure 18.4 shows the MOX before and after the reduction. Complete

reduction of the MOX was suggested by the weight change through the reduction

and SEM-EDX observations. The reduced metal cohered to form a coral-like struc-

ture. The chemical composition of the reduction products was homogeneous and

O2–

Molten salt bath

O2/CO
/CO2

~3V 

FP(Ba,Sr,etc.)

Spent
oxide fuel

Cathode:
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2O2– + C CO2 + 4e–

Figure 18.3 Schematic diagram of

electrolytic reduction process.
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identical to that of the initial MOX, indicating that the reduction was not selective

among the actinides. Although the concentrations of plutonium and americium (the

decay product of Pu241) in the LiCl salt bath increased through the tests, their absolute

values were very small.

From the results of laboratory-scale experiments, it was clarified that the oxide

reduction rate is controlled by the transportation of O2� from the inside of the cathode

to the bulk salt. In order to find optimum conditions with improved reduction rates,

engineering-scale UO2 reduction tests in a LiCl salt bath were conducted using various

types of cathode basket and oxide material. Adoption of a cathode design using per-

forated thin baskets, which decreased the thickness of the UO2 powder layer, brought

an improvement in the reduction rate (Sakamura et al., 2009). In addition, preparing

porous UO2 pellets was of great advantage in the reduction process (Figure 18.5). It

was demonstrated that 100 g of UO2 could be completely reduced to metal within 10 h

with a current efficiency of 60-80% (Sakamura and Omori, 2010). Larger-scale tests

have been performed using a cell design with a diaphragm made from MgO between

MOX pellet fragments after
electrolysis

MOX pellet
containing Np.(a) (b)

(c)
Typical cross-sectional SEM images of  the MOX
pellet fragment after electrolysis

100 μm

Figure 18.4 MOX pellet

((0.55U-0.40Pu-0.05Np)O2)

before and after electrolytic

reduction in LiCl at 923 K.
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the anode and cathode to restrain the back reactions, which are caused by metallic

lithium andO2 gas and decrease the current efficiency (Iizuka et al., 2013c). This mod-

ification, combining high reduction current and excellent current efficiency, achieved

almost complete reduction of approximately 1 kg of UO2 within about 8 h.

Electrorefining tests using the reduction products obtained from the porous UO2

pellet were performed in a LiCl-KCl-UCl3 electrolyte at 500 °C (Sakamura et al.,

2009). In this test, 97% of the uranium metal in the reduction product was anodically

dissolved into the electrolyte with a current efficiency of 88% and dendritic uranium

metal was successfully collected on the stainless steel cathode.

18.3.1.2 Development of the electrorefining process for TRU
recovery

Molten salt electrorefining, schematically shown in Figure 18.6, is a major step in

pyrometallurgical reprocessing, in which the actinide elements in chopped spent metal

fuel are recovered and decontaminated from fission products (FPs). To recover the

material for the fabrication of recycled fuel, uranium is deposited on a solid cathode

(Tomczuk et al., 1992; Koyama et al., 1997b). This process utilizes the difference

between the free-energy changes of metal chlorides. The constituents in the spent

metal fuel that tend to form their chlorides more easily than zirconium are

Porous UO2 pellets
(~100 g)

U metal product

Electrolysis
(9.3 h)

(b)

(c)

(a)

Figure 18.5 Electrolytic reduction test for porous UO2 pellets: (a) Cathode basket charged

with 103.6 g of UO2 pellets, (b) inside of cathode basket after reduction, (c) Polished cross

section of reduced UO2 pellet.

Pyrochemical fuel cycle technology developments in Japan 465



electrochemically dissolved at an anode. At a cathode, uranium, the most easily

reduced element among the dissolved materials, is preferentially reduced and col-

lected. Other actinides, such as plutonium and americium, are recovered in a liquid

cadmium cathode (LCC) because they are thermodynamically stabilized in liquid cad-

mium owing to their low activity coefficients (Iizuka et al., 2001). The main reaction

schemes of the electrorefining process are described as follows:

Anode : Uin spent fuel !U3+ + 3e� (18.3)

Puin spent fuel ! Pu3+ + 3e� (18.4)

Cathode solidð Þ : U3+ + 3e� !U (18.5)

Cathode liquid cadmiumð Þ :U3+ + 3e� !Uin Cd (18.6)

Pu3+ + 3e� + 6Cd! PuCd6 (18.7)

Solubility of actinide elements in liquid cadmium at 773 K is generally limited to a

few wt% (Johnson, 1960). Beyond the solubility, these elements form solid phases

in cadmium (uranium metal, intermetallic compounds of TRU, and cadmium). Espe-

cially, dendritic uranium deposit formed at the surface of LCC causes significant prob-

lems. It grows in uncontrollable length and direction and easily leads to mechanical

and electrical problems in the electrorefiner. Furthermore, the extended surface of the

dendrite does not function as an LCC any longer but as a solid cathode instead, where

U3+, Pu3+, MA3+

AM+, AEM2+

Pu, U, MA

U

500 �C LiCl-KCl
molten salt bath

Spent fuel

Anode Solid cathode

Liquid Cd cathode

Figure 18.6 Schematic diagram of electrorefining process.
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only uranium is collected in preference to TRUs. These problems are revealed clearly

under conditions where the uranium deposits tend to remain at the molten salt/liquid

cadmium interface; for example, at uranium content beyond its solubility in LCC or at

high uranium collection rate per unit LCC surface area (current density) (i.e., at high

cathodic current density). Many experiments and equipment design studies have been

carried out to determine conditions that enable both avoidance of growth of the solid

phases and collection of actinides at as high a recovery rate into LCC as possible.

At ANL, a “dendrite breaker” (Steindler et al., 1992) and a “pounder” (Battles

et al., 1993) were devised to push the uranium dendrite down into the cadmium phase.

In contrast, CRIEPI tried to optimize the stirring operation (Koyama et al., 1997c) to

collect actinides at high cathodic current density beyond its solubility in liquid cad-

mium. In the laboratory-scale electrorefiner for plutonium experiments, a LCC

equipped with a paddle-shaped stirrer rotating at the interface between the molten

salt/liquid cadmium phases was employed, as seen in Figure 18.7 (Uozumi et al.,

2004). The Pu/U ratio in the molten salt electrolyte was noted as an important param-

eter because the partial cathodic current density of uranium reduction, corresponding

to its deposition rate, was considered to have the most significant impact on the solid-

phase growth. At the Pu/U ratio of 4.4 in LiCl-KCl, these elements were collected

together at a constant proportion into a LCC up to 12 wt% in total. No trace of remark-

able solid-phase growth on the surface of the LCC was found, indicating smooth

recovery of plutonium and uranium throughout the electrorefining. Similar experi-

ments were repeated under various conditions. It was finally concluded that plutonium

Figure 18.7 Liquid Cd cathode equipped with a paddle-shaped stirrer.
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and uranium can be collected together in the LCC at Pu/U ratios of more than 2-3 in

the molten salt bath. The largest cathodic current density achieved for simultaneous

recovery of plutonium and uranium beyond their solubility in liquid cadmium was

156 mA/cm2 (Kato et al., 2003). Based on this result, the maximum recovery rate

of actinides into a LCC for practical use, whose dimension is assumed to be 30 cm

in diameter, can be estimated to be approximately 320 g/h.

To investigate the anodic behavior of a U-Pu-Zr ternary fuel alloy and the cathodic

behavior of MAs (Np, Am, Cm) at a LCC, small-scale electrorefining exper-

iments using unirradiated alloys 71U-19Pu-10Zr and 67U-19Pu-10Zr-2MA

(1.2 Np,0.6Am,0.2Cm)-2RE(1.4Nd,0.2Ce,0.2Gd,0.2Y) by wt%, were carried out

(Koyama et al., 2002; Kinoshita et al., 2005). These alloys were originally fabricated

at JRC-ITU for a transmutation test (see Section 18.4.3). Plutonium and uranium were

simultaneously recovered into the LCC with codeposition of small amounts of MAs,

zirconium, and REs. The separation factors (SFs) of uranium, neptunium, americium,

curium, and cerium against plutonium, derived from the composition of recovered

deposits and the salt bath, were similar to the values obtained from the equilibrium

distribution experiment in the LiCl-KCl/Cd system. These results demonstrated that

it is feasible to recover all actinides separated from RE fission products by electrore-

fining using LCC. The anodic dissolution of the alloys progressed from the outside,

leaving a dense layer containing salt and zirconium metal around the alloy surface.

More than 99.9% of both uranium and plutonium elements were dissolved from

the alloys and about 55% of zirconium remained.

SFs of element M (M: U, Am, La, Ce, Pr, Nd) against plutonium, defined as [M/Pu

in molten salt]/[M/Pu in Cd alloy (cathode)], were evaluated for LCC products beyond

saturation with deposited elements (Kato et al., 2006). After annealing the LCC prod-

uct in the salt bath, the evaluated SFs were close to literature values determined in the

equilibrated system (see Section 18.6), although there were small discrepancies due to

formation of the MCd11-type solid phase of different composition from the liquid cad-

mium phase. For the LCC product samples without annealing, evaluated SFs (La: 91,

Ce: 23, Pr: 16, Nd: 16) showed somewhat larger differences from the literature values.

These differences were considered to be caused by the concentration gradient at the

salt/LCC interface formed by the diffusion-limited electrochemical transfer of the

actinide and lanthanide elements. This result indicates a necessity to account for

kinetic considerations in the quantitative discussion on the behavior and performance

of the LCC.

18.3.1.3 Development of electrorefining simulation codes

The material transport in the electrorefining process is quite a complicated phenom-

enon and influenced by a great number of parameters. Therefore, it is necessary for

improvement in performance of the electrorefining step to develop and use an analysis

code founded on the accumulated knowledge about this process. For this purpose, a

simulation code TRAIL was developed (Figure 18.8), which introduced a simple

kinetic treatment based on a diffusion layer model into the calculation of the material

transport in the electrorefining process (Kobayashi and Tokiwai, 1993). Assuming a
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local equilibrium at the electrolyte/electrode interfaces and a linear concentration gra-

dient of the species in the vicinity of the electrode, the following Equations 18.8–18.10

are used for each electrode reaction (at the molten salt electrolyte/LCC interface under

a constant electrorefining current, for example):

Ec ¼EX
0 +

RT

ZXF
ln

gsaltX Xsalt
cs

gCdX XCd
Cs

� �
(18.8)

whereEc (V) is the cathode potential,E0
X is the standard potential of elementX,R is the

gas constant (8.314 J/mol K), T (K) is the temperature, ZX is the number of equivalents

per mole of X in the salt, F is Faraday constant (96,485 C/mol), gX
salt is the activity

coefficient of X in the salt, Xcs
salt (mol/cm3) is the concentration of X at the salt side

of the salt/LCC interface, gX
Cd is the activity coefficient of X in liquid cadmium, Xcs

Cd

is the concentration of X at the cadmium side of the salt/LCC interface, and

icX ¼ ZXFD
Cd
X

XCd
cs �XCd

b

dCdc
¼ ZXFD

salt
X

Xsalt
b �Xsalt

cs

dsaltc

(18.9)

where iX
c (A/cm2) is the anodic current density carried by X, DX

Cd (cm2/s) is the diffu-

sion coefficient of X in liquid cadmium, Xb
Cd (mol/cm3) is the concentration of X in

bulk liquid cadmium, dc
Cd (cm) is the thickness of diffusion layer in liquid cadmium,

DX
salt (cm2/s) is the diffusion coefficient of X in the salt, Xb

salt (mol/cm3) is the concen-

tration of X in bulk salt, dc
salt (cm) is the thickness of diffusion layer in the salt, and

itotal ¼
X
X

icX (18.10)

where itotal (A/cm
2) is the total cathodic current density.

If the cathode potentialEc is given, the concentration of elementX on both sides of the

cathode surface (Xcs
salt, Xcs

Cd) and the current density by each element can be calculated by
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Figure 18.8 Diffusion layer model used in TRAIL (example for molten salt/LCC interface).
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solvingEquations 18.8 and 18.9 under the boundary conditions (Xb
salt,Xb

Cd). Then the cur-

rent density for each element can be calculated by Equation 18.9. This procedure is iter-

ated by testing different values of Ec until the sum of the calculated current components

given by Equation 18.10 agrees with the applied total anodic current.

The evaluations by this code finely reproduced the change of molten salt bath com-

position during solid cathode operation and the transition of the LCC composition,

indicating its validity.

An excess increase of cell voltage in an electrorefiner causes a local overpotential

and possibly leads to unexpected reactions and electrochemical corrosion. In the elec-

trorefiner design, therefore, reduction of the cell resistance by optimization of elec-

trode shape and arrangement is an important problem for minimization of the cell

voltage, maximization of the electrolytic current, and leveling of the current/potential

distribution. To evaluate the current/potential distribution in the electrorefiner, the

effect of polarization on the electrochemical potential at the electrode surface should

be taken into consideration. In evaluation of the secondary current/potential distribu-

tion in the electrorefiner using the DEVON code (Kobayashi et al., 1995), calculation

of the current/potential distribution by solving the Laplace equation using the FEM

method and estimation of the polarization effect based on the diffusion-layer model

are repeated alternately until they converge to constant states. The calculation on the

relation between cell resistance/amplitude of polarization and uranium concentration

in the molten salt bath are in good agreement with the experimental result, demonstrat-

ing the utility of this code in the electrorefiner design.

The electrorefining experiments using unirradiated U-Pu-Zr alloy pins (Koyama

et al., 2002; Kinoshita et al., 2005) showed that anodic dissolution of plutonium

and uranium proceeded in the radial direction in preference to zirconium and that a

porous zirconium layer was left at the surface of the anode residue. The anode poten-

tial was abruptly increased at a certain point to a level suggesting that zirconium in the

alloy was involved in the anodic dissolution, although a large amount of uranium and

plutonium remained inside the residue. On the other hand, the observation of anode

residue after the engineering-scale electrorefining tests using U-Zr alloy pins revealed

that an intermediate layer containing 50-67 at%-Zr, corresponding to the d-phase in
the U-Zr binary phase diagram, was formed between the porous zirconium layer at the

surface and undissolved U-Zr layer (Iizuka et al., 2010).

To improve the performance of the whole pyrometallurgical process, it is highly

important to quantitatively understand and precisely predict the relation between

the conditions of the electrorefining operation and the anodic behavior of metallic

fuel. However, the TRAIL code cannot model the spent metallic fuel anode, which

is essentially a composite of solid phases changing its structure, dimension, and com-

position of every moment. Therefore, the complex anodic dissolution of metallic fuel

(U-Zr or U-Pu-Zr alloys) was modeled (Iizuka and Moriyama, 2010) on the basis of

the findings from a number of past electrorefining tests.

In this model, a multilayered structure consisting of the undissolved fuel alloy, an

intermediate layer that has the d phase composition, and a porous zirconium layer is

formed according to anodic dissolution of the actinides (Figure 18.9). The succeeding

anodic reaction and its location are determined from the limiting diffusion rate of dis-

solved actinides in those layers in addition to a diffusion layer formed in the
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electrolyte at the surface of the anode. To calculate the anode potential based on the

local equilibrium of uranium at the surface of the anode residue, an exponential dis-

tribution of uranium activity in the porous zirconium layer was assumed.

Simulation of the previous engineering-scale U-Zr electrorefining tests (Iizuka et al.,

2009) using the model showed that the calculated dissolution ratios of uranium and zir-

conium, which are directly affected by themultilayer formation, were in agreement with

the experimental resultwhen the alloypin is chopped sufficiently short.Thegrowthof the

thick d layer found in some parts of the anode residue sampleswas also explained by sim-

ulating the local anode behavior at lower anodic current density than the average value.

The laboratory-scale electrorefining tests with the unclad U-Pu-Zr ternary alloy

were also simulated. The characteristic change of the anode potential during these

tests was reproduced in the calculation by fitting the parameters used in the definition

of the uranium activity in the porous zirconium layer (Figure 18.10). Small disagree-

ments found between the experimental and calculation results, such as the gradual

increase in the actual anode potential, would be attributed to the distribution of the

porous zirconium layer thickness at the surface of the anode or the slight decrease

in the amount of uranium dissolved in solid a-phase zirconium.

18.3.1.4 Development of an actinide recovery process
from anode residues

In the electrorefining step for spent metallic fuel, one of the most important points is to

maximize the anodic dissolution rate and minimize the remaining amounts of the acti-

nides in the anode residue. Because zirconium in the metallic fuel has a high standard

redox potential relatively close to that of uranium, it is inevitable that some of the
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Figure 18.9 Schematic view of

anode model with multi-diffusion
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zirconium is dissolved when a very low remaining concentration of the actinides is

required or when a large anodic current density is imposed to obtain a high dissolution

rate (Iizuka et al., 2009, 2010).

Some of the anodically dissolved zirconium is rereduced and accumulates in the

electrorefiner. The recovery of zirconium from the electrorefiner vessel requires a sig-

nificant amount of time. The remaining zirconium is electrotransported with uranium

to the cathode and increases the operational temperature at the cathode-processing

step, where the electrolyte accompanying the cathode product is removed by high-

temperature distillation. From these viewpoints, it is clearly desirable to leave as much

zirconium as possible in the anode residue at the end of anodic dissolution. However,

it is expected that a low ratio of remaining uranium and a high recovery rate of the

actinides cannot coexist under such restrictions.

CRIEPI proposed a new treatment process called anode processing for the anode

residue that is added after the electrorefining step to achieve a high recovery rate and

percentage recovery of the actinides in the pyrometallurgical reprocessing flow sheet

(Figure 18.11) (Iizuka et al., 2013a). Anode processing consists of two steps: (i) oxi-

dation of the remaining actinides in the anode residue into the molten chloride solvent

by the addition of cadmium chloride (CdCl2), and (ii) removal of the accompanying

chloride by high-temperature distillation. After these steps, the anode residue is

melted and consolidated as a metallic waste for disposal. Finally, the chloride contain-

ing the recovered actinides is recycled to the electrorefining step.

The oxidation of the remaining uranium by CdCl2 was studied using anode residue

from previous electrorefining experiments with U-Zr alloys. The reaction between

uranium and CdCl2 was completed in about two days with a satisfactory chlorine bal-

ance among the species in the molten chloride solvent (Figure 18.12). A high uranium

oxidation rate was attained by appropriately controlling the rate of CdCl2 addition.
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The analytical results indicated that essentially all the noble metal fission products

were held in the anode residue throughout the proposed treatment process.

Processing the anode residue after the oxidation of uranium, high-temperature dis-

tillation tests were carried out at 1473 K and a pressure of approximately 300 Pa to

remove the accompanying salt. The chloride content in the anode residue was lowered

to 1-2.5% by the distillation operation. Although the anode residue was heated to

1673-1773 K at a pressure of about 50 kPa after the distillation, it was not melted

completely. The concentration of remaining uranium after the electrorefining and

the above treatment process was evaluated to be 0.04-0.20%. This value is considered

to be satisfactorily low considering the target uranium recovery of 99.5% in the pre-

vious pyrometallurgical reprocessing facility design study.
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Figure 18.11 Anode processing proposed by CRIEPI for recovery of residual actinides

in anode residue from the electrorefining process.
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18.3.1.5 Design of high-performance equipment

As the largest portion (70-90 wt%) of the spent metal fuel is occupied by uranium, the

recovery rate of uranium at the solid cathode is a very important factor for evaluating

the feasibility of the electrorefining process. An electrorefiner equipped with a con-

centrically configured anode/solid cathode module of 30 cm diameter and a mecha-

nism for scraping off cathode deposits was developed to increase the uranium

recovery rate (Figure 18.13). Stalling of the anode and scraper rotation due to the inter-

ference by the cathode deposits was completely diminished by themodifications in the

design of the anode basket and scraper mechanism. Under the condition that the dis-

solution of zirconium from the spent metal fuels take place simultaneously with ura-

nium for obtainingmaximum throughput, a current of 400-450 Awasmaintained until

82% of about 7 kg of uranium, initially loaded to the anode, was recovered. The ura-

nium recovery rate for the same duration reached 789 g U/h per electrode (Iizuka

et al., 2009).

In handling operations, it is time-consuming to move the LCC in and out of the

electrorefiner for each batch operation because the risk of the ceramic crucible break-

ing due to thermal shock needs to be avoided. Employing transport technologies for

high-temperature liquids (see Section 18.6.3), an engineering-scale electrorefiner with

a semicontinuous LCC was designed and fabricated (Koyama et al., 2007, 2011). The

masses of the molten salt electrolyte and cathode cadmium used in this electrorefiner

were about 190 kg and 50 kg, respectively. The integrated tests to demonstrate the

recovery of plutonium through electrorefining and distillation were carried out using

gadolinium as a simulant. The obtained throughput corresponding to 215 g-HM/h was

high enough to demonstrate the feasibility of the novel electrorefiner (Koyama et al.,

2009). Finally, the above-mentioned high-throughput anode/cathode module and the

semicontinuous LCC were incorporated into a prototypic electrorefiner as shown in

Figure 18.14.

Anode basket

Outer view of  cathode

Scraper system

Figure 18.13 Electrorefiner equipped with concentrically configured anode/solid cathode

module and scraper system for cathode deposit.
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18.3.1.6 Reduction of actinide losses in pyrochemical processes

In order to develop a process flow sheet appropriate for evaluation of industrial applicabil-

ity, pyrochemical process steps such as reduction, electrorefining, and distillation have

been tested in sequentialmodeusingunirradiatedplutoniumfuels as a part of the joint stud-

ies between CRIEPI and JAEA (Kitawaki et al., 2011). MOX fuels were reduced to metal

formby the electroreduction, and the reduction productswere charged in the electrorefiner

to recover uranium and Pu-U as cathode deposits. The deposits were heated to separate the

accompanying cadmium and salt and to obtain consolidated uranium or U-Pu alloy. As

shown in Figure 18.15, the obtained mass balance for plutonium and americium is satis-

factory to demonstrate the feasibility of the process in sequential mode. Imbalance was

observed for uranium, becauseUCl3 in the electrorefining electrolyte reacted with oxygen

impurity to form precipitates. However, it was also demonstrated that thematerial balance

of uranium can be recovered by the addition of ZrCl4 (Sakamura et al., 2005a), which

reactswith theprecipitatedUO2byrechlorinating itback into theelectrolyte.Therecovered

plutonium was supplied for fabrication of U-Pu-Zr alloy for future experiments with

metallic fuels.

18.3.2 Small-scale demonstration with irradiated fuels

In the framework of the collaboration program between CRIEPI and JRC-ITU, pyr-

oreprocessing experiments using various types of irradiated fuels have been per-

formed. In the following section, an outline and major results of these activities are

Figure 18.14 Engineering-scale

electrorefiner with high-throughput

anode/cathode module and the semi-

continuous LCC.
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presented. A detailed description of the hot cell facility dedicated to the pyroreproces-

sing studies and the metallic fuels irradiated at Phénix (METAPHIX) are given in

Section 18.4.3.

18.3.2.1 Electrolytic reduction of irradiated MOX fuels

The recovery of TRUs from spent oxide fuels and their introduction to the metallic

fuel cycle leads to reduction of the environmental burden of radioactive wastes. To

demonstrate the feasibility of this proposal, electroreduction of irradiated commercial

MOX fuel and SuperFact fast reactor fuel were carried out (JRC-ITU, 2010; Kato

et al., 2011).

The burn up of the commercial MOX fuel used in this work was 44 GWd/t-U and

the plutonium content was 3.6 wt%HM. After decladding, the fuel fragments were put

in a steel mesh basket and electrochemically reduced in LiCl-1 wt% Li2O melt at

923 K. Three runs were conducted at a scale of 5 g fuel per batch. In the first and sec-

ond runs, the current was applied to achieve complete reduction, while it was stopped

before complete reduction of the loaded fuel in the third run. Figures 18.16(a) and (b)

show the cross section of the reduced fuels in the third and first runs, respectively.

Arrangement of shiny metal and dark oxide parts observed in Figure 18.16(a) indi-

cates the reduction proceeded from outer to center in the basket as well as in the

respective fuel fragments. Because only the metallic part was observed on the cross

section of all the cut fragments in Figure 18.16(b), most parts of the fuel appeared to be

reduced. The reduction yield determined by means of the gas burette technique was

about 95%.
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Nearly all of the actinides and noble metals remained in the reduced fuel. Alkali

metals, alkali earth metals, and tellurium, selenium, and europium moved out of

the fuel and dissolved in the salt bath. It was considered that some portion of lantha-

nides also moved out of the fuel in the form of complex oxides with Li2O:MLi2O3 (M:

lanthanides), as dissolution ratios of these elements into the molten salt bath were in

reverse order of solubility of their oxides (Gourishankar et al., 1997; Kato et al., 2009).

The amounts of lanthanides in the salt bath were, however, much smaller than these

decreases in concentrations from the cathode. This discrepancy was explained by the

precipitation of once-dissolved oxides at the bottom of the crucible used in the exper-

iment. In fact, TRUs and rare earths were found in the samples taken from the bottom

part of the salt bath in much more highly enriched conditions compared to U235.

The reducedMOX fuel was electrorefined in a LiCl-KCl-UCl3 melt at 773 K. Den-

dritic uranium deposited successfully on to a solid cathode and TRUs were recovered

into a liquid cadmium cathode. The separation of TRUs from REs was consistent with

the previously available thermodynamic data.

The electroreduction test using about 0.4 g of SuperFact fuel, which was a test fuel

used for neptunium transmutation and irradiated up to 6.5% burn up (approximately

62 GWd/t-HM) in the Phénix reactor (Babelot and Chauvin, 2009), was also per-

formed in LiCl-1 wt% Li2O melt at 923 K. The composition of this fuel was

57 wt% of uranium, 23 wt% of plutonium, 1.5 wt% of neptunium, 2.2 wt% of

Am+Cm, and 5.1 wt% of fission products (FPs). The gas burette analysis showed that

the reduction yield achieved in this test was 97%, indicating that the majority of ura-

nium, neptunium, and plutonium in the fuel was successfully reduced to metal forms.

18.3.2.2 Electrorefining of irradiated metallic fast reactor fuels

Electrorefining experiments using metallic fuels irradiated at Phénix are in progress

under the collaborative program between CRIEPI and JRC-ITU to clarify their char-

acteristics in the anodic dissolution and establish knowledge on the behavior of acti-

nides and fission products during the electrorefining process. The latest results of the

Figure 18.16 Cross section

of irradiated LWR MOX

fuel after electrolytic

reduction: (a) current was

stopped before complete

reduction, (b) current was

applied to achieve complete

reduction.
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small-scale electrorefining tests using the irradiated U-Pu-Zr ternary alloy fuels are

summarized in this section (Murakami et al., 2014).

A high dissolution ratio of actinides (U: 98.9%, Pu: 99.8%, Np: 99.0%, Am:

98.9%) was achieved even under conditions aiming to restrain codissolution of zirco-

nium. In the molten LiCl-KCl bath, the concentration of uranium decreased while

those of TRUs increased with the progress of the electrorefining step as only solid

cathodes were used. The material mass balance of actinide elements was excellent

throughout the experiments.

The concentration of alkali and alkaline earth elements in the molten salt bath

increased dramatically in the initial stage of the electrorefining to reach a plateau. This

result indicated that the dissolution of AM and AEM occurred chemically and inde-

pendently of the progress of the anodic dissolution according to the following

reactions:

3AM+U3+ ! 3AM+ +U AM : Cs orNað Þ (18.11)

3AEM+2U3+ ! 3AEM+ + 2U AEM : Baor Srð Þ (18.12)

It was also suggested that some alkalis and alkaline earths, dissolved in the bonding

sodium in the metallic fuels pins, were transported to the upper gas plenum area

together with sodium during the irradiation (Ohta et al., 2009a,b, 2011). A favorable

material mass balance was obtained also for rare earth FPs. The major part of these

elements dissolved and accumulated in the molten salt bath, although 0.5-1.5% of

them remained in the anode residue, probably in the form of alloys with noble metal

FPs (Keiser andMariani, 1999; Mariani et al., 2011, 2012). About 82.5% of zirconium

remained in the anode residue, while the rest was found in the cathode deposits or at

the bottom of the crucible. Most of the noble metal FPs remained in the anode residue.

SEM-EDX analyses showed that the anode residue was composed of three distinct

concentric areas of different zirconium content, which had been formed according to

the thermal gradient in the fuel during irradiation as seen in Figure 18.17 (Murakami

et al., 2014). These three areas were the central part (porous zirconium structure of g
phase,�27 wt%Zr), the intermediate part (aggregated zirconiumparticles ofg+z phase,
�2 wt%Zr), and the outer part (porous zirconium structure of d+z phase,�14 wt%Zr).

In each area, noblemetal fission productswere retained in the structures of zirconium in a

similar fashion as observed in the anode residues obtained in the tests using unirradiated

alloys (Iizuka et al., 2009).

18.3.3 Scale-up demonstration with uranium sim-fuels

18.3.3.1 Engineering-scale fuel cycle tests using simulated
oxide/metal fuels

As pyrometallurgical reprocessing is primarily a sequence of batch processes, its eco-

nomic advantage is not compromised by small-scale facilities that process several tons

of heavy metals (HMs) per year only. Then, in the case of pyrometallurgical reproces-

sing, the critical step on the way to practical use would be a demonstration using
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irradiated materials and process equipment of several tens of kilograms capacity. As a

preliminary stage for the demonstration, a fuel cycle test using uranium and simulants

with process equipment of 1 t-HM/y throughput (Figure 18.18) was carried out (Iizuka

et al., 2013b) to obtain the following knowledge and to demonstrate the major steps in

the pyrometallurgical reprocessing from an engineering viewpoint.

1. Establishment of equipment design for long-term and hot cell operation with stable

performance

2. Quantitative influence of the impurities on the behavior of sensitive materials such as molten

chlorides and active metals on the material balance during repeated engineering-scale

operations.

3. Design of the handling and transfer systems for intermediate solid products between the var-

ious process equipment used in hot cell operations.

Casting furnace Electrorefiner

 

Salt distillation
equipment

Recycled U-Zr fuel

Electroreduction
equipment

UO2

Figure 18.18 Fuel cycle test using U and simulants with process equipment of 1 t HM/y

throughput.

Center part
(porous Zr, ~27 wt% Zr)

Intermediate part (aggregated
Zr particles, ~2 wt% Zr)

Outer part
(porous Zr, ~14 wt% Zr)

Figure 18.17 Cross section of anode residue after electrorefining of irradiatedU-Pu-Zr ternary fuel.
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These cycle tests were performed in two phases (Figure 18.19). The first phase sim-

ulated the introduction of spent oxide fuel into the metallic fuel cycle by sequential

operation of the electroreduction of UO2, the electrorefining of the reduction product,

the salt distillation from the electrorefining product, and the injection casting of U-Zr

alloy using the recovered uranium metal. In the second phase, the cycle tests, includ-

ing the electrorefining, salt distillation, and injection casting steps, were repeated three

times, simulating the metallic fuel itself. In the second and third cycles, simulant fis-

sion products (cerium and ruthenium) were added at the injection-casting step to study

their behavior and distribution during the cycle tests. The U-Zr alloy rods manufac-

tured in the injection-casting step using the electrorefining product were cut into small

pieces, and supplied again for the electrorefining step of the following cycle.

The electroreduction equipment contains about 10 l of LiCl-Li2O electrolyte, and

6 kg-UO2 can be loaded into the cathode at maximum capacity. The electrorefiner has

a capacity of about 30 liters of LiCl-KCl electrolyte. A cylindrical cathode is located at

the center, surrounded by four anode baskets in which up to 5 kg of the electroreduc-

tion product or chopped U-Zr alloy pins are loaded. The uranium cathode product is

removed using scraper blades and collected in the container below the electrodes

(Figure 18.20). The accompanying electrolyte to the electrorefining cathode product

is separated and the remaining metal is consolidated by high-temperature distillation.

U-Zr
Salt

distillation

UO2 Electro-
reduction

Electrorefining
Injection
casting

First phase of fuel cycle test:
Simulating introduction of oxides
to metallic fast reactor fuel cycle

U-Zr

Second phase of fuel cycle test:
Simulating metallic fast reactor
fuel cycle

Figure 18.19 Scheme of first and second phases of fuel cycle test using uranium and simulants.

Top view of  deposit
scraped off  into container

Bottom view
(after taken out
from container)

Figure 18.20 Cathode deposit obtained by electrorefining operation in fuel cycle test using

uranium and simulants.
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The consolidated metal product is sent to the injection-casting furnace with a capacity

of about 6 kg/batch. Thirty slugs of approximately 300 mm in length and 6 mm in

outer diameter can be casted in one operation (Figure 18.21). The casting operation

is automated. The fabricated U-Zr pins are chopped and brought back to the electro-

refining step to simulate the metal fast reactor fuel cycle. Besides these items of pro-

cess equipment, the product treatment equipment and self-propelled in-cell transfer

system have been installed. The former heats the electroreduction/electrorefining

cathode products to 773-923 K to melt the adhering electrolytes and transfers them

from one container to the other. The latter is remotely controlled to move both the

electrodes in the electroreduction/electrorefining equipment and also the equipment

itself for replacement or maintenance.

During the first phase of the fuel cycle tests, it was demonstrated that the simulated

metallic fuel (U-Zr alloy rods) was successfully fabricated at the engineering scale

using UO2 as the starting material. The electrorefining, product transfer, salt distilla-

tion, and injection-casting equipment operated satisfactorily, and their performance

was sufficiently high. The material balance of uranium was excellent and the change

of the total amount of uranium in the whole process accounted for, at the start of the

electroreduction test and after the completion of the injection casting test, was nomore

than 1.12%.

The second phase of the fuel cycle tests was also successfully completed with sat-

isfactory performance of each item of process equipment. The material balance of ura-

nium, zirconium, and ruthenium was essentially satisfactory and no influence of the

three-time repetition of the fuel cycle tests on performance was found from this view-

point. Changes in the total amount of uranium accounted for during each cycle were

evaluated to be 3-4%, which may be somewhat large to be applied directly to the mate-

rial accountancy in the future engineering-scale demonstration using irradiated fuels.

Because the most important origin of the discrepancy is considered to be the inhomo-

geneity of the anode residue and cathode products, this problem would be solved by

obtaining more representative samples from these materials by performing the anode

Materials used in
injection casting operation Cast U-Zr alloy slugs(b)(a)

U ingots obtained in
salt distillation tests

Fresh Zr

Remainder U-Zr in
previous operation

U-Zr stock pins

Figure 18.21 Loaded materials and U-Zr alloy rod product from injection casting operation

in fuel cycle test using uranium and simulants.
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Figure 18.22 Revised process flow sheet of pyrometallurgical reprocessing plant for metallic fast reactor fuel.

4
8
2

R
ep
ro
cessin

g
an
d
R
ecy

clin
g
o
f
S
p
en
t
N
u
clear

F
u
el



residue treatment including metal waste consolidation (Iizuka et al., 2013a) and the

cathode processing for all the cathode products.

18.3.4 Conceptual studies on a fuel cycle facility

With recent technological progress, including the process and engineering develop-

ment introduced in this chapter, the process flow sheet of a pyrometallurgical repro-

cessing plant for metallic fast reactor fuel was revised as seen in Figure 18.22

(Kinoshita et al., 2012). Major points of modification are a decrease in the quantity

of electrorefining equipment derived from the improvement of its performance

through the engineering studies, the application of anode processing, a decrease in

the amount of ceramic waste coming from the optimization of composition of zeolite

material used in the spent salt treatment process (preconversion from Na12[(AlO2)12
(SiO2)12] to Na4.3Li7.7[(AlO2)12(SiO2)12] in aqueous solution), and so on.

The material balance calculated based on the revised process flow sheet showed

that losses of actinide elements during pyrometallurgical reprocessing are small, as

shown in Table 18.1, and that the recovery ratio of each actinide is estimated to be

higher than 99%.

On the basis of the above evaluation studies, the conceptual design of a pyropro-

cessing fuel cycle facility for 40 tHM/y throughput of metal fuel was carried out. In

addition to detailed design of each apparatus, safety issues such as loss of the cooling

system were incorporated in the design. As shown in the bird’s eye view in

Figure 18.23, the designed facility has a size of 50 mW�103 mL�34 mH, and con-

sists of four floors. Hot cells for fuel fabrication apparatus and waste treatment appa-

ratus were installed on the basement floor. Hot cells for the reprocessing apparatuses,

such as two electrorefiners and six cathode processors, were installed on the first floor

along with in-cell transport equipment and stock areas, while a six-staged contactor

and two zeolite columns were installed on the second floor. Utilities were located

on the third floor. Based on this design, capital cost of this facility was roughly esti-

mated, and a relatively low fuel cycle cost was obtained: 500,000 yen/kg-HM for

reprocessing and 280,000 yen/kg-HM for fuel fabrication. As the construction cost

of the metal fuel FBRs is expected to be the same as that of the oxide fuel FBRs, which

is reported to be about 1.9 yen/kWh, the total cost of electricity from the metal fuel

Table 18.1 Evaluated loss and recovery ratio of actinide elements
based on revised process flow sheet (in %)

Loss in zeolite & waste salt Loss in casting mold Recovery ratio

U 0.00 0.17 99.83

Pu 0.09 0.13 99.76

Np 0.05 0.13 99.83

Am, Cm 0.37 0.13 99.50
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FBRs and its fuel cycle facility is expected to be about 2.7 yen/kWh, which shows

better potential than the other energy sources.

18.4 Pyropartitioning process development

To complete the link between the current LWR fuel cycle and the metallic fast reactor

fuel cycle, and to show the practicality of confinement and transmutation of long-lived

MAs in the total fuel cycle concept shown in Figure 18.1, technological demonstra-

tions in the following two areas have to be made along with establishment of the

metallic fuel cycle technology:

l Pyropartitioning process for HLLW.
l Behavior of MAs throughout the metallic fuel cycle, including transmutation in the reactor.

In this section, major achievements and current status of activities in these areas are

described.

18.4.1 Flow sheet development using simulating materials

18.4.1.1 Introduction

The schematic flowchart of the pyropartitioning process proposed by CRIEPI is

shown in Figure 18.24 (Uozumi et al., 2011a). In the first step, most of the elements

in the HLLW, which mainly exist as nitrate forms, are converted to oxide forms by

calcination under air in the denitration step. Then, the denitrated product is converted

to chlorides by reaction with chlorine gas and carbon in a molten LiCl-KCl eutectic

salt bath in the chlorination step. After the chlorination, pyrometallurgical methods

such as reductive extraction in a molten salt/liquid metal system and/or electrolysis

in molten salt are applied to recover actinide elements with sufficient separation from

fission products (FPs). The actinide elements are selectively recovered from the

Cathode processor
(for solid cathode)

Salt treatment

Cathode processor
(for LCC)

Electrorefiner

Injection casting

Pin processor

Figure 18.23 Pyro-processing fuel cycle facility for 40 tHM/y throughput of metallic fuel.
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molten salt in their metallic state. The FPs remaining in the molten salt, that is, RE,

AM, and AEM FPs, are removed by electrolysis using a liquid lead cathode or by

absorption on zeolite, and finally stabilized as a vitrified glass waste or a glass-bonded

sodalite waste, respectively (Nabeshima et al., 1996; Sakamura et al., 1997; Tsukada

and Takahashi, 2008). The recovered actinides are made into U-Pu-Zr-MA-RE metal-

lic fuel and sent to fast reactors for energy production and transmutation of MAs.

Two fundamental criteria were given to the pyropartitioning process development

(Inoue and Tanaka, 1997). One is a recovery ratio of more than 99% for each MA in

the HLLW. Another is lanthanide FPs/MAs mass ratio of less than one in the recov-

ered product. Because the mass of lanthanide FPs in the HLLW is approximately 10

times larger than that of the MAs, the second criterion indicates that the decontami-

nation factor of lanthanide FPs from MAs should be larger than 10.

In the following sections, demonstration studies on the pyropartitioning process

using simulating materials including actinide elements are summarized.

18.4.1.2 Denitration and chlorination

A successive test of denitration and chlorination was performed using simulating

HLLW containing uranium (Kurata et al., 2000). The simulating HLLW solution

was heated at 500 °C for an hour to decompose the nitrate compounds. Almost all

of the uranium and some FP elements, such as AEM, lanthanides, zirconium, and pal-

ladium, were recovered as a water-insoluble residue after the denitration. Then, the

denitration product was heated to 700 °C together with LiCl-KCl eutectic salt in a

graphite crucible, which was placed in a quartz vessel. The conversion of denitration

product to chlorides was performed by introducing pure chlorine gas into the molten

Denitration
(nitrate→oxide)

Salt treatment
(FP/salt-Cl2 separation)

Reductive-extraction
(actinide/FP
separation)

HLLW (nitrate)

Chlorination
(oxide→chloride)

U, Pu, MA, FP NOx
H2O

U, Pu, MA

Metallic fuel

LiCl-KCl
Cl2

FP

FP Waste

Figure 18.24 Schematic flow chart of

pyropartitioning process.
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salt for 10 h. Samples taken from the salt phase after the chlorination contained less

than 0.1% of water-insoluble species, indicating that uranium and FP elements such as

RE and AEM were converted to water-soluble species, which were regarded as chlo-

rides, by the chlorination. Probably due to direct introduction of chlorine gas into the

molten salt and an operating temperature of 700 °C, 5% of uranium evaporated in the

form of UCl4 during the chlorination.

18.4.1.3 Separation of uranium and TRUs by electrolysis
and reductive extraction

A demonstration test to separate uranium and TRUs from simulant chlorination prod-

uct salt by electrolysis in molten salt and the reductive extraction in molten salt/liquid

bismuth system was performed (Uozumi et al., 2001). The amounts of the actinides

and FPs in the stimulant chlorination product salt were the same as those in HLLW

generated by aqueous reprocessing of 100 grams of spent oxide fuel. The mass ratio of

TRUs to rare-earth elements was 0.10 in the initial condition and changed to 2.0 in the

recovered product. The remaining ratio of each actinide element in the salt after the

tests was less than 1%, although recovery ratios evaluated from the chemical analyses

of the products were slightly less than 100% due to analytical error.

18.4.1.4 Removal of simulating FPs from waste salt by electrolysis

In order to recycle the LiCl-KCl salt after the actinide separation, recovery of the

remaining FPs, such as lanthanides, alkaline earths, and alkali metals, by electrolysis

was proposed. Several electrolysis tests were performed using solid iron, liquid lead,

and liquid cadmium cathodes. It was concluded that the liquid lead cathode is most

suitable to separate alkaline-earth elements from the LiCl-KCl salt. Almost all of

the FP elements separated to the liquid lead phase were oxidized by introducing air

at 800 °C, and successfully extracted into the molten slag phase as shown in

Table 18.2 (Sakamura et al., 1997).

Table 18.2 Change in amount of simulating FPs in liquid Pb cathode
before and after oxidation by introduction of air under contact
with molten slag

Element

Content in Pb cathode (g)

Before oxidation After oxidation

Li 0.034 <0.002

Na 0.298 <0.001

K 0.072 <0.001

Cs 18.0 <0.002

Sr 0.796 <0.002

Bo 7.75 <0.002

Eu 1.09 <0.002
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18.4.2 Small-scale demonstration with actual HLLW

18.4.2.1 Preparation of HLLW

For the demonstration of the pyropartitioning process, a series of tests for recovery of

TRUs from real HLLW through denitration, chlorination, and reductive extraction

was performed under a joint research program between CRIEPI and JRC-ITU

(Uozumi et al., 2011a). The HLLW was prepared mainly from the raffinate generated

by PUREX reprocessing of a MOX fuel irradiated in a PWR. Approximately 520 g of

the prepared HLLW, which contained roughly 8400 mg/g of uranium, 600 mg/g of

TRUs, and 2000 mg/g of FPs, including 870 mg/g of rare earth FPs, was used.

18.4.2.2 Denitration and chlorination

The denitration was performed in an air atmosphere hot cell. After heating the HLLW at

90-120 °C for concentration, it was dried at 100-140 °C. Then, the dried material was

calcined at approximately 500 °C for 88 h under air flow. Almost all the denitrated

material, which is shown in Figure 18.25, was recovered from the crucible (Uozumi

et al., 2011a). The mass of the calcined material agreed with the theoretical value esti-

mated from the initial HLLW composition. Only 0.3% of ruthenium in the initial

HLLW was detected as evaporated material. The chlorination step was performed in

an argon atmosphere hot cell (see Section 18.4.3 for details). A schematic view of

the experimental setup is given in Figure 18.26. The entire denitration product was

loaded in a graphite crucible filled with LiCl-KCl eutectic salt. The graphite crucible

was placed in a quartz reactor and heated to 650 °C in the furnace. After melting the

salt, pure chlorine gas was introduced to the reactor. The chlorination was conducted

for a total of 32.2 h. The chemical analysis of the chlorination product samples showed

that almost all the actinide elements, lanthanides, AM, and AEM FPs were converted to

their chloride forms. No actinide element was detected in the evaporated part during

denitration and chlorination steps. Most parts of technetium and noble metal FPs were

not vaporized and remained in the chlorination product, while some other FPs such as

zirconium and molybdenum evaporated during the chlorination as expected.

7.32 g

Figure 18.25 Recovered material after

denitration in small-scale demonstration

of pyropartitioning using actual HLLW.
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18.4.2.3 Separation of uranium and TRUs by reductive extraction

The following reductive-extraction step was also performed in the argon atmosphere

hot cell. Together with a part of the chlorination product, cadmiummetal was put in an

MgO crucible and heated to 500 °C. By addition of Cd-Li alloy as a reductant, the

elements in the salt phase were reduced and extracted into the cadmium phase.

The concentrations of actinide elements in the salt phase were gradually decreased

with the addition of Cd-Li alloy, and finally, almost all of them were recovered into

the cadmium phase as shown in Figure 18.27 (Uozumi et al., 2011a). Slightly poor

mass balance of uranium is considered to be attributed to the formation of UO2 caused

by the impurities in the argon atmosphere such as oxygen and moisture.

18.4.2.4 Summary

Throughout the above demonstration test, the actinides completely reacted as

expected and the loss of TRUs was negligible in the denitration, chlorination, and

reductive-extraction steps. The separation behavior of the actinides from FPs was

quite similar to the previous results obtained using unirradiated material. These results

indicate that the predicted reaction in each step will be complete, and that actinide

elements will be satisfactorily separated from FPs and successfully recovered in

the actual separation system.

18.4.3 METAPHIX-PYRO project

18.4.3.1 Background and objectives of the METAPHIX project

To demonstrate the transformation ofMAs in a metallic fast reactor fuel cycle, an inte-

grated and systematic research program is necessary that consists of extensive areas of

R&D such as fuel characterization and irradiation, analyses of reactor core design

Furnace

Quartz
vessel

Denitration 
product with 
LiCl-KCl

Gas outlet
(to cold traps 
and KOH 
scrubbers)

Cl2/Ar
gas
supply

650°C

Graphite
crucible 

in Ar hot cell

Figure 18.26 Schematic view of experimental apparatus for chlorination test using denitration

product from actual HLLW.
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from the viewpoints of safety and introduction scenario for transmutation systems,

development of reprocessing technologies for the irradiated MA-containing fuels, and

so on. For this purpose, the so-called METAPHIX project was started in 1988 as a part

of a collaboration program between CRIEPI and JRC-ITU to obtain basic data demon-

strating the fundamental concepts related to theMApartition and transmutation scenario

based on themetal fueled fast reactor and pyrochemical technologies. Such data includes

behaviors of MAs and FPs in the fuel alloys under irradiation and during pyrochemical

processing. This project consisted of MA-containing metal fuel alloys characterizations

at JRC-ITU and irradiation of these alloys at the Phénix reactor.

18.4.3.2 Fabrication and irradiation of METAPHIX fuels

On the basis of the results of various characterization (miscibility, phase structure,

phase transition temperature, and so on) experiments on U-Pu-Zr-MA-rare earth

(RE) alloys and expected decontamination performance of the pyropartitioning pro-

cess, three types of MA-containing alloys: U-19Pu-10Zr-2MA-2RE, U-19Pu-10Zr-

5MA-5RE, and U-19Pu-10Zr-5MA (in wt%) were selected (Kurata et al., 1997;

Ohta et al., 2011). Here, MA is a mixture of neptunium, americium, and curium,

and RE is a mixture of yttrium, neodymium, cerium, and gadolinium. Compositions

of MA and RE were decided based on the spent LWR fuel composition calculated

using the ORIGEN-II code. TheMAmetals were obtained through chemical reduction

of each oxide with metal reductant, such as neodymium or thorium, followed by

vaporization/deposition treatment. Arc melting and gravity casting techniques were

used for the fabrication of reference (U-19Pu-10Zr) and MA-containing alloy rods
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Figure 18.27 Recovered ratio of actinide elements into liquid Cd phase through

pyropartitioning test using actual HLLW.
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of the above-mentioned compositions (Ohta et al., 2013). The cast alloy rods with a

diameter of 4.9 mm were cut into lengths of 20-50 mm and then inserted in the clad-

ding tubes with sodium metal. The cladding material is austenitic steel, CW15-15Ti

(Seran et al., 1992; Maillard et al., 1994). The MA-containing alloys were sandwiched

by U-19Pu-10Zr rods, 100 mm and 285 mm length; thus, the total length of the fuel

stack was 485 mm, as shown in Figure 18.28. These three pins with different compo-

sitions are loaded in the same irradiation capsule. Three capsules of an identical con-

figuration were fabricated and charged in the Phénix core to achieve three different

burn ups of �2.5 at% (METAPHIX-1), �7 at% (METAPHIX-2), and �10 at%

(METAPHIX-3), respectively. Irradiation was started at the end of 2003 and success-

fully completed by May 2008 with the support of CEA (France). After the irradiation,

all the METAPHIX samples have been transferred to JRC-ITU (Germany).

18.4.3.3 Postirradiation examination of METAPHIX

Nondestructive tests (measurement of outer diameter distribution of cladding tubes

and observation using X-ray transmission) have been completed for METAPHIX-

1, -2, and -3. No significant damage on the fuel pins has occurred during the irradi-

ation, up to the highest burn up of �10 at%. It was shown that MA or RE addition

made no difference to the change of cladding diameter during irradiation and the

swelling behavior of fuel alloys (Ohta et al., 2011). Pin-puncture tests

METAPHIX-1 and -2 showed that MA addition to metal fuel has no influence on

the FP gas release ratio and that a significant amount of helium formed by alpha-decay

of MAs was released (Ohta et al., 2012).

Unit (mm)

50 50

10 100 100 285

1793

Metal fuel Pin No. 1

Metal fuel Pin No. 2

Metal fuel Pin No. 3

Initial bond
sodium level

485

Core mid-plane

: U-Pu-Zr-5MA-5RE: U-Pu-Zr-5MA

: U-Pu-Zr : U-Pu-Zr-2MA-2RE

Figure 18.28 Schematic view of configuration of METAPHIX fuel pins.
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Observations of the cross section of the fuel alloys using an optical microscope have

been completed forMETAPHIX-1 (Figure 18.29) and -2 (Ohta et al., 2011), while other

surface analyses such as SEM/EDX and EPMA are underway. These analyses showed

radial phase distributions similar to that seen in ternary alloys, and MA-rich or RE-rich

segregated phases formed during irradiation of METAPHIX alloys. According to

destructive analysis for METAPHIX-1 (Ohta et al., 2013) and -2, the change in the iso-

topic composition of MAs indicated the expected progress of transmutation.

18.4.3.4 Pyrochemical examination using irradiated METAPHIX
samples

An argon atmosphere and lead-shielded hot cell dedicated to pyrochemical studies

using irradiated materials was designed, fabricated, and installed in the CRIEPI-

ITU collaboration (Figure 18.30). After being put into hot operation in 2004, a

Porous phase

(a)

(c) (d) (e)

(b)1 mm

Dense phase

Center
r/r0= 0,0

Periphery
r/r0= 1,0

100 μm

400 μm

Figure 18.29 Optical metallography of METAPHIX-1 (U-19Pu-10Zr-5MA-5RE) after

irradiation: (a) cross-sectional overview, (b) fuel morphology along the radius and magnified

images at (c) central zone, (d) intermediate zone and (e) outer zone.

Figure 18.30 Ar-atmosphere iron-shielded hot cell dedicated to pyroprocessing studies using

irradiated materials installed in JRC-ITU under collaboration with CRIEPI.
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substantial number of experiments, including pyropartitioning of real high-level liquid

waste (Uozumi et al., 2011a), electroreduction of irradiated LWR-MOX fuel (Kato

et al., 2011), and electrorefining ofMETAPHIX-1 and -2, have been satisfactorily per-

formed in this hot cell without any serious technical problems.

Up to 2014, two runs of the electrorefining test using about 4 grams of irradiated

MA-containing METAPHIX alloy (U-19wt%Pu-10wt%Zr-2wt%MA-2wt%RE,

2.5 wt%-b.u.) have been performed. In the first run, uranium was selectively collected

to a solid cathode by potentiostatic electrotransport. High dissolution ratios of acti-

nides (>99% for U, Np, Pu, >98% for Am, Cm) were achieved, while the majority

of zirconium was left in the anode residue by keeping the anode potential sufficiently

high. In the second run, all the actinide elements in the electrorefiner were simulta-

neously recovered into a liquid cadmium cathode by galvanostatic electrotransport.

Separation factors of actinide and lanthanide fission product elements at the liquid

cadmium cathode at the end of the test agreed with the values that were evaluated from

equilibrium distribution of unirradiated materials. These results successfully demon-

strated that MAs, as well as uranium and plutonium, can be recovered from irradiated

metallic fuels by the electrorefiningmethod, being governed satisfactorily by the well-

established principles and basic properties of actinides in molten salt media.

18.5 Waste management

18.5.1 Salt treatment process development

In the electrorefiner, AM and AEM FPs in the molten salt gradually build up during

processing of the spent fuels. In order to limit the decay heat content and the contam-

ination of the cathode products, the molten salt in the electrorefiner has to be treated to

decontaminate AM and AEM FPs, converting them into a stable waste form. As

shown in Figure 18.2, Japanese developments in this process mainly focused on

the countercurrent extraction process and zeolite column process followed by the salt

waste consolidation process to form aluminosilicate ceramic waste, because of the

potential feasibility of industrialization. In this section, recent developments on these

processes will be described.

18.5.1.1 Countercurrent extraction

In the countercurrent extraction process, feed salt from the electrorefiner comes in

contact with liquid cadmium at approximately 450 °C to extract actinides into liquid

cadmium (as a liquid metal solvent), see Figure 18.31. The treated salt (raffinate) is

additionally decontaminated during the zeolite column process by ion exchange with

structural elements of zeolite or by occlusion of chloride molecules in the three-

dimensional cage structures of zeolite, and the decontaminated salt comes in contact

with the cadmium (extract) from the first stage of the countercurrent extraction, strip-

ping actinides from the molten salt to be recycled in the electrorefiner. The number
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(N) of stages necessary depends on the separation requirements and distribution

characteristics.

The countercurrent contactor is another important piece of equipment used to

recover actinides from the salt in electrorefiners with separating lanthanide FPs.

CRIEPI has developed a countercurrent contactor that requires a rotation speed of only

approximately 300 rpm with the aim of increasing long-term integrity. As radiation

damage on molten salt and liquid metal are negligible compared with that of organic

solvents used in aqueous reprocessing, the flow rate of the countercurrent contactor

can be decreased. Using the material balance calculated for commercial throughput,

the required flow rate was sufficiently slow to complete the reduction reaction without

strong mixing. The large density difference between molten salt (1.7 g/cm3) and liquid

cadmium (7.8 g/cm3) eases the phase separation problem. On the basis of this consid-

eration, a six-stage countercurrent contactor was developed and installed in an argon

glove box, as shown in Figure 18.32. The contactor was connected to two separate

tanks used for salt supply, cadmium supply, salt recovery, and cadmium recovery,

Figure 18.32 Mark-II centrifugal contactor test apparatus developed by CRIEPI.

Stage 1 Stage 2 Stage NStripping

Electrorefiner

Zeolite
column

Liquid metal solvent (Cd)

Molten salt (LiCl-KCl)

Zeolite+LFP

Raffinate
Feed

Salt
+AC

Salt
+AC+LFP

Salt+LFP

Oxidizing
agent

Reducing agent

Extract

Figure 18.31 Counter current extraction process flows sheet.

Koyama (2011).
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respectively. Each stage of the contactor has a capacity of 300 ml molten salt and

300 ml liquid cadmium. Molten salt and liquid cadmium were supplied from the tanks

at a constant rate of 10-50 ml/min. Extraction tests were carried out using molten salt

and liquid cadmium at 450 °C. Three rare earth elements, cerium, gadolinium, and

yttrium, were used as substitutes for uranium, transuranic elements, and rare earth

FPs, respectively. In a three-stage countercurrent extraction test, a high recovery ratio

of close to 100% with efficient separation was achieved (Kinoshita et al., 2007;

Kinoshita and Tsukada, 2008).

18.5.1.2 Zeolite column adsorption

Because the treated salt from the countercurrent contactor still contains most of the

less-noble metals, decontamination of these FPs from the salt is important to decrease

the waste volume through recycling LiCl-KCl. The ion exchange behavior of zeolite

with various cations was studied for efficient removal of FPs from the spent molten

salt (Lexa and Johnson, 2001). The anhydrous form of zeolite 4A presented as

Na12[(AlO2)12(SiO2)12] has a cage structure in which Al
3+ bonds to four oxygen atoms

and is, thus, negatively charged. Therefore, cations such as Na+ must be present to

compensate the charge in the framework structure. With a molten salt such as

LiCl-KCl eutectic, the Na+ in the zeolite can exchange with other cations such as

Li+ and K+ in the molten salt. If FP elements exist as cations in the salt, the FP cations

may also be exchanged with the cations in the zeolite according to their affinities to the

zeolite. Furthermore, the zeolite 4 Å has cavities whose entrance diameters are

approximately 4 Å and some FPs are expected to be absorbed in the cavities together

with Cl�; that is, as the forms of chlorides. The absorption behavior of FP elements on

zeolite 4 Å has been studied, and complex absorption isotherms for FP elements were

estimated (Tsukada and Takahashi, 2008).

The next step is to design an efficient and remotely applicable zeolite column for

industrialized use (Uozumi et al., 2011b). The first model of the zeolite column had an

inner diameter (ID) of 11.1 mm and was 300 mm in length; it used LiCl-KCl contain-

ing CsCl as a simulating FP. The column contained zeolite 4 Å in powder form

(<75 mm). The sintered stainless steel (SS) filters of mesh size of 10 mm were sealed

at both the upper and lower ends of the columns. The column was connected to a mol-

ten salt reservoir and the salt was pushed by pressured argon gas up to 0.5 MPa so that

the salt passed through the column in an upward direction. The effluent salt after the

column treatment was collected in aluminum crucibles placed on a turntable. The

whole system was heated to 450-500 °C under an argon atmosphere. The changes

in mole fractions of lithium, sodium, potassium, and cesium among these alkaline ele-

ments in the treated salt are shown in Figure 18.33. The abscissa denotes the amount of

salt passed through the columns (in grams) divided by the amount of zeolite in the

columns (in grams). The velocity of the molten salt in the column ranged between

1.3 and 1.6 cm/min under the driving pressure of up to 0.3 MPa. Absorption of cesium

was demonstrated by the low cesium concentration in the treated salt. However,

absorption capacity for cesium seemed to be saturated at the abscissa value of around

three, which was earlier than that for lithium. The result was translated to a decontam-

ination factor value (DF), which is defined as Equation 18.13.
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DF¼ mole fraction of cesium in the feed salt½ �
mole fraction of cesium in the treated salt½ � (18.13)

The change of DF values for Cs was described as shown in Figure 18.34. The obtained

DFwas about six at the beginning, and decreased to around one at the abscissa value of

around three.

Consequently, an engineering-scale model of the zeolite column was designed and

installed in an argon glove box. As shown in Figure 18.35, the apparatus is equipped
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with two columns (35 mm in maximum inner diameter and 300 mm in length) and a

feed salt tank, in which up to 11 kg of salt can be loaded. The maximum pressure to

drive the molten salt to go through the columns is 0.8 MPa. Two columns are connected

in series and the direction of molten salt passing through the columns (i.e., up-flow or

down-flow in the columns) is varied by using the valve operations. The effluent salt

from the second column is collected in SS cups, which are put on a turntable placed

on an electric balance in order to measure the change of the effluent salt composition

and flow rate of the molten salt. Experiments to demonstrate the decontamination

of simulating FPs in the molten salt using the engineering-scale apparatus are now

underway. Functional data on the salt velocity-driving pressure relationship were

obtained.

18.5.1.3 Salt waste consolidation into ceramic form

A natural analogue for an acceptable salt waste form, sodalite, Na6[(AlO2)6
(SiO2)6]･2NaCl, was found from naturally occurring minerals that contain chlorine

in a stable configuration, through the joint study between ANL and CRIEPI. An

artificial synthesis method for sodalite containing LiCl-KCl was invented by

Koyama (1994) as

3Na2CO3 + 6Al2O3 + 6SiO2 + 2 LiCl-KClð Þ
!Na6 AlO2ð Þ6 SiO2ð Þ6

� �
･2 LiCl-KClð Þ + 3CO2 (18.14)

This was later modified as

6NaAlO2 + 6SiO2 + 2 LiCl-KClð Þ!Na6 AlO2ð Þ6 SiO2ð Þ6
� �

･2 LiCl-KClð Þ
(18.15)
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Figure 18.35 Engineering-scale zeolite column apparatus.
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which does not generate a gaseous product; therefore, it is easier to accelerate the

solid-solid reaction by pressing the raw materials. Using simulated waste salt, syn-

thetic conditions such as maximum temperature and duration of heating were opti-

mized and sodalite pellets with an acceptable leach rate were obtained (Koyama

et al., 1997a). Actually, 8 h of heating at 850 °C was the best condition to form

single-phase sodalite, because with further heating sodalite decomposed to volatile

chloride vapors and the aluminosilicate, nepheline (Na3KAl4Si4O16), while unreacted

phases remained with shorter heating times. However, the expected content of FP ele-

ments in this product was only around 2-3 wt% because the concentration of FP ele-

ments in the treated salt from the extraction step was less than 10 mol% of LiCl-KCl.

Compared with the content of FPs in traditional boron silicate glass waste form,

around 15 wt%, the content of FPs in sodalite was relatively low. Hence, an additional

process to separate or concentrate FPs from molten salt was studied by CRIEPI, such

as the precipitation process that adds chemicals like phosphate or sulphate to the mol-

ten salt, but recovery of precipitates from molten salt seemed hard to industrialize.

Meanwhile, ANL has found the transformation of ion-exchanged zeolite 4 Å into

sodalite structure at high temperature (Lewis and Johnson, 1997). Based on this inven-

tion, ANL and INL developed the monolithic ceramic waste form, glass-bonded soda-

lite, fabricated under relatively low pressures and high temperatures by Battisti et al.

(2002) and Bateman and Capson (2004). Additionally, the experiments carried out by

INL used only the salt without concentrating the FP contents, because the current pro-

gram at the INL does not cover the zeolite column process. While agreeing with the

glass-bonded zeolite as a candidate for the disposal waste form, CRIEPI has started

studying intensively the optimization of conditions to fabricate a glass-bonded soda-

lite using FP-concentrated salt based on the experience gained in synthesizing single-

phase sodalite.

Hence, effects of the maximum temperature, the heating duration, the glass ratio

in the initial material, and the weight load on the fabrication of the glass-bonded

sodalite were studied using the type-Å zeolite granules immersed in molten LiCl-

KCl salt containing cesium, strontium, neodymium, and iodine for simulating the

zeolite discharged from the columns. After removing the adhered salt by filtration

using a SS mesh, the zeolite was pulverized and mixed with additional pulverized

fresh zeolite, the glass material, and this mixture was used as the initial material in

each test (the weight ratio of the mixture was salt/zeolite/glass equal to 1/9/3.3).

Based on the reported procedure of temperatures by Battisti et al. (2002) and

Bateman et al. (2002), the standard heating condition and the range of condition

change were determined as in Table 18.3 and Figure 18.36 with consideration

of the conversion temperature of sodalite (770 °C) and the collapse temperature

of sodalite (1000 °C); as well as, the softening temperature of the borosilicate glass

(820 °C). The product was a monolith of 27 mm in diameter and 14 mm in height,

with an apparent density of 1.66 g/cm3. No significant cracks or cavities at the

cross section of the product were found. According to the chemical analysis, the

volatilized contents of cesium, strontium, and neodymium were less than 0.05%.

On the other hand, the vaporized content of iodine was 1.79% and higher than
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chlorine according to the difference in melting point (i.e., 1324 °C for potassium

iodine and 1407 °C for potassium chloride). Most of the vaporized salt adhered to

the cover of the heating vessel, and was analyzed to contain sodium, potassium,

and chlorine as the main components. The total amount of the free salt was

0.74 mg per gram of the product, and it included sodium and chlorine as the main

components.

Figure 18.37 shows the effect of the maximum temperature on the mass ratios of

the volatilized salt, the free salt in the product, and the apparent density of the product.

Increasing the maximum temperature, the volatilized salt and the free salt content

were increased remarkably beyond 820 °C; suggesting the decomposition of sodalite

structure as described in the direct synthesis reaction of Equation 18.15.

In the same way, effects of the duration time at the maximum temperature, the glass

ratios of the initial material, and the weight load during heating on the mass ratios of

the volatilized salt, the free salt in the product and the apparent density of the product

were tested (Fujihata et al., 2013). The obtained results suggested that the maximum

temperature should be kept at around 820 °C for reduction of the volatilized salt ratio

and the load value of the weight of 200 g/cm2, but other parameters agreed with the

standard condition.

Table 18.3 Fabrication test conditions

Fabrication parameter

Test conditions

Standard condition Varied condition

(1) Maximum temperature 915 °C 770, 820, 1000 °C
(2) Duration a max. temp. 5 h 10, 20 h

(3) Glass ratio of material 25 wt% 13, 33 wt%

(4) Weight load 70 g/cm2 2, 36, 200 g/cm2

Maximum
temperature

(1)

(4)

(3)

(2)

Initial
material

Weight

Duration

Heating time (h)

Pre-heating
560 °C-5 h

Fabricated
product

Heating
temperature
(°C)

Figure 18.36 Fabrication test

conditions.
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18.5.2 Metal waste treatment process and waste form
development

As for the treatment of metal waste originating from the anode residue of the electro-

refiner, stable characteristics of noble metal FPs alloyed with zirconium and austenitic

stainless steel cladding have been reported (Ebert, 2005). However, ferritic steel base

cladding is a reference candidate for metal FBR fuel in Japan. Therefore, appropriate

alloying composition and conditions for metal waste form with ferritic steel have been

studied. Hence, ferritic SS and NM were melted together in an induction-heating fur-

nace to alloy the metal waste, which was then subjected to surface analysis and leach-

ing behavior measurements (Uozumi et al., 2011b). Molybdenum, ruthenium,

rhodium, palladium, and rhenium (a surrogate for 99Tc) were chosen as the represen-

tative NM FPs. Major parameters were zirconium content (2-60 wt%), NM/Zr ratio

(1-5 vs. the average value in the spent metallic fuel), melting temperature (1500-

1700 °C), the pressure during the process, and the material for the crucible containing

the melted metals.

By observing the microstructure and homogeneity of the fabricated alloys, temper-

atures of more than 1600 °C, zirconium content between 5 and 20 wt%, and argon

pressure of more than 4 kPa, were found to be appropriate conditions to obtain excel-

lent metal waste ingots. XRD analysis of the SS-Zr-NM alloys indicated the existence

of the ferrite (Fe-Cr) phase and some unidentified phases, which are considered to be

intermetallic compounds consisting of iron, zirconium, and NMs. These phases were

also determined by SEM/EPMA analysis as shown in Figure 18.38, and it was found

that the zirconium content in the ferrite phase was very low and zirconium distributed

unevenly in the intermetallic phases. Ruthenium, rhodium, and palladium were also
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Figure 18.37 Influence of maximum temperature on mass ratios of volatilized salt, free salt in

product, and apparent density of product.
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heavily concentrated in the intermetallic phases. On the other hand, molybdenum and

rhenium distributed more evenly throughout the samples, and they rather preferred to

be in the ferrite phase at higher concentration. It was concluded that the NM/Zr ratio in

the SS-Zr-NM alloy should not be far larger than that in the spent fuel. The normalized

leaching rates of the major constituents from the metal waste samples prepared in

those tests are shown in Figure 18.39. Though the data considerably scattered, the nor-

malized elemental mass loss (NL) values were much lower than those for simulated

waste glass, which ranged from 9 to 23 g/m2 for silicon and from 10 to 30 g/m2 for

Figure 18.38 Section view and element distribution of metal waste sample (SS-10 wt% Zr-4

wt%NM).
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boron, respectively. These data indicate the excellent potential of the SS-Zr-NM

alloys as a stable waste form.

18.6 Basic studies

18.6.1 Measurement of basic properties

The basics of pyrochemistry, standard potentials, thermodynamic properties, and

kinetic properties have been assessed. Due to a lack of basic properties necessary

for understanding the process chemistry, a substantial number of basic properties have

been measured since the early stage of the program.

18.6.1.1 Thermodynamic and electrochemical properties

Figure 18.40 shows the typical configuration of the electrochemical cell used for mea-

suring electrochemical properties of actinide elements and lanthanide elements. As a

material for the working electrode, tungsten, or tantalum is selected according to the

chemical reactivity of the element. Table 18.4 shows the most reliable standard poten-

tials and reduction potentials of relevant elements in LiCl-KCl at 450 °C, as measured

by Japanese researchers.

In addition to the electrochemical potentials, equilibrium distribution factors are

important basic data for predicting separation behavior in a molten salt/liquid metal

extraction process. In a liquid chloride salt and cadmium metal system, equilibria

between the elements is achieved by redox reactions between cations in the salt

and metal atoms in the cadmium. The chlorine anions remain in the salt and are

not oxidized. Thus, the equilibrium between two cations can be represented as an

exchange reaction between the pair of elements

Thermo-
couple

Al2O3
crucible

LiCl-KCl-
AnCl3 or RECl3

Reference
electrode
(Ag/1 wt%AgCl

in LiCl-KCl)

Working
electrode

(Ta)
Stirrer

Counter
electrode

(Ta)

Figure 18.40 Electrochemical cell for

standard potential measurement.
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nUCl3 + 3M ¼ nU + 3MCln (18.16)

The equilibrium constant, Ke, for the reaction is

Ke¼ MCln½ �
M½ �

� �3
U½ �

UCl3½ �
� �n

¼ exp
� DGo MClnð Þ�DGo UCl3ð Þ½ �

RT

� � (18.17)

where [M], [MCln], DG
o, R, and T denote activity of M in the cadmium phase, activity

of M in the salt phase, standard free energy of formation, gas constant and temperature

in Kelvin, respectively.

Here the distribution coefficient of an element, M, in a molten salt and liquid metal

system is defined as

DM ¼ YM

XM

(18.18)

where YM and XM denote mole fraction of M in salt, and atom fraction of M in metal,

respectively.

The separation factor of element M relative to uranium is defined as

SFM ¼DM

DU

(18.19)

Table 18.4 Electrochemical potential of relevant elements measured
by (a) Sakamura et al. (1995), (b) Sakamura et al. (1998), (c)
Sakamura et al. (2001), and (d) Hayashi (2013)

Inert electrode

Standard potential

V vs Cl2/Cl
2 Cd electrode

Reduction potential*

V vs Cl2/Cl
2

U(lll)/U(0) �2.468a U(III)/U-Cd �2.557a

Np(lll)/Np(0) �2.674b Np(III)/Np-Cd �2.560b

Pu(lll)/Pu(0) �2.773c Pu(III)/Pu-Cd �2.564c

Am(ll)/Am(0) �2.827c Am(III)/Am-Cd �2.576c

Cm(lll)/Cm(0) �2.805d Cm(III)/Cm-Cd �2.566d

Gd(lll)/Gd(0) �2.990b Gd(III)/Gd-Cd �2.665b

Pr(lll)/Pr(0) �3.040b Pr(III)/Pr-Cd �2.631b

Nd(lll)/Nd(0) �3.047a Nd(III)/Nd-Cd �2.633a

Ce(lll)/Ce(0) �3.056a Ce(III)/Ce-Cd �2.636a

Y(lll)/Y(0) �3.068a Y(III)/Y-Cd �2.753a

La(lll)/La(0) �3.103c La(III)/La-Cd �2.661c

*The reduction potentials of elements in LiCl-KCl eutectic salt into liquid cadmium alloy were derived when the
concentration of the elements in the salt and in the liquid cadmium are the same (0.001 mol fraction).
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According to the thermodynamic relationship described in Equation 18.17, the sepa-

ration factor of trivalent elements, that is most of the actinides and lanthanides, is

described as

SFM ¼Ke
gM
gMCln

� �
gUCl3
gU

� �
(18.20)

where g denotes the activity coefficient.

Table 18.5 shows the separation factors of the actinide and lanthanide elements

obtained in various studies carried out by Japanese researchers. The data agreed well

with each other, and suggests the possibility to separate americium and curium from

other lanthanides.

18.6.1.2 Diffusion coefficients in molten salts

As described in Section 18.3.1, it is necessary to acquire reliable kinetic data such as

diffusion coefficients of the actinides and major FPs in the molten salt and in liquid

cadmium, in addition to the thermodynamic and electrochemical properties, to under-

stand and predict the behavior of these elements in the pyroreprocessing flow sheet

using simulation codes. Chronopotentiometry is one of the electrochemical tech-

niques that has been frequently used to determine the diffusion coefficient of species

in electrolytes. In this method, a change of potential at a working electrode, where the

species of interest is involved in an electrochemical reaction, is measured at a constant

current. The diffusion coefficient can be calculated from a transition time, which is a

period between the beginning of the reaction and a rapid change of the potential, indi-

cating depletion of the species in the vicinity of the working electrode, using the Sand

equation (Sand, 1901)

Table 18.5 Measured separation factors of actinides and lanthanides
in molten salt/liquid cadmium system (uranium-base)

Element

Koyama et al. (1992)

500 °C
Kato et al. (2011)

500 °C
Koyama et al. (2008)

510 °C

Np 2.1 2.4 —

U 1 1 1

Pu 1.9 2.1 2.0

Am 3.1 3.0 3.4

Cm 3.5 3.7 3.8

La — 78 —

Ce 45 37 —

Nd 39 39 —
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it1=2

C
¼ nFAD1=2p1=2

2
(18.21)

where i is the current passed through the electrode (A), t transition time (s), C is bulk

concentration of the reactant (mol/cm3), n is the number of the electrons involved in

the reaction, F is Faraday’s constant (C/equiv.), A is the surface area of the working

electrode (cm2), and D is the diffusion coefficient of the reactant (cm2/s). In this

method, however, it is always difficult to define the surface area of the working elec-

trode exactly in the molten salt due to (i) wetting between the electrode and the salt,

and (ii) lack of suitable insulator materials that have enough thermal strength and com-

parable thermal expansion coefficients to the electrode materials (Lantelme et al.,

1984). When active metal is produced at the electrode, it becomes more difficult to

use an insulating material due to the chemical reactions between the metal and the

insulator. Thus, a novel method was devised to minimize the error in defining the

effective surface area of the working electrode without any insulator material in

the molten salt (Iizuka, 1998).

When the concentration of a reactant in a solution, the current passed through the

working electrode, and the temperature of the system are kept constant, the transition

time should be a function of the surface area of the working electrode alone:

t1=2 ¼ f Að Þ¼ nFCD1=2p1=2

2i
A (18.22)

Under such conditions, the change of the square root of the transition time is propor-

tional to the change of the surface area of the working electrode:

dt1=2 ¼ nFCD1=2p1=2

2i
dA (18.23)

Then, the diffusion coefficient can he determined from the slope of the t1/2-A plot

obtained by changing the surface area of the working electrode in an adequate

way, even if the absolute value of the surface area cannot be defined:

D1=2 ¼ 2i

nFCp1=2
dt1=2

dA

� �
(18.24)

Some chronopotentiograms for LiCl-KCl-CeCl3 with variable surface areas of the

working electrode (W) are shown in Figure 18.41. It can be seen the transition time

decreased as the electrode was raised with longer spacers. This tendency was plotted

in Figure 18.42 for the case of LiCl-KCl-CeCl3 at 775 K as an example. The t1/2-A plot

in this figure shows a good linearity as expected above. Finally, the diffusion coeffi-

cient was calculated from the slope of this plot using Equation 18.24. The results were

formulated as follows, including the temperature dependence:

log DCd ¼�2:69 �0:145ð Þ�1670 �108ð Þ
T

DCe : cm
2=s

� �
(18.25)
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log DGd ¼�2:78 �0:128ð Þ�1670 �94:3ð Þ
T

DGd : cm
2=s

� �
(18.26)

The dependence of the diffusion coefficient of lanthanide ions on their ionic radii

shown in Figure 18.43 arouses a scientific interest in an envisioned correlation

between the structure of the complex ion MCl6
3� and kinetic properties in the LiCl-

KCl melt; although the diffusion data for other lanthanides and computational studies

for the structure and the transport process in molten salts are needed for more quan-

titative discussions.

18.6.1.3 Diffusion coefficients in liquid metal

Conventionally, a capillary method was used to measure a diffusion coefficient of a

solute in liquid metals; however, this method requires highly sophisticated experimen-

tal techniques to obtain reliable and reproducible results. Hence, CRIEPI proposed a
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novel method to measure the diffusion coefficient in liquid metal by an electrochem-

ical method (Murakami and Koyama, 2011). When a constant anodic current is

applied to a liquid metal electrode, an element (M: actinides, rare earths) dissolved

in liquid metal is oxidized to form M3+ in LiCl-KCl-MCl3 melts:

M in liquidCdð Þ!M3+ + 3e� (18.27)

During the chronopotentiometry, the concentration of M at the surface of the liquid

metal electrode (CM) decreases continuously. After CM reaches zero, the electrode

potential steeply shifts positive toward the liquid metal dissolution potential. When

the transition time (t) is defined as the time until CM drops to zero, the diffusion

coefficient of M in the liquid metal (DM) is calculated according to the following

equation:

2It1=2 ¼ 3p1=2FADM
1=2C�

M (18.28)

where I, F, A, and C*M are respectively the applied anodic current, Faraday constant,

electrode surface area, and initial concentration of M in the liquid metal. Diffusion

Literature value
Smirnov et al. (1968), Sokolovskii Yu et al. (1964), Yamada et al. (2007),
Bermejo et al. (2006, 2008), Castrillejo et al. (2002, 2005, 2006),
Lantelme et al. (2001), Caravaca et al. (2007),
Cordoba and Caravaca (2004)

Iizuka (1998)
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coefficients of major actinides and lanthanides in liquid cadmium have been mea-

sured. As shown in Figure 18.44, each chronopotentiogram for reduction of uranium

into the liquid cadmium electrode shows a potential plateau at around �1.23 V cor-

responding to the oxidation of uranium dissolved in liquid cadmium and a steep

potential shift toward positive potentials after the uranium concentration near the

surface of the liquid cadmium electrode reached zero at t¼t (transition time).

The chronopotentiometry was terminated before the potential would reach the cad-

mium metal dissolution potential to avoid any losses of liquid cadmium. With the

plot of t1/2 against C*UI� 1, it was confirmed that t1/2 changed linearly with respect

to C*UI
�1. Therefore, according to Equation 18.28, the diffusion coefficient of ura-

nium in liquid cadmium was evaluated to be 1.9�10�5 cm2 s�1 at 773 K. Diffusion

coefficients of other elements have been measured in the same way, and are pre-

sented in Table 18.6.

18.6.2 Material developments

18.6.2.1 Development of coating material for the
cathode-processing crucible

Before the electrorefining cathode products are sent to the fuel fabrication step, the

electrolyte adhering to them has to be removed and the products need to be consol-

idated in the form of a homogeneous ingot for storage and adjustment of fuel compo-

sition. This treatment, called cathode processing, is carried out by high-temperature

distillation at a reduced pressure.

One of the most difficult problems to be solved toward the practical use of the

cathode-processing equipment is the development of a container material compatible

with both the high-temperature chlorides and chemically active alloymelt. The results of

large-scale high-temperature distillation tests using a solid cathode product for the treat-

ment of spent metallic fuels from EBR-II were reported by INL (Westphal et al., 2008).
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Table 18.6 The diffusion coefficient (D) at various temperature and the activation energy (Ea) in liquid
cadmium at 773 K determined by chronopotentiometric method

U Pu La Pr Nd Gd Y Sc

D�106 (cm2 s� 1) 17 6.8 1.9 3.2 2.7 3.2 6.8 6.5

(738 K) (723 K) (723 K) (723 K) (743 K) (723 K) (743 K) (737 K)

19 9.3 2.5 3.8 3.4 3.9 8.2 7.7

(773 K) (773 K) (773 K) (773 K) (773 K) (773 K) (773 K) (773 K)

23 10 3.4 4.3 3.9 4.3 9.3 8.0

(823 K) (823 K) (823 K) (823 K) (823 K) (823 K) (823 K) (823 K)

Ea (kJ mol�1) 17 19 28 15 22 15 19 12
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In these tests, a zirconia-based castable crucible (78 wt% zirconia, 20 wt% alu-

minum, and 2 wt% carbon) was used normally at 1473 K as a lining material for the

graphite secondary container. This material was durable against repeated use for at

least four to six times, although the loss of uranium of a few percent inevitably

occurred owing to chemical reaction with the crucible material. However, higher

operating temperatures would be required for the cathode processor to adapt to the

actual electrorefining situation; this is because the solid cathode product obtained near

the end of each anode batch tends to contain more zirconium, which increases the

melting point of U-Zr alloy, compared with that recovered at the beginning (Iizuka

et al., 2010). This means that cathode-processing crucible materials durable against

more severe conditions still need to be developed. For this purpose, small-scale

high-temperature distillation experiments were performed using U-Zr cathode pro-

ducts with a variety of U/Zr ratios (Iizuka et al., 2009) at temperatures of 1273-1573 K

for salt vaporization and 1573-1673 K for metal consolidation.

The surface of a commercially available ZrO2 crucible turned brown and peeled

off during the experiment, probably due to a reaction between ZrO2 and the U-Zr

alloy melt or between UCl3 and Y2O3, which was a stabilizing agent contained in

the ZrO2 crucible at a concentration of 5 mol%. Considering the above-mentioned

result by INL, the temperature in this experiment (up to 1673 K) may have been

too high to expect compatibility with the U-Zr alloy melt. The commercial ZrO2

coating material had a difficulty of an interaction with the graphite substrate rather

than that with the U-Zr alloy melt, and the U-Zr ingot after distillation could not be

removed without breaking the crucible. A zirconia coating material originally devel-

oped in this study by mixing zirconia beads (25-106 mm) and powder (40 nm)

(Figure 18.45) showed superior performance in restraining reaction between alloy

melt and graphite crucible and also in easy release of U-Zr ingot from the crucible

as shown in Figures 18.46 and 18.47. Although it was evaluated that about 2.72% of

uranium contained in the initially loaded cathode product reacted with this coating

material, the resultant UO2 remaining in the coated layer has no influence on final

material mass balance of the pyrometallurgical process because it can be converted

Graphite substrate

ZrO2 coating layer

Resin

100 μm

Figure 18.45 Cross-sectional view of newly developed ZrO2 coating applied on graphite

substrate.
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to its chloride by reaction with zirconium and ZrCl4 (Sakamura et al., 2005a).

Although a tungsten crucible double-coated with the commercial ZrO2 coating mate-

rial and ZrN also showed an easy separation between the U-Zr ingot and the crucible

substrate, no further advantages over the simple originally developed ZrO2 coating

could be found.

U-Zr ingot

ZrO2 coating layer

Inside of graphite crucible
after removal of U-Zr ingot

Bottom view of U-Zr ingot after
removal of ZrO2 coating layer

Figure 18.46 U-Zr

distillation product ingot and

graphite crucible after

removal of originally

developed ZrO2

coating layer.

Figure 18.47 Cross-

sectional BSE and WDS

views of coating layer

developed using ZrO2

beads and powder the

distillation experiment.
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18.6.3 Technological developments for safe and efficient
pyrochemical process operations

18.6.3.1 Molten salt and liquid metal transport

Because pyrometallurgical reprocessing is conducted in a molten salt/liquid metal sys-

tem, the transport of these high-temperature melts is an essential technology for their

practical use. The transport technologies for high-temperature liquids (molten salt

and liquid cadmium) enhance the interoperation of the processes between the electro-

reduction cell, electrorefiner, countercurrent contactor, and/or cathode processor by

decreasing the time required for freezing and remelting. Although the success of

large-capacity centrifugal pumps for molten salt reactor systems has been reported

(Rosenthal, 1972), the development of small transport systems applicable to pyrochem-

ical processing has not been reported in detail. A molten salt transport test and liquid

metal transport test have been carried out at CRIEPI, as shown in Figure 18.48, to

develop transport technologies suitable for pyrochemical treatment (Hijikata and

Koyama, 2009a,b). The applicability of a high-temperature centrifugal pump, suction

pump, and valves was tested at 500 °C, and the controllability of the flow rate in a prac-

tical range of several L/min was demonstrated. The durability of the high-temperature

centrifugal pump was demonstrated by repeating its operation about 500 times during a

total of 700 h of operation of the molten salt test loop (Hijikata and Koyama, 2009a).

18.7 Applications to processing damaged core (corium)
for Fukushima remediation

During the accident in Fukushima Dai-ichi NPP, almost certainly core melting occurred

and a large amount of “fuel debris” (mixture of melted fuel, cladding, structural mate-

rial, and so on) was generated in the reactor pressure vessel and the pressure contain-

ment vessel. Because the total amount of the fuel debris and its detailed characteristics

Figure 18.48 Molten salt transport test rig installed in Ar atmosphere glove box.
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are not clarified at present, the scheme and methods for the fuel debris management has

not been determined. According to “the Mid-and-Long-Term Roadmap towards the

Decommissioning of TEPCO’s Fukushima Daiichi Nuclear Power Station Units 1-4”

issued by the Japanese government, processing and/or disposal methods for fuel debris

are planned to be determined in parallel to removal of it from reactor cores. Currently,

the technical and economic feasibility of various options for fuel debris management are

under study to provide the basis for reasonable decision making.

The chemical analyses of the corium samples obtained from the TMI-2 damaged

core, which mainly consist of (U,Zr)O2, have shown that it is hard to dissolve them into

nitric acid (Akers et al., 1986). This result suggests that it is unpromising to adopt con-

ventional aqueous process for fuel debris treatment and that approaches other than the

PUREX process should be investigated for their feasibility and expected performance in

stabilization of the fuel debris. On the basis of extensive knowledge and experience

obtained in the research and development of pyroprocessing technology, CRIEPI pro-

poses a flow sheet in which actinides are separated for storage and FPs are packed into

stable waste forms (Figure 18.49). In this flow sheet, the actinides in the fuel debris are

reduced to metals by electroreduction at the beginning. ANL reported that a synthetic

corium, containing (U,Zr)O2, zirconium, iron, and chromium, was completely reduced

by reacting it with lithium metal in molten LiCl (Karell et al., 1997). This result indi-

cates an excellent feasibility of applying the headend process in the proposed flow sheet.

The reduction product is sent to the electrorefining step to separate uranium, plutonium,

and MAs for storage. As plutonium and MAs are recovered using the liquid cadmium

cathode, they are inevitably accompanied with a small amount of lanthanide FPs such as

neodymium and cerium due to their thermodynamic properties. Zirconium and noble

metal FPs remain at the anode after the electrorefining step. They are to be processed

as a metal waste form, which has been developed for pyrometallurgical reprocessing.

According to the evaluation of core materials and FP inventory after the TMI-2 accident

(Akers et al., 1990), heat-generating FPs such as cesium and strontium, which tend to

accumulate inmolten salt solvents used in pyrochemical processes, are expected to have

been remarkably decreased from the corium due to the core melting at high temperature

and long-term leaching into injected and circulated cooling water. Under such a condi-

tion, the molten salt solvents can be used for a prolonged duration because the majority

of FPs accumulated in the molten salt solvents is lanthanides and they can be easily
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Figure 18.49 Proposed flow sheet for fuel debris treatment by application of pyro-processing

technology.
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removed and finally vitrified into the conventional glass waste form. CRIEPI and JAEA

jointly conducted a feasibility study of pyrochemical processes as effective options for

fuel debris treatment. Up to the present, behavior of ZrO2 and simulated corium (U,Zr)

O2 during the electroreduction in LiCl-Li2O electrolyte was investigated, and it has been

shown that uranium can be reduced to metal at least partially (Kitawaki et al., 2013).

Concerning the behavior of zirconium, it was found that ZrO2 favorably reacts with

Li2O in the electrolyte to form complex oxides such as Li2ZrO3, and these products

are hardly reduced to zirconium metal (Sakamura et al., 2012). In addition, studies

on the pyrochemical treatment using TMI-2 corium samples are in progress as a joint

program between CRIEPI and JRC-ITU (Iizuka et al., 2013). Figure 18.50 shows the

electroreduced sample of TMI-2 corium, suggesting the possibility of complete reduc-

tion of actinides. Definition of adequate reducing conditions based on detailed analysis

of the samples is now underway.
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Acronyms

An actinide

AMUSE Argonne Model for Universal Solvent Extraction

ALSEP actinide-lanthanide separation process concept

DAAP diamylamylphosphonate

FCT fuel cycle technologies program

GANEX group actinide extraction concept

GNEP Global Nuclear Energy Partnership

HDEHP bis(2-ethylhexyl)phosphoric acid, extractant for An(III) and Ln(III) in

TALSPEAK process

HEDTA N-(2-hydroxyethyl)ethylenediamine-N,N¢,N¢-triacetic acid, actinide-selective

complexant used in Advanced TALSPEAK aqueous phase

HEH[EHP] 2-Ethylhexylphosphonic acid mono-2-ethylhexyl ester, extractant for An(III)

and Ln(III) in Advanced TALSPEAK and ALSEP processes

Ln lanthanide

MPACT material protection, accountability, and control technologies

MT metric ton

PUREX plutonium uranium reduction extraction process

SANEX selective actinide extraction concept

STMAS Sigma Team for Minor Actinide Separations

TALSPEAK Trivalent actinide-lanthanide separations by phosphorus-reagent

extraction from aqueous komplexes

TBP tri-n-butyl phosphate
TRU transuranium element (typically referring to Np, Pu, Am, Cm in used

nuclear fuel)

TRUEX transuranic extraction process

T2EHDGA N,N,N¢,N¢-tetra(2-ethylhexyl)diglycolamide, extractant for An(III) and Ln(III)

in ALSEP

UREX uranium extraction process

USDOE U.S. Department of Energy

19.1 Introduction

The United States has approximately 100 operating nuclear reactors, and the used fuel

from each reactor is temporarily stored at each reactor site. On-site storage includes

both wet and dry storage facilities, with the majority of the fuel (approximately
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three-quarters of the fuel as of 2011) in wet storage; however, the percentage of fuel in

dry storage is rapidly increasing. The current U.S. Department of Energy (USDOE)

approach to the nuclear fuel cycle is to open a geologic repository aroundmid-century,

and directly dispose of the used fuel inventory in the repository (http://www.energy.

gov/downloads/strategy-management-and-disposal-used-nuclear-fuel-and-high-level-

radioactive-waste, January 2013). This fuel amounts to nearly 70,000 metric tons of

used nuclear fuel as of 2014. The fuel generated beyond approximately 2014 will

be stored, either on-site or in consolidated storage facilities, until a future decision

is made on a long-term approach to managing used nuclear fuel. To support this

future decision, research is being performed on a number of fuel cycle options, includ-

ing closed fuel cycles. It is generally recognized that partitioning and transmutation

in fast spectrum reactors have significant potential benefit in terms of resource utili-

zation and waste management. Fuel cycles that continually recycle U/Pu or U/TRU

are currently the focus of research efforts in the United States. It should be noted that

each nation or region will have their own set of constraints and drivers, so an approach

that is ideal for one nation or region may or may not be for a different nation or region.

19.2 Future fuel cycle development requirements

The requirements for fuel cycle performance are dependent on a number of factors that

vary depending on the objectives of the fuel cycle. For example, the amount of TRU

losses that can be tolerated in waste streams depends on the ultimate waste form and

the geology that the waste will be placed in. It is very important to look at the perfor-

mance of the entire fuel cycle, not just a portion of the fuel cycle, to determine per-

formance requirements. To focus on the TRU losses in separation processes, for

example, without considering losses in fuel fabrication could lead to inaccurate ana-

lyses. The consideration of integrated processes is also important. One cannot deter-

mine requirements for the separations processes without first knowing the

specifications for fuel fabrication (which drive separation purity requirements) and

the limitations of waste forms and repository performance (which drive extent of

recovery requirements). In the United States, the separations and waste form research

activities are integrated into a single program, and while the fuels development pro-

gram is separate, there are several activities to integrate development results between

the two programs. A critical factor for fuel development is the amount of rare earth

elements that the fuel can safely accommodate to avoid high neutron cross sections

and to avoid fuel cladding chemical interaction, which could lead to early fuel failure.

For metal transmutation fuels, the current estimate of the amount of rare earth ele-

ments in the fuel range from about 1% to 5%. Future testing of transmutation fuels

is needed to further refine this number, as it could impact the choice of the separation

processes used.

A wide range of estimates exist for the needed recovery of TRU elements. Early in

the U.S. Global Nuclear Energy Partnership (GNEP) program, recoveries of the TRU

elements of greater than 99.9% were targeted (Wigeland et al., 2014). This value was
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largely arbitrary, and could be achieved by many of the separation processes tested at

laboratory scale; however, TRU losses in the undissolved solids and in the fuel fab-

rication processes far exceed the 0.1% losses in the separation process. Therefore,

losses in the separation process could reasonably be expected to be more, on the order

of 0.5% to 1.0%, without having a significant impact on the overall fuel cycle perfor-

mance. To date, a sensitivity analysis has not been performed to determine the effects

of separation process losses on the overall fuel cycle performance. The U.S. Fuel

Cycle Technologies (FCT) program will perform an initial sensitivity analysis in

2014, following the completion of the Nuclear Fuel Cycle Evaluation and Screening

report (Wigeland et al., 2014). This study will evaluate separation recoveries in

the range of 90%, 95%, 99%, and 99.9%, to determine at what recovery level fuel

cycle performance is significantly altered. Another key development requirement is

the need to assess and address technical maturity. Assessing technical maturity can

be very useful in identifying areas that are less mature and need more development

effort. This approach is helpful in identifying research needs and prioritizing research

to address the less-mature aspects of a technology.

19.3 U.S. Fuel Cycle Technologies program

The U.S. Fuel Cycle Technologies program is managed under the USDOEs Office of

Nuclear Energy. The various programs (or “campaigns”) are organized by function, as

shown in Figure 19.1; advanced fuels development, separations and waste form devel-

opment, fuel cycle options/systems analysis and integration, material protection,

NE-5

NE-51 NE-52 NE-53 NE-54

Deputy assistant
secretary for fuel cycle

technologies

Office of  systems
engineering 
& integration
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Figure 19.1 USDOE office of nuclear energy fuel cycle technologies program.
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accountability and control technologies, and used fuel disposition. The objectives,

goals, and time lines for development of future fuel cycles is described in the USDOE

Office of Nuclear Energy Research and Development Roadmap (http://energy.gov/

sites/prod/files/NuclearEnergy_Roadmap_Final.pdf, April 2010), which was issued

in 2010. A revision of the roadmap is underway, but has not been published at the time

this is written. The primary objectives laid out in the roadmap are (1) Develop Tech-

nologies and Other Solutions That Can Improve the Reliability, Sustain the Safety,

and Extend the Life of Current Reactors; (2) Develop Improvements in the Affordabil-

ity of New Reactors to Enable Nuclear Energy to Help Meet the Administration’s

Energy Security and Climate Change Goals; (3) Develop Sustainable Nuclear Fuel

Cycles; and (4) Understand and Minimize the Risks of Nuclear Proliferation and

Terrorism. The development of reprocessing and recycling technologies falls under

Objective 3: Develop Sustainable Nuclear Fuel Cycles. The roadmap lays out a strat-

egy for developing new technologies to enable implementation in mid-century, if the

decision is made to close the fuel cycle. Because of the very long time frames to

develop, design, build, and startup large nuclear facilities, it is imperative that we

are actively evaluating new technologies now, with testing and down selection in

the near future to support this schedule.

The general U.S. approach to advanced fuel cycles is to utilize aqueous processes to

reprocess/recycle light water reactor oxide-based fuels. The reasons for this include

the long historical experience and technical maturity, the high throughput of aqueous

processing facilities (the United States currently generates about 2000 MT of used

nuclear fuel per year), and the compatibility of the fuel matrix with aqueous proces-

sing. For a closed fuel cycle with fast reactors, the United States leans toward the use

of metal fuel. It should be pointed out that no decision on future fuel cycle reactor

types, fuels, or fuel cycles has been made by the USDOE, but these are the areas

currently of most interest for research and development. The primary method for recy-

cling fast reactor metal fuel in the United States is the electrochemical (or pyropro-

cessing) approach. The reasons supporting this approach include lower throughput

and purity requirements needed for fast reactor recycle, the fact that the process begins

with metal feed and produces metal product for recycling, and that the process has

advantages in terms of radiation stability and criticality control.

The primary research area for advanced aqueous processing in the U.S. program is

the separation of minor actinides (neptunium, americium, curium) from the used fuel.

Separation of uranium and plutonium are industrially established technologies, and

recent trends to coprocess uranium with the plutonium product to reduce material

attractiveness require only minor adjustments to the current industrial process.

Historically, in the PUREX process, neptunium was not recovered and routed to

the high-level waste fraction. This is straightforward, as neptunium primarily exists

in the pentavalent state and will not extract in tri-n-butyl phosphate (TBP). There

are a number of ways to manage neptunium in advanced closed fuel cycles, including

extracting the neptunium with the uranium and plutonium or leaving the neptunium in

a PUREX or UREX type process raffinate to be removed with the remaining TRU

elements in a subsequent step. In the first approach, the key to removing the neptu-

nium is to change its oxidation state to one that is extractable by TBP (either IV or
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VI) and ensure that the valance state can be maintained during the separation process

(Gregson et al., 2012; Sarsfield et al., 2009). This is one of the preferred methods of

managing neptunium in the U.S. approach, but the option to separate neptunium with

the other minor actinides still exists. Due to similar chemistry, it is appealing to be able

to remove the neptunium with the other tetra and hexavalent metals. The current U.S.

program has not been actively investigating neptunium extraction; instead, it has cho-

sen to model various approaches using the Argonne Model for Universal Solvent

Extraction (AMUSE) code to assess the efficacy of various neptunium management

approaches (Wigeland et al., 2014). Specific flow sheets to address neptunium sepa-

ration with uranium and plutonium are now being developed.

The separation of the trivalent minor actinides from the lanthanides has been the

primary focus of the U.S. separations program now for the past five years. The Sigma

Team for Minor Actinide Separations (STMAS), a multidiscipline, multilaboratory

collaboration among U.S. national laboratories and universities, has been investigat-

ing multiple approaches for separating the trivalent actinides. This work is described

in Chapter 11 of this book in detail, so only a brief overview will be provided in this

chapter. The STMAS was conceived to formulate a program that encouraged collab-

oration and teamwork, while maintaining individual researcher interests and creativ-

ity. A number of leading scientists from U.S. national laboratories and one university

were selected as the core team, and collaborations beyond this team with several other

universities and research institutes soon followed. Until the formation of the STMAS,

the U.S. approach to An(III) separations was the TRUEX process followed by the

TALSPEAK process, which had been demonstrated at lab scale a number of times

in the mid-2000s (Weaver and Kappelmann, 1968; Horwitz et al., 1885; Gelis

et al., 2009). While demonstrated in short lab-scale tests with actual used nuclear fuel,

the TALSPEAK process posed a number of chemistry and engineering challenges, as

well as the cost and complexity of operating two separate solvent-extraction processes

with different solvents. The goals of the STMAS were to develop simplified separa-

tion approaches, with more robust operational parameters, so that both the chemistry

and engineering of the process could be well characterized and understood.

The two primary focus areas investigated under the STMAS, are enhanced selec-

tivity of An(III) over Ln(III) by selective complexation and the utilization of the

higher valence states of americium (primarily V and VI) to selectively extract amer-

icium from Ln(III) and Cm(III). In the area of advanced complexation, new

approaches such as the “Advanced TALSPEAK” process, which utilizes a weaker

organic extractant 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester or HEH

[EHP], along with a weaker aqueous soluble complexant N-(2-hydroxyethyl)ethyle-
nediamine-N,N¢,N¢-triacetic acid or HEDTA in a citrate buffer to selectively extract

the lanthanides from the trivalent actinides (Braley et al., 2012). In the Advanced

TALSPEAK process, the distribution coefficients for Ln(III) and An(III) are much

flatter across the pH range of interest (�2.8-3.5). In addition, the chemistry of the cit-

rate buffer appears to be more predictable and less complex in comparison to the lac-

tate buffer in the TALSPEAK process. Attempting to further simplify the separation

of the trivalent actinides from lanthanides has led to the development of the actinide-

lanthanide separations (ALSEP) concept, which effectively combines the two step
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TRUEX-TALSPEAK functions into a single process (Gelis and Lumetta, 2014). The

ALSEP process utilizes a solvent containing N,N,N¢,N¢-tetra(2-ethylhexyl)diglycola-

mide (T2EHDGA) plus HEH[EHP] dissolved in n-dodecane. The ALSEP solvent

extracts both trivalent actinides and lanthanides (except for lanthanum and possibly

cerium), and then uses an aqueous soluble complexant, HEDTA, in a citrate buffer

to selective strip the actinides from the lanthanides.

The approach to exploit higher oxidation states of americium has been demon-

strated using diamylamylphosphonate (DAAP) as the extractant in a solution where

americium has been oxidized to Am(VI) using sodium bismuthate (Mincher et al.,

2012). The challenge for this process is to effectively oxidize americium to the hex-

avalent state and be able to stabilize it in that valence state, long enough to perform the

extraction process. A major focus of the program has been to search for alternative

oxidation/stabilization agents for americium.

Another area of great importance to the understanding of these solvent extraction

approaches is the radiation chemistry of the solvents and the systems, particularly the

stability of the solvent due to radiolysis and hydrolysis, as well as the effect of radi-

ation and free radical formation on the valence states of multivalent cations (such as

neptunium and possibly americium, if oxidized). Developing a fundamental scientific

understanding of the chemistry of separations processes, including the radiation

chemistry, thermodynamics, and kinetics of the systems, is an integral part of the

U.S. Separations and Waste Form Campaign research effort.

In the area of electrochemical processing of fuel, the primary effort in the U.S. Fuel

Cycle Technologies program is part of a collaboration between the United States and

the Republic of Korea to demonstrate at the kilogram scale the electroreduction of

oxide fuel and the electrorefining of the resultant metal to recover uranium and

U/TRU fractions. This research program is planning to process a large number of

sequential kg-scale batches of fuel in an integrated process. This demonstration is cur-

rently scheduled for the 2016-2017 time frame. Additional research in the U.S. domes-

tic electrochemistry program focuses on the recovery of U/TRU on nonalloying metal

cathodes. As described in an earlier chapter, recovery of uranium from spent Exper-

imental Breeder Reactor-II fuel has been ongoing at the Idaho National Laboratory for

about two decades, processing over 4 tons of driver and blanket fuels.

19.4 Future trends

Only a decade ago, many approaches to the partitioning of trivalent actinides from

lanthanides were still based on two-step processes with TALSPEAK-type chemistry,

utilizing bis(2-ethylhexyl)phosphonic acid (HDEHP) as an extractant. There is a very

common trend between U.S. and European research programs to simplify and

combine processes to a single-process approach (after a process to remove uranium

or uranium, plutonium (and possibly neptunium)). There are a number of similarities

to the SANEX and GANEX approaches studied in Europe with the ALSEP process

chemistry. Most notable is the trend that many approaches are converging toward
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the use of diglycolamide extractants and aqueous soluble complexants to selectively

strip An(III) or americium. While these approaches were arrived at somewhat inde-

pendently (with a healthy awareness of published literature), the collaboration

between international research programs is increasing. The U.S. Separations and

Waste Form program is planning to perform laboratory-scale flow sheet tests in the

near future with simulant feeds and eventually used nuclear fuel, and these tests will

most likely involve international support or participation. While the United States

appears to be the only group actively investigating higher oxidation states of ameri-

cium, there is a common interest in processes that separate americiumwithout curium,

to potentially simplify the transmutation fuel fabrication process. French and Euro-

pean research programs have made significant progress in americium extraction pro-

cesses based on selective complexation.

In the area of electrochemical processing, there is much common interest in the

general approach, but less convergence on the specific technologies. The European

Union programs are investigating solid alloying cathodes for the recovery of

U/TRU. There are many similarities in approaches by the Republic of Korea and Japan

with the U.S. approach, but each has unique aspects aimed at addressing issues of

importance for each country.

The U.S. Fuel Cycle Technologies program objectives are to develop technical

options to support future decisions by the U.S. government on nuclear fuel cycles. Cur-

rently, the focus of the U.S. program is the near-term storage and disposal of existing

light-water reactor fuel. The long-term research and development focus is the devel-

opment of separation technologies, transmutation fuels, and advanced waste forms, for

a closed fuel cycle. The overall time line, according to the current Nuclear Energy

R&DRoadmap is to deploy advanced fuel cycles, if selected, by about 2050. In support

of this long-term goal, the separations program is researching advanced separation

technologies leading to laboratory-scale testing of these technologies with simulated

feeds in the 2016-2017 time frame and with actual used fuel in the 2017-2020 time

frame. Longer-term activities include scale-up testing at the engineering scale with

simulated and eventually actual fuel, approximately in the mid-2020s time frame. This

testing will provide data that will be used to evaluate the technical and economic via-

bility of advanced closed fuel cycles in support of future nuclear energy policy deci-

sions by the U.S. government. For this reason, a primary driver for the separations and

waste form program is to develop technologies that have robust operational conditions

and are as simple as possible to make them industrially useable and cost effective.
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Acronyms

ADS accelerator driven system

AHA acetohydroxamic acid

APOR advanced process based on organic reagents

BTP bis-triazinyl-pyridine

CDFR China demonstration fast reactor

CEFR China experimental fast reactor

CIAE China Institute of Atomic Energy

CMPO octyl(phenyl)-N,N-dibutyl carbamoylmethyl phosphine oxide

DHOA N,N-dihexyloctamide

DHU dihydroxyurea

DIAMEX diamide extraction

DIDPA diisodecylphosphoric acid

DMHAN N,N-dimethylhydroxylamine

FBR or FR fast breeder reactor or fast reactor

FP fission product

HEU highly enriched uranium

HLLW high-level liquid waste

HSC hydroxyl-semicarbazide

HU hydroxyurea

LEU low enriched uranium

MA minor actinides

MH methylhydrazine

MOX mixed oxide

MSR molten salt reactor

NPP nuclear power plant

PUREX plutonium uranium extraction

PWR pressurized water reactor

R&D research and development

RPP reprocessing pilot plant

TBP tributyl phosphate

TRPO trialkylphosphineoxide

TODGA N,N,N¢,N¢-tetraoctyldiglycolamide

TRU transuranic

Reprocessing and Recycling of Spent Nuclear Fuel. http://dx.doi.org/10.1016/B978-1-78242-212-9.00020-4

© 2015 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/B978-1-78242-212-9.00020-4
http://dx.doi.org/10.1016/B978-1-78242-212-9.00020-4


20.1 Introduction

With the development of China’s economy, the domestic energy demand is expected

to grow; before 2020 being predicted to reach an installed capacity for electricity pro-

duction of about 58 GWe (National Energy Administration, 2013). Therefore, it has

been concluded that nuclear energy is an important option in the Chinese energy mix.

In accordance with The Medium and Long-Term Nuclear Power Development Plan-
ning (2007-2020) (National Development and Reform Commission, 2007), China is

expanding its civil nuclear power programs to meet its energy needs. China’s nuclear

power installed capacity, including that in operation and under construction, is pre-

dicted to be higher than 80 GW by 2020. In order to realize the sustainable develop-

ment of Chinese nuclear energy, a three-stage strategic plan has been devised:

l In the first stage, natural uranium would be used in thermal reactors; thermal reactors are the

main type of nuclear power provision.
l Plutonium extracted from the spent fuel of these thermal reactors by reprocessing would

drive fast reactors in the second stage. The second stage is mainly to develop fast reactors

and realize the transition from thermal reactors to fast reactors.
l The final stage is the development of fission-fusion systems.

Without a doubt, the success of the sustainable development of fissile energy is

based on the establishment of an efficient closed fuel cycle approach with recycling

of both fissile and fertile components of the spent fuel to appropriate reactor systems

(OECD/Nuclear Energy Agency, 2013; International Atomic Energy Agency, 2013).

Spent fuel reprocessing is the vital link in the closed fuel cycle, especially for the tran-

sition from an advanced thermal reactor to a fast reactor-based fuel cycle. Reproces-

sing used nuclear fuel improves fuel utilization by extracting additional energy from

the recycled uranium and plutonium. Recycling the plutonium into future fast reactors

or high-conversion thermal reactors could achieve a significant improvement in

resource utilization. Reprocessing also reduces the radiological hazard from spent

fuel, resulting in an improvement in repository performance in scenarios in which

the repository may be disturbed. To date, the PUREX process has been the only com-

mercially used process for the recovery of plutonium and uranium from commercial

used fuel in the world. For the advanced reprocessing of future used fuels, the objec-

tive is not only to recover plutonium and uranium, but also to manage all minor acti-

nides and fission products (Wigeland et al., 2006; Polyakov et al., 2000). In this

regard, many studies have already been made exploring new reprocessing technolo-

gies and new separation methods (Nash and Lumetta, 2011a).

The objective of this chapter is to give a brief overview on the status and the future

prospects of reprocessing and recycling of spent nuclear fuel in China, in the context

of China’s nuclear power and nuclear fuel cycle deployment. Recent research and

development of spent nuclear fuel reprocessing in China is described. Some processes

for the minor actinides separations are also described. Finally, prospects for further

development and future trends in managing the back end of the nuclear fuel cycle

in China are also discussed.
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20.2 Recycling strategy for spent nuclear fuel

20.2.1 Nuclear power deployment

In the future, nuclear power will play a bigger role in improving China’s energy struc-

ture, coping with climate change, and controlling air pollution. Up to December 2013,

17 nuclear reactor units were under commercial operation and an additional 28 units

were under construction. Total installed capacity reached 14833.79 MWe, accounting

for about 2.11% of total electricity supply (as shown in Figure 20.1) (China

Committee of Nuclear Power Operators, 2014).

Significant research and development (R&D) programs have been pursued world-

wide, bringing the knowledge on fast reactor technology to a high level of maturity. In

China, the national program on fast reactors is a part of the ambitious objective to

reach a nuclear electricity ratio of more than 20% by 2050 (Zhang, 2013; Xu,

2008). The first step of this program is acquisition of the necessary experience through

the operation of the China experimental fast reactor (CEFR), which was connected to

the grid in 2011. Currently, the construction of the demonstration reactor CFR-600 is

planned by 2025-2030, which will act as bridge to the commercial fast reactor by

2040-2050.

20.2.2 Development of the closed fuel cycle

In order to match nuclear power development with consideration for the domestic con-

dition and the reality of the Chinese nuclear industry, it is necessary to set up a com-

plete nuclear fuel cycle system (Ye, 2011). The principles applying to China’s nuclear

fuel development are the following: a combination of opening up from abroad and

domestic orientation of fuel supply; and adopting the reprocessing option for spent

fuel from NPPs and abiding by the state regulations on radiation protection and envi-

ronmental protection to ensure the safety of nuclear facilities and personnel. For spent
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Figure 20.1 Distribution of total electricity production of China in 2013.
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fuel management, the reasons why a closed fuel cycle strategy has been selected are

the following:

l Full utilization of uranium resources and development of FBR.
l Disposal of radioactive wastes safely after separation of uranium and plutonium from

spent fuel.

The middle-to-long-term plan to develop a closed fuel cycle has been considered,

as shown in Figure 20.2. In the first stage, an experimental-scale manufacturing line

for MOX fuel pellets was built near to the reprocessing pilot plant (RPP). Design of a

MOX fuel assembly for CEFR, as well as the primary performance analysis, was car-

ried out (Yu and Huang, 2013). Part of the reprocessed uranium will be used as fuel in

a CANDU reactor. Up to now, the MOX pellet fabrication facility to provide MOX

fuel for CEFR is under construction with the capability to process 500 kg/y (heavy

metal). Spent fuel reprocessing is also a vital link in implementing the closed fuel

cycle, especially for the advanced thermal reactor-fast reactor-based fuel cycle

(International Atomic Energy Agency, 2011). In China, the first power reactor spent

fuel reprocessing pilot plant (RPP) based on the conventional PUREX process has

been taken through active commissioning in 2010, which indicates that China has

obtained independent capability in reprocessing technology for PWR spent fuel

(Zhang et al., 2011).

In the second stage, CDFR will be constructed based on the experience of CEFR.

Furthermore, a new MOX fuel fabrication plant for CDFR will also be considered.

Commercial reprocessing plants for PWR and fast reactor spent fuels, developed from

2000s

PWR

(TRU, FP, I, 

Tc)

2025s 2050s

CDFR

ADS

Spent fuel

Reprocessing
Waste disposal

Pyro-process

Metal

fuel

MOX

Figure 20.2 Middle-to-long-term plan to develop the closed fuel cycle in China.
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the basis gained with the RPP, will need to be constructed in the near future. At the

same time, metal fuel for future fast reactor and ADS technology are also under

consideration.

The R&D of reprocessing technologies for PWR and fast reactor spent fuels are

reviewed in greater detail in the ensuing section.

20.3 Development of reprocessing technology

In the PUREX process, uranium and plutonium are recovered throughmultiple extrac-

tion cycles based on differences between extraction behaviors of uranium, plutonium,

other actinides, and fission products. The PUREX process was first developed in the

United States in the 1950s and, thereafter, it was used to treat irradiated nuclear fuel

from power plants in many countries including France, the United Kingdom, Russia,

India, Japan, and China. It can be safely said that the PUREX process achieved world-

wide acceptance as the premier fuel reprocessing scheme, still occupies that position

today, and will possibly remain there in the foreseeable future.

20.3.1 Process of RPP

The main process in the RPP for spent LEU fuel reprocessing is based on a mechanical

headend process followed by the PUREX-type process comprising two TBP extrac-

tion cycles and tail end processes (Zhang et al., 2011; Zheng and Ye, 2000). The func-

tions of the RPP are as follows:

l Demonstrate the processes, equipment, and instrumentation under hot conditions.
l Experience accumulation in the design, construction, and operation.
l Train the operational personnel.
l Recover highly enriched uranium (HEU) from spent fuel from research and test reactors.
l Undertake R&D into reprocessing technology for MOX spent fuel in the future.

The designed and studied steps include the following: a shear-leach process, a clari-

fication process including pulse filtration, porous stainless steel sintered tubes and

centrifugation, a process for removal of radioiodine from the dissolution off-gas, a

spent solvent treatment system using hydrazine carbonate, denitration of uranyl nitrate

solution to UO3, and others. Through 5%, 50%, and 100% active commissioning, a

massive amount of data was accumulated for each process step. The recovery rates

of uranium and plutonium, decontamination factors, and separation factors obtained

satisfied the designed index. Qualified uranium trioxide and plutonium dioxide prod-

ucts were obtained. Recovered plutonium will be fabricated intoMOX fuel for the fast

reactor in a small-scale demonstration facility.

At present, some R&D studies are undertaken in institutes and universities, to

ensure stable and safe operation of the RPP with a modified two-extraction cycle

PUREX process. The aim is to optimize the process and minimize radioactive wastes,

introducing the modified process after sufficient experience is obtained with RPP.
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A lot of research is also being done to develop an advanced PUREX process for the

future fuel cycle.

20.3.2 APOR process for PWR spent fuel reprocessing

Future reprocessing plants need to operate safely with minimum environmental

impact and at a high level of safety. At the same time, higher requirements should

be reached for the future spent fuel reprocessing due to the increase of the burn up

of fuel. Research and development of salt-free technology is one of the important

fields to meet these requirements.

20.3.2.1 Application of organic reagents

In present-day spent nuclear fuel reprocessing plants in the United Kingdom, France,

and Japan, uranium and plutonium are separated by the reductive back-extraction of

plutonium with hydrazine-stabilized tetravalent uranium (International Atomic

Energy Agency, 2005). A serious obstacle to the success of this processing step is that

the solutions to be processed contain technetium, which is among the few fission prod-

ucts extractable into tributyl phosphate together with uranium and plutonium. The sig-

nificance of technetium is due to its catalytic action on the oxidation of uranium(IV)

and hydrazine by nitric acid (nitrate anion). This results in increased plutonium accu-

mulation on the extractor stages and, in some circumstances, in the complete failure of

U/Pu separation (Taylor et al., 1987; Mashkin and Belyaev, 2006).

Therefore, reductants play an important role in the PUREX process. One important

trend in the development of a future solvent-extraction process for reprocessing is the

usage of salt-free, highly efficient reductants in U/Pu separation (Koltunov and

Marchenko, 1998; Ye, 2004; Koltunov et al., 2000), such as butyraldehyde and iso-

butyraldehyde (Uchiyama et al., 1993; Wu et al., 1998) and, especially, hydrazine and

hydroxylamine as well as their derivatives (Koltunov and Baranov, 1993; Zhang et al.,

1997, 2001; He et al., 2002). In China, a series of salt-free organic reagents have also

been studied extensively, such as acetohydroxamic acid (AHA) (Zheng et al., 2001),

hydroxyurea (HU) (Zhu et al., 2004), dihydroxyurea (DHU) (Yan et al., 2009, 2010),

and hydroxyl-semicarbazide (HSC) (Xiao et al., 2009). Interactions of these reagents

with Pu(IV), Np(VI) were systematically studied. Further potential applications to

U/Pu and U/Np separation in the PUREX process were also studied.

N,N-dimethylhydroxylamine (DMHAN) is a type of derivative of hydroxylamine

in which two hydrogen atoms are substituted by methyl groups. An advanced pluto-

nium and uranium recovery process has been established based on two organic reduc-

tants: N,N-dimethylhydroxylamine (DMHAN) and methylhydrazine (MH) as U/Pu

separation reagents. The proposed flow sheet of the APOR (advanced PUREX process

based on organic reductants) process is indicated in Figure 20.3. The APOR process is

composed of three cycles: a U,Pu codecontamination/separation cycle, the uranium

purification cycle, and plutonium purification. With using DMHAN and MH in the

U,Pu codecontamination/separation cycle and plutonium purification cycle as
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plutonium stripping reagents, the APOR process exhibits high performance and can be

characterized in general terms by

l high efficiency of U/Pu separation that can be achieved by DMHAN and MH in the

first cycle;
l plutonium product solution of high concentration can be obtained in the plutonium purifi-

cation cycle with a simple extraction-stripping operation instead of circumfluence

extraction; and
l the process is simplified because of the elimination of the technetium scrubbing operation

and the supplementary extraction operation.

U/Pu separation: In the U/Pu separation stage of the APOR process, DMHAN is used

as a reducing agent for Pu(IV). Pu(IV) can be reduced by DMHAN quickly and

completely. However, it is imperative to understand that Pu(III) is an unstable species

at conditions of U/Pu separation and rapidly reoxidizes to Pu(IV) in the presence of

nitrous acid. So MH is used as a nitrite scavenger to prevent the autocatalytic reox-

idation of Pu(III). The experimental results showed that the recovery rate of plutonium

is 99.98%, the separation factor of plutonium from uranium (SFPu/U) is about

2.5�104, and the separation factor of uranium from plutonium (SFU/Pu) is about

6.11�104. High efficiency of U/Pu separation can be achieved even in the presence

of technetium.

Technetium pathway: The behavior of technetium in the decontamination step is

basically the same as in the decontamination step of the conventional PUREX process.

Traditionally, technetium should be stripped from the solvent before the U/Pu

separation step in order to avoid the effects of its autocatalytic reaction in U/Pu

separation. In the APOR process, the extracted technetium enters completely into

the U/Pu separation step. DMHAN has no obvious interactions with technetium, while
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Figure 20.3 The proposed flow sheet of the APOR process.
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MH can reduce Tc(VII) to its inextractable low valence state (Wang et al., 2012).As a

result, higher than 99.9% of technetium can be stripped into the aqueous stream with

plutonium. In the plutonium purification cycle, technetium can be separated and rou-

ted into the aqueous raffinate waste stream.

Neptunium pathway/control: The separation of neptunium in the PUREX pro-

cess is one of the main problems in spent fuel reprocessing because of the com-

plexity in its chemical behavior (Taylor et al., 1997; Lin, 1995). The behavior

of neptunium in the APOR decontamination step is similar to that in the decontam-

ination step of the traditional PUREX process. Through increasing the acidity of

feed and scrub solution, most of the neptunium would coextract into 30% TBP/ker-

osene with uranium and plutonium. In the U/Pu separation step, DMHAN and MH

are used as reducing agents for Pu(IV). Experiments showed that the reduction of

Np(VI) to Np(V) by DMHAN is quick, while further reduction of Np(V) to Np(IV)

is so slow that no Np(IV) is observed in several hours at room temperature. The

rig-scale test showed less than 1% of neptunium entered into the uranium stream

and more than 99% of neptunium was stripped into the aqueous stream with the

plutonium (labeled 1BP in Figure 20.3). In the plutonium purification cycle, about

98% of neptunium entered into the aqueous raffinate (2AW) and less than 2% of

neptunium entered into the plutonium product stream. After the uranium purifica-

tion cycle, the uranium product, meeting the specification, can be obtained by tak-

ing further technical measures.

20.3.2.2 Electrolytic partition of uranium and plutonium

Conventional solvent-extraction contactors, mixer-settlers or pulsed columns, have

been used exclusively till now for the uranium and plutonium-partitioning step.

The development of in situ electrolytic apparatus for the PUREX process is also

mainly based on these two extraction contactors. Both apparatuses integrate electro-

reduction of tetravalent plutonium into liquid-liquid extractors. Researchers at

Karlsruhe (Schmieder et al., 1974) have developed electrode-equipped mixer-settlers,

in which the reduction occurred largely in the settled aqueous phase rather than in a

heterogeneous mixture.

We designed a new type of electrolytic mixer-settler for uranium and plutonium

separation (as shown in Figure 20.4) (Yuan et al., 2013); key features are an “E”

shaped cathode and “U” shaped anode in the settling chamber. Because the cathodes

of each stage are no longer connected, the current of one stage will not affect the cur-

rent of the other stages. In the settling cell, both aqueous and organic phases have to

flow through the channel that is formed by the electrodes. Therefore, the retention of

the feed in the settling chamber is eliminated to a minor level. The experimental

results show that this new type of mixer-settler has excellent separation performance.

Flow ratio of feed solution (1BF) to the aqueous extraction stream (1BX) and to the

organic wash stream (1BS) is 4:1:1. With the organic feed of 84 g/L uranium and

1.40-2.64 g/L plutonium, both the separation factors of plutonium from uranium

and that of uranium from plutonium are apparently higher than 104.
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20.3.2.3 Plutonium valence adjustment with N2O4

(Zhang et al., 2002; Li et al., 2011)

The plutonium valence adjustment back to Pu(IV) in the PUREX process is a crucial

problem. In the PUREX process, Pu(IV) is reduced to Pu(III) rapidly by a reductant at

room temperature, and HNO2 in the reaction system is cleared up rapidly by a holding

reagent. The main purpose of the follow-up process is to oxidize Pu(III) back to Pu

(IV) with salt-free oxidants. There have been several methods of oxidizing Pu(III)

to Pu(IV). The N2O4 oxidation method is one of the class using salt-free reagents.

The effects of the concentration of Pu(III), temperature, acidity, and so forth, on

adjustment of plutonium in different 1BP and 2BP solutions by N2O4 have been stud-

ied. The experimental results show that quantitative oxidations of different systems

[DMHAN-MMH-Pu(III), NH2OH-N2H4-Pu(III), and U(IV)-N2H4-Pu(III)] can be

achieved. Pu(III) oxidation is fast and complete. Further work on the scale-up of

equipment and corresponding process parameters is in progress.

20.3.3 R&D for fast reactor MOX spent fuel reprocessing

Significant experience has been obtained in the reprocessing of thermal neutron reac-

tor spent fuels using PUREX technology. It is proven that the PUREX process or its

modified versions may be used for fast reactor oxide fuels as well. However, fast reac-

tor fuel reprocessing differs from thermal reactor reprocessing in many respects

(UKEA, 1980). The differences arise mainly from the following characteristics of

spent fast reactor fuels:

l Higher specific activity and decay heat generation due to high fission products content.
l Higher plutonium content.
l Different assembly structure and presence of sodium on assemblies in the case of sodium-

cooled reactors.
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High fission products content due to the high burn up and short cooling time of FBR

spent fuel increases the difficulties encountered in spent fuel dissolution and actinide

products decontamination (when using aqueous recycling). More codecontamination

cycles to achieve targeted decontamination factors from fission products may thus be

required, which leads to an additional U,Pu costripping process between each code-

contamination cycle. Associated with high plutonium content are problems relating to

plutonium distribution, plutonium polymerization, third-phase formation, criticality,

and so on. As a result, the objective of the U,Pu costripping process is to minimize the

problem of plutonium polymerization during stripping while at the same time ensuring

maximum plutonium recovery.

As an indispensable component of the FBR fuel cycle, the study of FBR spent fuel

reprocessing in China was initiated in the 2000s. The schematic of the modified

PUREX process flow sheet that is deployed for reprocessing MOX spent fuel is given

in Figure 20.5. After chopping the fuel pins, the fuel pellets are dissolved in concen-

trated nitric acid. This dissolved solution is then subjected to solvent extraction with

30% TBP/kerosene for decontamination from fission products. Complete (or partial)

separation of plutonium from uranium is performed by in situ electrolytic reduction.

The R&D efforts carried out in various process steps are given in the following

sections.

Countercurrent tests were carried out in mixer-settlers with simulated feed solu-

tions, which contained uranium and plutonium under the condition that nitric acid con-

centration was adjusted to 4 mol/L, and 3 mol/L of HNO3 was used as the scrubbing

solution. The concentration of plutonium in the extraction-scrubbing bank at the

organic phase was below 20 g/L, which reduced the possibility of third-phase forma-

tion. In the costripping bank, the possibility of plutonium polymerization is reduced by
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Figure 20.5 The schematic

flow sheet for fast reactor

MOX spent fuel
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using a dual strip and maintaining a sufficient acid concentration that is commensurate

with plutonium concentration. The results showed that the recovery rates for uranium

and plutonium were 99.998% and 99.991%, respectively. In the costripping step, the

recovery rates for uranium and plutonium were 99.94% and 99.994%, respectively

(Zuo et al., 2013).

20.4 Separation of minor actinides

For the purpose of sustainable development of nuclear energy, uranium and plutonium

in spent nuclear fuel will be recovered via reprocessing, which generates high-level

liquid waste (HLLW). The main remaining long-term radiotoxicity in HLLW comes

from the minor actinides (MAs). Partitioning and transmutation of minor actinides is

one important option for high-level waste disposal. Therefore, the separation of MA

from HLLW and separation of An from Ln is of importance. Up to now, several flow

sheets for MA separation have been developed or even demonstrated at the laboratory

scale, using simulated or genuine nuclear fuel solutions, such as TRUEX (Nash and

Lumetta, 2011b), TRPO (Song and Zhu, 1994), DIDPA (Morita et al., 1996), DIA-

MEX (DIAMide EXtraction) (Serrano et al., 2005) processes, and others. The follow-

ing section will give a brief introduction into R&D related to separation of HLLW

in China.

20.4.1 TRPO process

The TRPO process for the removal of TRU elements has been developed since the

1980s by Tsinghua University (Song and Zhu, 1994). This is based on the use of trialk-

ylphosphine oxide extractants (typically, Cyanex 923) to achieve a total actinide

recovery from nitric acid-based HLLW. A schematic diagram of the TRPO process

is shown in Figure 20.6. TRPO has good physicochemical properties and irradiation

stability as well as excellent extraction selectivity to tri-, tetra-, and hexavalent

Extraction 

30%TRPO 

Strip-3 Strip-2 Strip-1 

Feed Adj. 
HNO3

~1 mol/L

HLW 

Regeneration 

Am/Cm/RE
Most Tc

0.6 mol/L
Oxalic acid

5% Ammonium
carbonate 

5.5 mol/L
HNO3 

Np, Pu U
Waste 

FP~100% 

Figure 20.6 Schematic diagram of the TRPO process.
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actinides. Hence, it was found that extraction percentages higher than 99% for U(VI),

Np(IV,VI), and Pu(VI), from 1 mol/L HNO3, were achieved using TRPO (with alkyl

chains from C6 to C8) dissolved in kerosene (Song et al., 1992). In addition, Pu(III)

and Am(III) can also be efficiently separated if the extraction conditions are ade-

quately adjusted, whereas strontium, caesium, and ruthenium are only extracted at

a remarkably low level. Several hot tests have been carried out by using the defence

HLLW (Chen andWang, 2011). The a-decontamination factor in the hot test is shown

in Figure 20.7 and the results show that the average a-decontamination factor is higher

than 3�103. No decrease of decontamination factor is found when using directly

recycled TRPO. The average a-decontamination factors for 241Am, 239Pu, and ura-

nium are higher than 4�103, 1.7�103, and 3�103, respectively.

20.4.2 TODGA-DHOA process

In recent years, diamide ligands have also been studied in China for their extraction

ability toward minor actinides (Ye et al., 2000a,b; Chen et al., 1998). Some of these

compounds exhibit excellent performance for minor actinides separation. N,N,N¢,N¢-

tetraoctyldiglycolamide (TODGA) is one of the promising reagents for applications in

the partitioning of trivalent actinides and lanthanides from HLLW solutions. Previous

studies on TODGA focused on the distribution behaviors of metal ions in nitric acid

solutions and design of new separation process (Sasaki et al., 2001, 2005). Unlike

other reagents used for actinide partitioning, such as CMPO, DIDPA, and TRPO,

which do not extract Sr(II), TODGA is reported to extract Sr(II) to a significant extent.

This can possibly lead to the contamination of the product and may require additional

decontamination steps. Furthermore, a third phase will form under higher concentra-

tions of nitric acid. Some phase modifier must be added to the solvent-extraction sys-

tem. Sasaki (Tachimori et al., 2002) found that DHOA added to TODGA/n-dodecane
can increase the loading capacity of the extractant and thus suppress the formation of
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the third phase. DHOA is composed of C, H, O, N atoms, which can be completely

incinerated. Based on the previous studies of TODGA and DHOA, a new process for

separation and recovery of actinides and lanthanides, and including the separation and

recovery of strontium from HLLW was designed (Ye et al., 2013; Zhu et al., 2012,

2014), as shown in Figure 20.8. It uses the tridentate diglycolamide TODGA ligand

and the monoamide DHOA and is termed the TODGA process.
Investigations on partitioning of HLLW for MAs have been conducted at CIAE,

and the main results showed that (1) by adding DHOA, the third phase diminished

while the distribution ratio of strontium decreased, thus separation of strontium should

be realized using TODGA alone; (2) uranium and minor neptunium and plutonium

could be back-extracted together using acetohydroxamic acid (AHA) as a complexing

reagent; and (3) more than 95% americium was back-extracted with the rare earth

elements (RE).

With regard to trivalent actinide separation from lanthanides, a conceptual process

was proposed, and has been examined with simulated HLLW in multiple-stage cen-

trifugal extractors. From the experiments, promising results were obtained.

20.4.3 An/Ln separation

A key challenge with the separation of minor actinides relates to the separation of tri-

valent actinides from the lanthanides because of their similar oxidation states, chem-

ical properties, and ionic radii. The problem of selective extraction of actinides has

been an extensively pursued area of research for over several decades in China.

One type of promising extractant is Cyanex. The extraction behavior of bis(2,4,4-

trimethylpentyl)dithiophosphinic acid (HBTMPDTP), purified from Cyanex 301,

was first studied for extracting Am3+ and Ln (Zhu, 1995). Further countercurrent

hot testing showed that An/Ln could be separated efficiently with high separation fac-

tors (Chen et al., 2002).

BTPs (1,2,4-triazin-3-yl bipyridines) and derivatives have been identified as excel-

lent extractants for separation of actinides(III) from lanthanides(III) in nitric acid

media. These BTP molecules can bind as tridentate ligands to metal cations.
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Figure 20.8 Schematic diagram of the TODGA process.
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The separation efficiency of An/Ln was systemically studied usingDPTP (2,6-bis(5,6-

di-n-propyl-1,2,4-triazin-3-yl)-pyridine) (Tang et al., 2008), iPr-BTP (2,6-bis(5,6-

di-isopropyl-1,2,4-triazin-3-yl)-pyridine) (Cheng et al., 2007), and C2-BTBP

(6,6¢-bis(5,6-diethyl-1,2,4-triazin-3-yl)-2,2¢-bipyridine) (Hong et al., 2012). Though

these extractants showed good selectivity for An/Ln separation, the degradation of

BTPs by hydrolysis and radiolysis is a problem that needs to be solved before any

engineering application.

20.5 Development of pyrochemical reprocessing

With the development of fast reactors (FRs) in China, accelerator-driven systems

(ADS) and molten salt reactors (MSR), pyrometallurgy (dry reprocessing) is to be

considered for the main route of spent fuel reprocessing and wastes partitioning,

because of the high burn up (>100 GWd/te), high radiation, high heat release rate,

high plutonium content, and high FP content. Based on the ambitious program to

develop FR nuclear power, R&D on pyrochemical processing has been restarted

in China.

Our recent work on pyrochemical studies mainly focuses on the measurement of

basic parameters, including (1) electrochemical studies of uranium and rare earths

both in molten chloride salts (LiCl-KCl) and molten fluoride salts (LiF-CaF2 or lith-

ium type cryolite); (2) dissolution of simulated fuel in molten salts; (3) purification

and recycle of molten salts; and (4) some physical and chemical properties of the mol-

ten salts. Besides, development of equipment and techniques for process monitoring

and control, precise measurement and control of temperature in molten salts has also

received much attention.

Directions for improving the processes appear to be

l Minimization of TRU losses in wastes and increase of the purities of the separated actinide

products.
l Routes to actinide products obtained through the combined use of several separations.
l Waste management, which is mostly corrosion-related owing to the aggressive nature of

the salts.
l Characterization of the media and the high process temperatures need to be precisely

estimated.

20.6 Conclusions

China is considering expanding its civil nuclear power programs to meet its growing

energy needs. The closed nuclear fuel cycle is the strategic line of sustainable nuclear

power development in China. This will ensure more efficient use of natural nuclear

fuel and artificial fissile materials produced by reactors (e.g., plutonium) and will min-

imize radioactive waste by applying the partitioning and transmutation method. At

present, the first power reactor spent fuel reprocessing pilot plant (RPP) based on

544 Reprocessing and Recycling of Spent Nuclear Fuel



the conventional PUREX process has been completed with active commissioning in

2010. A lot of research is also being undertaken to develop an advanced PUREX pro-

cess for future fuel reprocessing. An advanced plutonium and uranium recovery pro-

cess has been established based on two organic reductants: dimethyhydroxylamine

and methyl hydrazine. Considering the needs of further nuclear power development

toward the fast reactor-based fuel cycle, recent research and development of FR spent

nuclear fuel reprocessing is in progress following both advanced PUREX and pyro-

chemical options. Some innovative processes for the group separation of actinides

from HLLW are also being developed in China.
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Acronyms

ACPF advanced spent fuel conditioning process facility

ADHRS active decay heat removal systems

AHX air heat exchanger

ANL Argonne National Laboratory

APR1400 Advanced Power Reactor 1400

CR conversion ratio

DFDF DUPIC fuel development facility

DHRS decay heat removal system

DHX decay heat exchanger

DUPIC direct use of spent pressurized water reactor fuel in the Canadian deuterium ura-

nium reactors

FHX finned-tube sodium-to-air heat exchanger

FDHX forced-draft sodium-to-air heat exchanger

IHTS intermediate heat transport system

IHX intermediate heat exchanger

IVTM in-vessel fuel transfer machine

KAEC Korea Atomic Energy Commission

KAEPC Korea Atomic Energy Promotion Commission

KAERI Korea Atomic Energy Research Institute

KORAD Korea Radioactive Waste Agency

LCC liquid cadmium cathode

OPR1000 Optimized Power Reactor 1000

PDHRS passive decay heat removal systems

PGSFR Prototype Gen IV SFR

PHTS primary heat transport system

PHWR pressurized heavy water reactor

PRIDE pyroprocessing integrated inactive demonstration

PUMA performance of uranium metal fuel rod analysis (code)

PWR pressurized water reactor

REE rare earth elements

SCIEL supercritical carbon dioxide integral experiment loop

SFR sodium-cooled fast reactor

STELLA sodium integral effect test loop for safety simulation and assessment

TMI Three Mile Island

TRU transuranic
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21.1 Introduction

Since the first nuclear power plant was introduced in Korea in 1978, nuclear power has

played an important role in achieving energy self-reliance and stabilizing electricity

prices. There are now 19 PWRs (pressurized water reactors) and 4 PHWRs (pressur-

ized heavy water reactors) in operation as of December 2012. According to The Fifth

Basic Plan for Long-term Electricity Supply and Demand (Ministry of Knowledge

Economy, 2010), one OPR1000 (Optimized Power Reactor 1000) (Cheong et al.,

2007) and four APR1400 (Advanced Power Reactor) units (Cheong et al., 2007)

are currently under construction, and six additional APRs will be constructed by 2024.

For the time being, it is certain that PWRs will remain the major source of nuclear

power in Korea. However, as about 700 metric tons of spent fuel is annually dis-

charged from the present nuclear fleet, the management of the spent fuels produced

from those PWRs is an impending challenge. The spent fuels are temporarily stored

on-site in the spent fuel storage facilities, whose limit will be reached from 2016.

Therefore, a decision-making process for spent fuel management is necessary.

The first discussions on spent fuel issues were started in the 249th KAEC (Korea

Atomic Energy Commission), which is the top policy making body in Korea, in 1998.

In the 253rd meeting of the KAEC in 2004, the following policy statements were

made:

l Spent fuel is stored at reactor sites by 2016.
l National policy will be established based on open discussion and public consensus.

In 2008, the National Assembly passed the Radioactive Waste Management law.

According to this law, the KORAD (Korea Radioactive Waste Agency), with respon-

sibility for interim storage of spent fuel and final disposal of high-level waste, was

established in January 2009, and radioactive waste management funds were estab-

lished under the administration of the KORAD. A low- and intermediate-level waste

disposal facility is under construction, with a plan to operate the first-phase facility

in 2014.

The KAEPC (Korea Atomic Energy Promotion Commission), which used to be the

KAEC, set out the basic plan for the public and stakeholder engagement program for

spent fuel management in November 2012. The basic plan included organization of an

independent committee for developing a public consensus on spent fuel management,

which was launched in October 2013. The committee will propose the direction of

spent fuel management and interim storage, including seeking public and stakeholder

participation.

There are various options for spent fuel management: long-term storage; direct dis-

posal; international management; treatment in a closed fuel cycle, which is the com-

bination of pyroprocessing with a SFR (sodium-cooled fast reactor); and others. The

benefits of closed fuel cycles are well-known (Till and Chang, 2011; Glatz et al., 2013;

Shadrin et al., 2013). The group separation of usable elements from spent fuel fol-

lowed by transmutation in a fast reactor leads to reduction of waste volume by recov-

ery of uranium, which comprises about 93% of spent fuel; downsizing repository
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footprint by recovering long-lived high heat-emitting nuclides; and reduction of radio-

toxicity, again by recovering long-lived highly radioactive nuclides.

In this closed fuel cycle, plutonium remains with other actinides throughout the

process, which reduces the risk of nuclear proliferation. The radiation emitted by

the TRU elements requires that the final product be confined in a hot cell and this

self-protection also makes it far less open to misuse.

Introduction of the closed fuel cycle influences the strategy of reactor deployment.

A favorable neutron balance is a feature of a fast reactor design and this makes waste

management strategies flexible by introducing fast reactors with an appropriate CR

(conversion ratio). Figure 21.1 is an example in which SFRs are introduced beginning

in 2050 in the existing PWR-dominated fleet in Korea. The deployment of SFRs for

TRU burning (CR�0.6) ensures a PWR spent fuel reduction of �95% and uranium

savings of�31% by around 2100. The SFR mix ratio in the nuclear fleet near the year

2100 is estimated to be approximately 65%.

21.2 Future nuclear fuel cycle development requirements
in Korea

To provide a consistent direction to long-term R&D activities, KAEC approved a

long-term development plan in December 2008 for future nuclear reactor systems that

included an SFR and pyroprocessing of spent fuel. Then the long-term plan was mod-

ified in November 2011, reflecting nuclear environment changes due to limited budget

conditions and the agreement of the ROK-U.S. collaboration on pyroprocessing

development.

According to the plan established in 2008, a pilot facility was supposed to be con-

structed to demonstrate pyroprocessing technology by 2016. The ROK and U.S. gov-

ernments recognized this activity could be carried out in a U.S. facility, so in 2011

both sides agreed to launch the Joint Fuel Cycle Study. The purposes of this study

are evaluation of technical feasibility, economic viability, and nonproliferation

acceptability of pyroprocessing. This project will continue until 2020. In parallel with
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the R&D activities conducted in the United States, the R&D activities using the

PRIDE (pyroprocessing integrated inactive demonstration) facility in the ROK will

support overall R&D objectives in terms of evaluation of scaled-up pyrotechnology.

Based on the modified long-term plan for the SFR and pyroprocess-coupled sys-

tem, a roadmap for the development of a PGSFR (prototype Gen IV SFR) was estab-

lished. The roadmap requires PGSFR design development by 2017, and its design

approval and construction by 2020 and 2028, respectively, as shown in

Figure 21.2. According to the roadmap, the KAERI (Korea Atomic Energy Research

Institute) is currently developing a design for the PGSFR. The roles of the PGSFR are

to test and demonstrate the performance of TRU-bearing metal fuel required for a

commercial SFR and to demonstrate the TRU transmutation capability of a burner

reactor as a part of an advanced fuel cycle.

21.3 Overview of the Korean R&D program
and recent key highlights

21.3.1 Current status

In 2012, the PRIDE facility was constructed. Employing all major unit processes

within an argon-inerted cell, the PRIDE functions to evaluate the performance of units

with large capacity, interconnectivity between units, remote operability, monitoring

systems, material tracking, process losses, cell control system, and feasibility of safe-

guards application. There are five unit processes: headend, oxide reduction,
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electrorefining, electrowinning, and salt waste treatment (Lee et al., 2013). Each unit

process comprises various equipment items. An integral test that starts from the head-

end process and ends at the electrowinning process with once-through material track-

ing is planned. It is easy to remove the rigs if they are not working properly in PRIDE,

as the rigs are contaminated only with uranium. If it is tested in the hot cell with real

spent fuel, then contamination by radionuclides will make it a more complex issue to

adjust or repair the rigs. In this context, a newly designed apparatus with innovative

concepts can be easily tested by switching the rigs. Valuable experience on the remote

operation will be gained through the operation of PRIDE. The information from run-

ning PRIDE will be very important and instructive for plant and process design, pro-

cess monitoring, and implementing process safeguards for the plant.

DFDF and ACPF are the hot cell facilities for the headend and oxide reduction pro-

cesses with spent fuel. DFDF used to be a facility for the DUPIC program. The volox-

idation and fuel fabrication for oxide reduction in ACPF will be carried out in DFDF.

In ACPF, a 1 kg-scale oxide-reduction process will be conducted. As ACPF is under

an air environment, an argon compartment including oxide reduction reactor will be

introduced.

SFRs have been developed since the 1950s with an accumulated operational expe-

rience of about 400 reactor-years around the world. The SFR is one of the most devel-

oped and viable options among the six types of nuclear power plant systems of

Generation IV, which are expected to be commercialized after 2030.

Commercial light water reactors currently in operation usually use water as the

coolant and the moderator as well, and fissions are caused by low-energy thermal neu-

trons. The coolant water needs to be contained at high pressure, because it should

remain in a liquid phase at the operating temperature to provide effective moderation

and cooling. In contrast, sodium-cooled fast reactors use liquid sodium as the coolant

at atmospheric pressure, and fissions are caused by high-energy fast neutrons. Sodium

has excellent heat transfer and neutronic capabilities and a boiling temperature high

enough to permit the primary system to operate at about atmospheric pressure. The

high heat transfer performance is required as the reactor core is quite compact to min-

imize neutron and neutron energy losses resulting in a high power density.

More neutrons are emitted from fissions by fast neutrons than from those by ther-

mal neutrons. This converts more U-238 in the fuel into the fissile isotope Pu-239 and,

thus, can improve uranium utilization dramatically through the recycle of spent fuels.

Plutonium and minor actinide isotopes usually have very long half-lives and high

radiotoxicities and this is a challenge for spent fuel disposal; but with a fast reactor

they can be fissioned efficiently by fast neutrons, which enables these waste manage-

ment issues to be resolved through transmutation.

The purpose of the SFR development in the past was the efficient use of uranium

resources for sustainability. The economics of the SFR was the primary concern in

those times until the TMI and Chernobyl accidents occurred. After these accidents,

many R&D efforts were devoted to secure inherent safety.

In order for the commercialization of the SFRs, the economics and safety need to be

proven. Below are the areas where important SFR technology gaps exist (US DOE,

2002):
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l Ensuring passively safe response to all design basis initiators, including anticipated tran-

sients without scram (a major advantage for these systems).
l Capital cost reduction.
l Proof by test of the ability of the reactor to accommodate bounding events.
l Scale-up and demonstration of high minor actinide recovery.
l Development of oxide fuel fabrication technology with remote operation and maintenance.

21.3.2 R&D activities

21.3.2.1 Pyroprocessing

There are three subtracks for pyroprocessing R&D activity: fundamental research,

engineering work, and facility-related activities. Fundamental research covers electro-

chemistry related to evaluation of the rate determining step, electrode design and con-

figuration, and electrode material alternatives and chemical analysis. For research on

process fundamentals, impurities such as REE (rare earth elements) performance, dis-

tillation process, metal ingot casting, and modeling and simulation are investigated.

Engineering studies are evaluating scale-up performance, design improvement, and

application of remote operability. Facility-related activities involve integrating all

unit processes, online/offline monitoring, process control, and safeguards.

The purposes of R&D are to increase throughput and to provide the data for scale-

up. The hurdles to industrialization are caused by immaturity of technology. Simpler

and smaller process units with high throughput are the direction of design

improvements.

The headend process starts with decladding of spent fuel. Applying voloxidation

pulverizes the oxidized pellet into powder, releasing volatile components such as

iodine and cesium. The powder is pelletized for fuel loading into the oxide-reduction

process. In the oxide-reduction process, the oxide pellet is reduced to metal. In the

meantime, strontium and residual cesium are dissolved in the LiCl molten salt, for

downstream treatment in the salt waste treatment system. Reduced metal is conveyed

to the electrorefining process where mostly pure uranium is recovered. The residual

uranium, TRU, and REE are dissolved in the LiCl-KCl eutectic salt, and are moved to

the electrowinning process. A LCC (liquid cadmium cathode) recovers all elements

dissolved in the LiCl-KCl salt. Parts of the REE are redissolved into the salt by CdCl2
injection into liquid cadmium containing all elements. The flowchart of pyroproces-

sing is shown in Figure 21.3.

Equipment automation will be needed for larger-scale facilities. The surveillance

and containment concept will need to be accepted for higher proliferation resistance.

Enhanced safeguards technology is also needed to increase transparency and material

control.

21.3.2.2 SFR

In 2012, the SFR program phase changed from key technology development to an

overall system design development, which includes a prototype SFR system design

and related R&D activities to support the design.
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The top-tier design requirements of the prototype SFR are categorized by three cri-

teria: general design requirements, safety and investment protection, and plant perfor-

mance and economy. A summary of these design requirements is listed in Table 21.1.

These requirements reflect the design policies, especially emphasizing proliferation

resistance, safety assurance, and metal fuel performance.

Table 21.2 shows the key design parameters of the prototype SFR being developed

at KAERI. The decay heat removal system, one of the safety design features, is com-

posed of two passive decay heat removal systems and two active decay heat removal

systems. The core is loaded with uranium fuels in the early stage of the operation due

to an insufficient irradiation database for the TRU metal fuel. The core will move to a

TRU core gradually after accumulating the TRU fuel database.

Figure 21.4 and Table 21.3 show the interim layout and key design parameters of

the uranium core. The single enrichment fuels of 19.5% U-235 are loaded in the inner

and outer cores. There are four batches in the inner core and five batches in the outer

core, respectively.

The fluid system consists of a PHTS (primary heat transport system), an IHTS

(intermediate heat transport system), a power conversion system, and a safety design

feature such as a DHRS (decay heat removal system), as shown in Figure 21.5. The

DHRS is composed of two PDHRS (passive decay heat removal systems) and two

ADHRS (active decay heat removal systems). The DHRS is a safety-grade system

and is designed to have sufficient capacity to remove the decay heat in all design basis

events by incorporating the principles of redundancy and independency. Each PDHRS

is comprised of a DHX (decay heat exchanger) immersed in the reactor cold pool and

a natural-draft sodium-to-air AHX (air heat exchanger) located over the reactor
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building. Each ADHRS consists of a DHX, a FDHX (forced-draft sodium-to-air heat

exchanger), an electromagnetic pump, and an FDHX blower. The electromagnetic

pump and FDHX blower drive the sodium circulation in the loop and the air flow

in the shell side of the FDHX, respectively. ADHRS can be also operated in a natural

convection mode.

Improved mechanical design of the structures, systems, and components is needed

to build the economic competitiveness of an SFR compared to the pressurized water

reactor, without compromising the reactor safety level. The reactor vessel has a uni-

form thickness of 5 cm, and there are no penetrations or attachments on the reactor

vessel. The reactor island adopts a horizontal seismic isolation design. The material

of the IHX (intermediate heat exchanger), DHX, IHTS piping, and steam generator is

a Mod.9Cr-1Mo-V steel, which can shorten the piping length. The material of the

other sections such as the reactor vessel, reactor internal structures, and reactor head

is 316 stainless steel.

Table 21.1 Summary of top-tier design requirements of a
prototype SFR

General design l Reactor type: pool
l Plant size: 400 MWt
l Plant design lifetime: 60 years
l Design basis earthquake: SSE 0.3 g
l Initial core: U-Zr metal fuel
l Reload core: U-TRU-Zr metal fuel

Safety and investment

protection

l Design simplification
l Negative power reactivity coefficient
l Core damage frequency: <10�6/reactor-yr
l No fuel-cladding liquid phase propagation during DBEs
l Diversified core shutdown mechanism
l Reliable and diversified decay heat removal
l Accommodating unprotected ATWS events without any

operator action
l Large radioactivity release frequency: <10�7/reactor-yr
l Minimum grace time without any operator action for DBEs

and BDBEs: 3 days

Performance and

economy

l Net plant thermal efficiency: >38%

l Plant availability: �70%
l Refueling interval: U-Zr initial core�6 months, TRU

burner core�11 months
l Spent fuel storage capacity in RV: �1.5 cycle discharge
l 100% off-site load rejection without a plant trip
l Safety grade diesel generator

556 Reprocessing and Recycling of Spent Nuclear Fuel



Figure 21.6 shows the PHTS arrangement. The main design features of the proto-

type SFR are double vessels (a reactor vessel and a guard vessel), integral internal

structures and a single rotating plug with a pantograph type IVTM (in-vessel fuel

transfer machine), IHXs and primary pumps encompassed by a baffle plate. Within

the upper internal structures, thermocouples are installed to cover all fuel assemblies.

The advanced concepts of the in-service inspection, repair and replacement, installa-

tions, and fuel transfer mechanism were considered in the early conceptual

design stage.

Table 21.2 Key design parameters of a prototype SFR (current draft)

Overall

Reactor Pool type

Core power (MWt) 400

Gross plant efficiency (%) 41.9

Net plant efficiency (%) 38.2

Number of IHTS loops 2

Safety decay heat removal Passive and active DHRS

Seismic design Seismic isolation bearing

Core

Fuel form U-10%Zr (initial)

U-TRU-10%Zr (reference)

Primary heat transport system

Reactor core I/O temperature (°C) 390/545

Total PHTS flow rate (kg/s) 1991.8

Primary pump type Centrifugal

Number of primary pumps 4

Intermediate heat transport system

IHX I/O temperature (°C) 324/527

IHTS total flow rate (kg/s) 1515.9

IHTS pump type Centrifugal

Total number of IHXs 4

Steam generation system

Steam flow rate (kg/s) 170.7

Steam temperature (°C) 503.0

Steam pressure (MPa) 16.5

Number of SGs 2
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Various R&D activities are being performed to support the prototype SFR design.

These activities include component tests in sodium loops, development of a metal fuel

fabrication technology, development of an under-sodium viewing technology, a reac-

tor physics experiment, thermal-hydraulic tests, development of computer codes, and

experiments for a supercritical carbon dioxide (S-CO2) Brayton cycle power conver-

sion system.

The sodium component test loop STELLA-1 has been constructed to test thermal-

hydraulic performances of major components for decay heat removal, such as heat

exchangers and mechanical sodium pumps. STELLA-1 consists of a main test

loop, a sodium purification system, and a gas supply and related auxiliary systems.
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Figure 21.4 Layout of uranium core.

Table 21.3 Key design parameters (current draft)

Parameter Value

Number of batches (inner core/outer core) 4/5

Active core height (cm) 90

Enrichment (IC/OC) (wt.%) 19.5/19.5

Upper plenum length (cm) 125

Lower reflector length (cm) 45

Lower/upper B4C shield length (cm) 20.0/20.0

Fuel pin diameter (cm) 0.74

Pitch to diameter ratio 1.14

Effective full power days (EFPD) 290

Burnup reactivity swing (pcm) 2235

Discharge burnup (Avg./Peak) (MWD/kg) 66.5/104

Peak fast neutron fluence (�1023 n/cm2) 2.88

Linear power density (Avg./Peak) (W/cm) 163/324

Avg. power density (W/cm3) 218
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Themain components of this facility are a sodium-to-sodium heat exchanger, a sodium-

to-air heat exchanger, a mechanical sodium pump, loop heaters, a cold trap, a plugging

meter, electromagnetic pumps, flow meters, and a sodium storage tank. The general

arrangement of the STELLA-1 facility is shown in Figure 21.7.

An advanced fuel casting system to control transport of volatile elements during

melting of a fuel alloy with minor actinides has been developed. The casting system

employs a low-pressure gravity induction casting system in which the melt in a cru-

cible is cast into the mold underneath through a distributer by the force of gravity, as

shown in Figure 21.8 (Lee et al., 2009). Other innovative fuel fabrication methods

such as continuous casting and powder metallurgy are also under investigation.

A cladding tube fabrication process is being developed in cooperation with a

domestic steel company. After fabricating a medium-sized 1.0 ton HT9 ingot, fol-

lowed by the multiple processes of hot and cold working, HT9 seamless cladding

tubes were fabricated.

A new metal fuel performance analysis code PUMA (performance of uranium

metal fuel rod analysis code) is being developed. Temperature and deformation mod-

ules have been prepared by using a 1-D finite element method. Code verification and

validation are under way by comparison of calculation results with the predictions

from other codes and fuel performance test data.
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Figure 21.6 PHTS arrangement.
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Figure 21.7 General arrangement of STELLA-1 facility.
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An irradiation test of U-Zr-(Ce) metal fuel in the research reactor HANARO was

conducted from 2010 to 2012 (Kim et al., 2010). Postirradiation examination of the

irradiated capsule and fuels has been carried out in the hot cell since 2012. Gamma

scan analyses were carried out with 12 rodlets. Based on these measurements, irradi-

ation growths were calculated for 12 rodlets. Irradiation growths of U-Zr fuel slug

were calculated to be 10-12%.

The observation technique in liquid sodium using a plate-type ultrasonic wave-

guide sensor is being developed for the visual inspection of a reactor core and in-

vessel structures in opaque liquid sodium. A well-developed beam profile could be

obtained in sodium due to the beryllium coating layer and the sodium wetting

was greatly enhanced due to the micropolished-nickel coating layer. The feasibility

of a 10-m-long under-sodium ultrasonic waveguide sensor has been successfully

demonstrated in sodium. A signal-to-noise ratio of 10 dB was achieved and a “SFR”

character engraved with 2 mm slits was successfully recognized in sodium by the

under-sodium waveguide sensor (Figure 21.9).

For the validation of the neutronic characteristics of the prototype SFR, currently

being developed, the experiment “BFS-109-2A” started in 2012 through the collabo-

ration with the Institute for Physics and Power Engineering in Russia. The core was

constructed with high-enriched uranium (90 wt.%), depleted uranium, and zirconium

metal to simulate the uranium metal fuel (U-10Zr) used in the prototype SFR.

A number of computer codes for SFR thermal-hydraulic design are being devel-

oped at KAERI. Validation tests for these codes are to be conducted in water or

sodium. The following three test activities are to be performed: (1) the validation tests

of reactor core thermal-hydraulic characteristics, (2) performance tests of the FHX

(finned-tube sodium-to-air heat exchanger), and (3) V&V of steam generator design

code.

SCIEL (supercritical carbon dioxide integral experiment loop) is being constructed

to develop and verify the characteristics of the S-CO2 recompression cycle. The

expected operating condition of SCIEL is 550 °C for turbine inlet temperature and

20 MPa for compressor outlet pressure. The first step of the SCIEL experiment is

to design a compressor test loop. The CO2 mass flow rate of this loop was chosen
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Figure 21.8 Low-pressure gravity casting system.
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to be that of the final recompression cycle so that the same compressor will be used for

the final SCIEL. The main purpose of the compressor loop is to accumulate operating

experience that can be applied to the integral test loop design.

The second step is to upgrade the compressor test loop to become the simple cycle

test loop. The turbine and heater are added and the break-even performance will be

tested. The third step is the simple recuperated cycle test with a recuperator added

to the second step. The turbine inlet temperature will be increased to the design value

and the operational strategy and equipment for control will be established and tested.

For the final step, by adding another recuperator and an auxiliary compressor, the

whole recompression cycle will be accomplished. In this phase the recompression

ratio must be carefully controlled to improve the cycle efficiency and stability.

21.4 Future trends

Korea is now facing up to the spent fuel management issues due to the saturation of

storage pools at reactor sites, which will become a problem in the next two years or so.

The committee for implementation of the program of engagement of public and stake-

holders was launched to discuss spent fuel management. To date, the Korean policy

for spent fuel management may be described as “wait and see.” Although there are
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many options for spent fuel management, it is obvious that the closed fuel cycle has

crucial benefits when compared to the other options; in particular, under Korean con-

ditions of small land area and high population. This emphasizes the need for R&D on

closed fuel cycles and, consequently, such R&D will provide a technically feasible

option for the committee to consider when addressing spent fuel issues.

Based on the long-term R&D program, Korea will continue the technology devel-

opment aimed at closing the fuel cycle. As shown in the plan, pyroprocessing R&D

will develop scaled-up technology using PRIDE/DFDF/ACPF. The Joint Fuel Cycle

Study collaboration between the ROK and the United States will continue up to 2020

to evaluate the feasibility of pyroprocessing. The combination of these synergistic

tracks will accelerate pyroprocessing technology development.

The PGSFR design development will continue to meet the goal of design approval

by 2020. To achieve this, a preliminary safety review by a regulatory body is needed

before the submission of the PGSFR safety analysis report for licensing application in

2017. The underlying key technology for the PGSFR is based on the fast reactor tech-

nologies developed at ANL (Argonne National Laboratory) in the 1980s and 1990s.

The current joint design program between KAERI and ANL will play an important

role in successful PGSFR design development.

These two tracks will provide Korea with a potential solution for closing the fuel

cycle and dealing with the domestic issues around spent fuel management in the time

frame of �2030-2040.
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Acronyms

ADS accelerator-driven systems

CMPO octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide

CRIEPI Central Research Institute of Electric Power Industry

DF decontamination factor
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FR fast reactor

HDEHP bis(2-ethylhexyl)hydrogen phosphate

HEDTA hydroxylethylethylenediaminetriacetic acid

i-Hex-BTP 2,6-bis(5,6-dihexyl-1,2,4-triazine-3-yl)pyridine

JAEA Japan Atomic Energy Agency

JAEC Japan Atomic Energy Commission

JAERI Japan Atomic Energy Research Institute

JNC Japan Nuclear Cycle Development Institute

JRC-ITU Joint Research Center, Institute for Transuranium Elements

LWR light water reactors

MA minor actinides

METI Ministry of Economy, Trade, and Industry

MEXT Ministry of Education, Culture, Sports, Science, and Technology

MOX mixed oxide

NEXT New Extraction System for TRU Recovery

NRA Nuclear Regulation Authority

OMEGA options making extra gains from actinides and fission products

PUREX plutonium uranium reduction extraction

RRP Rokkasho reprocessing plant

TBP tri-n-butyl phosphate
TDdDGA N,N,N¢,N¢-tetradodecyl-diglycolamide

TDDGA N,N,N¢,N¢-tetradecyl-diglycolamide

TEPCO Tokyo Electric Power Company

TODGA N,N,N¢,N¢-tetraoctyl-3-oxapentane-1,5-diamide

TOPEN N,N,N¢,N¢-tetrakis((5-octyloxypyridin-2-yl)methyl)ethylenediamine

TRP Tokai reprocessing plant

UNH uranium nitrate hexahydrate
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22.1 Introduction

Reprocessing and recycling technologies for spent nuclear fuels of light water reactors

(LWR) have been developed in Japan. The Tokai reprocessing plant (TRP), whose

capacity is 0.7 t-HM/day, came into operation in 1981 and about 1140 t-HM of the

arising spent fuels were reprocessed at TRP. The Rokkasho reprocessing plant

(RRP), whose capacity is 800 t-HM/year, was constructed and the final confirmation

test of the plant, called the active test, has been almost finished (Sugiyama et al.,

2009). Both the plants are based on the plutonium uranium reduction extraction

(PUREX) process. The mixed oxide (MOX) fuel fabrication plant is under construc-

tion and is scheduled to be completed in October 2017; this being where the uranium-

plutonium MOX fuels for LWR will be fabricated.

For the fast reactor (FR) cycle systems, the Feasibility Study on Commercialized

Fast Reactor Cycle Systems was created in 1999-2006 to evaluate a wide range of

advanced technologies related to reprocessing and fuel fabrication for the FR fuel

cycle systems. The feasibility study came to the conclusion that the most promising

concept was the combination of the sodium-cooled FR with oxide fuel, with advanced

aqueous reprocessing and the simplified pelletizing fuel fabrication, and that the alter-

native was the pyrochemical reprocessing system with metal fuel (Sagayama, 2005).

Following the feasibility study, the Fast Reactor Cycle System Technology Develop-

ment Project (FaCT) was started in 2006, where the advanced aqueous reprocessing

system with MOX fuel, together with the reactor system and the fuel fabrication tech-

nology, have been developed by the Japan Atomic Energy Agency (JAEA) (Ieda et al.,

2011). The pyrochemical reprocessing system with metal fuel has been developed

mainly by the Central Research Institute of Electric Power Industry (CRIEPI).

Besides the development for the FR fuel cycle system, basic and fundamental

research and development of innovative partitioning technologies have been made.

Part of the research and development of this kind has been made by JAEA within

the framework of Research and Development of Partitioning and Transmutation
Technology in Japan, aiming at the reduction of the amount and the potential hazard

of the high-level radioactive waste to ease the burden of geological disposal of the

radioactive waste (Oigawa, 2011).

On 11 March 2011, however, the Great East Japan Earthquake, followed by tsu-

namis, occurred, which triggered the severe accident at Tokyo Electric Power Com-

pany’s (TEPCO’s) Fukushima Daiichi Nuclear Power Station. The impact of the

accident was so strong that a new nuclear safety regulatory system was established

and the Basic Energy Plan was revised by the government of Japan.

22.2 Impact of severe accident at Fukushima

Apart from the establishment of the new nuclear safety regulatory system and the revi-

sion of the Basic Energy Plan due to the impact of the severe accident at TEPCO’s

Fukushima Daiichi Nuclear Power Station, which are described below, almost all
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the activities of the research and development of the advanced nuclear fuel cycle tech-

nologies have been stopped since the accident. The reason is not only the uncertainty

about the future nuclear fuel cycle policy but also the shortage of researchers and engi-

neers for advanced nuclear fuel cycle technologies. This is because those who are now

actively contributing to the research and development toward decommissioning of

TEPCO’s Fukushima Daiichi Nuclear Power Station are the same researchers and

engineers who were involved in the development of the advanced nuclear fuel cycle

technologies before the accident. Even if the Basic Energy Plan is decided, the activ-

ities devoted to the research and development of the advanced nuclear fuel cycle tech-

nologies would necessarily be smaller than before.

Many important lessons have been learned on nuclear safety issues from the severe

accident at TEPCO’s Fukushima Daiichi Nuclear Power Station. The government of

Japan stated the need to strengthen its nuclear safety regulatory structures and to

ensure effective independence of national regulatory bodies (NERH, 2011). The

Nuclear Regulation Authority (NRA) was established on 19 September 2012, as a

new independent regulatory authority that is fully separated from the nuclear promo-

tional authorities.

The NRA carried out a complete review of safety guidelines and regulatory

requirements aiming at formulating a set of new regulations to protect people and

the environment. The New Regulatory Requirements for Commercial Nuclear Power

Reactors came into force on 8 July 2013, and the New Regulatory Requirements for

Nuclear Fuel Facilities, Research Reactors, and Nuclear Waste Storage/Disposal

Facilities on 18 December 2013 (NRA, 2013). Seventeen power reactors at 10 power

stations as well as the RRP, and other facilities, are under screening by the NRA as of

April 2014.

The government of Japan created a new Basic Energy Plan on 11 April 2014

(METI, 2014), which sets the direction of Japan’s medium to long-term energy policy.

The government is required legally to check the Basic Energy Plan at least every

3 years and, if necessary, to revise it. This plan was the first revision since the accident

at TEPCO’s Fukushima Daiichi Nuclear Power Station, following the plans decided in

2003, 2007, and 2010.

The plan describes nuclear power as an important base-load electricity source, but

the share of nuclear power is not mentioned. According to the plan, the restart of the

nuclear power reactors, all 48 of which have been shut down since the accident at

Fukushima, would be promoted when they passed the new regulatory requirements

set by the NRA. The previous Basic Energy Plan decided before the accident at

Fukushima, when the share of nuclear power was about 30%, called for increasing

it to more than 50% by 2030.

The plan clearly states the need to pursue the nuclear fuel recycling program, where

the reprocessing of the spent fuel and the use of recovered plutonium are promoted. To

attain this goal of nuclear fuel recycling, completion of the RRP should be pursued and

construction of the MOX Fuel Fabrication Plant and the Recyclable Fuel Storage

Center should be promoted (METI, 2014).

The final disposal of the high-level radioactive waste is one of the major concerns

among the public after the accident at TEPCO’s Fukushima Daiichi Nuclear Power
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Station. The plan describes that the government will take the initiative to resolve

the stalled process of finding a final disposal site for the high-level radioactive waste.

The plan also states that technology for reducing the amount and toxicity of the high-

level radioactive waste could be the main measures in the future to mitigate the dif-

ficulties associated with the final disposal of the waste and, therefore, the research and

development of this technology should be promoted to contribute to decisions regard-

ing appropriate conditioning and disposal of wastes and to reduce long-term risks. The

plan describes that the technology for transmutation of long-lived nuclides by FR and

by accelerator-driven systems (ADS) will be developed through an international net-

work. In this context, Monju, a prototype fast breeder reactor with MOX fuel, should

serve as an international research center for the development of the technology for

reducing the amount and toxicity of the high-level radioactive waste (METI, 2014).

22.3 Future nuclear fuel cycle development
requirements in Japan

As the new Basic Energy Plan pointed out, technology for reducing the amount and

toxicity of the high-level radioactive waste, which provides a wide range of options in

radioactive waste management, is required for the future nuclear fuel cycle develop-

ment. Research and development activities of this kind were started in 1988 under the

long-term program for research and development on nuclide partitioning and transmu-

tation technology, called the OMEGA (options making extra gains from actinides and

fission products) program, and these activities have now been promoted for about

25 years in Japan. To achieve reduction of the amount and toxicity of the high-level

radioactive waste, two types of partitioning and transmutation schemes were proposed

and relevant technologies have been developed; that is, using a commercialized FR

fuel cycle and using ADS in a dedicated transmutation cycle in the double-strata fuel

cycle, as shown in Figure 22.1. In the scheme using a commercialized FR fuel cycle, a

technology of minor actinide (MA)-bearing MOX fuel with aqueous reprocessing has

been developed by the former Japan Nuclear Cycle Development Institute (JNC) and

the succeeding JAEA, while technology forMA-bearingmetal fuel with pyrochemical

reprocessing has been developed by CRIEPI. In the scheme using ADS, MA-bearing

nitride fuel technology with pyrochemical reprocessing has been studied by the former

Japan Atomic Energy Research Institute (JAERI) and the succeeding JAEA. These

research and development activities were reviewed by the Japan Atomic Energy Com-

mission (JAEC) in 2000 (JAEC, 2000) and in 2009 (JAEC, 2009).

Prior to the decision of the Basic Energy Plan, two reports concerning partitioning

and transmutation technology were published by working groups of the Ministry of

Education, Culture, Sports, Science, and Technology (MEXT) in 2013. One is the

Evaluation of Partitioning and Transmutation Technology (MEXT, 2013a), in which

the present state and the future plan for partitioning and transmutation technology in

Japan, which is aimed at reducing the amount and toxicity of the high level radioactive

waste based on ADS, was discussed and evaluated. The other is the Monju Research
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Plan (MEXT, 2013b), in which the research plan using Monju for development of the

FR technologies, including that for reducing the amount and toxicity of the high-level

radioactive waste, was discussed and proposed.

To reduce the amount and toxicity of the high-level radioactive waste, the long-

lived nuclides of MAs of neptunium, americium, and curium and the heat-generating

fission products, cesium and strontium, should be separated from the waste. The

report, the Evaluation of Partitioning and Transmutation Technology, describes that

the present state of the development of the technology for partitioning of these

nuclides from the spent fuel of commercial power reactors in the first stratum was still

at a laboratory scale using simulated solution with tracer-level americium and that,

although the actual high-level liquid waste was used in some cases, more experimental

data should be obtained with high-level liquid wastes to compile flow sheets. After

that, engineering-scale partitioning technology development should be made using

high-level liquid waste to demonstrate the flow sheet (MEXT, 2013a).

According to the partitioning and transmutation concept explained above, high-

concentrated MA-bearing nitride fuel would be used for transmutation of MA in

ADS and the spent nitride fuel would be treated by a pyrochemical process. The report

states that irradiation tests of the MA-bearing nitride fuel is needed to evaluate irra-

diation performance and that the pyrochemical process for nitride fuel, which is based

on the process for metal fuel, should be developed using national and international

cooperation (MEXT, 2013a).

The Monju Research Plan describes that Monju is one of a few experimental and

prototype fast breeder reactors in the world and could offer the irradiation field for dem-

onstration of the transmutation technology, these conditions being suitable for an
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Figure 22.1 Two types of partitioning and transmutation schemes; (a) using a commercialized

FR fuel cycle and (b) using a dedicated transmutation cycle with ADS.
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international research center for the development of the technology. The transmutation

technology based on FRs requires the development of the technology for partitioning of

MA, which is principally common to that needed for transmutation by ADS. The devel-

opment should, therefore, be made in cooperation with each other (MEXT, 2013a).

22.4 Role of R&D, overview of R&D program, and recent
key highlights

Since the accident at TEPCO’s Fukushima Daiichi Nuclear Power Station, the major-

ity of the research and development efforts related to advanced nuclear fuel cycle tech-

nologies have been suspended. The following sections provide an overview and

highlights of the research and development made before the accident.

22.4.1 Advanced aqueous reprocessing

The advanced aqueous reprocessing system, the New Extraction System for TRU

Recovery (NEXT) process, has been developed for recycling spent fuel from FR in

the FaCT project (Takeda, 2011). The NEXT process consists of dissolution of the

spent fuel into nitric acid (HNO3), partial recovery of uranium by crystallization of

uranium nitrate hexahydrate (UNH) from dissolver solution, co-recovery of U-Pu-

Np by solvent extraction with a single cycle flow sheet using tri-n-butyl phosphate
(TBP) and recovery of americium and curium by extraction chromatography, as

shown in Figure 22.2.

Partial recovery of U
by crystallization

Co-recovery of U-Pu-Np
by solvent extraction

Spent fuel 

U

Recovery of Am and Cm
by extraction chromatography

High level liquid waste

Am, Cm

U, Pu, Np

Figure 22.2 Simplified flow

diagram of the NEXT process.
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The crystallization of UNH to partially recover uranium is the first treatment for the

spent fuel dissolver solution in the NEXT process. The recovery of more than 70% of

uranium in the dissolver solution is targeted. This process reduces the amount of

uranium to be treated in the following U-Pu-Np corecovery process and increases

the Pu/U ratio in the solution equivalent to the composition of the fuel, based on

the temperature dependence of the solubility of UNH crystals into HNO3. Beaker-

scale experiments with a dissolver solution of FR MOX spent fuel, where the valence

of plutonium was adjusted to Pu(IV) to avoid cocrystallization of Pu(VI) with U(VI),

showed that Pu(IV) forms a crystalline precipitate of Cs2Pu(NO3)6 depending on the

concentrations of Pu(IV), cesium, and NO3
� (Sano et al., 2007). The refinement of the

UNH crystal was studied to improve the decontamination factor (DF) for cesium and

other fission products. The refinement consists of the removal of the liquid impurity

(mother solution) contained inside the crystal by sweating and the separation of solid

Cs2Pu(NO3)6 impurity by filtration after melting the UNH crystal. Parallel to the

beaker-scale experiments using FRMOX spent fuel, the engineering-scale crystallizer

and solid-liquid separator were developed using uranium (Shibata et al., 2011).

The corecovery of U-Pu-Np by solvent extraction with a single cycle flow sheet

using TBP, which eliminates the plutonium-partitioning section, follows the crystal-

lization process. It is important to control the valence of neptunium for the effective

coextraction of neptunium with uranium and plutonium in the extraction section. The

feed solution from the crystallization process has high nitric acid concentration, that is

quite favorable for the oxidation of neptunium to extractable Np(VI). Plutonium is

costripped with uranium and neptunium by diluted HNO3 solution without any reduc-

tants and complexants. In the stripping section, careful temperature control was

needed to prevent the leakage of uranium and plutonium to the solvent and acidity

adjustment was required to avoid plutonium polymer formation. The countercurrent

experiments for U-Pu-Np corecovery were carried out with the dissolver solution of

FR MOX spent fuel using centrifugal contactors. These experiments showed that cor-

ecovery of U-Np-Pu with sufficiently high DFs could be achieved under appropriate

conditions (Sano et al., 2007).

Extraction chromatography has been developed for the recovery of americium and

curium. This process uses no diluent in contrast with a solvent-extraction process,

which allows a wide range of extractants to be examined. The extractants were loaded

on porous silica particles. The adsorbents showed rapid adsorption-elution kinetics,

high mechanical strength, small swelling and shrinking, and significantly low pressure

loss in a packed column, compared with conventional polymer matrix resins (Koma

et al., 2008).

The process developed for recovery of americium and curium consists of two

cycles. In the first cycle, americium and curium are recovered with lanthanides from

the highly acidic raffinate of the U-Np-Pu corecovery process. In the second

cycle, americium and curium are separated from lanthanides. Octyl(phenyl)-N,
N-diisobutylcarbamoylmethylphosphine oxide (CMPO) and N,N,N¢,N¢-tetraoctyl-3-
oxapentane-1,5-diamide (TODGA) were tested as extractants in the first cycle, and

bis(2-ethylhexyl)hydrogen phosphate (HDEHP), 2,6-bis(5,6-dihexyl-1,2,4-triazine-

3-yl)pyridine (i-Hex-BTP), and N,N,N¢,N¢-tetrakis((5-octyloxypyridin-2-yl)methyl)
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ethylenediamine (TOPEN) were tested in the second cycle. The column adsorption

experiments with simulated solution revealed that the combination of TODGA and

i-Hex-BTP was promising (Koma et al., 2012). To demonstrate the process with

the TODGA and i-Hex-BTP system, experiments with high-level liquid waste were

made using a column of 25.5 cm3 bed volume (Watanabe et al., 2011). The results

showed a lower recovery ratio of americium and curium than expected and further

improvements are required.

22.4.2 Basic and fundamental research and development
for aqueous reprocessing

Along with the development of the NEXT process in the FaCT project, basic and fun-

damental research and development of partitioning technologies, such as syntheses

and process tests of new extractants that may support and improve the NEXT process

and build alternative processes, have been made.

The new extractant, TODGA, has been developed for separation of americium and

curium (Sasaki et al., 2001). TODGA is fully soluble in n-dodecane and has very high

distribution ratios for americium, curium, and the rare earth elements at relatively high

nitric acid concentration. As TODGA is one of the diamides, consisting of carbon,

hydrogen, oxygen, and nitrogen (CHON principle), compounds of this kind can be

easily synthesized and burnt without solid residue to reduce the waste from the sep-

aration process.

The study of the radiolytic stability of TODGA by gamma-ray irradiation revealed

that the degradation rate of TODGAwas faster than that of the malonamide. However,

the extraction test for americium with degraded solvent irradiated to 400 kGy showed

that the distribution ratio of americium was still lower than 1 at 0.1 M nitric acid. The

radiolytic stability of TODGA, therefore, is acceptable for the separation of ameri-

cium and curium from the high-level liquid waste in practical applications (Sugo

et al., 2007).

The extraction capacity of 0.1 M TODGA in n-dodecane was evaluated by mea-

suring the limits of metal concentration for neodymium and found to be lower than

the stoichiometric value. Diglycolamide (DGA) compounds with longer alkyl groups,

that is, N,N,N¢,N¢-tetradecyl-diglycolamide (TDDGA) and N,N,N¢,N¢-tetradodecyl-
diglycolamide (TDdDGA) were examined to improve the extraction capacity, and

TDdDGA was found to display the stoichiometric value, one-third of the extractant

concentration (Sasaki et al., 2005).

To develop the separation process for americium and curium, a small-scale coun-

tercurrent continuous extraction test with 0.1 M TDdDGA in n-dodecane was carried
out using simulated high-level liquid waste containing americium. In the test, very

clear phase separation was observed without any crud formation and quantitative

recovery of neodymium and americium was obtained. The recovery of americium

was found to be more than 99.96%. The fission product elements, strontium,

zirconium, and palladium, which have high distribution ratios at high nitric acid

concentration, were separated from americium and neodymium by addition of
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hydroxylethylethylenediaminetriacetic acid (HEDTA) and hydrogen peroxide and by

proper control of nitric acid concentration. More experiments need to be conducted to

clarify the separation performance for actinides against fission products and to obtain

optimized process conditions (Morita et al., 2010).

Processes for separation of cesium and strontium have been developed. The pur-

pose of the separation of cesium and strontium from high-level liquid waste is removal

of heat sources of 137Cs with a half-life of about 30 years and 90Sr with a half-life of

about 29 years from the waste to ease the burden of geological disposal of the

radioactive waste.

Zeolite was used to study the adsorption of cesium and showed good adsorption

performance even at an acid concentration of 0.5 M HNO3. Titanic acid was used

to study the adsorption of strontium and it was revealed that neutralization of the solu-

tion was needed for the adsorption. Separation processes were demonstrated in the

four-group partitioning process with the concentrated high-level liquid waste, where

the DFs for cesium and strontium at the adsorption steps were more than 106 and 104,

respectively (Morita et al., 2000). As these inorganic materials for cesium and stron-

tium adsorption can be converted to stable materials suitable for disposal, solidifica-

tion of zeolite containing cesium was confirmed by the cold-pressing and calcination

process and by the hot-pressing process, respectively (Tomiyama et al., 2012).

New innovative extractants of the class of phosphorus-free compounds have been

developed for separation of cesium and strontium from acid solution. One of the

advantages of the phosphorus-free compounds consisting of carbon, hydrogen, oxy-

gen, and nitrogen is to reduce the waste from the separation processes because the

compounds may be burnt without solid residue. The extractants of calix-crown deriv-

atives for cesium and crown ether derivatives for strontium were studied by extraction

chromatography using porous-silica-based material, where no diluent needs to be

used. Calix-crown R14 (1,3-[(2,4-diethyl-heptylethoxy)oxy]-2,4-crown-6-calix[4]

arene) for cesium and DtBuCH18C6 (di-t-butylcyclohexano-18-crown-6) for stron-

tium were loaded on porous-silica particles and column adsorption experiments were

performed using simulated solutions containing radioactive isotopes at nitric acid con-

centrations of 2-4 M, as well as using actual high-level liquid waste. The experiment

confirmed the elemental behavior in the cesium and strontium adsorption processes

(Morita and Kimura, 2012).

22.4.3 Pyrochemical reprocessing

The pyrochemical reprocessing technology for metal fuel has been developed, primar-

ily by CRIEPI, for the sodium-cooled FR cycle system as the alternative option. The

pyrochemical process has been developed taking account of the transition from LWR

oxide to FRmetal fuels; that is, not only for FRmetal fuel but also for LWRMOX fuel

and high-level liquid waste from LWR fuel reprocessing (Koyama et al., 2011).

Besides the pyrochemical process development, waste treatment technology for the

pyrochemical process has also been developed (Uozumi et al., 2011a). A detailed

description of pyrochemical fuel cycle technology developments in Japan can be

found in Chapter 18 of this book.
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The pyrochemical process for metal fuel consists of electrorefining in LiCl-KCl

eutectic melt at 773 K, where uranium is collected on a solid iron cathode and pluto-

nium and MA with uranium are collected in a liquid cadmium cathode, and cathode

processing at high temperature, where cadmium and salts are distilled to obtain the

residue of actinide metal that is used to fabricate the fuel slug by injection casting.

When oxide fuel is treated, an electroreduction process is added prior to the electro-

refining, where the oxide is reduced to metal form to be suitable for the electrorefining

(Koyama et al., 2011).

The pyrochemical process of electroreduction, electrorefining, and cathode proces-

sing was tested in sequential mode using unirradiated plutonium fuels in a joint study

between CRIEPI and JAEA. The obtained mass balance for plutonium and americium

was enough to demonstrate the feasibility of the process (Koyama et al., 2007). Elec-

troreduction of LWR irradiated MOX fuel followed by electrorefining of the reduced

fuel were performed in a joint study between CRIEPI and the Joint Research Center,

Institute for Transuranium Elements (JRC-ITU). Uranium and Pu-MA-U were recov-

ered by the electrorefining (Kato et al., 2011). Electrorefining experiments were also

made using U-Pu-Zr fuel irradiated to a burn up of 7 at% in the Phenix reactor. Recov-

ery of actinides was demonstrated with a reliable mass balance (Koyama et al., 2011).

The pyropartitioning process has been studied to recover MA from high-level liq-

uid waste arising from LWR fuel reprocessing. The pyropartitioning process consists

of denitration of high-level liquid waste to convert various elements in high-level liq-

uid waste to oxides, chlorination of the denitration product to convert the oxides to

chlorides, and reductive-extraction to separate actinides from fission products in

the chlorination product and to recover them in a liquid cadmium phase. After the

experiments on the pyropartitioning process using simulated high-level liquid

waste-containing fission product elements and actinides, an experiment using 520 g

of actual high-level liquid waste was made. Almost all uranium, plutonium, neptu-

nium, americium, and curium in the high-level liquid waste were recovered in the liq-

uid cadmium phase and the feasibility of the pyropartitioning process has thus been

demonstrated (Uozumi et al., 2011b).

As the feasibility of pyrochemical reprocessing technology for metal fuel, including

electroreduction technology, has been demonstrated in laboratory-scale experiments

using unirradiated and irradiated fuels with accumulation of basic data, demonstration

of industrialization feasibility is important for the next step. Engineering-scale tests

using uranium and simulants with process equipment of 1 t-HM/year throughput have

been started to develop an equipment design for long-term and hot cell operation with

stable performance and to investigate the influence of impurities on the behavior of sen-

sitive materials such as molten chlorides and active metals on material mass balance

during repeated engineering-scale operations (Iizuka et al., 2013).

In the partitioning and transmutation scheme using ADS, the technology of MA-

bearing nitride fuel with pyrochemical reprocessing has been developed. The pyro-

chemical processing has several advantages over the conventional aqueous process

in the case of treating MA-bearing nitride fuel. The process consists of anodic dissolu-

tion ofMA-bearing nitride fuel and recovery ofMA and plutonium in a liquid cadmium

cathode in LiCl-KCl molten salt and nitridation of MA and plutonium for recycling.
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Anodic dissolution behaviors of actinide mononitrides (UN, NpN, PuN, (U, Pu)N,

and AmN) and uranium-based burn up simulated nitrides containing molybdenum,

palladium, or neodymium in LiCl-KCl molten salt were studied by electrochemical

measurements, where evolution of nitrogen gas was also confirmed. Anodic dissolu-

tions of the actinide nitrides and recovery of actinides in the liquid cadmium cathode

as intermetallic compounds were demonstrated by potential-controlled electrolysis

(Minato et al., 2009). Uranium was used as a surrogate in the first step of the exper-

iments, even though uranium-free MA-bearing nitride fuel will be used in the ADS.

To recycle the recovered actinide, the nitridation-distillation combined method was

developed using Pu-Cd, Am-Cd, and U-Pu-Cd alloys. Nitride actinides were obtained

by heating the alloy in a nitrogen gas stream at 973 K, where nitridation of actinides

and distillation of cadmium occurred simultaneously (Arai et al., 2008; Hayashi et al.,

2009). Further, the pellet preparationwas carried out successfullywith recovered actinide

nitride powder formedby the combinednitridation-distillationmethod (Arai et al., 2010).

These results suggested that pyrochemical reprocessing technology of MA-bearing

nitride fuel is a feasible option for the dedicated transmutation cycle using an ADS.

Becausee the pyrochemical process for MA-bearing nitride fuel has many similar

technological backgrounds with that for metal fuel for FR, it is reasonable to utilize

the progress of pyrochemical reprocessing technology for metal fuel for further devel-

opment of that for nitride fuel (Minato et al., 2009).

22.5 Future trends

The Basic Energy Plan was decided in April 2014, and the research and development

of advanced nuclear fuel cycle technologies will now be restarted gradually. The

research and development plans will be made according to the guidelines in the Basic

Energy Plan, which requires the development of the technology for reducing the

amount and toxicity of high-level radioactive waste.

As the reports, the Evaluation of Partitioning and Transmutation Technology and
the Monju Research Plan, pointed out, to fulfil the requirements a wide range of

research and development, from basic and fundamental researches to engineering-

scale development, should be made. The basic and fundamental researches include,

for example, design and syntheses of new extractants for target elements with the help

of computer simulation and incubation of new ideas. The engineering-scale develop-

ment of equipment is needed to demonstrate flow sheets with high-level liquid waste.

Laboratory-scale experiments will also be made to connect the basic and fundamental

researches to engineering-scale development. Feedback of the results of research and

development in other scales must be important and inevitable to improve the technol-

ogy efficiently and effectively. From the viewpoint of nuclear fuel cycle technology,

not only the reprocessing and partitioning processes but also the fuel refabrication pro-

cess and the waste conditioning process should also be fully developed.

Along with research and development, training and education of students, graduate

students, and young researchers and engineers must be made, as described in the
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reports. Basic and fundamental research programs should also play an important role

for this purpose. After the severe accident at TEPCO’s Fukushima Daiichi Nuclear

Power Station, new research and development areas emerged in decommissioning

and waste treatment and these activities are not small. To compensate for the shortage

of human resources for developing nuclear technologies, including the advanced

nuclear fuel cycle technologies, every effort has to be made to secure human

resources, especially students and graduate students, and to give them appropriate

training and education.
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Acronyms

ABACC Brazilian-Argentine Agency for Accounting and Control of Nuclear Materials

COEX coextraction of actinides (process)

ETC Enrichment Technology Corporation

EURATOM European Atomic Energy Community

EURODIF European Gaseous Diffusion Uranium Enrichment

FBR fast breeder reactor

GDF geological disposal facility

HEU highly enriched uranium

HLW high-level waste

IAEA International Atomic Energy Agency

IMF inert matrix fuel

LEU low-enriched uranium

LWRs light water reactors

MOX mixed oxide

MUF material unaccounted for

NAS U.S. National Academies of Science

NNWS nonnuclear weapon states

NPT Nuclear Non-Proliferation Treaty

NWS nuclear weapon state

OECD Organisation for Economic Cooperation and Development

PUREX plutonium uranium extraction (process)

R&D research and development

SMRs small- and modular-sized reactors

UREX uranium extraction (process)

23.1 Introduction

There is an ongoing debate about the relationship between civil nuclear power and

proliferation threats, involving nation-states. More recently, debates have included

the relationship between civil nuclear power and nuclear security threats, involving
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nonstate individuals or groups, such as criminal networks and terrorist organizations.

These debates have renewed interest in the potential of both technical and nontech-

nical means to address the potential vulnerabilities posed by materials, technologies,

and knowledge acquired through civil nuclear power programs.

The technical means refer to designing fuel cycles to reinforce “intrinsic barriers”

to proliferation by altering the chemical, isotopic, physical, and radioactive proper-

ties of civil fissile materials and reducing their accessibility and attractiveness for

use in nuclear weapons. Set up by the Australian and Japanese governments, the

International Commission on Nuclear Non-Proliferation and Disarmament con-

cluded that “proliferation resistance should be endorsed by governments and indus-

try as an essential objective in the design and operation of nuclear facilities”

(ICNND, 2009). At the first Nuclear Security Summit in 2010, participating states

committed themselves to “encourage the use of low-enriched uranium and other

proliferation resistant technologies and fuels in various commercial applications”

(White House, 2010).

The nontechnical means refer to designing fuel cycles to facilitate the implemen-

tation of “extrinsic barriers,” relating to the political decisions and institutional

arrangements governing the fuel cycle. These include International Atomic Energy

Agency (IAEA) safeguards; other bilateral, regional, or international verification

measures, as well as import and export controls. In 2004, the IAEA established

an Expert Group on Multilateral Approaches for the Nuclear Fuel Cycle. It con-

cluded that “a scenario of a strong expansion of nuclear energy around the world

calls for the development of nuclear fuel cycles with stronger multilateral arrange-

ments and facilities—by region, by continent or by dedicated cooperation—and for a

broader cooperation within the international community” (IAEA, 2005). The IAEA

Expert Group was followed by over a dozen proposals from governments, industry,

and international organizations. There has been limited uptake of these proposals;

most focus on the supply of fresh fuel. Less recent attention has been paid to the

international management of used fuel. This need was highlighted at the 2010

Nuclear Non-Proliferation Treaty (NPT) Review Conference when states committed

themselves to explore “the development of multilateral approaches to the nuclear

fuel cycle, including the possibilities to create mechanisms for assurance of nuclear

fuel supply, as well as possible schemes dealing with the back end of the fuel cycle,

without affecting rights under the Treaty and without prejudice to national fuel cycle

policies, while tackling the technical, legal, and economic complexities surrounding

these issues, including in this regard the requirement of IAEA full scope safeguards”

(UN, 2010).

The Royal Society (the United Kingdom’s national academy of science) recently

published “Fuel cycle stewardship in a nuclear renaissance,” an independent study

that explored the potential of these technical and nontechnical means with a focus

on the management of used fuel (Royal Society, 2011). This chapter draws on the

Royal Society’s analysis. The views expressed are those of the authors alone and

do not necessarily represent the views of the Royal Society.
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23.2 Basics of the nuclear fuel cycle and its regulation

23.2.1 Nuclear fuel cycle choices and the management
of used fuel

Nuclear power reactors are refueled every 12-18 months. Only a quarter to a third of

the total fuel is removed as used fuel. The remainder is moved back into the core at

new positions appropriate for its reduced fissile content. The useful life of nuclear

fuel in a thermal reactor is usually 3-7 years. By this time it is no longer an efficient

energy producer. Its fissile content is either now too low or its content of neutron-

absorbing fission products is too high. Used fuel is intensely hot and radioactive due

to the natural decay processes of the fission products and minor actinides it contains.

It is initially cooled under wet conditions in storage ponds located in the immediate

proximity of the reactor. After 9-12 months, cooling requirements drop sufficiently

for alternative management options to be considered. This depends on the choice of

fuel cycle. Under the open fuel cycle, it is widely accepted that used fuel should be

disposed of directly in a geological disposal facility (GDF). Under a closed fuel

cycle, used fuel is reprocessed to separate uranium and plutonium that could be

reused as new mixed oxide (MOX) fuel to generate more energy. Most current com-

mercial nuclear reprocessing facilities use the plutonium uranium extraction

(PUREX) process. Used fuel assemblies are chopped up and then dissolved in nitric

acid. Plutonium and uranium nitrates are separately removed through solvent

extraction and converted into plutonium oxide and uranium oxide products. Fission

products and minor actinides that remain in the nitric acid solution are then immo-

bilized as high-level waste (HLW) by chemically incorporating them into a robust

matrix. This commonly involves vitrification into a glass waste form that is then

poured into stainless steel containers for eventual geological disposal. Separated plu-

tonium dioxide is recombined with depleted or reprocessed uranium dioxide to make

MOX fuel.

Nuclear power reactors can be categorized by the neutrons responsible for fission

reactions. Thermal reactors, such as light water reactors (LWRs), use ordinary water

not just as a coolant but also as a moderator to slow down neutrons so that most of the

fission is caused by those with relatively low energies, so-called thermal neutrons.

Fast reactors do not include a moderator, so fission is caused by neutrons with higher

energy, so-called fast neutrons. Fast reactors would enable fissile materials in used

fuel to be reused, producingmore than 60-70 times the energy per unit mass of original

uranium than thermal reactors. Under the fast breeder reactor (FBR) concept, more

fissile material is created than is consumed. Neutrons generated in the reactor core

convert fertile U-238 in the core and the blanket of “breeder” fuel assemblies sur-

rounding this core into fissile Pu-239 that can be reprocessed to make more fuel.

The commercial trend has been to deploy large nuclear reactors with power outputs

reaching 1000-1600 MWe. Small- and modular-sized reactors (SMRs) have also been

developed that have power outputs of less than 300 MW.
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Naturally occurring thorium consists almost entirely of fertile Th-232. It does not

undergo fission itself, but on capturing a neutron it leads to fissile U-233. This is sim-

ilar to natural uranium that consists mainly (approximately 99.3%) of fertile U-238

that is transmuted to fissile Pu-239 upon neutron capture. However, natural uranium

contains fissile U-235 that is the essential component in current thermal reactors.

As thorium does not have a naturally occurring fissile isotope, there is no analogue

of U-235. Another fissile material, either U-235 or Pu-239, is needed to initiate the

thorium fuel cycle or, alternatively, a thorium fuel cycle could be initiated by the neu-

trons generated by fast reactors or accelerator-driven systems.

23.2.2 Regulating the nuclear fuel cycle

Nonproliferation is generally regulated at an international level. It is not the industry

per se, but the state in which the industry is based that is primarily the one being reg-

ulated. The negotiators of the NPT regarded proliferation as an event. Agreed in 1968

and coming into force in 1970, the NPT defines a nuclear weapon state (NWS) as one

that has manufactured and exploded a nuclear weapon or other nuclear explosive

device prior to January 1, 1967. This includes China, France, Russia, the United

Kingdom, and the United States. Three other states have exploded a nuclear device,

namely India, North Korea, and Pakistan, while Israel is also believed to possess

nuclear weapons. Today, proliferation is increasingly being viewed as a process with

at least three stages: a political decision to invest in a nuclear weapon capability; the

acquisition or manufacture of the necessary nuclear and nonnuclear materials and

physical components; and the weaponization of these materials and components.

Nonnuclear weapon states (NNWS) can gain access to nuclear materials and tech-

nologies in return for commitments to forsake acquiring or developing nuclear

weapons. Under the NPT, all NNWS accept IAEA safeguards on their nuclear activ-

ities to verify these commitments are being implemented. NNWS are required to con-

clude a “comprehensive safeguards agreement” with the IAEA, involving declarations

of the quantities and location of all nuclear material and facilities within their

territories or under their jurisdictions. The IAEA verifies the correctness of these dec-

larations through measures to verify the design and operation of nuclear facilities;

nuclear material accountancy; and the containment and surveillance of materials

and facilities through tags, seals, and cameras.

NWS are not obliged to do likewise. NWS have concluded “voluntary offer

agreements,” choosing to place certain facilities or nuclear material under IAEA safe-

guards. India, Israel, and Pakistan are not party to the NPT but have agreed to “item

specific safeguards agreements” with the IAEA whereby they undertake not to use

specified material, facilities, and some other items to further any military purpose.

Despite its comprehensive safeguards agreement, Iraq had been conducting a clandes-

tine nuclear weapons program prior to 1993 centered on the same nuclear site where

the IAEA conducted routine inspections of declared nuclear material. This demon-

strated that IAEA safeguards needed to be strengthened to include assurances of

the absence of any clandestine activities at undeclared facilities. This required new

legal authority, resulting in the adoption in 1997 of the Model Additional Protocol
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to Agreement(s) between State(s) and the IAEA for the Application of Safeguards.

This has equipped the IAEA with new tools to detect clandestine activities, including

environmental sampling, satellite imagery, and other novel technologies, as well as

nuclear trade analysis and open source information collection.

States provide independent assurances to other states, so nonproliferation is

inspected by intergovernmental bodies, namely the IAEA, as well as the European

Atomic Energy Community (EURATOM) in Europe and the Brazilian-Argentine

Agency for Accounting and Control of Nuclear Materials (ABACC) in Argentina

and Brazil. The IAEA has the power to refer noncompliance to the Security Council

(and European Court of Justice in the case of EURATOM) that is the ultimate source

of enforcing nonproliferation. National governments still have responsibilities for

nonproliferation. It is in their interests to ensure legislation is in place so that industry

provides all the support necessary to enable safeguards activities to be carried out

effectively, and thereby avoid false accusations of proliferation.

In contrast, nuclear security is regulated at the national level (like nuclear safety).

National governments are responsible for setting up a national regulator independent

from the nuclear industry and government departments and agencies responsible for

promoting nuclear power. By implementing a licensing, inspection, and enforcement

system, regulators can provide national governments with independent assurance that

the nuclear industry is operating securely as well as safely.

23.3 Major nuclear proliferation scenarios involving
state-based threats

Nuclear power reactors and their operation alone are not the primary proliferation risk.

It is the material that they use and produce. Technologies to enrich uranium to fuel

reactors can also enrich uranium to higher levels suitable for nuclear weapons use.

Also, the uranium transmuted into plutonium by nuclear power reactors could be used

in nuclear weapons.

23.3.1 Diversion of used fuel from declared facilities

Used fuel could be removed from storage ponds and even replaced with dummymate-

rial, especially if it had been stored for a long time so that the heat load and radioac-

tivity is reduced. This could make used fuel assemblies more accessible and easier to

handle, although it would still be highly radioactive, heavy, and cumbersome to move.

Separated plutonium could be diverted at a declared reprocessing facility but this

would be complicated. Operators could separate extra plutonium dioxide and then fal-

sify the performance records of the facility, as well as the fuel history of a reactor. The

facility’s design could be modified to allow separated plutonium dioxide to be secretly

removed, returning the facility back to its original configuration prior to the next

IAEA inspection. This extra plutonium dioxide could be disguised as material unac-

counted for (MUF). This is the standard accounting term for the difference between
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the amount of material that is calculated to be present in a facility given its operating

records and the amount that actually is present. MUF is inevitable in reprocessing and

MOX fabrication facilities due to the uncertainties inherent in measurement systems,

as well as accumulation in piping within the facility. Between IAEA inspection visits,

the hot cells of a declared facility could be used to develop reprocessing activities to

take place on a larger scale at an undeclared facility located elsewhere. Both Egypt and

Iran admitted to past small-scale reprocessing of irradiated uranium targets, but

reported this activity to the IAEA many years later.

Containers containing used fuel could be substituted at the surface of a GDF by

dummy containers that contain nonfissile or nonnuclear material. Undeclared retrieval

of containers containing used fuel from a GDF is also possible. A container could be

opened underground and used fuel assemblies removed and transported to the surface

or even reprocessed underground.

The historical record shows that IAEA safeguards have proven to be effective to

make the diversion of nuclear materials from declared facilities unlikely. Given the

likelihood of detection, other proliferation scenarios may be more likely (APS, 2005).

23.3.2 Clandestine activities at undeclared facilities

The size and complexity of an industrial-scale reprocessing plant needed to produce

weapons-grade plutonium is too large to be easily hidden, although a smaller clandes-

tine reprocessing plant could be built. A small research reactor could even be dis-

guised within a nonnuclear industrial complex and use associated hot cell facilities

to carry out small-scale reprocessing. Facilities could be constructed in advance of

any reprocessing, providing a state with a potential breakout capability. The U.S.

national laboratories have demonstrated the feasibility of “quick and dirty” clandes-

tine reprocessing facilities specifically for separating plutonium for nuclear weapons

use. Studies by Sandia National Laboratory in 1977 and 1996, respectively, have out-

lined designs that could possibly be built within six months and produce plutonium for

nuclear weapons within a few extra months (GAO, 1978; DoE, 1996). There are some

disagreements on the feasibility of these designs and ongoing debate about how tech-

nologically advanced a state would need to be to succeed in implementing them.

Clandestine tunnels could be excavated into a GDF or out from a GDF to the sur-

face or to a nearby tunnel system. This would require a determined and sophisticated

effort by the state. The drilling, mining, and processing involved would produce

detectable signals and indicators of diversion.

23.3.3 Breakout from the NPT

The NPT allows a state to give three months’ notice and then legally opt out of the

treaty and renounce its safeguards obligations. This is of particular concern when a

state has capabilities across the full civil fuel cycle, especially enrichment or repro-

cessing facilities. Timing would be crucial to maximize the amount of weapons-grade
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plutonium that could be produced before experiencing the economic, political, and

possible military consequences of breakout.

For example, North Korea embarked on a national nuclear research and reactor

development program in the 1970s and 1980s. Its planned power reactors were to

be graphite-moderated and gas-cooled, as they did not have access to enriched ura-

nium fuel. Its fuel fabrication and reprocessing facilities were not declared or

inspected by the IAEA because North Korea was not a state party to the NPT. In

1985, the USSR agreed to build LWRs in North Korea to meet its energy needs on

condition that the USSR provided fresh fuel; North Korea repatriated the fuel once

used; and that North Korea became party to the NPT. North Korea acceded to the

NPT in 1985, but the arrangements for the USSR to supply North Korea with a

LWR and their fuel collapsed after the dissolution of the USSR in 1991. Lengthy

negotiations between North Korea and the IAEA secretariat over the wording of its

safeguards agreement took place until 1992. This delayed the start of IAEA inspec-

tions. Verification of North Korea’s initial declaration of plutonium uncovered

accountancy discrepancies, with the consequence that safeguards could not be fully

implemented. This standoff was terminated by the negotiation of an agreed framework

with the United States in 1994. North Korea halted its national fuel fabrication and

reprocessing activities in return for the funding and building by South Korea, Japan,

and other states of two large LWRs. Building started on these and, in parallel, the

IAEA monitored the cessation of operations of North Korea’s prototype reactor

and the building of additional power reactors. Following U.S. accusations in the early

2000s of clandestine uranium enrichment activities, North Korea declared in 2003 that

it would withdraw from the NPT. IAEA inspectors were expelled and used fuel

from North Korea’s indigenous reactor was reprocessed. Nuclear tests of two

plutonium-based devices were carried out in 2006 and 2009.

A multicountry breakout scenario is also possible whereby one country could pro-

duce used fuel that is then reprocessed in another country. This scenario should not be

overlooked, given allegations of this type of collaboration between North Korea and

Syria (IISS, 2008).

23.3.4 Managing dual use know-how

It is unclear whether personnel and knowledge gained from civil nuclear power pro-

grams have directly or indirectly assisted nuclear weapons programs in NNWS.

In some cases, such as Libya, South Africa, and Syria, declared facilities may have

helped to train personnel, who were then directed to work on weapons programs

at undeclared facilities. The United States regarded Iranian attempts to rebuild and

operate the civil reactor at Bushehr, after it was attacked by Iraqi air strikes during

the Iran-Iraq war in the 1980s, as posing an unacceptable proliferation risk. This

led to the United States’ prolonged (and ultimately unsuccessful) diplomatic cam-

paign to prevent this during the 1990s.

To ensure nuclear skills continue to be used responsibly, education and awareness

raising courses on nuclear nonproliferation and nuclear security should be included in
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relevant university and industrial training courses (Royal Society, 2011). As part of

their induction, researchers at postgraduate level could be informed about the ethical

and legal responsibilities relating to their work. This could be included in existing

induction courses that deal with health, safety, and other general laboratory training.

Outlining the implications for researchers of the NPT and other international treaties

would be an integral part of this training. Education may also be needed for estab-

lished researchers.

23.4 Major nuclear security scenarios involving
non-state based threats

States without a suitable security infrastructure may not be able to protect nuclear

facilities against attacks or sabotage. These states may not be able to prevent nuclear

materials from being acquired by those who could use them in a dispersal device or

even an unsophisticated and crudely designed nuclear weapon.

Responses to proliferation and nuclear security may overlap, drawing on similar

measures, such as computer security and personnel vetting. Proliferation resistance

should be restricted to measures responding to state-based threats, as in the IAEA’s

definition: “that characteristic of a nuclear system that impedes the diversion or unde-

clared production of nuclear material or misuse of technology by states in order to

acquire nuclear weapons or other nuclear explosive devices” (IAEA, 2010).“Physical

protection” should be used when responding to nonstate, nuclear security threats.

Blurring this distinction could convey a misleading message about the potential ben-

efits of a particular proliferation resistance measure. Measures to manage nonstate

threats may have a low impact on managing state-level threats given the difference

in their nature.

23.4.1 Theft of material during reuse

The likelihood that a sufficient amount of used fuel could be stolen for use in a radio-

logical dispersal device is small (NAS, 2006). According to the U.S. National

Academies of Science (NAS), the high radioactivity and sheer bulk of used fuel

assemblies means “that the removal of a used fuel assembly from the pool or dry cask

would prove extremely difficult under almost any terrorist attack scenario. Attempts

by a knowledgeable insider to remove single rods and related debris from the pool

might prove easier; but the amount of material that could be removed would be small”

(NAS, 2006).

23.4.2 Use of separated civil plutonium in a dispersal device

The theft of separated plutonium is a major security concern at reprocessing andMOX

fabrication facilities. As plutonium comprises predominantly alpha-emitting isotopes,

separated plutonium could be relatively safely handled by those who access it
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provided precautions are taken to limit exposure. If stolen, separated plutonium may

be more easily used in a dispersal device. As a powder, separated plutonium could be

toxic if ingested or inhaled.

23.4.3 Use of separated civil plutonium in an improvised
nuclear weapon

There are debates about whether separated civil plutonium could be used in an unso-

phisticated and crudely designed nuclear weapon. If highly enriched uranium (HEU)

is not easily accessible, then plutonium from civil nuclear power programs could be

sought. This would pose a set of major technical challenges:

l Used fuel contains a number of intrinsic barriers to proliferation. Having been irradiated and

removed from a reactor, the intense heat and radioactivity of used fuel makes the plutonium

it contains highly inaccessible.
l Used fuel needs to be reprocessed to access the plutonium it contains, presupposing (access to)

major industrial capabilities. Similar technologies are also necessary to separate plutonium

from unirradiated MOX although shielded highly active cell facilities are not necessary.
l Plutonium dioxide needs to be converted into a plutoniummetal to be used easily in a nuclear

weapon. Various techniques to reduce plutonium dioxide to plutonium metal are already

available in the public domain.
l The design of plutonium-based nuclear weapons is more technologically demanding than

HEU-based, gun assembly designs. Sophisticated metallurgical and machining expertise

is needed to manufacture plutonium metal into a suitable geometry with a highly uniform

density and composition, and to shape the component parts. Advanced physics and engineer-

ing expertise is needed to ensure the assembly’s components are accurately aligned, and that

the functioning of the detonators is highly synchronised.
l Nuclear weapons capabilities range from highly advanced nuclear weapons capable of being

carried by, and associated with, missile delivery systems of considerable range; through to

simpler weapons with an associated delivery system of lesser military capability; and much

cruder devices without highly predictable and reliable yields. Plutonium used in nuclear

weapons has a high concentration of fissile Pu-239. Advanced nuclear weapons are likely

to require the acquisition of this “weapons-grade” plutonium, especially if a reliable and

predictable yield is sought.
l It should not be assumed that proliferators will necessarily seek the most advanced capabil-

ities. A technologically advanced, proliferating state could use less sophisticated nuclear

weapon designs to produce less reliable explosive yields, no greater than one or a few

kilotons, the so-called fizzle yield. “Reactor-grade” plutonium in used civil fuel has a lower

fraction of Pu-239. The isotopic quality of reactor-grade plutonium complicates its use in a

nuclear weapon. Advanced nuclear weapon states may have the technical capability and

knowledge of sophisticated nuclear weapon designs to use reactor-grade material to produce

reliable explosive yields comparable to those made from weapons-grade plutonium. A less

technologically advanced, proliferating state could possibly use reactor-grade plutonium in

nuclear weapon designs, no more sophisticated than those used in first-generation nuclear

weapons, to produce a fizzle yield. There are differences in expert opinion about whether

nonstate groups could access the extensive scientific expertise and technical infrastructure

required to overcome these challenges. Nonetheless, complacency must not be introduced

into the management of plutonium.
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23.5 The potential of technical means to increase
the proliferation resistance of used fuel

23.5.1 Enhancing isotopic barriers

Weapons-grade plutonium is produced via very low burn up of uranium fuel; that is,

when fuel is irradiated for a short time, even just for a few weeks. In civil nuclear

power reactors, fuel is irradiated over several years to maximize its energy yield

for electricity production. This significantly reduces the attractiveness of plutonium

in used civil fuel for nuclear weapons use. The reactor-grade plutonium in used civil

fuel has a lower fraction of Pu-239 due to the high levels of burn up in civil nuclear

power reactors. It has a greater quantity of undesirable isotopes of plutonium that com-

plicate the use of civil nuclear materials in nuclear weapons, decreasing the reliability

of a nuclear explosion. Pu-238 decays relatively rapidly, generating significant

amounts of heat. Pu-240 could set off the chain reaction prematurely, substantially

reducing explosive yield as the weapon may blow itself apart and cut short the chain

reaction. Pu-241 decays to Am-241 that absorbs neutrons and emits intense gamma

radiation. These isotopes require careful management and extensive shielding to pro-

tect personnel when handling materials, and they could damage other components in a

nuclear weapon. The additional irradiation of plutonium in MOX fuel further reduces

the isotopic quality of plutonium in used MOX fuel.

There is no well-defined threshold for higher burn up above which plutonium

becomes unusable for weapons, so the IAEA’s working hypothesis is that all reactor

grades of plutonium pose a proliferation risk. Adapting civil nuclear power reactors to

lower burn ups would be difficult to conceal due to the safeguards arrangements in

place, as well as the observable effects on national electricity generation.

23.5.2 Enhancing radiation barriers

Plutonium in used fuel produced by operating a LWR on an open fuel cycle is pro-

tected by the radiation from fission products in used fuel (at least in the near term).

When operating on a closed fuel cycle, this radiation barrier decreases during repro-

cessing when a PUREX technique has traditionally been used to extract the fission

products and then separate the plutonium from the uranium stream. There is ongoing

international R&D to avoid the separation of pure plutonium, instead coprocessing

plutonium with other materials. This R&D involves both aqueous techniques, such

as coextraction of actinides (COEX), during which uranium and plutonium are

extracted together, and uranium extraction (UREX), during which uranium is

extracted and plutonium is left mixed with the minor actinides and fission products;

as well as nonaqueous techniques, such as pyroprocessing. Many of these alternative-

reprocessing techniques are not yet ready for more than laboratory testing. There are

significant challenges relating to the reliability and availability of the proposed

facilities and the generation of secondary wastes. PUREX remains cheaper, simpler,

and is widely documented. With many years of industrial experience, it is likely
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(at least in the near term) to be a more attractive choice for countries wanting to

explore reprocessing.

Proliferation vulnerabilities could be more effectively addressed by optimizing the

design of the wider system in which reprocessing takes place (Royal Society, 2011).

Used fuel should be reprocessed only if there is a clear plan that minimizes the amount

of time during which plutonium is in a separated form, and that converts it into MOX

fuel as soon thereafter as is feasible. Reactors should be identified in advance that can

irradiateMOX fuel, which, in turn, should be fabricated on timescales that match reac-

tors’ loading schedules. This would minimize any risks associated with the stockpiling

of MOX fuel. A further advantage is the removal of the in-growth of americium. This

complicates the handling of plutonium and MOX fuel and can affect the performance

of the fuel in the reactor. Plutonium should be transported as MOX fuel rather than as

separated plutonium. By colocating reprocessing and MOX fabrication facilities it

may be possible to design a fully continuous process in which used fuel comes into

the facility and new MOX fuel (plus wastes for disposal) leaves the facility. This may

be difficult to achieve in practice. Industrial realities would require some interim

storage of separated plutonium to serve as a buffer store so that MOX fuel could still

be manufactured in the case of any unforeseen interruptions to the operation of the

reprocessing plant. The size of this interim store should be minimized and the highest

levels of physical protection should be implemented. If the reprocessing facility uses a

COEX-type process, then there is no separated plutonium at any point in the process

because plutonium is always diluted with uranium. More uranium can be added to

dilute the material into MOX when ready. One disadvantage is that the volumes of

plutonium-containing materials to be stored are greater due to the dilution factor.

Furthermore, fresh fuel could be spiked with small amounts of minor actinides,

such as Np-237, to enhance the production of Pu-238 in used fuel, further complicat-

ing the use of civil plutonium in nuclear weapons. As Np-237 is itself fissionable, the

use of separated neptuniumwould itself introduce new risks, and neptuniummay need

to be coprocessed with other minor actinides. Similarly, the degree of purification of

the plutonium product could be relaxed or other radionuclides could be added to

increase the radiation barrier of fresh fuel. It is unclear how new signatures could

feasibly be introduced that did not degrade reactor operations.

The proliferation resistance of these reprocessing techniques may be limited. They

do not eliminate the attractiveness of plutonium for nuclear weapons use. Some of the

radioisotopes that plutonium is mixed with are fissile, resulting in a material that a

technologically advanced state could use in a nuclear weapon. All fissile isotopes

capable of being assembled into a critical mass are potentially usable weapons and

are of proliferation concern.

23.5.3 Enhancing chemical barriers

The difficulty of extracting plutonium is affected by the manufacture of fresh fuel.

MOX fuel is currently the most widely used and proven plutonium-bearing fuel.

Alternatively, plutonium dioxide could be mixed with a nonfertile ceramic carrier
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to produce an inert matrix fuel (IMF). While irradiating MOX fuel creates new plu-

tonium, IMF offers the possibility of generating electricity from a plutonium-bearing

fuel while producing no additional fissile material. The remaining plutonium is of

even less-desirable quality for nuclear weapons use. Further irradiation is possible

in fast reactors, which could also transmute the plutonium into isotopic forms that

are even less attractive for weapons use. Matrix materials could be chosen that are

optimized for different behavior, such as stability during long-term storage and

disposal. IMF can be designed so that plutonium would be more difficult to extract

compared to conventional MOX fuel. If used IMF is to be recycled, however, used

IMF would need to be leachable, if possible under the same reprocessing conditions

as used for uranium fuel. IMF is currently an unproven technology.

23.5.4 Using alternative nuclear fuels

Thorium has been advocated as an alternative to uranium or plutonium fuels because

the thorium fuel cycle produces less plutonium in its used fuel. However, there is an

emerging consensus that the thorium cycle may be no more proliferation resistant than

uranium or plutonium-based fuel cycles. An open thorium fuel cycle will generally

require U-235 or Pu-239 fuel to initiate it. Used thorium fuel that contains fissile

U-233 can be reprocessed and the U-233 used to initiate the cycle instead. U-233 could

be used in nuclear weapons.

23.5.5 The used fuel standard

The “used fuel standard” was specifically proposed in the context of disposing of

weapons-grade plutonium from nuclear weapons by making it as inaccessible as used

fuel. Some commentators propose that the used fuel standard should underpin the

wider civil management of used fuel. There is an emerging consensus that this

may not be a practical standard. It is ill-defined without any specification of the min-

imum radioactivity required to make plutonium inaccessible. It is also time-based

because over a few hundred years the activity decreases to the point where it is not

considered to be self-protecting.

23.6 The limitations of technical means to increase
the proliferation resistance of used fuel

23.6.1 Technical feasibility

Many initiatives on proliferation resistance over the years have concluded that there is

no technological “silver bullet” solution to proliferation, yet great promise was still

placed in such solutions. There is an emerging consensus that some technical means

to increase the intrinsic proliferation resistance of used fuel may have been oversold.
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These measures cannot physically prevent a technologically advanced state from

acquiring nuclear weapons if it decides that they are in its interests. These technical

means should not be relied on in isolation but can complement other means, such as

nuclear safeguards, that together provide a “defence in depth” approach to reducing

and managing proliferation risks by involving a number of redundant, diverse, and

independent controls.

23.6.2 Economic attractiveness

Governments would need to convince industry that existing technologies are not

adequate to address the vulnerabilities of the fuel cycle. Some newmeasures may have

adverse impacts on commercial aspects of fuel cycle performance, including opera-

tional efficiency and operating costs. Notwithstanding significantly increasing the

costs, modifying fuel cycles to increase the radiological hazard of nuclear materials,

for example, creates extra safety and environmental risks that pose extra regulatory

burdens. As many of these measures are not mature, industry is likely to prefer using

existing and less-expensive technologies where there is significant experience in

deploying them at an industrial scale. In an era when nuclear power in some states

is no longer heavily subsidized, governments would need to identify and provide

the incentives necessary for industry to adopt such new measures.

23.6.3 Political acceptability

Even if deployed in less-technologically advanced states, the training of individuals to

implement proliferation resistance measures could inadvertently lead to the spread of

sensitive nuclear knowledge that could be misused to reverse engineer them. As the

capabilities of these states continue to advance, their ability to overcome the barriers

to proliferation are likely to increase. The effectiveness of any intrinsic proliferation

resistance measure is likely to decrease with time.

Less-technologically advanced states could interpret the adoption of these mea-

sures as discriminatory and reinforcing a systemic division between haves and

have-nots. To avoid these accusations, technologically advanced states would need

to constrain their technology choices and adopt these measures, too. A system per-

ceived to be discriminatory could foster resentment and undermine the enforcement

process. The nonproliferation regime is affected not just by the ability of the interna-

tional community to detect acts of proliferation, but also by its ability to respond once

they have been detected.

23.6.4 Best practices for nonproliferation

In some NWS, the civil nuclear industry has matured to become solely a provider of

electricity. France, the United Kingdom, and the United States have fully separated

their nuclear weapons programs from their civil nuclear power programs. Only the
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United Kingdom and France, by their own choice, are under specific obligations to

place them under safeguards. The EURATOM Treaty requires France and the United

Kingdom to place their entire civil nuclear power program under its safeguards

system, including enrichment, reprocessing, and fuel fabrication facilities. Best prac-

tice for nonproliferation should require all states with nuclear weapons programs to

separate them from their civil nuclear power programs, placing the latter under inter-

national safeguards to verify they do not provide materials for nuclear weapons (Royal

Society, 2011).

The effectiveness of international safeguards depends on the extent of the IAEA’s

authority, which remains uneven from state to state. Safeguards agreements are in

force in the majority of states party to the NPT. All NNWS with existing nuclear

power programs or embarking on nuclear power for the first time should adopt and

implement IAEA comprehensive safeguards and the Additional Protocol. IAEA

comprehensive safeguards and the Additional Protocol should become the nonprolif-

eration standard for a nuclear renaissance (Royal Society, 2011).

23.7 Multinational approaches to the provision
of fuel cycle services

At the start of the Atomic Age and during the time of NPT negotiations, energy

markets were generally directed by governmental monopolies and nuclear power

programs were driven by national energy planning. This implied that each country

needed to develop its own national industry. Recommendations for new international

practices could be promoted by intergovernmental agreements, domestic legislation,

and licensing arrangements, but commercial considerations complicated their imple-

mentation at the time. Today, globalization and the liberalization of energy markets

provide an economic infrastructure that has facilitated the internationalization of

the nuclear fuel cycle. Countries now look to the international market for the supply

of fuel cycle services, including uranium enrichment, fuel fabrication, and repro-

cessing, although some fuel cycle services remain nationally focused, especially

disposal.

The IAEA has identified three types of multinational arrangement (IAEA, 2005):

l Providing additional assurances for the supply of international fuel cycle services.
l Converting existing national fuel cycle facilities into multinationally owned and/or operated

ones through partnerships between NWS and NNWS (add-on).
l Constructing new fuel cycle facilities to be owned and/or managed on a multinational or

even regional basis from the outset (partnering).

Whereas a multinational approach involves a group of states or companies collab-

orating on some aspect of the nuclear fuel cycle, a multilateral approach involves an

arrangement involving some form of intergovernmental oversight body, such as the

IAEA. This is exemplified in agreements to set up an IAEA owned and managed

low-enriched uranium (LEU) fuel bank. For example, the World Nuclear Association

592 Reprocessing and Recycling of Spent Nuclear Fuel



proposed a “guarantee in depth” model to provide greater assurances in the supply of

international enrichment services (WNA, 2006). It has a three-tiered structure:

l Customers look to the existing commercial market for the supply of enriched fuel.
l If a company cannot deliver on its contracts for political reasons unrelated to nonprolifer-

ation, then other companies guarantee to supply enriched fuel.
l Should this collective guarantee fail, then LEU is made available from a fuel bank under

governmental or intergovernmental control.

In 2009, the IAEA approved a Russian initiative to establish a reserve of LEU for

the IAEA to supply to its member states. In 2010, the IAEABoard of Governors autho-

rized the IAEA Director General to set up an IAEA owned and managed LEU fuel

bank. The IAEA would determine the legitimacy of the customer’s claim in light

of predefined criteria and the events leading up to the contract interruption. The IAEA

would then notify the other enrichment companies to fulfill the obligations. Interna-

tional fuel fabrication services would still have to be assured for a fuel bank to be a

credible assurance mechanism. An assured supply of nuclear material does not nec-

essarily entail an assured supply of fabricated fuel.

23.8 International ownership and management
of fuel cycle facilities

Due to concerns about the security of supply, further incentives may be necessary to

rely on these multinational approaches to the provision of fuel cycle services. One

incentive is to offer customers a direct stake in the ownership and/or management

of the fuel cycle facilities providing these services (see the IAEA’s add-on and part-

nering options above). This could make financing easier when it may be difficult to

mobilize enough capital nationally. Risks could be shared, as well as financial losses,

in case of technical or market failure. Such multinational arrangements could be

considered alongside moves in many countries of national nuclear facilities moving

from government-run enterprises to privately owned and operated, multinational

companies. Globalization and the liberalization of energy markets have provided

the conditions that support competition, leading to the merging of nuclear power com-

panies. This reflects practices already well established in many other high-technology

industries that are simply not sustainable at an individual national level given the high

costs involved with development.

There is no single formula to satisfy all states’ needs, whether service provider

or customer. Different types of multinational arrangements may be necessary

(Scheinman, 2004).

23.8.1 Eligibility for services

Commercial enrichment services are provided by the European Gaseous Diffusion

Uranium Enrichment (EURODIF) company and URENCO. EURODIF was set up in

1973 by France, Belgium, Italy, Spain, and Sweden to provide enrichment services
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to these countries. Sweden withdrew in 1974 and in 1975, its 10% share in the company

was passed to Iran through the establishment of a joint French-Iranian enterprise. Today,

EURODIF is a subsidiary of AREVA and operates an enrichment plant at the Tricastin

nuclear site in France. URENCO was founded in 1971 by the Treaty of Almelo, signed

by the governments of Germany, the Netherlands, and the United Kingdom. Whereas

EURODIF provides enriched uranium to its members only, URENCO provides enrich-

ment services for its members and others outside the company.

23.8.2 Different degrees of joint ownership

Joint ownership of fuel cycle facilities need not be proportionate. Shares in EURODIF

correspond to the level of each member’s investment. Initially, URENCO facilities

were to be built with equal ownership and investment by the three partners, regardless

of location. No single country would then have a majority of shares in the company,

thus preventing any dominance in decision making.

23.8.3 Different degrees of joint operation

Joint ownership does not necessarily entail joint operation. A facility can be under mul-

tinational ownership yet nationally operated, as long as national decision making is sub-

ordinate to the decision of the group of owners. The operation (and regulation) of

EURODIF’s enrichment facilities remains a responsibility of the host state, France.

The French Commissariat à l’Energie Atomique (CEA) proposed that the new Georges

Besse II facility to replace EURODIF should be open to international partnerships.

23.8.4 Different degrees of access to technology

France provides and controls the sensitive technology used by EURODIF. Other non-

sensitive technology is shared. After the revelations about A.Q. Kahn, URENCO

placed stricter controls on its technology. In 2003, URENCO was divided organiza-

tionally into Enrichment Technology Corporation (ETC) and URENCO Enrichment

Company Ltd (UEC). ETC is a joint venture between URENCO and the French com-

pany, AREVA. It provides enrichment technology to UEC, AREVA, and (soon) to the

National Enrichment Facility currently being constructed in the United States. ETC

develops centrifuge technology, designs centrifuge enrichment plants, and manufac-

tures centrifuges. UEC owns and operates enrichment plants. Centrifuges are provided

under a “black-box” arrangement whereby they are supplied, complete, and already

assembled by ETC. The operator has no access to the centrifuges directly but only ever

interacts with the outside of the black box. The black box remains the property of ETC

and must be returned to ETC for repair or disposal when no longer needed. URENCO

now operates its uranium enrichment activities under strict arrangements. In a break-

out scenario, the facility operators could decide to misuse and modify the facility to

produce HEU. While a team of ETC engineers may perhaps need approximately

3 months, other engineers without any experience with the technology within the

black box would need 12 months or more to carry this out. This could provide extra
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time for the international community to take action. It is unclear if a similar black-box

arrangement can be applied to reprocessing, especially when the PUREX process is

widely documented and accessible if a country wishes to explore reprocessing. An

historic example is EUROCHEMIC, which provided direct access to reprocessing

technology. Set up in 1957 by 13 OECDmember governments, EUROCHEMIC acted

as a training center to develop industrial experience with reprocessing. A pilot repro-

cessing plant in Belgium was commissioned in 1956, as well as facilities for nuclear

chemistry research. It was not setup as an alternative to national reprocessing efforts.

Due to competition from the latter, however, operations ceased in 1974 and EURO-

CHEMIC’s installations were progressively taken over by the host country, Belgium,

and the decision to close the plant was finally made in 1985.

23.9 Benefits of multinational approaches to the
provision of fuel cycle services for nuclear
non-proliferation

23.9.1 Increased transparency of national programs

Multinational companies owning and/or operating fuel cycle facilities could be less

vulnerable to a state’s desire to proliferate than a single state-owned and operated

nuclear organization. Overt or covert diversion would be more difficult. A thoroughly

interconnected global nuclear industry could allow earlier warning and whistle-

blowing of suspicious activities. International professional networks could maintain

greater awareness of colleagues’ activities.

Multinational arrangements could serve as a confidence-building measure. If a

country’s desire to proliferate is due to concerns that another country may do so,

too, then they could both voluntarily choose to participate in an arrangement that

constrains their independent national capabilities to develop sensitive dual-use tech-

nologies (Smart, 1980). A country could participate in a similar arrangement to

demonstrate its clear intentions not to proliferate, thereby gaining political legitimi-

zation to participate in certain fuel cycle activities. NWS may need to be willing to

restrain their national capabilities to avoid accusation by NNWS that multinational

arrangements are discriminatory.

23.9.2 Proactively assisting the IAEA

The IAEA’s powers are constrained by its state-centric statute. The IAEA can only

gain information through the voluntary support of member states. Multinational

companies may have a greater awareness than national governments about the global

circulation of materials, technologies, and personnel. They may be less constrained in

proactively providing information directly to the IAEA, as well as informing the

IAEA about technology relevant to safeguards being developed outside of member

state support programs and national government laboratories.
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23.9.3 Reinforcing safeguardability

Internationalization can help to reduce the number of facilities in need of safeguard-

ing, allowing the IAEA to focus its resources more effectively. This is particularly

important for the management of used fuel because this is one aspect of the fuel cycle

that every nuclear country, however small, must address.

Many countries recognize the economic benefits of seeking international fuel cycle

services rather than developing national fuel cycle facilities. Pilot research facilities

may still be sought to maintain a national skills base in case the international market

should fail. R&D activities can be prone to unauthorized or unreported experiments.

Pilot research facilities still need to be fully safeguarded. Consideration should be

given to offering some countries a direct stake in the ownership and/or management

of research facilities elsewhere. Carrying out R&D on dual-use technology through an

international framework increases transparency and maintains confidence that there

are no clandestine nuclear weapons programs. However, knowledge could still be mis-

used, as the case of A.Q. Khan demonstrates (IISS, 2007).

23.9.4 Increasing the costs of breakout

Even if certain arrangements do not limit the development of fuel cycle facilities,

multinational ownership and/or management maintains the transparency of these

activities. This does not eliminate proliferation risks. The host country could still

expel multinational staff and breakout of the NPT, although the involvement of other

countries in this multinational arrangement would significantly increase the economic

and political costs of doing so.

23.9.5 Addressing country breakup

Internationalizing the management of nuclear materials could mitigate the conse-

quences of any future breakup of countries or collapse of their political regimes. Thou-

sands of scientists involved with nuclear weapons programs were left unemployed or

underemployed following the dissolution of the USSR. At that time, there were con-

cerns that they could be tempted to sell their expertise on the black market, leading

to initiatives in the 1990s to redirect former weapons scientists into civil employment.

A loss of control over nuclear materials also raised concerns about the illicit traffick-

ing in these materials that could aid countries that are inclined toward possible nuclear

proliferation.

23.9.6 Spreading best practice

The opportunity for technology transfer, or at least hands-on training may be an

important attraction of multinational arrangements. While the scientific principles

of enrichment and reprocessing may be well-known, the ability to operate a commer-

cial enrichment or reprocessing facility successfully presupposes operational experi-

ence with the technology. Such arrangements could help to spread best practice,
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especially from countries experienced with nuclear power to those embarking on

nuclear power for the first time.

23.9.7 Wider benefits beyond nonproliferation

Internationalizing the management of nuclear materials would help countries that lack

the national infrastructure to do so securely. This could help address security risks

posed by the management of used fuel (see Section 23.4).

23.10 Internationalizing the management of used fuel

23.10.1 Cradle to grave fuel cycle services

International fuel cycle arrangements that couple the supply of fresh fuel with the

management of used fuel could be a major attraction to countries embarking on

nuclear power by allowing them to avoid some of the major uncertainties, costs,

and complexities involved in developing a nuclear power program. These so-called

cradle to grave fuel cycle services are not new. The former USSR leased fresh fuel

to customer states for their nuclear power reactors, and used fuel was repatriated back

to the USSR. The United States provided fuel for U.S.-built LWRs in other countries

on 30-year contracts, specifying that used fuel was only to be reprocessed or exported

to third parties with U.S. agreement. Contracts for U.K.-designed Magnox reactors in

Japan and Italy provided for the fuel to be reprocessed in the United Kingdom and

HLW to be repatriated. Conversely, Canada exported CANDU reactors fueled with

natural uranium with no constraints on the management of used fuel, and used fuel

from one of its reactors was reprocessed to provide the plutonium used in the Indian

nuclear test in 1974. This event spurred governments to include constraints on the

management of used fuel in fuel supply agreements through contractual obligations

to consult before reprocessing and retransfer of used fuel.

A single company could provide commercial services across the fuel cycle from

cradle to grave. This could involve fuel-leasing arrangements. Currently, an operator

buys uranium from a mining company and then has it converted, enriched, and fab-

ricated into fuel before irradiating it in its reactors. If a supplier of fresh fuel could

retain ownership, it could manage the fuel once used. Only Russia is prepared to lease

fuel and take it back once used. This has been exemplified by its arrangement with Iran

for operating that country’s reactor at Bushehr (albeit arrived at under considerable U.

S. pressure). Russia may be negotiating with Vietnam to supply fuel and then take it

back once used for reprocessing. Today, AREVA provides an “integrated offer”

whereby it will construct nuclear reactors, provide the fuel for them, and reprocess

the used fuel. Arguably, EDF provides a similar service by transmitting electricity

generated by reactors in France across its borders to Germany, Italy, Spain, and the

United Kingdom, while the used fuel remains and is managed in France.

Alternatively, several companies could provide fuel cycle services that between

them cover the entire fuel cycle. Some companies could provide the same service,
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which may be more attractive to potential customers by diversifying the supply of ser-

vices. The grave need not be located in the same country as the cradle.

Cradle to grave services are being considered in the development of SMRs. Some

SMR concepts are based on long-life cores so that the reactor does not need refueling.

Fresh and used fuel management would be limited to the installation and replacement

of the entire reactor unit. The storage, reprocessing, or disposal of used SMR fuel

would be carried out elsewhere by a company or state with access to these fuel cycle

facilities.

23.10.2 Options for international reuse

Not all countries will produce large enough volumes of used fuel to justify investing in

their own reprocessing and MOX fabrication facilities. World capacity to reprocess

used fuel is expected to exceed demand. Commercial reuse services are already pro-

vided internationally. Used fuel from Belgium, Germany, Italy, Japan, the Nether-

lands, Sweden, and Switzerland has been sent to France and the United Kingdom

to be reprocessed. Plutonium has been returned as MOX fuel and irradiated in reactors

in these countries.

Countries offering reuse services could be paid to burnMOX fuel in their own reac-

tors so that only HLW is returned to customer countries. This option has been sug-

gested in recent proposals to manage stockpiles of separated plutonium

internationally (Suzuki et al., 2009). Utilities could declare some plutonium to be

excess in exchange for an energy equivalent of LEU. Reactor operators would bid

to irradiate this excess plutonium, having been fabricated into MOX fuel, as part

of an international disposition program funded by the countries that own these stock-

piles. The ownership of the resulting used MOX fuel and responsibilities for how and

where it is managed in the longer term (including disposal) would still need to be clar-

ified at the outset.

23.10.3 Next steps for internationalizing disposal

While options exist for international reuse, there is a lack of options for international

storage and disposal. The U.S. Global Nuclear Energy Partnership and Russian Global

Nuclear Power Initiative included provisions to lease fresh fuel and then reprocess it

once used. Neither included provisions to dispose of HLW that would arise, except by

returning it for disposal in the customer country. A comprehensive cradle to grave fuel

cycle service that includes disposal could provide a key incentive for countries to

decide not to construct enrichment or reprocessing facilities nationally.

Access to interim storage provided by third parties could be attractive to countries

facing acute problems in storing their used fuel if national capacity is lacking.

An international storage facility could be colocated with a reprocessing and MOX

fabrication facility or a GDF. This may incentivize the country offering the storage

service to ensure these final management options can be delivered when required.

Alternatively, stored used fuel could be sent to a third party for reprocessing or

disposal, although this would entail extra transport costs.
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Transfer to an international storage facility may be difficult if a final management

option is yet to be decided. Returning used fuel after a period of interim storage could

reinstate the national problems that international storage was meant to address. Inter-

national storage could bemore politically acceptable if part of an international reuse or

disposal arrangement. This is essentially what the United Kingdom has provided at

Sellafield for storing then reprocessing used fuel from international partners.

Geological disposal is not yet offered internationally, although the large volumes of

used fuel arising from a nuclear renaissance, especially if many countries opt for an

open fuel cycle, could potentially create a commercial market for disposal services.

No country has yet championed international disposal due to concerns that doing

so could detract support for the country’s own national disposal program. National

programsmust not be hindered because demonstrating progress in disposal is in every-

one’s interest. This does not mean that governments should reject international dis-

posal outright as they need not commit themselves to implementing it at this stage.

Rather, governments should be prepared to engage with it constructively so that even

if they are not interested in international disposal themselves, it still remains open for

other interested parties to explore.

23.11 Conclusions and the future

There is no proliferation-proof fuel cycle. Proliferation risks can be managed, not

eliminated. A conclusion that a particular nuclear fuel cycle option has high prolifer-

ation resistance should not be interpreted to mean that it is proliferation proof. Even

the term proliferation resistant can be misleading. Proliferation resistance is a relative

concept used to compare different fuel cycle options.

No matter what fuel cycle technology is developed, it will still have to be placed

under IAEA safeguards once deployed, irrespective of its intrinsic proliferation resis-

tance. Proliferation resistance assessments could usefully focus on designing fuel

cycles to increase their “safeguardability” so they can be more effectively and effi-

ciently placed under international safeguards, as well as facilitating other extrinsic

measures. In the short term, a robust safeguards research program may be the single

most significant technological investment that can be made to improve the prolifer-

ation resistance of nuclear power. Technological investments would also be valuable

to support international fuel cycle arrangements that may be more feasible in the

longer term (APS, 2005).

Proliferation risk assessments should not assess the proliferation vulnerabilities of

specific technologies in isolation. A particular technology may have proliferation vul-

nerabilities yet still improve net proliferation resistance when considered as part of a

wider fuel cycle. The proliferation resistance of a given fuel cycle option should

always be assessed from cradle to grave.

Technological assessments cannot, by themselves, identify a threshold below

which a nuclear fuel cycle poses an acceptable level of proliferation risk. To establish

such a threshold would ultimately require a political, not a technological, judgment to
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be made. The proliferation resistance of a nuclear fuel cycle is directly related to the

wider geopolitical system in which it is embedded. This, itself, is a dynamic system

that can change over time. Technology may not even be the primary contributor to

proliferation. A failure to appreciate fully the political dimension of nonproliferation

makes the concept of proliferation resistance at best irrelevant and at worst counter-

productive (Acton, 2009).

In many countries, the nuclear industry has moved from being purely state-run,

national companies into multinational enterprises. This increases the transparency

of civil nuclear power programs and this multinational practice should continue. A

fully internationalized nuclear fuel cycle and thoroughly multinationalized global

nuclear industry may be part of the solution to proliferation, rather than the problem.

There has been renewed interest in the potential of offering cradle to grave fuel

cycle services that couple the supply of fresh fuel with the management of used fuel

and radioactive wastes. Such a comprehensive offer could be attractive to some coun-

tries in preference to developing their own national fuel cycle capabilities, thereby

providing a key nonproliferation incentive that also offers major nuclear security ben-

efits. The sensitivities surrounding such arrangements should not be underestimated.

This does not mean that governments should reject them. By supporting collaborative

research to explore these options, governments can keep them open without needing to

commit to their implementation at this stage.

A future in which nuclear power plays a major role in energy generation with man-

ageable proliferation and security risks will require nation-states to support research

on fuel cycles to keep policy options open; consider the commercial feasibility and

political acceptability of fuel cycle arrangements; and establish regulatory systems

globally that give confidence in whichever options are chosen.
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24Developments in reprocessing

of spent nuclear fuels for the

thorium fuel cycle
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Acronyms

ATW accelerator driven transmutation of wastes

BARC Bhaba Atomic Research Centre

EAR estimated additional reserves

HMTA hexamethylenetetramine

HTGR/HTR high-temperature (gas-cooled) reactor

IAEA International Atomic Energy Agency

IGCAR Indira Gandhi Centre for Atomic Research

IFR integral fast reactor

LWR light water reactor

MSBR molten salts breeder reactor

NEA Nuclear Energy Agency (of the OECD)

OECD Organization for Economic Cooperation and Development

PUREX plutonium uranium redox extraction

RAR reasonably assured reserves

REE rare earth elements

SX solvent extraction

TBP tributyl phosphate

USGS U.S. Geological Survey

24.1 Introduction

In recent years there has been a revival of interest in thorium as a fuel for nuclear reac-

tors. The history of the element thorium is rather short. In 1828, a strange new mineral

was found by Hans Morten Thrane Esmark, who passed it to the well-known Swedish

chemist J€ons Jakob Berzelius. He isolated the element and named it after the northern

god of thunder, Torium (Tor in Swedish). The natural radioactivity of thorium was not

discovered until 1898, independently by Marie Curie and Gerhard Carl Schmidt.

The by far most common naturally occurring nuclide of thorium is 232Th, which is

the mother of one of the four natural decay series (the 4n+ series). However, several

other isotopes exist in nature as a result of other decay chains such as 234Th and 230Th

from the 238U decay chain. In water, thorium ions always are in the oxidation state +4
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and, thus, form strong complexes with hard electron donors such as oxygen making

ThO2 highly insoluble and also highly temperature resistant with a melting point of

3390 °C. This has advantages and disadvantages for the potential use of thorium oxide

as a nuclear fuel.

In nature, thorium exists in several minerals such as thoranite (ThO2+UO2), thorite

(ThSiO4), and allanite (which itself is not a thoriummineral but often contains thorium

as an impurity). Even if these minerals are thorium-rich they are themselves not so

common. The average content in the Earth’s crust is about 10 g/ton and in water about

1 mg/ton. However, considerably richer common sources such as monazite sands are

available and at present are one of the main sources of raw materials. In a possible

future where thorium will be used as fuel for nuclear reactors, it will also be necessary

to excavate from other mineral sources. The actual amount of thorium reserves, avail-

able at (or near) the current market price, has high uncertainties. Studies have been

performed by the U.S. Geological Survey (USGS) and OECD/NEA yielding different

results as seen in Table 24.1 (note that RAR means reasonably assured reserves and

EAR means estimated additional reserves).

Tables of availability such as shown here are always difficult to make because fig-

ures vary as do the estimated costs. According to USGS the RAR<$80/kg for uranium

are about 2.6 Million tons. This figure is rather close to that of today’s price RAR for

thorium. However, we should bear in mind that current nuclear reactors primarily use

the fissile isotope 235U, which is only 0.7% of the total uranium.

There have been several uses for thorium over the years. Due to its excellent ther-

mal properties, one of the first real industrial uses was as lantern mantles but later

high-temperature crucibles were also made. As a curiosity, it may be worth noting that

it is also possible to make thorium-containing glass with a very high refractive index

for use in very high-quality lenses. In science, thorium has often been used as an ana-

logue for other tetravalent actinides such as plutonium and uranium as thorium has

only one stable oxidation state in solution unlike the other early actinides. Therefore,

experiments can be performed without any redox control. This use may, however, be

questioned on the basis of the fact that although thorium is in the actinide series tho-

rium (IV) does not possess any 5f electrons and is considerably larger than both plu-

tonium (IV) and uranium (IV). Therefore, neither the covalency attributed by the 5f

Table 24.1 Estimates of the world thorium reserves by the U.S.
Geological Survey and OECD/NEA

Country RAR (USGS) RAR (NEA) (kiloton) EAR (NEA) (%)

India 963 519 21

USA 440 400 13

Australia 300 489 19

Brazil 16 302 10

Canada 100 44 2

Norway 170 132 4

World total 1913 2810
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electrons nor the ionic size effect could actually be considered to be analogous with

the other tetravalent actinides; a better analogue could be zirconium (IV).

24.1.1 Nuclear fuel applications

Thorium is a fertile rather than a fissile nuclide with thermal neutrons. This means that

it can be converted by nuclear reactions to fissile material that can then be fissioned by

neutrons. Thus, the thermal behavior is in many cases similar to that of 238U, where

neutron irradiation is needed to produce the fissile material (e.g., 239Pu). In the case of

thorium fuel, the fissile material is mainly 232U, 233U, and 235U (see Figure 24.1).

Another effect of the fact that thorium is not fissile is that there is need for the addi-

tion of a starter fissile material in the fuel (e.g., 239Pu or 233U). Once started, the reactor

can facilitate breeding of fissile material during operation. Capture of neutrons in 233U

is not a serious drawback as a second capture (in 234U) yields fissile 235U, but reduces

the breeding gain because two neutrons are consumed without a net increase in fissile

material.

The radiotoxicity of some different nuclear fuel cycles has been discussed by

Franken et al. (1995), where they presented radiotoxicity curves for both the once-

through option (Figure 24.2) and some recycling options (see Figure 24.3).

It should be noted that in the case of the Th-Pu fuel presented in Figure 24.2, the

fact that most of the plutonium is actually burnt during operation is not taken into

account. Such considerations would require assumptions regarding power density

used and other factors that were deemed unnecessary.

Similar calculations were made by the same authors for the case of recycling of the

different fuels (see Figure 24.3). The contribution of the thorium itself to the
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Figure 24.1 Nuclear reactions in irradiated thorium. Numbers are half-lives or effective

reaction cross sections for an LWR. Thermal neutron data are given in parentheses.

From Choppin et al. (2013).
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radiotoxicity is negligible, but the presence of uranium will lead to buildup of some

smaller amounts of heavier isotopes and elements, mainly plutonium. This explains

the relatively high radiotoxicity in the first centuries. If plutonium were to be recycled

this early, radiotoxicity would naturally be reduced. Essentially, it would be possible

to further reduce the long-term radiotoxicity by recycling the 231Pa. This is generally

unwanted because the protactinium and 232U content in the newly fabricated fuel

increases the gamma activity to levels that make fuel handling difficult. Another radi-

ation hazard in thorium recycling is the 228Th isotope. Like 232U, which cannot be

separated from the desirable 233U, 228Th cannot be separated from the natural
232Th, thus increasing the gamma radiation dose from refabricated thorium fuel.

24.2 Virgin thorium production

Extractions of thorium from different ores have been done for many years now and,

therefore, when considering recycling processes for thorium-based nuclear fuel there

is a considerable amount of knowledge and experience in this field. Thus, as usual, a

good knowledge of past experiences will be profitable in order to avoid making the

same mistakes again but in a new context.

There was an increase in thorium production in the 1950s when the U.S. nuclear

program started to consider thorium as a potential nuclear fuel and, thus, the purities

had to be “nuclear standard.” Then, new processes for increased purity were devel-

oped even if the starting processes were still unchanged. It should, however, be rec-

ognized that these high-purity methods, such as the IOWA process (using a tributyl

phosphate (TBP)-based separation scheme), have not been used industrially to any

great extent.

As pointed out earlier, in natural environments there are some dominating elements

that could potentially be an issue in thorium production, including uranium and the

lanthanides.

Regarding the possible use of thorium in nuclear applications, the lanthanide impu-

rities must be kept to a very low amount due to their high cross-section for neutron

absorption, which makes them act as neutron poisons in a reactor core, thus causing

considerable neutron losses. In addition, there are also anionic species such as sulfates

and phosphates that will disturb the solvent extraction-purification process.

It is worth mentioning here that some of the processes needed for handling thorium-

rich deposits will not be needed for recycling of nuclear fuel because the material will

be more homogeneous and the impurities rather well known. Therefore, a special sec-

tion is dedicated to the recent developments in the reprocessing of spent thorium fuel

(Section 24.4).

There are naturally several more or less similar ways to extract thorium from nat-

ural sources, of which the processes given here are examples. However, it should be

noted that even if there are numerous suggestions in the literature, almost none of them

have progressed to industrial maturity for one reason or another. Typically, the cost of

the final product is the main reason followed by restrictions to process changes due to

already existing equipment.
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24.2.1 Starting material and treatment

As noted earlier, there are several different possible starting materials for thorium

mining and they are usually divided into primary deposits or secondary deposits. In

the first category we find rock types such as pegmatite, while the secondary deposits

are typically different sands and clays (e.g., monazite sand). If we start with the pri-

mary deposits, the thorium concentration is rather low and, therefore, several enrich-

ment processes are needed.

If we assume a starting material of a pegmatite containing thorium, a 63% concen-

trate can be obtained by crushing, fine grinding, and finally using a flotation process at

slightly elevated temperature. Then the main constituents are thorium and the lantha-

nides, where the latter are typically present as carbonates. These carbonates are then

leached by HCl, increasing the concentration by about 10% before the final thicken-

ing, filtration, and calcining, which will produce a concentrate of about 90% thorium

and lanthanides content.

In the case of using a secondary deposit likemonazite sand, there is still the need for

rather complicated pretreatment. There are typically two sources for this starting

material: either the sand is collected off the coast as a wet sludge, which is subjected

to gravity separation in batteries of separators, or the sand from the beach is used and

then the starting point is dry sorting following an initial removal of the coarse fraction.

After the initial refinement, the next step is separation by magnets of different

strength, starting with the weakest. First, the minerals magnetite and ilmenite are

removed and then in the next step garnet is removed. Due to the fact that lanthanides

are paramagnetic, the next two strongest magnetic steps will recover the actual mon-

azite as a fine and a coarse fraction, both of which now reach a purity of up to 97%.

The final, nonmagnetic fraction is often used as a source for, for example, zircon,

rutile, and gold, which will then be valuable by-products of the thorium production.

24.2.2 Mineral digestion and coarse separation

The fine-grained material from the pretreatment discussed above will have to be fur-

ther purified and unwanted contaminants removed. Most of the starting materials are

fairly inert; hence, rather harsh chemical methods are needed in order to reach a final

solution suitable for the fine-separation processes, which are often performed by sol-

vent extraction.

There are several issues concerning the digestion of the ore. The low solubility of

the thorium fraction makes leaching a slow process. In addition, there are typically

rather large concentrations of strong complexants like sulfate and phosphate, which

makes the chemical composition and physical parameter window rather narrow

and process control vital because of the potential for reprecipitation of thorium sulfate

and phosphates. Essentially, there are two main methods of digestion: either the acidic

route using hot, concentrated sulfuric acid or the alkaline route where hot sodium

hydroxide solution is used. The latter method is more expensive but has the advantage

that no phosphates are carried over into the final solvent-extraction-based

purification step.
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24.2.2.1 Acid digestion

The acid digestion route is the most common route of mineral digestion due to its

lower cost. Usually the demand for high-purity product is not so important, which

lessens concerns over any subsequent problems in the final purification step. The main

steps of the acid digestion route are shown in Figure 24.4.

The process starts with the fine ground minerals/sand being contacted with about a

60% excess of sulfuric acid, which forms a slurry that thickens further to almost a solid

product. This solid is then contacted with fuming sulfuric acid for about 5 h. It would,

in principle, be possible to use a higher acid concentration to increase the reaction rate,

but then the viscosity would increase and, thus, the overall reaction rate would be

reduced. Also, the temperature is selected rather carefully. An increase by, for exam-

ple, 70 °C, would increase the reaction rate but would also increase the risk of forming

insoluble thorium compounds, while at lower temperatures the reaction rate becomes

too slow for efficient processing. Typically, a ratio of acid to sand mass is about two,

making sure that any possible precipitates formed will not hinder the contact between

unreacted sand and acid. After the reaction is completed, the slurry is diluted with

about 10 times its volume of water. The thorium and the lanthanides will then be

in solution, while undissolved sand can be filtered off and entered into the process again.

In the subsequent step of raising the pH, the base must be added very carefully to avoid

local precipitation of insoluble material. This requires vigorous stirring of the mixture.

Filtrate

Precipitation
pH 2.3

Filtrate

Precipitation
pH 6

Ammonium diuranate
uranium phosphate

Starting material

Acid digestion

Dissolution

Filtration

Th precipitation
pH 1.05

Th concentrateLanthanides

H2O
Residue

93% H2SO4
210-230 °C

NH3(aq)

Figure 24.4 The acid digestion route (Habashi, 1997).
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Thorium phosphate will precipitate at about pH 1, while the lanthanide phosphates will

precipitate around pH 2. Finally, a thorium concentrate is obtained. This concentrate can

be handled in different ways depending on subsequent fine purifications, but in principle

it is redissolved in a suitable mineral acid such as HNO3.

There are naturally several variations to the method described above, where the

main objectives are to end up with either a mixture of thorium hydroxide and lantha-

nide hydroxide or a similar oxalate mixture. In the latter case, the pH of the leach solu-

tion is raised to about 1.5 while at the same time adding oxalate. However, regardless

of chemical form, an enriched and partially purified solid is obtained. It is then redis-

solved and purified to a higher grade using solvent extraction.

24.2.2.2 Alkaline digestion

The alternative to acid digestion is to treat the ore material with sodium hydroxide.

This is a more expensive process than acid digestion but the resulting solution is con-

siderably purer, especially vis-à-vis the phosphate content, which is very low. A sim-

plified scheme for an alkaline digestion process is shown in Figure 24.5.

There are some items worth mentioning in relation to the process outlined in

Figure 24.5. The leaching conditions are rather mild, which means that in order to have

a reasonably fast dissolution the input materials have to be as fine-grained as possible.

Filter
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47% NaOH
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Figure 24.5 A caustic soda process, simplified from Habashi (1997).
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The temperature in the process is another issue. If the temperature is too high, the pre-

cipitates/filtrates may be partially transformed into thorium oxide, which will not read-

ily dissolve in the other parts of the process. Any uranium present will follow the

trisodium phosphate as that precipitates when the temperature is lowered, thus ensuring

that the product will be very low in phosphate, which allows for a simpler purification

scheme in the solvent extraction stage. The amount of uranium initially dissolved will

depend on the amount of dissolved SiO2. In the neutralizer, the pH is selected so that

thorium and any remaining uranium will precipitate but not the lanthanides. This is,

however, not an efficient step for uranium separation as its solubility will depend

heavily on the oxidation state. If it has been possible to keep the uranium in its tetra-

valent form it will follow the thorium, but if it has been oxidized to its hexavalent form

it will follow the lanthanides. Thus, by adding some redox control it is possible to direct

any remaining uranium to the desired end product.

From this process it is possible to proceed in different ways. If the purity from the

digestion process is good enough, the thorium hydroxide may be heated up to produce

thorium oxide directly. Alternatively, the thorium hydroxide may be dissolved in

some acid, preferably nitric acid, and purified further using solvent extraction.

Despite some clear advantages, the alkaline digestion is not the preferred method

by industry due to the higher costs and more complicated flows of solid materials and

filtrates.

24.2.3 Fine purification using solvent extraction

Separating thorium from other cations using solvent extraction is in itself not a major

problem because distinctions are usually made with respect to size, charge, shape (ste-

ric hindrance), and covalency of the interactions. Thorium is a stable tetravalent ion

and, thus, can be separated from most other actinide ions by controlling the redox

chemistry. It is also rather large, which distinguishes it from other tetravalent ions

such as zirconium. Additionally, it has no 5f electrons and, thus, will not be prone

to strong interactions with soft donor atoms.

Solvent extraction uses one (or a combination) of several possible mechanisms.

Three basic mechanisms are typically given (which may be further subdivided):

extraction by cation exchange, extraction by solvation, and extraction by anion

exchange. Each of these mechanisms can be used for thorium extraction, but all have

different advantages and disadvantages.

In the case of cation exchange, the main issue is that most cation exchangers use

hydrogen as the exchanging atom and, thus, only work at relatively high pH where

thorium will precipitate as the hydroxide (or, in the case of purification from mined

ores, as phosphates). Thorium does not often form anionic complexes, but it is pos-

sible in the case of, for example, sulfate complexation where a tetra-sulfate anionic

complex is formed. This complex can then be extracted by the use of an amine, for

instance. It is, however, worth noting here that there is a distinct difference between

primary and tertiary amines; the former are highly efficient for thorium extraction

while the latter show very poor extraction of thorium (Amaral and Morais, 2010).

The extraction mechanism most often used industrially is then extraction by solvation
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where the metal is complexed by anions, typically nitrates, and then the remaining

coordinating water molecules are replaced by the extracting agent.

In principle, the two last extraction mechanisms have been brought to either indus-

trial scale or fairly large-scale pilot plant use. These are discussed further below with

examples of processes that have been tested at least at the semipilot scale for thorium

extraction from mineral leachates.

24.2.3.1 Anion exchange process

There are many possible anion exchangers to use in a process, but in the case of tho-

rium extraction the amines are the most commonly used. One of the better-known tho-

rium extraction processes using amines is the so-called AMEX process developed at

Oak Ridge National Laboratory in the United States. The basis for the AMEX process

is the extraction of a thorium sulfate complex by a primary amine into the organic

phase where the diluent is typically 97% kerosene and 3% tridecanol. The extraction

reaction is

4RNH2H + HSO�
4 orgð Þ + Th SO4ð Þ4�4 Ð RNH2H½ �4 Th SO4ð Þ4

� �
orgð Þ + 4HSO�

4

Tests were conducted using different amines and the best extraction of thorium was

found using either branched primary amines or secondary amines with the branching

distant from the nitrogens (see Table 24.2).

Table 24.2 Extraction of some metals (about 1 g/L) from 1 M
sulfate solution (pH 1) in contact with 0.1 M amine in kerosene
with phase ratio 1/1

Amine type Example amine DU(VI) DTh DCe

Branched primary Primene JMa or

1-(3-ethylpentyl)-4-ethyl-

octylamine

5-30 >20,000 10-20

Secondary, alkyl

branching distant from

nitrogen

Di(tridecyl)amine 80 >500 <0.1

Secondary, alkyl

branching on the first

carbon

bis(1-isobutyl-3.5-

dimethylhexyl)amine

80-120 5-15 <0.05

Tertiary with no

branching or branching

further than third

carbon

alamine-336,

triisooctylamine

140 <0.03 <0.01

aTrialkylmethylamine, homologous mixture, 18-24 carbons.
Crouse and Brown (1959).
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When studying Table 24.2 it becomes evident that separation of thorium and ura-

nium can be achieved by selecting different types of amines because thorium extrac-

tion is favored by the primary amines while uranium extraction is favored by the

tertiary amines. In any case, some of the very high distribution ratios shown in

Table 24.2 are not really relevant for industrial processes due to problems with strip-

ping as well as imperfect phase separation. One additional complicating factor is that,

as discussed before, the mineral leachate liquor will probably contain significant

amounts of phosphate that will lower the distribution ratios and in addition, as in

any chemical process, it is most profitable to perform the extraction at as high solvent

loading as is practicable.

Stripping from the loaded organic phase can be done using several methods where

contact with nitrate or chloride solutions are the most common. After stripping with

nitrate, for example, the organic phase can be contacted with a base such as ammo-

nium hydroxide and the nitrate can be recovered and the organic phase regenerated.

When chloride is used for stripping, the hydroxide recovery of chloride is economi-

cally optional. There are also other stripping methods such as with hydroxide or car-

bonate. In the former case, the thorium is precipitated and separated, but the recovery

of the often gelatinous hydroxide is difficult industrially. In the case of carbonate, it is

important to have an excess of the anion to get a soluble thorium carbonate in the aque-

ous phase. If too little carbonate is used, a precipitate will be formed that will require

special treatment to handle. It is sometimes suggested to run the solvent extraction

process such that the organic phase is the continuous phase, whereupon the precipitate

is more easily separated. However, avoiding a precipitate is always the better choice.

Using the knowledge described above, several test processes were developed using

different stripping agents (see Figures 24.6 and 24.7).

Aqueous bleed
0.8 mL/min

Monazite leachate feed
43 mL/min
Th, 5.9 g/L
U, 0.2 g/L
Ln2O3, 34 g/L

Raffinate to U recovery
48 mL/min

Thorium precipitate
Th, 12 g/L
U, <0.0001 g/L

0.75 M Na2CO3
16 mL/min

0.2 M H2SO4
16 mL/min

4 stages 4 stages 3 stages

Extraction

0.1 M Primene JM in 97% kerosene and 3% tridecanol (80 mL/min)

Scrubbing Stripping

Figure 24.6 Separation process using carbonate as stripping agent. Thorium recovery>99.8%.
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It is clear from the flow rates in Figures 24.6 and 24.7 that this is not an industrial

process. Indeed, calculations for up-scaling were made, but it was considered too

expensive at the time as the need for pure thorium was not that great.

Naturally, only recovering thorium from the mineral-rich leach liquor is not good

enough for a profitable industrial process. Therefore, additional successful schemes

were tested for the recovery of uranium and lanthanides from the raffinate solution

resulting from the process described in Figure 24.6 (see Figures 24.8 and 24.9).

4 stages 4 stages 4 stages

Extraction

Aqueous bleed
12 mL/min

Raffinate to Ln recovery
52 mL/min

To thorium precipitation
Th, 12.7 g/L
U, <0.0001 g/L 0.6 M Na2CO3

8 mL/min

1 M HNO3
8 mL/min

Uranium barren feed
48 mL/min
Th, 5.3 g/L
Ln2O3, 35 g/L

0.2 M H2SO4
16 mL/min

Scrubbing

0.1M Primene JM in 97% kerosene and 3% tridecanol (80 mL/min)

Stripping

NaNO3
Na2CO3

NaNO3
HNO3

Figure 24.7 Thorium recovery using nitrate strip from uranium-barren liquor. The last stage is

an amine regeneration step.

8 stages

Aqueous bleed

Raffinate to Ln recovery
Uranium product
U, 0.75 g/L

From Th extraction
shown in Figure 24.3
Th, <0.01 g/L
U, 0.14 g/L
Ln2O3, 24 g/L

1 stage 3 stages

U extraction Ln scrubbing

0.05 M trioctylamine in 97% kerosene and 3% tridecanol

U Stripping

0.1 M H2SO4 0.47 M Na2CO3

Figure 24.8 Uranium recovery part of the AMEX process.
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As can be seen in Figures 24.8 and 24.9, the selectivity of the different amines is

now used for the selective recovery of the valuable constituents from the original min-

eral source material. The purities obtained in this process are high, but the costs pre-

vented an extension to use as an industrial process. However, the feasibility was

clearly proven.

Because the content of both monazite sand and many other thorium-containing

minerals face the same difficulties in separation, the pioneering work with the AMEX

process was followed by several other similar processes as described below.

More recent studies of the amine extraction systems have been made by El-Yamani

and Shabana (1985) where not only the extraction by different amines was studied but

also the effect of several parameters such as temperature and different diluents. In

addition, the extraction was further enhanced by using a synergic extraction with

TBP (see Section 24.2.3.2). The optimal amine/TBP ratio was found to be close to

three, and the effect of the diluents tested was practically negligible.

The development of these kinds of processes has continued; for example, the pro-

cess suggested by Amaral andMorais (2010), where a combination of a primary amine

and a tertiary amine (Alamine -336) was used. The flow sheet contained a regeneration

stage similar to the one described in Figure 24.6. The flow sheet was optimized and the

results were in reasonable agreement with the ones presented in the AMEX process;

that is, a thorium recovery of >99.9%, a uranium recovery of 99.4%, and less than

0.001 g/L of these metals in the raffinate. The unwanted extraction of the lanthanides

was less than 0.1%.

24.2.3.2 Solvation process

Solvation processes occur according to the following general reaction:

4 stages 3 stage 3 stages

Ln extraction

Aqueous bleed

From U extraction
shown in Figure 24.4
Th, <0.01 g/L
U, <0.001 g/L
Ln2O3, 21 g/L

Scrubbing

0.2 M Primary JM in 97% kerosene and 3% tridecanol

Ln stripping

Dilute H2SO4 3 M H2SO4

Waste: H3PO4, H2SO4
Lanthanide sulfates

Figure 24.9 Lanthanide recovery part of the AMEX process.
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Mu + + uX� + nL orgð Þ Ð MXuLn orgð Þ (24.1)

where M is the metal of interest, X is a neutralizing ligand, and L is the solvating mol-

ecule. Essentially, the ligand X can also be an organic extractant and then the extrac-

tion is called synergic because with the solvating molecule the extraction is more

efficient.

One of the most well-used solvating ligands in the nuclear field is tributylphosphate

(TBP). This molecule is used in the well-known PUREX process for separation of ura-

nium and plutonium from dissolved used nuclear fuel. These previous experiences

with TBP have led to the use of TBP to separate thorium frommineral leachates. How-

ever, in this case it is important that the phosphate concentration is kept low. This can

be achieved in one of three ways: use of oxide or carbonate virgin thorium ore,

removal of the phosphate prior to extraction, or by using the more expensive alkaline

treatment method described above.

Because TBP is usually used to extract from nitrate solutions, the solid thorium

hydroxide/oxide obtained in the alkaline treatment process is dissolved in nitric acid.

Originally, this dissolution was not completely efficient due to the rather low solubil-

ity of the thorium oxide. However, a new method was shown to work in 1986

(Steinhauser, 1987). It was shown that by increasing the pressure to 10 bar and

230 °C, the thorium hydroxide was actually easily soluble.

The effect of the nitric acid concentration on the extraction of thorium, uranium,

and lanthanides was investigated and an example is shown in Figure 24.10.

It is clear that by controlling the nitric acid concentration, a suitable separation

scheme could be made. It was also shown that any traces of phosphate could be man-

aged by additions of ferric ions (Ewing et al., 1952). Based on this work, a flow sheet

was designed and tested with the performance well in accordance with requirements

for thorium production (see Figure 24.11).

There are some interesting features in the process illustrated in Figure 24.11.

Among these are the division of the organic phase into both the initial extraction

and lanthanide scrub section and the following thorium product purification stages.

Another is that even if the aqueous phase entering the thorium stripping stage is

0.1 M HNO3, the thorium product is about 1 M HNO3 as a result of the stripping

of the acid from the loaded TBP phase. Thus, there is a loss of HNO3 in the process,

which is why there is the need for two extra stages loading the organic phase with acid

again. This process results in less than 5 ppm lanthanides or uranium in the thorium

product.

The process shown in Figure 24.11 is only an example. Several other similar

and differently optimized processes were developed (e.g., Foley and Filbert, 1958)

and Siddal (1959), but the main lines remained constant. However, even if TBP some-

times was exchanged by similar molecules, it was still industrially preferred to

continue using the TBP extraction as an efficient and economical method for thorium

recovery once the phosphate problem was solved.

The TBP-based process outlined above together with its improvement and lessons

learned from the PUREX process gave rise to the THOREX process for the handling

of thorium-based nuclear fuels, as discussed later in this chapter.

616 Reprocessing and Recycling of Spent Nuclear Fuel



24.2.3.3 Combined methods

In addition to the pure solvent extraction techniques described above, there is also the

possibility to use the very high selectivity of some cation exchangers once the main

solubility issues are solved, and the pH could be changed during the extraction

Th

40% TBP in kerosene

U

U
strip

5

Th
strip.
10

U
scrub.

5

Extr.
5

Scrub
5

4 M HNO3 4 M HNO3

0.1 M HNO3

5% Na2CO3

Acid
load.

5

Ln

Figure 24.11 A TBP-based thorium purification scheme (Ewing et al., 1952). The numbers

inside the boxes refer to the number of stages.
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Figure 24.10 Extraction of some elements from varying nitric acid concentration into 40%

TBP in kerosene (Ewing et al., 1952).
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procedure. In a recent report from IAEA (2005), such a method is described in brief

(see Figure 24.12).

Clearly, the principles are the same as previous amine-based anion extraction pro-

cesses with the exception of the second extraction using PC-88, which essentially is

the acidic reagent 2-ethylhexyl hydrogen 2-ethylhexyl phosphonate. This is an extrac-

tant that has previously been used for successful lanthanide extraction from chloride

solution (Gschneider, 1981). The extraction properties of thorium and uranium were

investigated by Sarkar et al. (2000), who found that thorium was quantitatively

extracted in the pH range 1-4 while uranium was extracted in the pH range 1-3.5.

Unreacted solids for disposal

Product solution
U / Th / REE / Fe -2g/L each

Separation of  Fe

Separation of  Th / REE

Solvent ion exchange (SIX)
with PC-88A

REE chloride raffinate for
recycling

Precipitation

Thorium sulfate solution

Thorium oxalate for
storage

Solid / liquid separation

Thorium / REE
solution

Precipitation of
sodium diuranate

Sodium diuranate cake
32%U3O8,

ThO2 − 2000 ppm

Soda-ash

Oxalic acid

NaOH

Th / REE / U bearing
solution

Thorium / REE/
uranium bearing slurry

Solid/liquid (S/L)
separations

Solvent extraction (SX)
with alamine - 336

Alamine

Fe

Th / REE

Oxalic acid

PC-88A

Figure 24.12 A monazite treatment process suggested by Mukherjee (2002).
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At these quite high pH levels the thorium will, as described above, precipitate as the

hydroxide unless complexed by a strong excess of sulfate. The precipitation is then

obtained by addition of oxalate. In a more recent proposal for the manufacturing of

nuclear-grade thorium material, it is actually sometimes preferred to have the oxalate

as a starting material, which then fits well with some of the PUREX product streams.

24.3 Thorium fuel manufacturing

Thorium fuels have been fabricated for more than five decades now and several fuel

types have been designed (see Table 24.3). It is clear that there are a wide variety of

fuel types that have been proposed and sometimes tested. Essentially all thorium fuels

are solid fuels in the form of tiny “ceramic fuel microspheres” (100-1000 mm),

“ceramic fuel pellets,” or “metallic alloy fuel rods.” The only exception to this is

the fuel for the molten salt breeder reactor, which uses mixed fluoride in liquid form

as fuel and primary coolant.

These very different fuel types arise from relatively fewmanufacturing methods. In

principle, they can be divided into dust-free solution methods and powder handling.

These two methods each have advantages and disadvantages. These differences also

make them more or less suitable to manufacturing fuel with different composition and

origin; for example, virgin fuel or fuel from recycled material or, rather, material con-

taining elements of high radiotoxicity or strongly gamma-emitting radionuclides.

Essentially, one may make the distinction that fuel containing 235U, 238U, or 232Th

can be handled easily unless very fine powder is expected. Then, a well-ventilated

closure is needed to handle any very fine airborne particles, preventing hazardous

exposures to the operators. The other materials may need to be handled in sealed glove

boxes due to alpha activity and, in the case where strong gamma emitters are included,

there may also need to be remote handling behind radiation shielding.

Some of the major issues with producing thorium fuels are the very properties that

made thorium oxide popular in the first place—its thermal properties. The melting

point is very high, 3390 °C, which will affect the sintering temperature and the ability

to form high-density material. This can be solved to some degree by adding metal ions

of different valency. The addition of about 0.5 wt% of Ca2+ or Mg2+ or 0.25 wt% Nb5+

has been shown to reduce the sintering temperature from 1600-1700 °C down to 1150-

1450 °C.
Although this chapter mainly deals with oxide fuels as they are still by far the most

common, it is clear that some of the methods described (e.g., sol-gel) may be adopted

to fabricate carbides or nitrides by the inclusion of some additional steps in the flow

sheet. In addition, metallic fuel can be produced by burning thorium oxide in the pres-

ence of calcium (calciothermy process).

24.3.1 Powder methods

The production of ThO2 fuel from powder material is similar to the one used exten-

sively for UO2 or MOX fuels. That is, conventionally, a green pellet is pressed at

ambient temperature under high pressure and then sintered in a furnace at high
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temperature. The pellet is then ground to the correct dimensions to meet agreed stan-

dards for use as a nuclear fuel. The startingmaterial is often the thorium oxalate, which

is obtained by adding oxalate to the final purification step as described in the previous

section. Before the current method was established, there were also other routes tested;

for example, direct ignition of the thorium nitrate and decomposition of the hydroxide

Table 24.3 Types of thorium-based fuels and fuel elements

Reactor

type Composition Fuel shape Fuel element

High-

temperature

gas-cooled

reactors

(HTGRs)

ThO2, (Th,U)O2, ThC2,

(Th,U)C2:

(235U or 233U)

Microspheres 200-

800 coated with

multiple layers of

buffer and

pyrolytic C and

SiC

Mixed with graphite

and pressed into

tennis ball-size

spheres for pebble

bed reactors or fuel

rods for HTGR with

prismatic fuel

elements

Light water

reactors

(LWRs)

ThO2, (Th,O)O2, (Th,

Pu)O2 (<5%Pu, 235U,

or 233U)

High-density

sintered pellets or

high-density

microspheres

Zircaloy clad pin

cluster encapsulating

pellet stack or

zircaloy clad “vipac”

pin cluster

encapsulating fuel

microspheres

Pressurized

heavy water

reactor

(PHWR)

ThO2 for neutron flux

flattening of initial core

Advanced

heavy water

reactor

(AHWR)

(Th,O)O2, (Th,Pu)O2

(ca. 5%Pu, 235U, or
233U)

High-density

sintered pellets

Zircaloy clad pin

cluster encapsulating

pellet stack

Fast reactors

(FRs)

l ThO2 blanket
l (Th,O)O2, (Th,Pu)

O2 (<5%Pu, 235U, or
233U)

l Th metal blanket
l Th-U-Zr or Th-U-

Pu-Zr various such

as nitrides or

carbides

High-density

sintered pellets or

injection cast fuel

rods

Stainless steel (SS)

clad pin cluster

encapsulating pellet

stack.

SS clad pin cluster

encapsulating fuel

rods

Molten salt

reactor

(MSR)

LiF+BeF2+ThF4+UF4 Molten salt liquid

form

Circulating molten

salt acting as fuel and

primary coolant

Adapted from IAEA (1987, 2005).
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or carbonate. However, these methods resulted in rather large grain sizes, which were

not well-suited to good sintering. One advantage with pure thorium oxide fuel is that

thorium has only one stable oxidation state and, therefore, there is no need to control

the atmosphere during the production of the fuel. Thus, the calcination of the thorium

oxalate is performed in air at about 800-900 °C, producing a rather fine oxide powder.
It has been shown that premilling of the oxalate will reduce the grain size and, thus,

increase the possibility of obtaining higher pellet densities after sintering. Another

route that has been shown to work is to control the temperature in the oxalate precip-

itation step. If this can be performed close to 0 °C, the powder will be finer and, thus,
higher final densities can be obtained.

The density of the pellets seems to increase with the compaction pressure in the

range of 40-280 MPa, but variations exist. The smallest scatter of data seems to be

at pressures between 90 and 120 MPa (IAEA, 1987). Other methods such as precom-

paction followed by granulation and then pressing at even higher pressures in the

range of 300 MPa have also been successfully tried.

In the case of mixed oxide fuel, there are several methods available depending on

how the original material is obtained. One method is simply to mix the appropriately

sized oxide powders before the pressing. Another is to keep the thorium nitrate solu-

tion from the purification step discussed above and add the correct amounts of ura-

nium or plutonium nitrate solution. Because both uranium and plutonium have

several stable oxidations states, it is now important to control the atmosphere and

the redox potential in any solution used. If the conditions are correct, all of the acti-

nides will be in the tetravalent state and oxalate can be added to obtain a solid solution

precipitate. This can then be calcined under an Ar/H2 atmosphere and pressed into a

pellet as for the pure thorium fuel. It is worth noting here that if a mixed oxide is used

there might be no need to add other elements to reduce the sintering temperature due to

the inherently imperfect electron structure in the pellet due to the presence of oxidized

uranium or plutonium. The higher the content of the other actinides, the lower the sin-

tering temperature can be until it approaches that of pure uranium or plutonium fuels.

Even if the powder methods are typically used for producing fuel pellets, there is

also a possibility to produce microspheres using the powder technology. A coated

agglomerate pelletization process is being developed by Bhabha Atomic Research

Centre (BARC) for the fabrication of ThO2-UO2 mixed oxide fuel pellets. By adding

a binder/plasticiser material, microspheres are produced that are suitable for fabrica-

tion of HTR TRISO and sphere-pac fuels. The additive is added to the thorium powder

at slightly elevated temperature and the mixture is then molded in an extruder and

shaped into spheres in a “spheroidiser” (Kutty et al., 2009). If a coating of fissile mate-

rial is desired this is then added in a second step.

24.3.2 Sol-gel methods

An alternative to the rather uncomplicated but dust-generating methods outlined

above are the methods in which the active elements are handled in solution, thus

reducing the contamination risks due to handling of fine powders. Unfortunately, this

also reduces the robustness and increases the complexity of the process. However, in
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addition to the reduced handling of radioactive powders, the solution methods also

have the advantage that they can utilize solutions directly from the chemical separa-

tion process, thus making closure of the fuel cycles more proliferation-safe as nomate-

rials actually have to be handled separately from the dissolution of the used fuel until

the final new fuel is produced. Many of these solution-based methods are often

referred to as sol-gel methods where the main idea is to keep the actinides in solution

and then transferring this solution directly to the final product, microspheres. These

microspheres are typically in the size range of 50-1200 mm. If the spheres are not the

desired state or fuel type, there is also the possibility to compact them and press them

into pellets after a calcination. The pellets may then be sintered as described below.

Also, in the sol-gel method it is possible to make other types of fuels such as nitrides or

carbides by adding steps such as nitridation after the initial microspheres are made.

One of the drawbacks of these methods is that the chemistry of the solutions must

be controlled rather carefully across the different process stages, which makes up-

scaling more difficult. In principle there are two main sol-gel processes: internal gela-

tion and external gelation. A short description of the basics are given below and further

information may be obtained from the literature (see, for example, Sood, 2011).

24.3.2.1 Internal gelation

The starting point of the internal gelation process is a nitric acid solutionwith the desired

metal composition, which is kept cooled and then mixed with urea (CO(NH2)2) and

hexamethylenetetramine (HMTA, (CH2)6 N4). This cold solution is then dripped into

hot silicone oil. There are several possiblemethods to obtain the desired size of the drop-

lets (e.g., varying the size of the nozzle used or using a vibrating nozzle). By changing

the vibration frequency and/or the solution flow rate the sphere size will be changed.

The basic chemical reactions that occur in these steps are that the urea reacts with

the actinides at low temperatures to form complexes that essentially prevent hydroly-

sis on the addition of HMTA. As the temperature is increased when the droplets hit the

silicone oil (at 60-90 °C), several chemical reactions will occur. The metal urea com-

plex weakens and the pH is increased due to the HMTA reactions, which occur in two

steps.

CH2ð Þ6N4 +H
+ Ð CH2ð Þ6N4

� �
H+ (24.2)

CH2ð Þ6N4

� �
H+ + 9H2OÐ 6HCHO+NH4

+ + 3NH4OH (24.3)

The ammonium hydroxide formed by Equation 24.3 will increase the pH and the

metals present will start to hydrolyze in one or several steps (Equation 24.4). It should

be noted that similar reactions will occur for any actinide present in the feed solution

even if present in different oxidation states (e.g., uranium may be present as the hex-

avalent uranyl ion). These hydroxides may form different polymeric species

(Equation 24.5).

Th4+ + xH2OÐTh OHð Þ 4�xð Þ+
x + xH+ (24.4)
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n Th OHð Þ 4�xð Þ+
x

� �
Ð Th OHð Þx

� �n 4�xð Þ+
n

(24.5)

The size and properties of the polymers formed will depend on factors such as HMTA/

metal ratio and kinetics. Equation 24.2 is relatively fast while Equation 24.4 is slower,

and both lower the pH. If the HMTA/metal ratio is too high, the reaction kinetics will

be fast and there will not be enough time for proper polymerization, which is typically

seen as a transparent or translucent gel.

When the microspheres are formed and gelled they are washed to remove remain-

ing silicone oil and excess gelation agents. Typically, CCl4 or tricholorethylene is used

for the former washing step and NH4OH solution for the latter. The microspheres are

then dried and calcined up to 500 °C to remove remaining ammonium nitrate or

organic matter. After this treatment, they may either be sintered as they are, coated,

or be possibly pressed into pellets before sintering, depending on what kind of fuel is

desired.

24.3.2.2 External gelation

External gelation is exactly as the name suggests. Instead of having the hydrolysis and

subsequent gel formation of the heavy metals occurring by a base that is produced

inside the droplets, this base is now added from the outside. Essentially, it should

be possible to use pure nitrate solution in the initial droplet, but considerably better

results will be achieved if an organic structure could also be used to provide a support-

ing “skeleton” and keep the hydroxide gel droplets rigid. Several combinations of

organic additives have been used over time, but commonly used ones include a mix-

ture of a polymer (e.g., polyvinylalcohol or hydroxypropyl methyl cellulose) and a

modifier (e.g., formamide, urea, or tetrahydrofurfuryl alcohol).

The broth described above is then, as for the internal gelation, passed through a

needle (or similar setup) to produce droplets of appropriate size. Typically, these drop-

lets first fall through gaseous ammonia; whereupon the surface of the droplets quickly

gels. Then these partially gelled droplets continue to solutions containing about 1%

ammonia and 4 M NH4NO3 at a pH of about 8. This completes the gelation of the

droplets. After complete gelation, the droplets are then washed to remove any excess

organic additives and ammonium nitrate.

After drying, the treatment is similar to that of the internal gelation to produce

dense microspheres that may either be compacted into pellets for fuel or used as is

in sphere-pac-type fuels or coated for other types of fuels.

24.3.2.3 Sol dehydration

The dehydrationmethod is basically the simplest sol-gel process. The startingmaterial is

typicallya thoriumsolution towhichammonia is added.The thoriumwill thenprecipitate

as thorium hydroxide. This hydroxide gel-like polynuclear complex is then mixed with

some thoriumnitrate (Th(NO3)4) and boiled. It has been shown (Haas et al., 1968) that an

alternative is to start directlywith a thorium nitrate solution and then remove some of the

nitrate by solvent extraction before the pH is raised for the gel formation. These
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polynuclear gels are then dehydrated by dripping droplets into a column containing 2-

ethyl-1-hexanol. The final microspheres are collected at the bottom of the column and

then dried in steam at 220 °C to remove any remaining hexanol. They are then calcined

to remove any remaining nitrate. From this point, the spheres may either be sintered for

use in nonpressed fuels or be pressed to a pellet before sintering.

This process has been developed and tested at the semi-industrial scale, but there

are potential drawbacks. The making of thorium fuel is straightforward, but if other

actinides are to be added to the fuel there is need for redox control in the original solu-

tion to ensure that a homogeneous hydroxide gel is formed. If the correct redox state

cannot be ensured the higher oxidation states of, for example, uranium and plutonium,

it will keep them in solution instead of in the formed hydroxide gel.

24.3.2.4 Total gelation

Fairly recently a method was developed in China where internal gelation was com-

bined with external gelation (Fu et al., 2004). The starting metal nitrate solution is

mixed with urea, polyvinylalcohol, and tetrahydrofurfuryl alcohol for external gela-

tion. Then, HMTA is also added for the internal gelation. Thus, ammonia for the gela-

tion was produced both from the inside by the HMTA reactions and from the outside

by dipping in ammonia solution. The main advantage with this method is that better

sphericity (large diameter/small diameter) was obtained and the molarity of the metal

was increased. The mean sphericity was found to be 1.04, which is rather good. This

makes these particles ideal for further coating and use in different nonpressed fuels.

24.4 Thorium fuel cycle back end

24.4.1 Introduction

A considerable amount of scientific interest has been invested in the thorium nuclear

fuel cycle since the 1950s. Several arguments in favor of it, based on the abundance of

thorium and the lack of plutonium in the waste, have been put forward. Furthermore,

the inertness of the thorium oxide is good for direct disposal of the final waste but

causes difficulties when it comes to recycling of the material. In this section we will

look at the composition of the used thorium nuclear fuel and possible recycling

options. The once-through cycle will not be discussed as the final repository is

assumed to be similar to that of uranium-based fuel, which is handled extensively else-

where in the literature; for example, a multitude of reports from the Swedish fuel and

waste management company SKB.

24.4.2 Recycling

In principle, recycling of nuclear waste is either made using a wet process or a dry

process. Today, only the wet processes have been used industrially, while promising

results for dry processes have been shown in many cases. However, the step to
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industrial maturity is rather large in this case. It is, however, important to continue

focusing on the dry processes for future reactor systems that have a high content of

plutonium where wet recycling can become troublesome due to criticality issues.

A wet recycling route typically consists of some basic steps. The first step is to

remove any fuel cladding and separate it as much as possible from the actual fuel. Then

the fuel is dissolved and the necessary separations of the elements are performed by

solvent extraction or ion exchange. In the case of thorium, no large-scale reactor oper-

ation has been initiated and, thus, no larger-scale recycling process has been tested

either. However, a process named THOREXwas developed at Oak Ridge National Lab-

oratory in the 1950s and early 1960s (Rainly et al., 1962). This process has up to now not

really been matched, even if there have been optimizations and some changes of extrac-

tants. At this point it may be worth noting that there are several promising and possible

processes to investigate if a thorough assessment of the virgin thorium separation pro-

cesses development, as described in Section 24.2.3 and in the literature, is made.

Clearly, thorium recycling is not at all a new concept. Considerable efforts were

given to this subject in the late 1950s though the 1960s, and from which most of

the current knowledge base originates. It was, however, concluded in the beginning

of the 1970s that thorium fuel recycling was not a viable option at that time. Some

more recent assessments still basically concur with those conclusions (National

Nuclear Laboratory, 2012). Therefore, the activities on the reprocessing in the last

decades have been modest as will be clear from the description of the processes below.

However, development of thorium fuel cycles has restarted again; mainly, perhaps, in

India where thorium recycling is again considered as a serious alternative to the tra-

ditional uranium cycle. There is also a renewed interest in using thorium-based fuels in

molten salt reactors with either fast or thermal spectra and on-line reprocessing

(Delpech et al., 2009; Merle-Lucotte et al., 2013).

24.4.2.1 Decladding

The first step in a recycling process for used nuclear fuel is the mechanical or chemical

preparation of the irradiated fuel elements prior to the chemical separation and puri-

fication processes. Typically, the first step is to separate the cladding material from the

actual fuel to be recycled. As a minimum, the integrity of the cladding needs to be

breached for the dissolution liquor to have access to the fuel. Several dissolution strat-

egies may be possible, but the dominating one in industrial reprocessing is nitric acid

leaching.

Essentially, there are two different ways to perform the decladding: mechanical or

chemical. In the mechanical method, the fuel bundles or rods are simply sheared or

crushed allowing for the dissolution liquor to access the fuel. This is described in some

detail with respect to the PUREX process in Chapter 5 and will not be discussed here.

For chemical methods, the cladding is selectively leached leaving the fuel to be dis-

solved in the second stage. Clearly, the efficient choice of chemical methods will be

highly dependent on the type of cladding used. For the chemical treatment of thorium

fuels there are essentially two different clad materials with industrial maturity that

should be considered: stainless steel and zircaloy.
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Stainless steel chemical decladding
For the chemical decladding of stainless steel there are essentially three different

methods proposed in the literature: SULFLEX decladding, DAREX decladding,

and dry fluorination.

SULFLEX decladding The SULFLEX process is well described in the literature, see

Blanco et al. (1962) and Finney and Hannaford (1961). The main principle is to selec-

tively dissolve the cladding in a threefold stoichiometric amount of 4-6 MH2SO4. The

off-gas to be treated is hydrogen, which will be produced at a rate of about 1.1 moles

per mole of steel dissolved (55 g). This hydrogen is collected separately and can be

used for other purposes. The initial dissolution rate increases exponentially with the

sulfuric acid concentration, but levels out rather quickly. Thus, a nominal value for

dissolution could be that a 20-mm-thick clad will require 1.3 h for dissolution. Unfor-

tunately, the solubility of stainless steel in sulfuric acid decreases with increasing

hydrogen ion concentration from about 80 g/L at 5 M H+ to 5 g/L at 15 M H+.

A potential problem with this process could be passivation of the steel surface. It

was shown that as little as 1 mMHNO3 in the dissolvent can cause severe passivation.

Therefore, traces of nitric acid are removed by reaction with formic acid. The passiv-

ation could also be broken by boiling in 12 M sulfuric acid, but this procedure is highly

corrosive for the equipment and, if applied, the dilution to �6 M sulfuric acid should

be done rapidly afterward.

It has been shown (Blanco et al., 1962) that the unwanted dissolution of the actual

fuel during the cladding dissolution was very small. Generally, less that 0.3 % of the

uranium and less than 0.2 % of the thorium was lost during the process.

DAREX decladding The DAREX decladding method is more thoroughly described

by Blanco et al. (1962) and Ferris and Kibbey (1960). The main principle involved is

to dissolve the steel cladding in a boiling mixture of 5 MHNO3 and 2 MHCl. The off-

gasses in this case are somewhat more complex and include N2O, NO, NO2, NOCl,

HCl, Cl2, N2, and H2. There is no direct danger associated with the hydrogen content,

but after the acidic components have been scrubbed in caustic soda a possibly explo-

sive mixture of H2, Cl2, and N2O has to be treated. Using the above composition, the

dissolution of 20-mm-thick cladding took about 1 h of boiling, which is considerably

faster than the SULFLEX process but, then, a more complicated off-gas treatment

is needed.

The losses of fuel materials in this process were considerable. It was seen that ura-

nium losses between 3% and 5% were not unusual depending on burn up (fragmen-

tation) of the fuel. The thorium losses were, however, moderate at less than 0.4%. The

lost uranium could be recovered by extraction with TBP, but this required that the

chloride concentration of the solution was first decreased significantly.

High-temperature methods Several methods exist to manage decladding of var-

ious steel types by treatment with different gases at various temperatures. Onemethod is

based on exposure to hydrogen at about 250-300 °C (Adams and Glassner, 1964a,b). At

this point the cladding (and partially the fuel) will be hydrated and simply break up into

small fragments. An experiment was performed where a fuel pin clad in 4-mm-thick
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TV-20 was exposed to 2 atm of hydrogen at 250-290°C for 20 h. It was observed that

both the fuel and the cladding were hydrided and separated by selective dissolution.

Another example of high-temperature decladding is the use of hydrogen fluoride

gas (Adams and Glassner, 1964a,b). It was shown that if a stainless steel-clad fuel pin

was exposed to 43% HF in oxygen for 1 h at 550 °C and then for 2 more hours at

450 °C, the entire fuel pin was reduced to ferric oxide and uranium fluoride with

no trace of the cladding remaining. This was then further treated to recover the fuel

material (uranium in this case).

Zirconium-based cladding handling
Zirconium or zircaloy has been selected as the preferred cladding material for the

BWR and PWR operating fleets using uranium and plutonium-based fuels today.

There are several good reasons for this, including good neutronic behavior as well

as very low solubility in most media. This has naturally led to the consequence that

the decladding of these fuels is mainly mechanical. A drawback with zirconium-based

cladding is the violent reaction with water at more than 850 °C, where a strongly exo-
thermic hydrolysis of zirconium produces hydrogen that can be explosive. Neverthe-

less, some chemical processes have been developed and tested in the 1960s.

The ZIRFLEX process More information on the ZIRFLEX process can be found in

Ferris (1960) and Swansson (1958). The main principle here is to dissolve the cladding

material in a boiling mixture of either 6 M NH4F or ammonium fluoride with 0.5 M

NH4NO3. The main reason to add the nitrate solution is to minimize the evolution of

hydrogen during the dissolution. The other gaseous compound released is ammonia

according to,

Zr sð Þ+ 6NH4
+ + 6F� ÐZrF6

2� + 2NH4
+ + 4NH3 gð Þ + 2H2 gð Þ

Other alternative dissolution agents would be hydrofluoric acid or a mixture of hydro-

fluoric and nitric acids. However, these solutions will also dissolve any austenitic steel

that is present. The dissolution rate of zircaloy-2 in the ZIRFLEX solution is about

100 mm/h, while the corresponding value for stainless steel is only 0.5 mm/month.

It was found that increasing the concentration of the ammonium fluoride did not

increase the rate of dissolution but rather the opposite. This was believed to be the

result of formation of ammonium fluorzirconate passivating the surface against fur-

ther dissolution. It was also noted that if the fluoride to zirconium ratio approached six,

then the dissolution rate was significantly reduced. The reason for this is the very high

stability of the corresponding zirconium fluoride complex, effectively reducing the

amount of free fluoride in solution; the rate of dissolution being in principle first order

with respect to the free fluoride concentration. Care has also to be taken for the con-

centration of the ammonium nitrate. At moderate concentrations, 0.5–1 M, the disso-

lution rate is increased and the hydrogen evolution is decreased. However, if the

ammonium nitrate concentration is increased to 2 M, then the dissolution rate goes

down. This is due to the same process described above passivating the surface.
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Another problem is the formation of a protective oxide film on the zircaloy surface.

This oxide layer is not at all dissolved by the selected liquor. The only way dissolution

can then occur is through weaknesses in the oxide layer resulting in pitting dissolution.

This will be very slow initially and then the rate will increase before finally decreasing

again. A solution to this problem could be to initially break the oxide film in many

places by mechanical methods.

Considering the losses of the core material it was calculated that about 1.5%/h of

the uranium material was dissolved. Unfortunately, this then precipitated as sparingly

soluble uranium fluorides. A similar behavior is expected for thorium. These losses

could potentially, if separated, be dissolved in nitric acid and then entered into the

separation process.

High-temperature methods There are, in addition to the solution methods

described above, also techniques for selective dissolution of the cladding based

on high-temperature reactions with different gases. One such method, the THER-

MOX process, as described by Tjälldin (1963, 1965) utilizes the previously

described strongly exothermic reaction between zirconium and water to dissolve

the cladding. The fuel rods are exposed to water vapor (steam) with about 40%

to 90% nitrogen (as catalyst) and less than 30% oxygen at 800-825°C. This will oxi-
dize the zirconium but leave the fuel intact. The fuel is then oxidized further by treat-

ment with air and oxygen at 450-650°C. The all-oxide residue is then treated by

normal dissolution methods. It needs to be noted here that this method is preferably

used for uranium oxide fuels due to their better solubility in nitric acid. In the case of

thorium fuels, the considerably harder dissolution procedure may result in rather

high concentration of zirconium in the feed for the separation plant. As zirconium

and thorium are both tetravalent ions, high levels of zirconium may cause problems

in the separation process by being coextracted or precipitating or even causing third-

phase formation.

24.4.2.2 Dissolution

When the cladding is removed by the selected method, normally mechanical means,

and separated from the actual fuel, the next step in the headend treatment plant is the

dissolution of the fuel matrix. This dissolution is naturally dependent on which type of

fuel was used, and there are many alternatives such as oxides, carbides, metals, and so

on. Of these, it is mainly the thorium oxides that pose special dissolution issues as

thorium oxide is more insoluble than corresponding uranium or plutonium oxides.

For this purpose, they are the focus of the current text. In the case of the other fuel

types, they usually dissolve rather rapidly in the normal PUREX method using about

4-6 M nitric acid. Care has to be taken when dissolving carbides, though, due to the

evolution of different organic materials and in particular gaseous organohalides such

as methyl iodide. One remedy for this could be to preoxidize the carbide to oxide then

dissolve in nitric acid. This is appealing in the case of uranium and plutonium fuels but

the advantage is not as clear in the thorium case.
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THOREX dissolution
Dissolution of the different actinide oxides showed that uranium oxide has faster dis-

solution kinetics than plutonium or thorium. During the development of the THOREX

process and its predecessor, the Interim-23 process, several different dissolution pro-

tocols were developed. It was found that an optimal mixture for the dissolution of the

thorium-uranium oxide fuel was 13 M HNO3—0.04 M NaF—0.1 M Al(NO3)3. The

exact composition may vary somewhat depending on fuel composition and burn

up, but most kinetic investigations were conducted with the above composition of

the dissolution liquor. The role of the fluoride ions is mainly to act as a catalyst in

the dissolution. The addition of aluminum to the dissolution liquor is mainly for pre-

venting unwanted corrosion by complexing with the excess fluoride ions. (Fluoride

ions can also complex actinide ions, thus hindering solvent extraction.) After some

time it was observed that the dissolved Th(NO3)4 had a similar anticorrosive effect.

Moreover, this aluminum addition also has an adverse effect on the actual dissolution

rate. It was shown that if the aluminum concentration increased from 0 to 0.2 M, the

dissolution rate was decreased by 20%. Other additions such as neutron poisons

(boron or cadmium) to the dissolution liquor to avoid criticality issues were also inves-

tigated. It was found that addition of, for example, 0.1 M H3BO3 or 0.75 M Cd(NO3)3
to the THOREX dissolution liquor did not affect the dissolution at all.

It was noted that in some cases there was a sort of secondary precipitation problem

occurring after the initial solution cleared. This precipitate was shown to consist of

molybdenum, platinum metal, and silver halogenides. In the latter case the iodides

were not detected, which was considered to be due to the iodine having been distilled

off in the earlier fuel dissolution step.

It isworthmentioning that thedissolution efficiencycanbe significantly affectedby the

decladdingmethod selected. If, for example, theSULFEXprocesswasused for thedeclad-

ding it is important to remove any remains of sulfate. Itwas shown that if 0.1 Msulfatewas

present during the fuel dissolution, the rate was decreased by a factor of eight.

At the end of the dissolution step the solution will be made acid-deficient by boiling

at 135 °C followed by column steam stripping. This procedure is shown in more detail

in Figure 24.13, where the obtainable acid deficiencies are shown. After the deacid-

ification, an addition of 0.02 M bisulfide ions can also be made in order to convert the

ruthenium to nonextractable species.

In more recent years, the dissolution problem has been addressed by decreasing the

fuel density to a lower value than normal for uranium-based fuels. It has also been

found that addition of MgO significantly eases the dissolution and also decreases

the sintering temperature. It seems that MgO additions of about 1.5% are optimal

for fuel performance using the normal dissolution process; the dissolution time was

decreased by almost one order of magnitude (Anantharaman et al., 2008).

Other dissolution techniques
Logically, there are a considerable number of possible dissolution process alternatives

for thorium oxide-based fuels other than the one outlined above. However, even if they

are feasible at the laboratory scale, the up-scaling and suitability with respect to the
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downstream separation process may not be evident. Several examples were given

above for the dissolution of monazite sands and, with modifications, they are possibly

applicable to recycling spent thorium fuels, which will be more soluble then fresh sin-

tered material.

There are also completely different dissolution methods that combine aqueous dis-

solution with thermal methods. One such method presented recently is the sulfuriza-

tion of the oxide fuel material (Sato and Kirishima, 2010). This process is based on

selective transformation of the fuel material to sulfides at different temperatures fol-

lowed by dissolution of the nonoxide material, as described in Figure 24.14.

There are several additional options based on this technique. Although it is clear

that selective sulfurization of the fission products occurs at lower temperatures than

for the uranium or thorium, it was also shown that uranium and thorium could be sep-

arated by this method (Sato and Kirishima, 2011). The sulfurization of uranium can be

well preformed at 500 °C. However, for a similar reaction to occur to completion for

thorium, the temperature has to be 900 °C.

24.4.2.3 Separation

The treatment of the dissolved fuel materials will of course vary considerably depend-

ing on what is considered to be sufficiently valuable for recovery. In the early stages of

the development and the use of U-Th fuel it was not considered worth the effort to
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Figure 24.13 Feed adjustment by evaporation and steam stripping (Rainly and Moore, 1961).
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actually recover the thorium but only the 233U. Therefore, methods such as the Interim

23 process were developed. At a later stage it became interesting to develop processes

that also recovered the thorium part of the fuel, which led to the development of the

THPREC and acidic THOREX processes. In later years there have been improve-

ments to these methods as well as some laboratory-scale attempts using different pro-

cess ideas. However, none of these alternatives were tested at pilot plant scale.

The THOREX process
The only process successfully used for thorium and uranium recovery from used

nuclear fuel was the generically named THOREX process. Several versions of this

process were developed as will be shown below. At the Savannah River and Hanford

sites in the United States, more than 850 tons of irradiated thorium fuel were treated

yielding more than 1.4 tons of pure 233U (using the THOREX-2 Process) (Orth, 1979;

Jackson andWalser, 1977). In principle, the idea behind the THOREX process is very

similar to that of the PUREX process. The main extraction is made by TBP in kero-

sene. However, there are some significant differences.

l As is clear from the PUREX name (plutonium uranium redox extraction), redox changes are

used to separate uranium from plutonium. This is not the case in the separation of uranium

and thorium because thorium is stable in the tetravalent oxidation state.
l The fissile material, that is, plutonium in PUERX and 233U in THOREX, is present in dif-

ferent concentrations compared to the main recoverable material. In addition, the extract-

ability of the major compound in THOREX is one order lower than that of uranium.
l The solubility of the extracted thorium complex is considerably lower in the hydrocarbon

diluent than the corresponding uranium complex. Thus, the risk of organic phase splitting

will require considerably lower loading and more organic volumes needed.
l The low loading also prevents the possibility to “squeeze out” unwanted coextraction of

some fission products.

Otherwise, the processes are rather similar in approach when it comes to handling of

fission and corrosion products.

A general problem in the THOREX process, as also partially in the PUREX pro-

cess, is the protactinium. As discussed previously, there is a need to cool the fuel for at

least 12months for the 233Pa to decay to uranium but there is still the issue of the 231Pa.
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Figure 24.14 The sulfide process as described by Sato and Kirishima (2011).
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This is an alpha emitting isotope with a relatively long half-life (3�104 a) that adds to

the radiotoxicity. There have been attempts to extract the protactinium with the ura-

nium and thorium in THOREX but this has not proven effective. However, recently

there has been some success by adsorption of protactinium in Vycor glass before the

actual separation process. The protactinium could then be eluted and a 98% protac-

tinium separation has been reported (IAEA, 2005).

THOREX development and flow sheets Developments in the THOREX process

have been gradual, with larger or smaller changes made over time to address different

problems discovered during operation of the process. An early attempt called the

Interim-23 process was developed for uranium extraction only (see Figure 24.15).

The first process called THOREX was the so-called THOREX-NO1-Process

developed at Oak Ridge National Laboratory. Already then the protactinium issue

was recognized because a preextraction using dibutylcarbitol was performed in the

first extraction battery. In a second cycle, the uranium was extracted using 5%

TBP and as a final stage the thorium was extracted using a 45% TBP solution

(Gresky, 1953). This process was, however, never developed completely because it

was considered to be too complicated and served mainly as a scientific starting point

for the continued development. The main principle of first extracting the uranium and

then the thorium was later abandoned in favor of selective stripping/scrubbing of these

elements. The next stage in the development was the THOREX-2 process, as shown in

Figure 24.16.

The same principal flow sheet was later used for the acid THOREX process. The

main reason for this development was that it was recognized that the extra addition of

Al(NO3)3 as a salting-out agent actually created a problem with secondary waste for-

mation. Therefore, nitric acid was used as a salting-out agent instead. The main
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Figure 24.15 The Interim-23 process.
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solution composition for the THOREX and the acid THOREX process (Benedict,

1980) is given in Table 24.4.

The main changes are the decrease in TBP concentration in the extraction parts.

The reason for this is higher selectivity in the uranium extraction stage. It is also clear

that there is a lower acid content in the strip steps. One reason for this is that in the acid

THOREX process there is a larger carryover of nitric acid from the extraction step,

which will then in turn affect the strip stages in the process.
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Figure 24.16 Flow sheet for the THOREX-2 and acid THOREX process. Relative flow in
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From Merz and Zimmer (1984).

Table 24.4 Solution composition of the THOREX and acid THOREX
process

THOREX-2 Acid THOREX

Feed 1.5 M Th, 1.3 mM U, 0.5 M Al, 0.5 M

HNO3

1.5 M Th, 1.3 mM U, 1 M

HNO3

Solvent 40% TBP in kerosene 30% TBP in kerosene

Strip/scrub 0.2 M HNO3, 40% TBP 0.2 M HNO3, 30% TBP

Strip 0.02 M HNO3 0.002 M HNO3

Merz and Zimmer (1984).
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Thorium has, in general, a rather poor extraction in the selected systems, which in

turn means that a rather high flow ratio of the organic to aqueous phase is required.

There is also an issue of the solubility and third-phase formation that limits the tho-

rium concentration. This is coupled to the nitrate concentration; if it is too high, tho-

rium nitrate will precipitate somewhere in the system. However, if the nitric acid

concentration is too low, precipitation of thorium hydroxide may occur instead.

Another considerably more complicated process was also suggested by the Oak

Ridge National Laboratory, the so-called acid deficient THOREX process. It may feel

like being back at the beginning, but as seen in Figure 24.17 and Table 24.5 the flow

sheet and the concentrations are significantly different from the previous processes in

the stripping and scrubbing stages. Another development was the improved handling

of ruthenium. It was shown that by digesting acid deficient THOREX feed with

0.04 MNaHSO3 a majority of the ruthenium was converted to nonextractable species.

This treatment can also be applied to the first and second cycle feeds to further reduce

ruthenium decontamination.

A considerable amount of work was done on THOREX development at the

research center J€ulich in Germany, but this program was abandoned in 1985. Today,

the main studies on reprocessing of thorium-based fuels are conducted in India. Sev-

eral more or less novel flow sheets have been suggested, but the main consensus is to

continue developing the THOREX process (Dey and Bansal, 2006). There are still

considerable optimizations to be made to the whole process, including all the steps
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from dissolution to refabrication. A simplified flow sheet of a more modern THOREX

process is given in Figure 24.18.

Several pilot plant tests have been made in India based on the THOREX principle,

starting with one at BARC in the 1960s based on the 5% TBP design. A facility has

also been constructed at Indira Gandhi Centre for Atomic Research (IGCAR), primar-

ily for reprocessing fast reactor blanket fuel. In India, reprocessing of aluminum-clad

thorium fuel has been carried out on fuel irradiated in the CIRUS reactor. The repro-

cessing of these rods, which had been irradiated to a level up to 1.2 kg of 233U per ton

of thorium, and cooled for more than two years, was made in a pilot-scale test facility

at BARC and at the IGCAR (Anantharaman et al., 2008).

24.5 Non-aqueous techniques

During the work with uranium and plutonium-based fuels a significant effort has been

invested in trying to develop non-aqueous based techniques for the treatment of the

used fuel. There are some distinctive advantages with these methods:

1. Greater economic efficiency due to process simplification by compact design and fewer

processes.

2. Lower radiolytic degradation of the chemicals used.

3. Simpler criticality control due to the absence of water, which is a good neutron moderator.

4. Simplified radioactive waste treatment in that the waste materials are produced directly in a

solid or concentrated form.

All non-aqueous techniques are characterized by the absence of water as a reactant

and the application of high temperatures. Considerably lower decontamination factors

compared to aqueous techniques are another characteristic feature. Remote-controlled

and radiation-shielded fuel element refabrication was thus originally planned. As time

has passed more research and development have partially solved the decontamination

efficiency issue, but it is still not on a par with aqueous techniques. Only two

Table 24.5 Solution composition of the acid deficient THOREX
process

Acid deficient THOREX

Feed 1.1 M Th, 63 mM U, 0.155 M Al, 0.15 M HNO3

Solvent 30% TBP in kerosene

Scrub A 3 mM H3PO4

Scrub B 5.0 M HNO3

Salting acid 13.0 M HNO3

Strip/scrub 8 mM Al(NO3)3, 0.05 M HNO3, 30% TBP

Strip 5 mM HNO3

Merz and Zimmer (1984).
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techniques from the large number of possibilities examined have been developed up to

hot testing on a pilot scale: the fluoride volatility and the pyrochemical reprocessing

methods.

24.5.1 Fluoride volatility

During the research on uranium-based fuel, it became evident that there was a distinct

possibility to use the vapor pressure characteristics of UF6 (sublimation at 56 °C). The
main hope was to separate the uranium and plutonium from the rest of the used fuel by

treatment with oxidative fluorine gas. However, it was proven that some fission
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products like Mo, Sb, Ru, Tc, Nb, and Te also formed volatile fluorides at similar

temperatures.

In the case of thorium, the fluorination process could potentially be used to separate

out the uranium from the thorium. Unfortunately, the low vapor pressure of ThF4 pre-

vents quantitative uranium yields from a thorium matrix due to surface scaling. It was

attempted to overcome this difficulty by the application of higher reaction tempera-

tures up to approximately 700 °C or by molten salt fluorination. Nevertheless, the ura-

nium yields remained unsatisfactory while material corrosion became intolerably high

(Jonke, 1965). Process development for uranium partitioning from thorium-

containing fuels concentrated primarily on graphite-containing Th/U elements from

high-temperature reactors (Merz, 1968).

24.5.2 Pyrochemical reprocessing

These methods have so far mainly been concerned with the reprocessing of uranium-

plutonium–based fuel. A considerably smaller interest has been devoted to thorium-

based fuels; partially due to the rather high thermal stability of the thorium oxide.

The main developments in pyrochemical processes were made in the 1960s, but

recently there has been a revival. Some of these revived efforts relate to the devel-

opment of the integral fast reactor fuel cycle and the concept for accelerator-driven

transmutation of nuclear waste. The partitioning of transuranic elements from LWR

spent fuels and from liquid high-level waste with the aid of pyrochemical techniques

is also gaining somemomentum. The most advanced and most popular method so far

is the so-called EBR-II process for U/Pu-containing breeder elements (Burris

et al., 1964).

The main characteristics of pyrochemical processes are the use of high to very high

temperatures. The treatment typically leaves the recycled material either in metallic

state or converted to oxides (in a dry atmosphere). In the first case, pyrometallurgical

processes are involved and in the second pyrochemical processes. Reaction media are

consequently molten metals, on the one hand, and molten salts, on the other. The pro-

posed methods can be divided into two main groups:

1. Physical methods with fractionated distillation or sublimation and crystallization as well as

methods of liquid-liquid extraction and distribution in immiscible molten metals and

molten salts.

2. Chemical methods such as cyclic oxidation and reduction methods using chemical and elec-

trochemical processes.

In all variants, all of the gaseous fission products and part of the highly volatile solid

fission products are released into the off-gas due to the high process temperatures.

The consequence is a rather difficult and expensive off-gas treatment. Recycling of

the molten metal and molten salt used as the separation environment by fractionated

distillation or sublimation was proposed in nearly all cases. Pyrochemical treatment

methods for used nuclear fuels have been described in detail in earlier chapters of

this book.
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24.6 General considerations

Since the beginning of the nuclear era there has been discussion on which type of fuel

to use and which fissile elements are the most advantageous. Historically, the selec-

tion was slightly enriched uranium dioxide for several reasons such as reasonably high

melting point, low solubility under running conditions and in a repository, reasonable

ease of dissolution in reprocessing conditions, and several more. However, even by the

1950s, thoriumwas considered a candidate fuel. This was later abandoned but has now

gained a revival for several reasons. Among the ones most often mentioned are the

higher abundance and the higher proliferation resistance. An overview of the issues

concerning the thorium fuel cycle was recently made by Ashley (2012).
232Th is several times more abundant than all isotopes of uranium taken together in

the world, especially when considering the lower-cost category. When it comes to

some other comparisons, the picture gets more complicated.

If we start looking at the reprocessing possibilities, it has been made rather clear in

this chapter that developing a large-scale separation process for used thorium-based

fuels is not straightforward. One of the main challenges lies in an efficient dissolution

procedure that at the same time can be deployed at an industrial scale in normal equip-

ment. For the subsequent separations processes there are considerable data available

from the refining processes as well as past reprocessing studies to facilitate renewed

research programs and, thus, rather quickly lead to potential designs for suitable pro-

cesses, if desired.

For the nonproliferation issues, it gets more complicated. The main reason for

claiming that the thorium cycle is more proliferation-resistant is the absence of plu-

tonium in the cycle. This is true for a fully developed cycle and even if plutonium is

used as a starter for the fission cycle its content will be relatively low anyway. Rather,

the problem arises with the production of the fissile 233U. This isotope is, in principle,

as good as 235U and 239Pu as potential weapons material, lying between these isotopes

in critical mass. Actually, 233U is even somewhat better than plutonium as there are

fewer spontaneous neutrons that could simplify weapons production.

It is argued that the above issue with weapons fabrication can be counteracted by

the fact that in the thorium cycle the 233U will be “contaminated” by 232U, which, with

its hard gamma radiation, will make fabrication and handling of both new fuels and

weapons difficult as well as improving materials traceability. This can be solved by

isotope separation, which already is used for fabrication of traditional uranium or plu-

tonium weapons.

A more serious issue in relation to the nonproliferation argument of the thorium

fuel cycle is the fact that if the reactors are equipped with online separation systems,

which is often suggested for molten salt reactor concepts, it is possible to separate out
233Pa. 233Pa has a half-life of about 27 days, so if the separated protactinium is left to

decay, the product will be isotopically pure 233U. Thus, by performing this rather sim-

ple elemental separation there is no longer any need for a more complicated isotopic

separation and rather good weapons-grade material can be obtained.

So, as a concluding remark onemay state that we are essentially at the same position as

in the 1950s, weighing advantages and disadvantages of different nuclear fuel cycles.
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There will be an ongoing discussion about the pros and cons of this cycle or that cycle.

However, presently in many countries around the world the main question seems to be

whether nuclear powerhas aplace in the current and future energymixornot.Thequestion

ofwhich fuel cycle to usewill then bea later focus if the decisions aremade to continue the

nuclear era. Then the choice of cycle may well be decided by the consideration of those

nations driving the development at that time. Given the growth of nuclear energy in Asia

and the developing nations, coupled with the impacts of the Fukushima incident, it will

probably not be the same nations that selected the uranium cycle we use today.
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