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Abstract 

To increase the understanding of uranium transport in the environment and in the presence of 

steel corrosion products, the interaction of U(VI) with iron and iron-bearing minerals has 

been studied. 

Sorption studies on the minerals pyrite (FeS2), magnetite (Fe304), goethite (FeOOH) and 

siderite (FeCO3) were carried out using a variety of analytical techniques including X-ray 

photoelectron spectroscopy, secondary ion mass spectrometry and inductively coupled 

plasma mass spectrometry. The results provide clear and compelling evidence that uranium 

has a high affinity for iron-bearing minerals under a variety of redox conditions applicable to 

environmental systems. Two mechanisms were found to account for uranium uptake: 

i) Reductive precipitation, driven by electron transfer between Fe(II) at the mineral 

surface and aqueous U(VI). Reduction of U(VI) to U(IV) results in the precipitation 

of non-stoichiometric U(IV) oxide at the mineral surface. 

ii) Surface complexation and incorporation of U(VI) with Fe(III) oxides. Uranium is 

removed from solution without reduction via surface complexation and 
incorporation into Fe(III) oxides. 

The results clearly illustrate the importance of iron bearing minerals for retarding the 

transport of uranium in the subsurface. This was also indicated by the analysis of sediment 

extracted from the Drigg LLW waste repository, where uranium was found to be most 

strongly associated with iron(III) oxides present on quartz grains. 

As a major component of medium and low level nuclear waste, the chemical reactivity of 

iron (mild steel) with uranium was also investigated. Results of sorption experiments clearly 

indicate that aqueous uranium has a strong affinity for iron surfaces. XPS data provides 

strong evidence for the reduction of U(VI) to U(IV) on the iron surface facilitated by 

electron transfer between the Fe and U, leading to a coupled oxidation of Fe(II) to Fe(III). 

The sectioning and analysis of uranium deposits on mild steel has allowed direct observation 

of uranium immobilisation by both reductive precipitation and uranium incorporation, 

providing valuable insight into the possible behaviour of iron contained within the Drigg 

repository. 
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CHAPTER 1- Basis for Uranium Research 

1.1 An Overview of Nuclear Energy 

From 1895 to 1945, the science of atomic radiation, atomic change and nuclear fission was 
developed. The most significant progress came during the Second World War, when most 
developments in nuclear technology were related directly to the development of the atomic 
bomb; the use of which in August 1945 brought a dramatic end to the war. 

In the post-war era, attention was diverted to harnessing nuclear energy for naval propulsion 

and the generation of electricity. Nuclear power was subsequently adopted by all the major 

countries. By mid 1997, there were a total of 32 countries of varying size, political persuasion 

and degree of industrial development, which included nuclear power as part of their energy 

production programme. Belgium, China, France, Hungary, India, Japan, Russia, Switzerland, 

the UK and the USA are just some of the countries with major nuclear energy programs. 

Today, over 16% of the world's electricity is produced by nuclear reactors. 1-4 In 2001, the 

amount of electricity produced by nuclear power matched that produced by all energy sources 

worldwide in 1961 (2544 billion kilowatt-hours). ' 

In a world where oil and fossil fuel reserves are slowly running out, other `cleaner' and 

renewable sources of energy are becoming increasingly important for feeding the energy 

demands of an increasingly voracious population. 

Of all the alternative energy sources we have at our disposal, nuclear energy is arguably the 

most efficient form of energy production in use today (Table 1.1). Power is generated by 

nuclear fission, which involves a slow and controlled release of energy generated by the 

splitting of atoms. The process is extremely fuel efficient, with uranium-235 capable of 

producing 3.7 million times more energy than the same volume of coal. For example, a golf 

ball-sized piece of uranium contains the same amount of stored energy as 2,300,000 pounds 

of coal5°6 

At one time, the considerable amount of energy that could be released from such a small 

amount of fuel seemed to be the answer to all of our energy problems, but despite this 

advantage, the issue of concern is radioactive waste material resulting from the nuclear 

reaction. 



Fuel Type Heat Value 

Brown coal (lignite/peat) 9.7 MJ/kg 

Firewood 16 MJ/kg 

Black coal 24-30 MJ/kg 

Natural Gas 39 MJ/m3 

Crude Oil 45-46 MJ/kg 

Uranium - in a light water reactor 500,000 MJ/kg 

Table 1.1. A comparison of typical heat values from various fuel sources (MI = megajoules). 

1.2 Nuclear Power: Green or Mean? 

Compared to the burning of fossil fuels, the generation of power from nuclear fuel is 

considered a very `clean' process. Only very small volumes of carbon dioxide (CO2), the 

main greenhouse gas, are generated and no other air pollutants such as sulphur dioxide (SO2) 

and nitrogen oxides (NOX) are created. The volumes of solid waste produced are also very 

small, much of which can be reprocessed and reused. 7-10 

In light of recent studies reporting global warming and rising CO2 levels, nuclear power can 

be viewed as a relatively `green' energy source in this respect. For example, CO2 emissions 

have been reduced by approximately 500 million metric tons of carbon, by partly replacing 

fossil fuels with nuclear fuel for electricity generation. 

The process of generating power from nuclear fuel has been refined and greatly improved 

over the past 30 years, making the process increasingly clean and impacting less on the 

environment. Electricity production from nuclear sources has doubled since 1983, but 

discharges have decreased significantly. For example, aerial radioactive emissions in 2000 

were 58% lower than the highest levels recorded in 1987. Emissions into water have also been 

dramatically cut, falling by 96% in the last 20 years. 2'3 

Although the nuclear industry produces a comparatively small amount of waste, it is 

radioactive and potentially very harmful as an environmental pollutant. More specifically, 

radioactive waste is harmful to living organisms. As well as causing radiation damage, wastes 

typically contain toxic heavy metals that could potentially build up in the food chain and 

affect human populations (uranium toxicology is discussed later in more detail). 
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1.2.1 Radioactivity 

In order to understand the potential danger posed to human populations by radioactive waste, 
it is necessary to understand radioactivity. 6 

For any atom, the stability of its nucleus can be viewed as a balance between the Coulombic 

repulsions and short-range attractions that exist between component neutrons and protons. If 

the attractive forces within the nucleus balance or outweigh repulsive forces, the nucleus will 
be stable. If the repulsive forces outweigh the attractive forces, then the nucleus loses stability 

and will spontaneously disintegrate, emitting particles and/or electromagnetic radiation. This 

is the phenomenon of radioactivi 6 ty. 

A quantitative measure of nuclear stability is the `nuclear binding energy', which is the 

energy required to split a nucleus into its component protons and neutrons. The principal 

factor for determining nucleus stability is the neutron to proton ratio (n: p). For stable atoms 

of elements of low atomic number the n: p ratio is close to 1. As atomic numbers increase 

through the periodic table the n: p ratios of stable nuclei becomes greater than 1. This 

deviation occurs at higher atomic numbers because a larger number if neutrons is required to 

counteract the strong repulsions between protons, and maintain nucleus stability. 6 
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Figure 1.1. Plots of nuclei stability as a function of the neutron to proton ratio. In (a) the band of 

nuclei stability (shown in blue) deviates from the N=Z (red) line at higher atomic numbers. In (b) the 

red arrow represents high n. p ratios, where nuclei stability is regained by beta emission. The brown 

arrow represents Z>83, where alpha particles are emitted to regain stability. The green arrow 
6 y. represents a low n. p ratio, where positron emission or electron capture will regain nuclei stab Y. 
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Figure 1.1 displays plots of nuclear stability as a function of n: p ratio. Nuclei plotting outside 
the `band of stability', and nuclei with greater than 83 protons, tend towards nuclear 
instability and radioactive decay. 

All radioactive decay reactions can be thought of as an unstable parent atom decaying into a 
daughter atom. During the decay process the atom emits energy and small particles, forming a 

new daughter atom of a different element in an attempt to regain nuclear stability. The decay 

of each single atom is spontaneous and is unaffected by external factors such as pressure or 

temperature. This process is expressed in units called becquerels, one becquerel (Bq) being 

equal to the disintegration of one nucleus per second. 6 

If the daughter element is also unstable, further radioactive disintegration will occur, 

repeating until a stable daughter element is formed. The sequence of disintegration steps for 

an unstable isotope is known as its `decay series'. Figure 1.2 shows the decay series for 

naturally occurring uranium-23 8, which involves 14 steps. The decay scheme also shows the 

half-lives of all the products. The decay half-life (t'/2) is the time it takes for half of the atoms 
in a radioactive solid to decay into stable, non-radioactive ones. The decay half-life of each 

radioactive isotope is different, and can be as long as 4.5 billion years (Uranium 238) or as 

short as 8 days (Iodine-131). 6 The rate of radioactive decay of an isotope is inversely 

proportional to its half life; a short half life means that it decays rapidly. Hence, for each kind 

of radiation, the higher the intensity of radioactivity in a given mass of material, the shorter 

the half lives of the isotopes involved. 

The substantial half-lives of many of the radioactive elements present in radioactive waste 

means that storage of such material is an extremely long-term problem. 

1.2.2 Types of Radioactivity 

There are principally five types of radiation, namely, a particles, ß particles, y rays, 

positron emission and electron capture. 6 

Alpha particles, are high-speed doubly charged helium nuclei, written as 42He2+ or 41a and 

are easily blocked/halted e. g. by a piece of paper or human skin. A typical reaction for the 

emission of an alpha particle is represented below: 

e. g. -) l-) 
84Po -ý 20882Pb + 42a 
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Beta particles are high speed electrons, written as °_, e or ß and are associated with neutron 
decay. Beta particles can penetrate human skin, but can be blocked by certain thicknesses of 
glass or metal. 

e. g. 'on --ý 1lp +O -je- 
Gamma rays are electromagnetic radiation with very short-wavelength (0.1 nm to 
10-4nm) and high energy. Gamma radiation usually accompanies all radioactive emissions, 

representing energy lost from the atom during decay. Rays easily penetrate the human body 

and damage cells as they pass through. It takes thick screens of concrete or dense metals such 
as lead to block gamma radiation. 

Positron emission is emission of a particle (that is) similar to an electron but with a positive 

charge, written as °+le or ß+. Positron emission can be viewed as essentially converting a 

proton into a neutron. 

e. g. 'lp > 'on + °+ie 

Electron capture is where the nucleus captures an electron. Electron capture produces an 

effect similar to positron emission, converting a proton to a neutron. 

e. g. 
lip + 0-le ) Ion 

All of these kinds of radiation are, at low levels, naturally part of our environment. In a 

radioactive material, any or all of them may be present at much higher levels. 

1.3 The Dilemma of radioactive waste 

The only obvious way to deal with radioactive waste is to safely isolate it from the human 

environment. Isolation needs to be maintained for hundreds of thousands, if not millions, of 

years until the decay process is complete and no residual radioactivity remains. Since this 

time period is far longer than all of recorded history, the problem of waste disposal presents 

an enormous challenge. 

The problem of radioactive waste management has been around since the advent of nuclear 

energy. The concepts of radioactive waste management were first introduced and discussed 

internationally during the first conference on the Peaceful Uses of Atomic Energy", held in 

Geneva in 1955. Subsequently, several management techniques have been developed and put 
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into practice, but at significant cost. Currently, the safe disposal and storage of nuclear waste 
is one of the biggest (and perhaps eventually the single biggest) expenses of the nuclear 
power industry. 

Only in the recent past has the management of radioactive waste become a public concern. 
The Chernobyl nuclear accident of April 26,1986 was the worst reactor disaster to ever occur 

and irreversibly blackened the public image of the nuclear industry worldwide. Resulting 

from the disaster, 50 tons of radioactive dust were dispersed over 140,000 square miles, 

mainly over Belarus, Ukraine, and parts of Russia. An estimated 4.9 million people were 

exposed to radiation as a result. 12,13 According to the Ukrainian Radiological Institute, the 
disaster at Chernobyl resulted in over 2500 deaths, many of which have been related to 

widespread environmental pollution by radioactive particles. 14,15 The World Health 

Organization's (WHO) report on the disaster16 estimated that the radiation release from the 

Chernobyl accident was 200 times that of the Hiroshima and Nagasaki nuclear bombs 

combined. Indeed the United Kingdom, amongst other European countries, was directly 

affected by the disaster, with radiation levels in Scotland measured at 10,000 times the norm 

shortly after the event. "°'s ° 19 

The Chernobyl disaster still remains fresh in the minds of the public, and levels of public 

concern over radioactive waste pollution remain high. As the geochemist Konrad B. 

Krauskopf, Stanford University Professor Emeritus said; "Nuclear waste disposal can be done 

safely. The problem is political, not technological". Many scientists and engineers since have 

shared this view. 

1.3.1 Sources of Radioactive Waste 

Radioactive materials are used in many roles, including hospitals, which use short-lived 

radioactive isotopes to locate problems such as kidney stones. The paper manufacturing 
industries use radioactivity to monitor the thickness of the paper. The aircraft manufacturing 
industry, and other high precision industries, use radioactivity to check for any imperfections 

such as hairline fractures. Industrial radioactive waste ranges from items such as protective 

clothing used in laboratories to material arising from nuclear fuel reprocessing or the 

decommissioning of nuclear reactors. 20 

In 2001, the UK had a reported radioactive waste inventory of some 92,100 m3 of waste 

material, weighing approximately 111,000 tonnes. The civil nuclear power industry is 

responsible for producing 87% of this material, from processes such as uranium enrichment, 
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nuclear fuel reprocessing, reactor operations and reactor decommissioning. Reprocessing of 

nuclear fuel material, based at Sellafield in Cumbria, accounts for some 57% of the total 

waste produced. Research and development activities contribute a further 9% of the total 

waste volume. '° 

Over the next 20 years the volumes of radioactive waste in the UK are set to rise more 

rapidly, principally from the decommissioning of nuclear power stations and reprocessing 

plants. For example, in 1989 the European Commission selected the Windscale advanced gas- 

cooled reactor in Sellafield, UK, as a research and development program on the 

decommissioning of nuclear installations. A total UK waste volume of 1,660,000 m3 is 

predicted for the future, based on the assumption that no new power stations will be built. 

Some 85% of this volume will come from decommissioning existing nuclear facilities. 21 

The extra volume of waste produced by decommissioning programmes will put an increasing 

burden on the radioactive waste management industry, which is already struggling to cope 

with existing levels of waste generation. 

Fuel 
57% 

Fuel fabrication 
&U enrichment 
<1% 

Commercial 
reactors 30% 

Research and 
development 
9% 

I'ýr Ministry of defence 2% 
Medical & Industrial I% 

Figure 1.3. Sources of radioactive waste in the UK. 22 

Of the total volume of radioactive waste in the UK, 85% is stored in a raw or partly treated 

state, awaiting conditioning. A particular concern is the historic wastes, largely created in the 

1940s, 50s and 60s, which may be poorly characterised, physically and chemically degraded, 

and held in old facilities subject to deterioration. 22 With so much radioactive material in use 

and in storage, the possibility of radioactive waste pollution has become increasingly 

significant. The major sources of radioactive waste pollution are described in table 1.3, and 

include nuclear power plants (operation and decommissioning), nuclear weapons 
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(manufacture, storage and decommissioning), transportation of radioactive material, 
radioactive waste disposal and uranium mining. 22 

Major sources Methods of pollution 

" Radioactive waste, if material such as spent fuel rods is Nuclear power plants not safely maintained. 
" Nuclear power plant accidents. If a radioactive core is 

exposed and meltdown occurs a large amount of energy 
and radioactivity can be released. Such an event is 
extremely dangerous and can cause serious harm to the 
surrounding environment. 

Nuclear weapons " Nuclear weapon tests that are conducted above ground 
or under water 

" Nuclear bombing, as witnessed in Hiroshima and 
Nagasaki, can cause rapid widespread damage to a 
target area with subsequent fallout widening the area 
of radioactive contamination. 

" Long term storage and degradation of nuclear warheads 
is of increasing concern. 

Transportation " Transportation of any nuclear wastes from one place to 
another, by air, land or water, poses a risk to the 
environment. 

" In the event of container leakage i. e. due to poor 
maintenance, environmental contamination could result. 
In a worst-case scenario, any accident or collision could 
result in significant environmental spillage and 
pollution. 

Rad-Waste Disposal " The extremely long half-life of some radioactive 
materials means they are dangerous for very long 
periods of time. The generally accepted method for 
disposing of radioactive waste is to contain the waste 
and isolate it from the environment generally accessible 
to humans. Isolation of wastes is generally considered 
best accomplished through its emplacement at 
significant depths underground, known as `geological 
disposal'. However, this still proves to be dangerous 
and expensive. 

Uranium mining " Uranium fuel comes from refinement of uranium ores 
e. g. pitchblende. The mining process results in large 
volumes of radioactive spoil that pollutes the 
surrounding environment. Uranium mining does not 
operate in the UK. 

Table 1.2. A summary of the major sources of radioactive waste pollution. 
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1.4 Classifications of Radioactive Waste 

Today, many different types of radioactive waste are generated by all manner of industrial, 

medical and scientific processes. Typically, the actual radioactive source is not the only waste 
that needs to be disposed of in a controlled manner. Everything that has come into contact 

with the radioactive material must be disposed of properly. This includes gloves, paper 

towels, clothes, and many other waste products. This has led to the production of a 

classification system, or level system which grades waste (based on different characteristics) 
in order to determine its safe management. 9 

In general, radioactive waste has a number of different physical and chemical characteristics. 

The most obvious characteristic is, of course, the level of radioactivity (measured by alpha, 

beta and gamma activity). However, other important considerations for effective waste 

handling and disposal of radioactive isotopes includes factors such as the toxicity, the decay 

half life (t '/2) and the extent to which radioactive emissions can be reduced by appropriate 

shielding. Within the UK, waste is classified into the following four bands9'23'24 according to 

its level of radioactivity: 

i) Very low level waste: can essentially be treated as normal non- radioactive 

waste, and sent to conventional landfill sites without special treatment; 

ii) Low level waste: this waste form requires no shielding, and is currently 

compacted in drums and buried in a shallow engineered site (Drigg); 

iii) Intermediate level waste: this generally requires shielding and special 

handling; and 

iv) High level waste: this is so highly radioactive that the decay processes 

generate significant excess heat; it therefore has to be vitrified from a liquid 

form and stored (currently at Sellafield), pending a decision on the final 

disposal option. 

Of the categories listed above and requiring some kind of treatment, about two-thirds is low- 

level waste. Less than 0.5% is classed as high-level waste. However, the method of 

classification varies between countries, including those within the European Community, 

often depending on whether or not a country relies on nuclear power generation, or actively 

mines radionuclides. The major waste classifications used in the UK and internationally are 

described in greater detail in table 1.3. 
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Waste Type Description 

High Level Waste (HLW) Resulting from the reprocessing of spent fuel from a nuclear 
reactor. The amount of Plutonium (Pu) and other heavy isotopes 
remaining in the solutions is small (0.5% of the original 
Plutonium and Uranium amounts). The residue consists mainly 
of nuclear fission products. 

High-level waste contains about 99% of the radionuclides and 
thus represents the largest radiological risk. High-level wastes 
(HLW) are often referred to as being `hot', on the basis that 
they are highly radioactive. Characteristically the radioactivity 
also makes them physically hot too. Cm 2919 classified HLW 
as wastes in which the temperature may rise significantly as a 
result of radioactivity. This factor has to be accounted for in 
designing suitable storage or disposal facilities. 23 

Spent Nuclear Fuel (SNF) This is fuel material discharged from the reactor when it has 
been spent. Until it is reprocessed at a later date, SNF is treated 
as high-level waste and may be stored at the reactor site and 
eventually placed in a waste repository without reprocessing. 

Transuranic Waste (TRU) This is waste material that is contaminated with alpha-emitting 
radionuclides with a life of over 20 years and of elements with 
an atomic number of 92 or more, and concentrations greater 
than 100 nanocuries per gram. This group includes all 
transuranic nucleides except 238Pu and 241Pu, and includes 233U 

and all it's daughter products. 

Intermediate Level Waste Intermediate level wastes; are classified in Cm 2919 as wastes 
(ILW) with radioactivity levels exceeding the upper boundaries for 

LLW but which do not require heating to be taken into account 
in the design of storage or disposal facilities20. 

Essentially ILW is LLW with high enough radioactivity, to 
create the need for special treatment and disposal. This group 
includes materials such as claddings separated from spent 
nuclear fuel; filters and other wastes from effluent treatments; 
worn-out plant and equipment; medical waste; radioactive 
materials used in industry and defence. A company called 
Nirex, owned by the nuclear industry, has been set up, to 
dispose of this waste in an underground repository. 

Low Level Waste (LLW) Low level wastes; are classified (in Cm 2919) as wastes 
containing radioactive materials other than those acceptable for 
disposal with ordinary refuse, but not exceeding 4 GBq per 

. tonne of alpha or 12 GBq per tonne of beta/gamma activity 
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LLW Continued Characteristically this waste has very little radioactive 
contamination, and little or no radioactive shielding is needed to 
safely store it. Material includes rubble and steelworks from 
decommissioning of reactor sites. Most of this waste is 
currently disposed of at the Drigg site in Cumbria, operated by 
British Nuclear Fuels. The material is buried near to the surface 
site is trenches and vaults, which are constantly monitored. 

Mill Tailings Mill Tailings from Uranium mills are a type of waste specific to 
countries, which mine uranium. This does not include the 
United Kingdom. Mill tailings commonly have low levels of 
radioactivity and comprise a dirty mix of ore material including 
elements such as Thorium and Radium, which are by-products 
of the decay of 238U, not removed when extracting the uranium. 
The tailings leave the mill as a radioactive sludge, and are 
allowed to dry. 

Radioactive mine tailings sites provide an obvious 
contamination hazard to local water supplies, aided by surface 
runoff from rain. It can also be mobilised into the atmosphere as 
a wind blown dust. 

Table 1.3. A summary of the types of radioactive waste. Reference to Cm2919, refers to the last 
Conservative government's White Paper 23: "Review of Radioactive Waste Management Policy - Final 
Conclusions '.. 

1.5 Radioactive Waste Storage and Disposal 

Radioactive waste storage and disposal are commonly mistaken as synonymous. The main 

difference between the two is that disposal aims at permanent isolation of waste material with 

no intention of retrieval, whilst storage is intended as a temporary but necessary step in the 

overall management of radioactive waste. 

In recent years, waste storage sites originally intended as temporary facilities have had their 

lifetimes extended due to a lack of permanent disposal facilities. Some countries have given 

serious consideration to the use of storage as a long-term management option. The 

International Conference on the Safety of Radioactive Waste Management, held in Cördoba, 

Spain, in March 200025 examined the case for extended use of temporary surface storage 

facilities and the associated safety and security implications26-30. A major conclusion of the 

conference was that perpetual storage of radioactive waste was `not a sustainable practice' 

and 'offered no solution for the future'. 
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Currently there are several methods for the storage of radioactive waste, most of which are 
temporary solutions. In most cases a viable long-term storage solution has yet to be found, 

especially when considering the time periods (on the order of thousands of years) over which 
such solutions must survive. 

Disposal is viewed as the final step in the overall management of radioactive waste. The 

methods of radioactive waste disposal are becoming increasingly important, both politically 

and practically. As the volume of waste material in storage increases, so does the demand for 

new disposal sites. Research and development work on waste disposal has shown that, in 

principle, all types of radioactive waste can be disposed of in a manner that provides 

protection for the health and safety of people and the environment. However, in the United 

Kingdom, the choice of disposal sites has been a major concern for UK Nirex Limited as local 

populations maintain a "not in my back garden" attitude towards site location, despite 

reassurances. 

1.5.1 Storage Methods and Facilities 

Waste storage methods are dependent on the chemical and physical characteristics of the 

waste, as well as the type and concentration of radionuclides. 

Up to the present, storage facilities for high level waste and spent fuel have typically been 

above ground or at very shallow depth. High-level waste (HLW) is stored either dry or 

underwater. Underwater storage provides a means of maintaining material at acceptably low 

temperatures, whilst also providing effective radiation shielding. HLW material such as spent 
fuel elements, are typically stored underwater for a `cooling' period of three to five years after 

removal from a nuclear reactor, before being transferred to dry storage. Spent fuel can also be 

reprocessed and the resulting highly radioactive liquors are solidified by vitrification 

(entrapment in glass). 31 

Most other categories of solid radioactive waste are stored under dry conditions in specially 

engineered containers. Some waste may undergo conditioning before containerisation, 

depending on its characteristics. Containers are designed to be extremely durable and resistant 

to degradation or corrosion over long periods. Containers are stored inside a suitable 

structure, often constructed from concrete, to provide radiation shielding and security. These 

structures, whether buildings in the conventional sense or other large containment structures, 

are usually located at a secure facility. 31 In some instances such as the Drigg LLW repository 

in Cumbria (UK), waste is stored in engineered trenches and shallow vaults in the ground 

instead of on the surface. 32 
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1.5.2 Disposal Methods and Facilities 

The international consensus is that successful disposal of radioactive waste should involve 
long-term containment and isolation of waste material from the environment generally 

accessible to humans. 31 The aim of disposal is the successful protection of the environment 

and present and future generations by providing a passive isolation system made up of 

engineered and natural barriers. 

Experts agree that currently (and in the foreseeable future) the best disposal option for HLW, 

MLW and long lived radioactive waste is emplacement in deep subterranean engineered 
facilities (geological disposal). 33 Geological disposal provides containment and isolation of 
the waste in three ways. Special containers (typically steel or copper) house the waste 

material and provide the first line of defence. The repository itself provides an engineered 
barrier and second line of defence, while the host rock provides a final natural barrier to 

radionuclide escape. 

Geological disposal can be undertaken in a number of geological formations, the most 

commonly studied rock types being clay, salt, and hard magmatic, metamorphic or volcanic 

rocks such as granite, gneiss, basalt or tuff. The depth at which the disposed material would 
be emplaced depends to a large extent on the type of formation used and the isolation capacity 

of the overlying formations. 31 

Most repositories are designed so that once full, physical closure of the facility can be delayed 

for many decades. In this period, the repository and the surrounding environment can be 

monitored for radionuclide escape, and the material retrieved if necessary. 31 Ultimately, a 
disposal facility will be closed, sealed and then left untouched. 

For countries with nuclear programmes, the storage and disposal of radioactive waste poses a 

serious financial burden. The UK has more than 10,000 cubic metres of HLW of its own and 

another 250,000 tonnes of intermediate level waste. Once packaged into containers suitable 

for disposal the waste can be 10 times as bulky. 34 In addition there is 405 cubic metres of 
34 HLW and 3,383 cubic metres of ILW belonging to foreign countries stored at Sellafield. 

Radioactive waste disposal has a large capital cost, while storage has a significant operating 

cost, related to the surveillance and maintenance of storage sites. Overall the costs work in 

favour of geological disposal, but unfortunately storage facilities tend to excite less public 

opposition than disposal facilities. 31 Unfortunately, both types of facility are potential 

candidates for radioactive pollution, if isolation of the waste material should fail. 
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1.6 Why Study Uranium Remediation? 

The surface of the earth is an incredibly complex natural system, where the geosphere and 
biosphere overlap. The behaviour of pollutant heavy metals in the 'near surface' geosphere is 

resultantly very complex, controlled by many different factors including soil and sediment 
type, metal speciation, metal concentration, groundwater pH, solid: solution mass ratio, and 

contact time. It is generally accepted that pH seems to have the greatest effect of any single 
factor on the solubility or retention of metals in sediments and soils, with greater retention and 

35 lower solubility of metal cations occurring at higher pH. 3s 

Over the past several decades, scientists have made significant progress toward understanding 

these processes and their interrelationships. For example, the important role that speciation 

and complexation of metals and radionuclides play in their bioavailability and transport 

properties is now recognised. 39 Similarly, a basic understanding of the geochemistry of 

specific mixtures of organic chemicals and radionuclides, multiphase flow, contaminant 

transport and surface interactions of colloids is also emerging. 

Comparison of results from field studies and laboratory experiments has highlighted the fact 

that many microbial and geochemical processes that are effective in small-scale laboratory 

experiments fail in field applications . 
40 42 This can be attributed to many different factors such 

as geochemical and hydrogeological heterogeneity, spatial variability in the distribution of 

contaminants, difficulty in reproducing the geological and hydrological setting, poor control 

of nutrient or contaminant availability, or the lack of sufficient populations or activity of 

microbial consortia able to biotransform, biodegrade, or detoxify the contaminants. 

A more complete understanding of the mechanisms of uptake and transport of uranium in 

ground waters would enhance our understanding of uranium behaviour in the near-surface 

geosphere. 43 Although progress over the past decades provides an excellent foundation for 

future research, there are still many processes and interrelationships that are not yet fully 

investigated and understood. The 2002 DRIGG research symposium44 (Manchester) 

highlighted the fact that recent trends have been directed towards studies of colloidal transport 

and bioremediation of radionuclides. 

The overall purpose of this study was to closely examine the mechanisms for uranium 

sorption onto various naturally occurring iron-bearing minerals. At the time of undertaking 

this research a somewhat limited understanding existed of the inorganic sorption processes for 

uranium with iron bearing minerals. This PhD study is aimed at somewhat bridging the 'gap' 

in this field of research. 
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With respect to iron-bearing minerals, previous research on the inorganic sorption of uranium 
has been focused on Fe(III) based phases. The compounds haematite (a-Fe203), geothite (a- 

FeOOH) and ferrihydrite (pseudo-amorphous Fe203. xH2O) were thought to be among the 

most important in this regard, and it has been demonstrated that iron hydroxy oxide based 

materials strongly adsorb uranyl species45 50 between pH 5-10. Other workers have given 
limited consideration the role of other iron-bearing minerals such as pyrite (FeS2) and 

s magnetite (Fe3O4). i-sa 

In this study, uranium sorption onto a suite of geologically common iron-bearing minerals 

was investigated, with a view to fully understanding their contribution to uranium uptake in 

soils, sediments and rocks. The table below outlines the minerals and materials investigated in 

this study. 

Mineral/Material Empirical formula 

Magnetite (Fe2+)(Fe3)2O4 

Pyrite FeS2 

Goethite FeOOH 
Siderite FeCO3 
Chromite FeCr2O4 
Franklinite (Zn 2+ Fe2+, Nln2+)(Fe 2+ Mn 2+)204 

Hematite Fe203 

Silica/Quartz* Si02 
Calcite' CaCO3 

Iron (Mild Steel) Fe° 

Table 1.4: A table displaying all of the minerals investigated in this study. 
denotes mineral samples used for experimental comparison. 

* denotes minerals used as relatively inert experimental standards. 

1.7 Industrial Relevance 

This project was funded by the EPSRC, and supported by British Nuclear Fuels PLC (BNFL) 

through the CASE scheme. As such, the focus of the research was partly constrained to 

provide direct application to the Drigg low-level waste repository based in Cumbria, NE 

England, where uranium isotopes are a significant part of the radionuclide inventory. 
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The results of this project are intended to add to the pool of scientific understanding for 

potential uranium activity around the Drigg site. Some results will feed directly into B\FL's 

geochemical models used for predicting the possible fate of radionuclides escaping 

containment in the Drigg trenches. 

The layout of this thesis is designed to follow a logical progression, beginning with an 

examination of the sediments present around the Drigg site, and expanding to focus on the 

reactivity of different iron bearing minerals that may realistically occur in these (and other) 

sediments. 

Although the behaviour of radionuclides in environmental systems is increasingly well 

understood, the behaviour of radionuclides within LLW repositories has been somewhat 

overlooked. The final section of research is directed more toward this problem and focuses on 

the reactivity of aqueous uranium with mild steel. This is particularly applicable to Drigg, 

where Fe(O) (mild steel) accounts for a significant portion of the material stored in the Drigg 

repository. 

Overall, many of the results and ideas generated from this research can be applied to a wider 

field of environmental remediation, specifically to the field of in-situ groundwater 

remediation techniques, which is currently `en vogue'. 
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CHAPTER 2- Geochemistry and Environmental 

Behaviour of Uranium 

2.1 An Overview of Uranium 

Uranium is now indelibly associated with atom bombs and nuclear power, but for a hundred 

years after its discovery in 1789 it was viewed as a chemical curiosity of very little 

importance. However, without uranium the discovery of radioactivity and the elucidation of 
the structure of the atom by Becquerel and the Curies at the end of the l9t'' century might 

never have happened. ' 

Martin Klaproth, first discovered uranium in 1789, as a new substance found in pitchblende 
from Joachimsthal, Bohemia. 2 Klaproth had actually found uranium oxide, but, subsequently 
in 1842 E. M. Peligot achieved isolation of uranium metal. In 1896, the French physicist 
Antoine Becquerel discovered the radioactive properties of uranium', which was found to 

have an atomic weight of 238.07g, the greatest of any element discovered in that period, and 

was assigned the symbol U. 

When refined, uranium is a silvery white, weakly radioactive metal, which is slightly softer 

than steel. 3 It is malleable, ductile, and slightly paramagnetic and pyrophoric. Uranium metal 
is one of the densest metals available, 18.95 g/cc (sources give 18.9 and 19.04), 65% more 
dense than lead (11 g/cc). 3 Uranium metal melts at 1132°C with latent heat 2.5-3.0 kcal/mol, 

and boils at 3925°C with latent heat 110 kcailmol. 3'4 Over the past few decades, depleted 

uranium (DU), a waste product of uranium enrichment, has been increasingly used in 

international military conflicts in heavy tank armour and armour-piercing ordinance. 5'6 

2.2 Electronic Structure and Chemistry 

Uranium has a ground-state electron configuration of 5f36d7s2 outside a radon core (figure 

2.1). As expected from the electronic structure of the actinide atoms, the conduction bands are 

derived from the 5f, 6d and 7s electron states and so are more complicated than those of either 

the transition metals or the rare earth metals. 3 
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The f, d and s levels all have about the same energy, so it is not easy to predict what orbitals 

are used. Three of the valence electrons occupy the f orbitals that were left empty, moving 
from the d orbitals where they might be expected to reside. 

The diagram below represents the electronic configuration and its associated term symbol for 

the ground state neutral gaseous atom of uranium. 

Sf 4-1-1----------6d --- 7P 
7s 6p 1+01+ 

41 

4f 15144514141+1+ 4+1+1+4+4+ 5d 06s 
4d 141+14*44 404 5p 

if 5s 

3d 115o%44 i}i}j+ 4p 
3p 000 4 4s 

153s 
4k4ktk 2P 

4b 2s 
1+ls 

Figure 2.1: A diagram representing the electronic configuration of uranium for the ground state 
neutral gaseous atom. 3 

000 

Figure 2.2. A diagram representing the electron shell structure configuration for a ground state 

neutral gaseous atom of uranium (2-8-18-32-21-9-2) 3 
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2.2.1 Oxidation States 

Uranium is more liberal with valence states than most of its elemental neighbours. 7 The first 
ionisation potential of the ground state uranium atom is at about 4 V, which is a relatively low 

value. Therefore, uranium acts as an electron donor, and is easily oxidized, exhibiting 
valences of +3, +4, +5 and +6. 

Of the four uranium oxidation states, the two most important in natural systems are U(IV) and 
U(VI). These are the predominant oxidation states, derived from thermodynamic data8 and 
linked by the reaction: 

U4+ + 2H20 4 U022+ + 4H+ + 2e log K° = -9.03 8 (1) 

U(V) and U(III) species are not expected to persist or coexist with U(IV) or U(VI) in these 

conditions and as such tend to be ignored for the purpose of modelling uranium behaviour in 

natural environments. 

2.2.2 Ionic Size 

Although uranium has a very high atomic number, the size of the uranium atom is not 

unusually large. This is because the high nuclear charge pulls the electrons in closely, 

producing ions only about 0.1 nm in radius, a very typical value. 3 

The ionic size of uranium allows it to be incorporated into a wide variety of natural and 

synthetic compounds, substituting for cations of similar size and charge. 

2.2.3 Uranium Compounds 

The primary uranium ore minerals are uraninite and pitchblende, which are both nominally 
U021° and typically deposited under reducing conditions on the margins of felsic igneous 

complexes. The uranium in these ores is therefore predominantly U(IV) and are typically 

found to be greenish or dark in colour. 

Weathering and oxidation of uraninite and pitchblende results in the formation of secondary 

uranyl minerals, such as schoepite (y-U03-2H20) as well as a number of other mixed silicate, 

phosphate and vanadate uranyl minerals.? These secondary minerals typically contain 

uranium in its fully oxidised and most mobile U(VI) state. 
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Mineral Formula 

Schoepite y-U03.2H20 

Soddyite (UO22+)SiO4.2H2O 

Autinite Ca(U02)2(PO)4. xH20 

Carnotite K2(UO2)2(VO)2 

Ca-uraninite (Ca, U)O3_X 

Table 2.1. Secondary uranyl minerals.? 

Uranium has many associated oxide phases such as U308 and U409, which exist as part of a 

solid solution series between U02 and U03, marking a progressive change in the valence state 

of uranium cations from U(IV) in U02 to fully oxidised U(VI) in U03. These oxides are the 

principal products of uranium metal oxidation and have been studied in detail. "-" 

When the oxides are dissolved in acids, the stable uranyl cation, UO22+, is formed. This cation 

forms numerous soluble salts, such as U02(NO2)2.6H20. Deliquescent uranyl chloride 

(U02C12) and uranyl iodate (U02(103)2), are also known! 

In natural systems, uranium does not readily combine with hydrogen, but can associate with 

sulphur to form sulphide phases such as US2 and U2S3, which ignite rather readily. 18-20 There 

is also a uranous sulphate, U(S04)2.4H20, which is nearly insoluble but dissolves in HCI. 

2.2.4 Uranium Isoptopes 

Uranium has three naturally occurring istopes, 234U, 235U and 238U. The predominant isotope is 

238U which accounts for 99.275% of all uranium in the crust, with 235U accounting for only 

0.719% and 234U only 0.0057%. 3'' 

The isotopes 233U and 239U are produced in nuclear reactors as part of the fission reaction and 

are residual in spent nuclear fuel. 58,72 Enriched uranium fuel rods contain increased levels of 

235U, which are enriched by several percent above natural abundances. 

The half lives (t '/2) of the family of uranium isotopes (Table 2.2) shows significant variation, 

from several days (6.75days for 239U) to billions of years (4.468 x109 years for 238U). 21-23 
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Isotope Natural Abundance (%) Half Life (t'/2) 

233Ü 
reactors only 1.6 x 105 yrs 

234U 0.0057 2.46 X105 yrs 
235U 0.7190 7.038 xl og yrs 
238U 99.2753 4.468 x 109 yrs 
239 U reactors only 6.75 days 

Table 2.2 Decay half lives and abundances of the uranium isotopes. 

235U and 238U are parents of a series of radioactive daughter elements ending with the stable 
isotopes of lead (Pb). The 238U decay series is fully listed in figure 1.2 in the previous chapter. 

The decay reactions of 238U to 206Pb and 235U to 207Pb can be written in the following short 

form: 

238u > 206Pb +8 4He +6 ß- + Heat (Q1) (2) 

235 U) 207Pb +7 4He +4 ß' + Heat (Q2) (3) 

Nb: -a particles are denoted as 42He2+ particles 
Taken from Ragnarsdottir, K. V. and Charlet, L. (2000). 

From the decay series of a single atom of 238U, ultimately a single atom of 206Pb is produced 

by emission of eight a particles, six ß particles and heat (Q 1) on the order of 47.4 MeV per 

atom. 24 It is the heat produced by radioactive decay that helps to maintain the temperature of 

the earths interior, which itself drives plate tectonics. In terms of the earth's development 

radioactive decay is an incredibly important process-15 

2.3 Toxicology of Uranium 

The basic fact is that uranium is harmful to living organisms if it enters the body. The 

detrimental effect of radioactivity to living organisms has already been briefly discussed in 

the previous chapter, but, uranium can also be harmful due to its toxicity. In the body, 

uranium has the form of the uranyl ion (U022 ), which has a high affinity for carboxylate 
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functional groups, 26 although uranium toxicity has also been shown to be pH (and therefore 

speciation) dependent. 27 A deliberate overdose of uranyl acetate has been observed to cause 

acute renal failure, liver disfunction and a paralytic ileum28 amongst other symptoms. 

Uranium can enter the body via ingestion of contaminated water or food, but can also enter 
through inhalation of a uranium-rich dust or a decay product such as radon gas. Once inside 

the body, free radicals are produced and related cell damage occurs in the affected body parts. 
Uranium toxicity is enhanced by a and ß particles produced during radioactive decay, with 

other toxic solids including Bi, Po and Pb produced by the decay reactions. 7 

In the United Kingdom, uranium concentrations in drinking water are commonly on the order 

of one microgram per litre (1 µg 1-1)29. However, in some places (such as Dartmoor) higher 

concentrations are found related to the uranium present in local rocks (<11.6 µg 1-1). Some 

parts of the world, such as Canada, have drinking waster U concentrations of several hundreds 

of micrograms per litre. In the USA the legal limit for uranium in drinking water is 20 µg 1-', 

in Canada and France it is considerably higher at 100 µg 1-' and 160 µg 1-', respectively. 23'30 

In 1998 the World Health Organisation (WHO) specified a Guideline Value (GV) of 2 µg 1-' 

for drinking-water. The value is deemed to represent the "concentration of a constituent that 

does not result in any significant risk to the health of the consumer over a lifetime of 

consumption". 31 

Although two extensive reviews on the toxicology profile of uranium were published at the 

end of the 1990's32'33'34 there is no official UK Government guidance or regulations on U in 

drinking water. There is, however, an overriding requirement that drinking water should not 

contain substances in concentrations detrimental to public health. The WHO value currently 

remains the generally accepted limit for uranium in drinking water by water suppliers in the 

UK. 

In recent studies uranyl nitrate hexahydrate was given in drinking-water to rats35 and rabbits36 

for 91 days, at very low doses (down to 960 µg 1-1). These doses were observed to be too low 

to cause any physical illness or abnormalities, although signs of kidney damage were 

observed, highlighting the fact that long-term exposure may cause chronic kidney damage in 

humans. 

In the late 1990's studies of human populations looked for evidence of kidney problems in 

Canadian communities. The studies proved relatively inconclusive, finding no significant 

evidence for chronic kidney damage caused by uranium in the water supplies. 
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The first study, examined 100 Saskatchewan residents with drinking water containing U from 

<0.1 tg 1-1 to 50 . tg 1-'. The finding was that the measure of kidney function (urine albumin) 
could not be related to the U concentration in drinking water, although it did tend to increase 

with what the authors described as "a crude index of the cumulative exposure to uranium". 37 

The second study38 measured indicators of kidney function and kidney damage in the urine of 
residents from a village in Nova Scotia (where U concentrations in drinking-water wells 
ranged from 2 tg 1-1 to 780 µg 1-1) and in volunteers in Ottawa (where U concentrations in the 

municipal supplies was below 1 mcg 1"'). The study failed to confirm the findings of the first, 

but instead found other indications that long-term intake of small amounts of uranium perhaps 

affect kidney function. 

Currently there is no concrete evidence either way, to suggest that intake of uranium in 

drinking water is likely to be harmful, but, at the same time, there is no evidence that clearly 

points to a level of uranium intake that is harmless. The potential risk of chromic uranium 

poisoning is not to be taken lightly for populations located close to radioactive waste storage 

or disposal sites, or uranium mining sites. 

2.4 Uranium in the Natural Environment 

Uranium is a naturally occurring element present in trace amounts in all crustal and mantle 

rocks. 39 Crustal rocks are enriched in uranium relative to mantle rocks40'4' with an average 

crustal abundance of 2-3 mg kg'. In comparison, primitive mantle material has an average 

concentration of 0.18 mg kg 1. 

Sedimentary rocks exhibit averages of 1.2-1.3 mg kg', while granites such as those of Devon 

and Cornwall, are slightly more enriched (1.5-2.2 mg kg-'). Granites tend to be enriched in 

uranium because the highly charged uranium ion is relatively incompatible in igneous melts 

and resultantly tends to concentrate in the late stage, silicic differentiates which cool and 

solidify to form granites. 42 

The demand for uranium as a weapons material led to extremely thorough prospecting, and its 

occurrence is now well known. There are probably only some two million tons of high-grade 

ore available, a very small amount for a material of wide use. 7 Today, half the world's 

production of uranium comes from mines in Canada and Australia, with eight mining 

companies accounting for 82% of the world mine production (table 2.3).. 4' 
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Company Tonnes Uranium 

Cameco 8038 

Cogema 5317 

ERA 4356 

KazAtomProm 3718 

WMC 3706 

Rossing 3038 

Priargunsky 3000 

Navoi 2050 

Table 2.3. The top eight uranium producing companies. 43 

2.4.1 Environmental Mobility 

The mobility of dissolved uranium in natural groundwater systems is affected by chemical 

processes such as the precipitation or dissolution of uranium bearing minerals, adsorption or 

desorption of uranium ions onto mineral surfaces and biological uptake. 44 

Uranium dissolved in groundwater commonly forms complex ions, depending on 

geochemical conditions such as pH, Eh and the presence of other dissolved ions. 4' As 

previously discussed, uranium can exist in a variety of valence states. The reduction potentials 

(volts) of uranium in its valence states from U° through to U6+ are given in the figure 2.3. 

-1.35 

0.28 

0.19 U02 
0 . 37 UA* 0.61 TJ, 3+ -4.7 

-1.60 

U2+-0.1 Ü+ 

Fig 2.3 : Standard reduction potentials (volts) Eofor uranium, calculated from Fuger & 
Oetting (1976)46.4' For formation of U1+(av, see Mikeev & Kamenskaya (1991)48, Morss 
(1995). 49 

The general rule of thumb for uranium mobility under typical environmental conditions is that 

U(IV) is the immobile form, while U(VI) is mobile. In nature, the U(IV) ion is not readily 

soluble and only becomes mobile under strongly acidic conditions. U(IV) most commonly 

exists in an insoluble solid oxide state, primarily uraninite (UO2-, ), which is insoluble under 
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common groundwater conditions (5<pH<9). In comparison, the U(VI) ion is potentially much 
more mobile, because the linear uranyl U02 2-t- ion is extraordinarily stable in an aqueous 
environment. 50,51 

U(VI) can also exist in solid phases, often fixed in minerals by precipitation. Uraninite, the 
most common primary mineral at U ore deposits is not stable in waters under oxidising 
conditions and can be broken down during weathering to form secondary U(VI) or mixed 
U(IV)/U(VI) minerals. 10 

2.4.2 Redox and pH Controls on Environmental U Mobility 

The thermodynamic redox potential of a medium, Eh, allows us to predict the stable oxidation 

state of an element and its compounds in the environment. Eh can be viewed as a measure of 
the availability of electrons in a medium for oxidation or reduction reactions. The redox 

potential is therefore set by a dominant redox couple and is defined by the following 

relationship: 

Eh = RT/F In ae (4) 

Where ae is the activity of electrons in the system, R is the ideal gas constant, T is the 

temperature of the medium (in Kelvin) and F is the Faraday constant. 52 Eh values are typically 

given in volts, or scaled by 1000 to give millivolts. 

Based on equilibrium thermodynamic considerations, the redox status of aqueous solutions is 

described by the parameters pE, which is a measure of the electron activity of the solution in a 

manner analogous to pH. Solution pH is regarded as a measure of the activity of hydrogen 

ions (proton activity) within the solution. It is defined by the following relationship: 

pH =- log aH+ 
(5) 

Where aH+ is the activity of hydrogen ions in the system. Eh is dependent on pH and so the 

pH at which the Eh was taken must be stated. 
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The Eh can be related to the standard potential of a system (E°) by the Nernst equation 

RT [O%l 
Eh = E" - In 

F [Re di 
(6) 

Combining equations a relationship between pE and Eh is gained 

pE _ 
F 

Eh 
2.3R T (7) 

Interpreting the Eh or pE of a system, especially a natural system, is extremely difficult, 

because short distance variations in chemistry, temperature, pH and dominant redox couples 

may locally alter the redox potential of a system. 52 

Bearing this in mind, for natural water systems it is important to consider all U(VI) and U(IV) 

species known to exist at varying pH and redox conditions. 3,45,53,54,55 

2.4.3 Control on U(IV) Mobility 

In a natural system, the U(IV) ion is not readily soluble and therefore poorly mobile. 

However, under reducing conditions and low pH, U(VI) can be mobilised. 

Mobilisation of aqua U4+ ions occurs primarily by the dissolution of U(IV) solids such as 

uraninite (UO2[]). As pH increases aqua U4+ species form hydroxides, UGH3+, U(OH)22+, 

U(OH)3+, U(OH)4° and U(OH)5". Table 2.4 displays a set of thermodynamic constants for the 

dissolution of U02[solid] under reducing conditions, following the reaction; 

UO21S] + 2H20 ' U(OH)4 (8) 

30 



Solubility as 
U02 crystallinity log[U(OH)40] Solubility as w/w Source reference 

Amorphous -8.0 3.0 ppb Rai et al (1990)56 

Microcrystalline -8.7 0.6 ppb Yajima et al (1995)57 

Microcrystalline -7.3 15 ppb Casas et al (1998)58 

Natural uraninite -8.5 0.9 ppb Casas et al (1998)58 

Well crystalline -9.5 0.1 ppb Parks and Pohl (1988)59 

Amorphous schoepite -4.5 9.4 ppm Bruno et al (1987)60 

Table 2.4. Thermodynamic constants for the dissolution of UO2[soi, d] under reducing conditions. The 
U(VI) mineral scheopite is added for comparison. 

It is clear from the thermodynamic data that U02 is poorly soluble, when compared to U(VI) 

phases like schoepite. Indeed, researchers have shown that there is no dependence on pH of 

the solubility of U02(5°l; d) up to 300°C and at pH values >4. ss, ss, 59 

Of the hydroxide species that aqua U4+ ions form, below pH 4 the UGH3+ species 

predominates; while above pH 4 the U(OH)4° species is most abundant. 55,56,59 Thermodynamic 

speciation calculations8 show that at 25°C and at low redox conditions (log fH2 = -5) the 

dominating aqueous species of U(IV) are as follows: 

U4+ from pH 0-1 

UGH3+ from pH 1-2 

U(OH)4° from pH 2-10 

U(OH)5- from pH 12-14 

Table 2.5. Predominant aqueous species of U(IV) under various pH conditions! 

Due to the low solubility of U(IV) solids at pH values >4, the concentration of these species 

in natural ground-waters is extremely low («µg1-1 levels). Higher concentrations of aqueous 

U(IV) species are only likely to be found in areas of anthropogenic disruption such as mine 

tailings or LLW landfill sites where leachates are produced and conditions are locally very 

acidic. 
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2.4.4 Control on U(VI) Mobility 

With respect to U(IV), the U(VI) species have much greater environmental mobility. U(VI) is 

typically present as the uranyl species, UO22*, and as such, the chemistry of U(VI) is nearly 

exclusively dominated by this uranyl ion. 

The isoelectronic U02 2+ group has a linear (O-U-O)2 structure with an axial U-O distance of 

1.79A. 61'62 The linear entity is both thermodynamically50 and kinetically5' extraordinarily 

stable, because the linear configuration of the molecule maximises the 6 and 7i bonding. The 

bond order (figure 2.4) can be broken down into: 

0a and it contributions, showing the large it component (1.52n vs. 0.81(y), 

"g and u orbital contributions to bonding, showing the importance of both U 

6d and 5f orbitals to the bonding. 

AmkkL Gxz 

g dZ2 
17 u f"3 +- 

0 

U'+ 

0 
Sp3 

_ý3 

0.33 ag 
0.48 ßu 

ý9A 

pkyW borxil orWN 

dX,, fX 

0.97 g 
1.36 u 

0.64 7Lg 
0.88 ICU 

0.81 a 
1.527[ 

, qp3 

2.33 

Figure 2.4. Top: A diagram representing the linear configuration of the uranyl ion and the bonding 

orbitals for a U6+ ion with contributions to bonding from a and 7r, and u and g bonding orbitals. 
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In aqueous solution the uranyl U6- ion, is surrounded by five equatorial water or hydroxide 

molecules in pentagonal coordination, as UO2(H2O)52t. As a general rule U022 is only found 

coordinated in the plane equatorial to the axial oxygens. Coordination occurs exclusively 

equatorial to the axial uranyl oxygens by four, five or six coordinating ligands. The preferred 

equatorial coordination is pentagonal. 50,63 Coordination number 4 is found mainly in presence 

of sterically demanding ligands, e. g. bromide in Cs2UO2Br4.64 Bond lengths of equatorial 
ligand oxygens with central uranium vary between 2.35Ä and 2.55A. 

There seems to be no clear relationship between equatorial coordination and axial bond 

lengths in the uranyl entity. 5° The bond lengths of axial oxygens in uranyl compounds vary 

about a mean value of 1.79A. The linear uranyl UO22+ configuration also shows very little 

deviation from linearity (<50). 50 As pH increases the uranyl species is observed to hydrolyse? 

from UO2OH+, UO2(OH)2°, U02(OH)3-, U02(OH)42 , (UO2)3(OH)5 , (UO2)3(OH)42Th 

0 2+ 
OHx_ JL.. OHZ 

OH2 
OH 2r}I OH2 

0 

ilp 

Figure 2.5: A diagram displaying the structure of the UO2(H2O5`+ uranyl-water complex. The linear 

uranyl species is surrounded by five equatorial water molecules. The lower part of the diagram shows 

the optimised structure of the UO2(H2O)5`- species within a water. 65 
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In the absence of ligands other than OH-, thermodynamic speciation calculations8 show that at 
25°C and under oxidising conditions (log fH2 = -20), the dominating aqueous species of 
U(VI) are as follows; 

U02 2+ from pH 0-5 
U02(OH)2 from pH 5-9 
U02(OH)3- from pH 9-13 
U02(OH)42" from pH 13-14 

Table 2.6. Predominant aqueous species of U(VI) under various pH conditions. 7 

This leads to uranium concentrations on the order of mg 1-' in aqueous solutions above pH 5, 

and up to thousands of mg 1-1 at pH 2. 

Overall, the most important aqueous uranium species for near neutral waters are the 

uncharged U02(OH)2° and U(OH)4° species where uranium has VI and IV oxidation states, 

respectively. It is important to note that at intermediate redox conditions both U(IV) and 

U(VI) aqueous species can exist. 

Over the pH range of many natural ground waters (6<pH<9) the concentration of uranium in a 
VI valence state is found to be four orders of magnitude greater than that of uranium in a IV 

valence state. 7 As previously stated, this is predominantly due to the low solubility of U(IV) 

solids at pH values >4, which dictates that the concentration of these species in natural 

ground-waters is extremely low («µg 1-1 levels). 

2.4.5 Aqueous Uranium Complexes 

Uranium found in natural ground water systems is found to most efficiently complex with 

hydroxide, carbonate, phosphate, fluoride, chloride and organic ligands. The stability 

constants of the most environmentally important uranium complexes are listed in table 2.7. 

The Eh-pH diagram for uranium complexation in the system U-02-H20, is displayed in figure 

2.6, showing the predominance of the U02 2- ion under slightly acidic groundwater conditions, 

and the large stability field for solid uraninite. 
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Association reaction Log K 
U4+ + Cl- = UC13+ 1.72 
U4+ + F= UF3+ 9.28 
U4+ + H70= UGH3+ + H+ 

-0.65 
U4+ + 4H20=U(OH)40+ 4H+ 

-12.00 
U4+ + S042 = US042+ 

6.58 

U022++ C032 = UO2CO3° 
9.68 

U022++ 2C032 = U02(CO)32 
16.94 

U022++ 3CO32 = U02(CO)34 
21.60 

U02 2+ + H2O = UO2OH+ + H+ 
-5.20 

UO22++ 2H20 = U02(OH)2° + 2H+ 
-12.00 

1 

0.5 

w 

-0.5 

-l" 0 

UO22++ 3H20 = U02(OH)3- + 3H+ 
-19.20 

U022+ + P043- = U02PO413.23 

U022++ S042 = U02SO4° 
3.15 

Table 2.7. Selected association constants for the formation of some uranium complexes. ' 

U02(OH) [A9] 

0022+ 

Ud+ 
U©2(OH)2[A9] 

U02(OH)3 [Aal 

1-- UO2[SOLID] 

UGH3+ Uranfinite 

123456 

pH 

789 10 11 12 

Fig 2.6. The Eh pH diagram for uranium in the system U-O2-HO, with total uranium concentration 
Utot = 1x10-8 M This diagram was reproduced from Ragnarsdottir and Charlet, 2000. 
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The aqueous complexation of uranium with carbonates is of great importance because it is a 

common ligand in groundwater systems and can form strong aqueous complexes with actinide 

species. A typical groundwater has a CO2 pressure of _ 10-2 bar (and rivers 10-3 8 bar). In the 

presence of carbonate, aqueous uranium tends to form carbonate complexes. ' In groundwater, 

the uranium carbonate complexes U02CO3° (pH 3-5), UO2(CO3)22- (pH 5-8) and UO2(CO3)34- 

(pH >8) predominate over uranyl-hydroxide complexes. 7 

The most typical uranyl carbonate solid is the mineral rutherfordine (UO2C03) with an 

orthorombic structure containing linear uranyl molecules. 

In solution, the presence of the various carbonate complexes has a strong dependence on pH 

(figure 2.7). Both uranyl-hydroxides and carbonate complexes have a neutral or negative 

charge in near neutral or alkaline solutions which, in an environmental setting, limits the 

adsorption behaviour of uranyl onto mineral surfaces. Zheng, Tokunaga and Wan66 have 

shown that the presence of calcium carbonate in soils strongly affects U(VI) sorption. 

1 

0.5 

ýo 
w 

-0.5 

U022* 

U4+ 

-1 -ý 0 1234567 
pH 

89 10 11 12 

Fig 2.7. The Eh pH diagram for uranium in the system U-02-CO2-H20, with total uranium 

concentration Utot = 1x10-8 M and PCO2 = 10.2.0 bar. This diagram was reproduced from 

Ragnarsdottir and Charlet. 7 
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Carbonate has also been found to dramatically affect the adsorption of uranium (U(VI)) onto 
iron hydroxides. 67 FTIR spectroscopic measurement of adsorbed U(VI) on iron hydroxides 

suggested that uranium was retained as uranyl carbonate complexes (in the presence of 
carbonate) rather than being adsorbed as a cationic species. 

In soils and sediments, uranyl has also be found to associate with organic matter such as 
fulvic or humic acids. 68-70 Organic matter is typically present in all aquatic systems, and the 

ability of uranium to form uranyl-organic complexes is well documented. "-74 

2.5 Summary 

Uranium under typical environmental conditions (6 < pH < 9) is found to be relatively 
immobile in the U(IV) form, and considerably more mobile and abundant as U(VI). 

U(IV) most commonly exists in insoluble oxide minerals, primarily uraninite (UOZ+,, ), and as 

such, the concentration of dissolved U(IV) species in natural ground-waters is extremely low 

(«µg 1-1 levels). From the perspective of limiting environmental uranium mobility, U(IV) is 

the preferred form of uranium. Unfortunately the U(VI) ion is much more readily dissolved 

and can be four orders of magnitute more abundant in groundwaters than dissolved U(IV). 

This is because the linear uranyl U02 2+ ion is extraordinarily stable in an aqueous 

environment50'5' and as such, the chemistry of U(VI) is nearly exclusively dominated by this 

uranyl ion. 

In investigating the remediation of uranium with iron based media, it is important to consider 

which types of uranium species are likely to be available for reaction in a groundwater 

environment. The literature points toward U(VI) uranyl species as those most likely to be 

present in uranium polluted groundwaters and the reduction of these species to form insoluble 

U(IV) precipitates would be the most preferred form of uranium remediation. 
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CHAPTER 3- Analytical Techniques 

3.1 X-ray Photoelectron Spectroscopy (XPS) 

3.1.1 Overview of XPS 

X-ray photoelectron spectroscopy (XPS), also known as ESCA (electron spectroscopy for 

chemical analysis) is a commonly used surface sensitive chemical analysis technique that 

operates under ultra-high-vacuum. The technique analyses only the outer 1-10 nm of a sample 

and is only slightly less surface specific than secondary ion mass spectrometry (SIMS), which 

is discussed later in this chapter. 

The technique takes advantage of the concept that when soft X-rays irradiate a sample 

surface, electrons will be ejected from valence and core levels of both surface and near 

surface atoms. The kinetic energies of ejected photoelectrons are not only characteristic of the 

atoms from which they are emitted, but can also provide information on the chemical states of 

those atoms. ' 

The major disadvantage of this technique is the relatively large sample area that is analysed, 

due to the inability to focus X-rays. For example, the Thermo VG Scientific ESCAscope used 

in this study employed a dual anode X-ray source which illuminated an area approximately 

10 mm in diameter. 

Innes carried out the first XPS experiments in 1907, although Einstein's explanation of the 

photoelectric effect was not generally accepted at the timet. Robinson and his co-workers 

pioneered the development of XPS up to the 1940s but the technique struggled to compete 

with X-ray absorption and emission due to the poor resolution of their systems. 3 Post World 

War II, XPS was developed further and became commercially available around 1960, after 

Siegbahn and co-workers significantly improved the resolution of XPS detection systemsa, s 
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3.1.2 Basic Principals of XPS 

When soft X-rays (typically Mg-Ka or Al-K(x at 1253.6 and 1486.6 eV respectively) strike a 
surface, electrons will be `knocked out' of valence and core levels electron shells. An electron 
will absorb the total energy of the individual X-ray and, given sufficient energy, will be 
ejected from the atom. Figure 3.1 shows the basic process involved in XPS. 1-s 

Excitation Relaxation 
KLL Auger electron 

"""f 2P3n 
. 
L3 """" 

"0 2R, 2. L, 0 " 
l% f" 2s1n l., 

Inciden 
X-ray Photoelectron 
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Figure 3.1. The two processes occurring from sample irradiation, photoelectron emission and Auger 

emission, resulting from the excited state of irradiated atom. The Auger process occurs 10-14 seconds 

after the emission of a photoelectron. '-5 

It was found that during irradiation, electrons are only emitted from surface atoms when the 

energy of the X-rays is greater than a critical energy known as the surface work function, 

which is the energy required to excite an electron from its valence orbital to the continuum. 
For electrons emitted from lower lying orbitals, the binding energy of the electron also has to 
be overcome, reducing the kinetic energy of the emitted electron further. 

Therefore, the kinetic energy of an ejected electron will be equal to the energy of the incident 

X-rays minus the work function, minus the binding energy of the electron. In XPS, the kinetic 

energy of ejected photoelectrons is measured by an analyser. The recorded kinetic energy is 

translated into a binding energy for the specific atomic orbital of an electron. Since each 

element has a unique set of energy levels, each element also has a unique set of binding 

energies for electrons present in these levels. 
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The binding energy is described in the following equation: 

EB =by - cp -EK 

Where, EB = electron binding energy/eV; 

h= Planck's constant /eV. s; 

u= frequency of incident x-rays /s-'; 

EK = kinetic energy of electron /eV; 

cP = surface work function /eV; 

(1) 

XPS spectra are plotted as the electron binding energy (BE) versus the signal intensity. The 

spectra will usually appear as a collection of narrow photoelectron peaks, 1-2 eV wide, 

superimposed on a background of inelastically scattered electrons. 

A `survey' spectrum typically covers a range between 0-1,000eV and will include the X-ray 

photoelectron lines associated with the chemical elements present on the sample surface. 

For a given element, slight variations in the location of corresponding photoelectron peaks 

result from small shifts in core energy levels, related to the oxidation state and bonding of the 

atoms. These peak variations are typically on the order of 1-5 eV, and can be detected by 

most XPS spectrometers, which have energy resolutions of 0.1-0.2 eV. Typically, 

photoelectron peaks of an element in its ground state will occur at a lower binding energy 

than for its oxides. A relevant example of this is uranium6. 

For any XPS instrument, the work function can be thought of as representing the energy 

required for an electron to reach the detector. Insulating properties of a sample may cause 

surface charging effects, which result in a shift in binding energies, through an increase of the 

surface work function of the material. Charging effects vary between samples, and to 

compensate for this a reference standard is used for charge correction. The adventitious 

hydrocarbon deposited by the vacuum system is often used, and spectra are corrected (shifted) 

to match the adventitious carbon 1s photoelectron peak, situated at 284.8 eV. ' 
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3.1.3 XPS Peak Nomenclature 

XPS photoelectron peaks are named after the core level from which the electron has been 

emitted. For example, an electron from the iron 2p orbital gives an Fe 2p peak (figure 3.2). 

Ionisation of an s orbital leaves only a single energy ionic state, while p, d and f orbitals 

create two states of different energies, which appear in the spectra as two photoelectron peaks 

of different intensities. 
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Figure 3.2. Binding energy photoelectron profiles for (left) uranium oxide (U407) and (right) pyrite 

(FeS2), displaying U 4f and Fe 2p photoelectron peaks respectively. Spectra were taken from standards 

during the course of this study. 

Peak doublets arise from the interaction between the orbital and spin angular momenta, which 

splits the energy level. For the ionisation of an iron 2p electron, the two peaks observed can 

be labelled Fe 2p1/2 and Fe 2p3/2 with the subscripts denoting the possible quantum number (j) 

values for the ion. The theoretical intensity ratio between peak doublets for different orbitals 

are given in table 3.1 (below). 

Orbital No. Symbol Possible j values 
Relative orbital 

populations 

1S -1 /2 1 /2 ----- 

2 p 1/2 3/2 1: 2 

3 d 3/2 5/2 2: 3 

4f 5/, 7/2 3: 4 

Table 3.1. Relative orbital populations for s, p, d and f orbitals. 
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3.1.4 XPS Surface Sensitivity 

The technique analyses only the outer 1-10nm of a sample despite the incident X-rays 

penetrating deep into the sample. This is because emitted photoelectrons lose kinetic energy 
as they travel through the sample, from inelastic collisions. Photoelectrons generated deeper 
in the sample do not have enough energy to escape, while electrons generated in the 

outermost layers of the sample have a short enough escape path to reach the detector with 
kinetic energy to spare. Photoelectrons generated by aluminium or magnesium X-ray sources 

will have initial kinetic energies of up to 1486.6eV or 1253.6eV respectively, which ensures 
that the average depth from which an electron may escape, the `mean free path', is on the 

order of 1- l Onm. Electrons with higher kinetic energies will have a longer mean free path. 

3.1.5 X-ray Sources 

X-rays are produced through the bombardment of a target material with high-energy 

electrons. Core and valence electrons from the target atoms are removed, and the subsequent 

relaxation of a core vacancy results in the emission of an x-ray, whose energy is dependent on 

the difference between energy levels in the target atom. Each target material will emit a range 

of X-rays with discrete energies and different intensities. Both aluminium and magnesium 

sources were used in this study, for which the relevant X-ray (K(X) lines lie at 1486.6eV or 

1253.6eV respectively. Copper and gold sources can also be used. 

At the end of the source a thin aluminium foil sits between the x-ray anode and the sample. 

This foil prevents any high-energy electrons entering the analysis chamber and also reduces 

the effect of sample heating from the radiant source filament. 

3.1.6 Spectrometer Operation 

Although there are a number of different makes and models of XPS system in operation 

throughout the world, they all share a similar set of core components, including an x-ray 

source, vacuum system, energy analyser, electron detector and associated computer system. 

The spectrometer used in this study was a Thermo VG Scientific ESCAscope designed for 

standard spectral acquisition and mapping. A schematic diagram of the system and its 

component parts is displayed in figure 3.3. 
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Figure 3.3 -A schematic diagram of the VG ESCA-scope, showing the electron optics. (after Thermo 

VG ESCAscope product literature) 

In order to operate satisfactorily the spectrometer is kept under ultra-high vacuum conditions, 

to ensure the minimum number of collisions between ejected photoelectrons and residual gas 

atoms in the analysis chamber. Photoelectrons escaping the sample are focused by a series of 

lenses into a hemispherical electron energy analyser. The electrostatic analyser discriminates 

between electrons of different kinetic energy by passing them through an electric field 

established between the two hemispheres. By incrementally varying the field strength, the 

electron energy spectrum can be scanned, and a plot of detected signal versus electron energy 

can be plotted as an XP spectrum. The electron detector used in the VG system employs an 

array of six channeltrons, equally spaced about a central point (used for the imaging detector) 
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to maximise count rates. The energy resolution of the analyser depends on the diameter of the 
hemispheres and the width of the analyser's entrance and exit slits. Larger hemispheres give 
higher resolution but require more pumping, while reduced slit sizes also improve resolution, 
but at the expense of signal strength. It is also accepted that magnesium x-ray sources produce 
inherently narrower photoelectron lines. 8 

3.1.7 Acquisition and Analysis 

XPS can provide both qualitative and quantitative chemical information about a sample 

surface, with sensitivity for element detection in the range of 0.1-0.5% atomic concentration. 

Routine measurements using XPS often involve acquiring a `survey' or wide scan spectrum 

that covers a wide spectral range (0-100eV) at relatively low resolution, in order to determine 

the general composition of a sample. The survey spectrum is then used to select narrow 

energy regions where detailed peaks of interest are present. Narrow energy regions are 

scanned at a much higher resolution by using a lower pass energy and smaller step size. 

Quantification is typically achieved by normalising the relative spectral peak areas using 

sensitivity factors derived from standard materials, illustrated in the equation below: 

IT 
C= 

%%T 

= __ 

If ilr 

f . 
Sf (2) 

Where C is the concentration of x in atom percent, I is the peak intensity (height or area), and 

S is the relative sensitivity factor derived from standard materials. For this study, the 

sensitivity factors used were for the VG Escascope electron optics, as stored in the instrument 

software. Using peak area improves the accuracy of the measurement by compensating for 

different chemical states and the consequent shifts in energy. 

However, before a peak can be used for quantification or fitting, the peaks must be charge 

corrected relative to the adventitious hydrocarbon (Cl s) peak and the background must be 

subtracted from the spectral range around the peak. XP peaks can be thought of as being 

superimposed on an inelastically scattered electron background, which generally increases 

with binding energy. In-house software9 was used to subtract the background from each 
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acquired peak, using either a linear or Shirley'°" background subtraction algorithm. The 

Shirley algorithm assumes that the background is proportional to the integral of all the 

photoelectrons of lower binding energy and that the background consists solely of 
inelastically scattered electrons. A Shirley background has a curved profile, with the largest 

increase in background directly under the centre of the peak. The linear subtraction method is 

far simpler and involves drawing a straight line between two points, either side of the peak of 
interest, chosen to be representative of the background signal, and then subtracting the area 
beneath the line. The Tougaard12 background calculation algorithm is also available, taking 
into account both inelastic and elastic scattering of electrons. 

3.1.7.1 Spectrometer Operating Conditions 

The VG ESCA-scope spectrometer used in this study was operated at a chamber pressure of 

1X 10-8 mbar, using a 300W source, with 15KV anode potential and an emission current of 

26mA. The detection system used a 30 cm 180° hemispherical analyser with a 30 eV pass 

energy set for high resolution scans. Survey spectra were recorded at a 100 eV pass energy, 

from binding energies of 0 to 900 eV (1 eV steps), acquiring between 10 and 20 scans with 

dwell times of 100ms. High-resolution spectra of specific energy regions were acquired over 

20-40 scans in steps of 0.2 eV with dwell times of 100-200 ms. When acquiring data for more 

than a single region, scans were multiplexed to even out sample degradation effects. 

3.1.8 Spectral Artifacts 

Apart from the intended photoelectron peaks, several other features may appear in an XP 

spectrum including auger electron peaks, electron energy loss peaks, phonon peaks, multiplet 

splitting lines, x-ray satellites and ghost lines. In the following sections spectral artefacts 

relevant to this work are discussed. 

3.1.8.1 Electron Energy Loss Peaks 

Shake-up energy loss peaks, also known as satellites, arise when some of the kinetic energy of 

an escaping photoelectron is converted to the binding energy by the promotion of another 
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electron into a higher unoccupied orbital. The amount of energy lost by the photoelectron is 

related to the difference between the two energy levels, and is represented on the spectrum by 

a peak at a higher binding energy, relative to a parent peak. The binding energy difference 

between the satellite and parent peaks is equal to the energy given to the promoted electron. 

Shake-up energy loss peaks, arise when photoelectrons are emitted from excited ionised 

atoms where the kinetic energy of a photoelectron escaping a core level is reduced in response 

to another electron's promotion to a higher, unoccupied orbital. The amount of energy lost by 

the photoelectron is related to the difference between the two orbital levels, and results in a 

satellite peak at a defined higher binding energy, relative to a parent peak. 

Shake-up peaks are typically 5-10% the intensity of their parent peaks and the energy 

difference between the two peaks is equal to the energy given to the promoted electron. 

Figure 3.2 shows the shake-up satellites observed for uranium oxide 4f72 and 4f512 peaks. 

The shake-off process is similar to the shake-up process, thought the energy given to the 

promoted electron is sufficient to allow its escape to the continuum. Shake-off satellites are 

rarely seen in spectra acquired from solid samples, as the large energy losses involved tend to 

only result in an increase in the background tail of the parent peak. 

3.1.8.2 Multiplet Splitting Lines 

The presence of unpaired electrons in the valance orbitals of a core-ionised atom brings about 

multiplet or exchange splitting. The unpaired valence electron will interact with the unpaired 

core electron resulting in the splitting or broadening of the observed photoelectron peaks, 

depending on the strength of the effect. 

This process is most prominent in first row of transition metals, including iron, and is 

strongest when the two interacting shells have the same primary quantum number, e. g. a 3s or 

3p electron interacting with an unpaired 3d electron. 

3.1.9 Peak Fitting 

The oxidation and bonding state of an atom will directly affect the energy levels of its core 

electrons. This is seen as a measurable shift in the binding energy of the associated XP peak, 

which, by comparison with standards, can be used to identify the compound under 

investigation. 
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Often peaks from different elements, or peaks from atoms in different chemical states will 

overlap. Given that the peak to noise level ratio is high it is possible to deconvolute or 

separate the overlapping peaks. Reliable separations can be achieved by using standards to 

provide fitting criteria based on their recorded peak centre, peak spacing, FWHM and shape. 

3.1.10 Sample Degradation 

XPS is generally regarded as a non-destructive analysis technique, compared to techniques 

using high-energy electron or ion beams. However, some sample degradation can occur under 

extended x-ray exposure, resulting in polymerization, isomerisation, decomposition, reduction 

and redox reactions, which is often facilitated by UHV conditions. Metal oxides can often be 

reduced to lower oxides or even to the metal itself, depending on their heats of formation. 

Another problem is that of sputter-induced metal ion reaction. In an attempt to clean or depth 

profile a surface, argon ion sputtering, may cause the reduction of metal oxides to lower 

oxidation states. Brundle13 demonstrated that both Fe304 and Fe203 can be reduced by 

sputtering. 
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3.2 X-ray Diffraction (XRD) 

3.2.1 Overview of XRD 

X-ray diffraction (XRD) is one of the primary techniques used by mineralogists and solid 

state chemists for the fingerprint characterisation of crystalline solids and determination of 
their structure. 

About 95% of all solid materials can be described as crystalline and when X-rays interact 

with a crystalline phase, a diffraction pattern is generated as a result of the interaction 

between the incident X-rays and the atomic architecture of the solid. 

Each crystalline solid has unique atomic architecture and consequently has a unique 

characteristic X-ray powder pattern. These patterns can be used as "fingerprints" for 

identification of solid phases. Once the material has been identified, X-ray crystallography 

may be used to determine its structure, i. e. how the atoms pack together in the crystalline state 

and the size and the shape of the unit cell etc. In this study, powder diffraction has been used 
for three main purposes: 

" To ascertain the purity of mineral samples used for sorption experiments. 

" To identify crystalline phases formed on sample surfaces from sorption and/or 

corrosion experiments. 

" To identify the constituent mineral phases of sediment samples provided by BNFL. 

3.2.2 Principles of X-ray Diffraction 

The diffraction of X-rays by solids results from the interaction of the X-rays with the atoms of 

that material. Incident X-radiation has wavelengths roughly the same as the interatomic 

distances within the solid. 

Solid matter can be described as being either amorphous or crystalline. Amorphous solids e. g. 

glasses, are composed of atoms which have a random arrangement similar to the disorder 

found in liquids. Crystalline solids have a distinct atomic architecture, consisting of atoms 

arranged in regular patterns, which can be regarded as an infinite array of points (atoms) in 

three dimensions. 
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In Amorphous solids the random arrangement of atoms causes incident radiation to be 

randomly scattered within the solid. Combining waves will be out of phase and cancel each 

other in a process known as destructive interference. No diffraction pattern is generated 
because no resultant energy leaves the solid. 

Crystalline solids have a regular atomic arrangement, and X-rays impinging the solid are 

diffracted by parallel planes of high electron density within the crystal lattice. X-rays are 

coherently scattered, undergoing constructive interference in certain lattice directions, 

producing different diffracted X-ray beams. 
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Figure 3.4. An X-ray diffraction beam schematic, showing the incident and scattered X-rays, from a 

pair of atoms in different lattice planes. The relation by which diffraction occurs is known as Bragg's 

law. 

When x-rays interact with atoms in two lattice planes, and the path length difference between 

rays equals a whole multiple of the wavelength of the radiation, constructive interference 

occurs (figure 3.5). Bragg's law describes the conditions for constructive interference in 

certain directions and the production of diffracted scattered x-rays: 

n2 =2dsin9 

Where n=a whole integer, 

X= the wavelength of the X-radiation 

d= the spacing between 2 atom layers 

0= the angle between the incoming X-ray and the atom layer. 
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This is the basic relationship among the spacing between the lattice planes (d-spacing), the 

wavelength and the angle (0) of observation in a diffraction experiment. The angle between 

the incident and diffracted beams is 20 degrees. 

3.2.3 The Diffractometer 

A diffractometer can be used to make a diffraction pattern of any crystalline solid. 
Subsequently, pattern matching software can be used to identify an unknown mineral, or 

characterise the atomic-scale structure of an already identified mineral. 

The powder method is widely used for x-ray diffraction analysis as it avoids the problems of 

mounting and orienting single crystal samples. The angle that the diffracted beam makes with 
the incident beam is determined by Bragg's law (equation 3). 

For a given hkl plane with a spacing of dhk1 the diffracted beam from the powder will lie on a 

cone of semi-vertical angle 20hk1. If there are sufficient numbers of crystallites in the powder 

and they are all randomly aligned then the intensity of the diffracted beam will be consistent 

through the full 3600 of the cone. 

The basic arrangement of the 0: 0 diffractometer used in this study is shown in figure 3.8. The 

mechanical assembly that makes up the sample holder, detector arm and associated gearing is 

referred to as a goniometer. During acquisition, the sample remains stationary in the 

horizontal position, while the X-ray tube and the detector both move simultaneously over the 

angular range 0, with the X-ray focal spot maintained on the sample. 

The incident X-ray radiation most commonly used is that emitted by copper, whose 

characteristic wavelength for the K-a radiation is =1.5418Ä. The source emits radiation in all 

directions, but in order to enhance the focusing it is necessary to limit the divergence in the 

direction along the line focus. This is achieved by passing the incident beam through a soller 

slit, which contains a set of closely spaced thin metal plates. 

The detector may be a Geiger-Muller tube or a scintillation counter consisting of a gallium 

doped sodium iodide crystal that fluoresces light when hit by x-rays; a photomultiplier tube 

converts the light into an electronic signal, which is amplified and displayed. In normal use, 

the counter is set to scan over a range of 20 values at a constant angular velocity. 

In this study a 20 range of 5 to 90 degrees was sufficient to cover the most useful part of the 

powder pattern for any given sample. A Phillips Xpert Pro diffractometer with a Cu Ka 

source was used in this study. A generator voltage of 40KV and tube current of 30mA were 
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used for all acquisitions. Scans typically used a step size of 0.04 degrees, with a dwell of 2s 

per step, taking between 90 to 120 minutes to acquire, depending on the scan range. 

The analysis depth of XRD depends on the angle that the surface makes with the incident and 
diffracted X-ray beam. For a diffractometer these angle are kept the same, so the analysed 
depth of a sample is related to the incident angle ( of the x-rays by xa sine. For samples 
impacted by Cu Ka radiation the maximum analysed depth is approximately 4µm. 

3.2.4 Samples for XRD 

Proper sample preparation is one of the most important requirements in the analysis of 

powder samples by X-ray diffraction (XRD). An ideal sample for XRD analysis is 

homogeneous with randomly distributed crystallites. Unfortunately, soils are heterogeneous 

mixtures of mineral phases, spanning a large range of particle sizes from centimetres to 

microns. Soils and clays typically contain finely divided colloids, which are poor reflectors of 

X-rays, as well as other types of materials, such as iron oxide coatings and organic which 

make XRD analysis more challenging. 

Suitable preparation 14'15 of soil samples in this study, involved a number of preparation steps 

to obtain desirable particle size, orientation, thickness, etc. 

i) Drying - Soils and clays were dried before they are ground and separated into various 

particle sizes. 

ii) Grinding - Obviously, fine-grained soil samples typically achieve good signal-to 

noise ratios, compared to their coarse-grained counterparts. Fine grain size also 

ensures enough particles participating in the diffraction process. The recommended 

size range is around 1-5µm16'17, especially if quantification of various phases is 

desired. For routine qualitative evaluation of mineral components, the samples were 

ground to pass through a 75µm mesh sieve. 

iii) Size separation - The soil samples were fractionated to one of four size ranges to 

elucidate and quantify specific mineral species present. Each size fraction was 

obtained by wet or dry sieving through a standard set of sieves. 

iv) Pre-treatments - Ground soil and clay samples may require certain pre-treatments to 

remove undesirable coatings and cements prior to XRD analysis. In this study 

washing with deionised water was the only pre-treatment adopted. 
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Grain classification Grain size 
Coarse Sand 

Medium Sand 

Fine Sand 

Very Fine Sand 

Silt 

Clay 

0.6-2mm 

0.2 5-0.5 mm 

0.2 - 0.6 mm 

0.0 6-0.2 mm 

0.002 - 0.06mm 

<0.002 mm 

(600 - 2000 µm) 

(250 - 500 µm) 

(200 - 600 µm) 

(60 - 200 µm) 

(2-650µm) 

(<2 Nm) 

Table 3.2. British standard grain size classifications. 18 

After suitable preparation, the samples used for X-ray diffraction studies had to be flat and 

mounted in a way that minimised the contribution from the backing material. 
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3.3 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

3.3.1 Introduction to ICP-MS 

ICP-MS is a form of chemical analysis based on the principles of vaporisation, dissociation, 

and ionisation of chemical elements when introduced into high temperature argon plasma. 
Ions can then be separated according to their mass/charge ratios using a mass spectrometer 
(typically a quadrupole analyser), and detected, multiplied and counted using fast digital 

electronics' 9 

ICP-MS is most commonly used to determine trace elements in aqueous solutions, and serves 

a wide range of applications, including environmental, geochemical, semiconductor, clinical, 

nuclear, chemical, and metallurgical. The technique is best used for detection of elements 

with masses greater than 80, and is well suited for the determination of rare earth elements 
(REE), radionuclides and toxic heavy metals20. 

Even though ICP-MS can broadly determine the same suite of elements as other atomic 

spectroscopic techniques e. g. flame atomic absorption (FAA), and inductively coupled plasma 

optical emission spectrometry (ICP-OES), it has clear advantages in its speed of analysis, 

detection limits, multi-element characteristics and isotopic capabilities. Resultantly, it is one 

of the fastest growing trace element analysis techniques available. 

3.3.2 Spectrometer Profile 

A VG Elemental PlasmaQuad 2, ICP-MS system was used to perform the solution analyses 

conducted in this study. The VG PlasmaQuad 2 is a second generation ICP system with a 

quadrupole mass spectrometer. System detection limits are generally sub ppb in solution, 

equivalent to sub ppm levels in rocks, taking into account dilution factors. 

3.3.3 Principles of Operation 

Numerous designs of spectrometer exist, each with its own strengths and limitations. 

Typically the most significant design difference between systems is the type or design of mass 
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spectrometer. However, all ICP-MS systems share a common set of components to facilitate 

three main processes, including: 

i) Sample introduction and aerosol generation, 

ii) Ionisation by an argon plasma source, 

iii) Mass discrimination, and detection. 

Figure 3.9 displays the typical layout of an ICP-MS system, with common component parts 
including the nebuliser, spray chamber, plasma torch, mass spectrometer and plasma- 

spectrometer interface. 

Plasma gas 
Auxiliary Tc 
gas `, 

- 

Carer,, -' 

gas 
t 

Sample 

Plasma 

'rch 

Nebuliser Ion lens 

Quadrupole 

Fig. 3.6. The typical layout of an ICP-MS system. 21 

3.3.4 Sample Introduction 

Detector 

0 

The mechanism of introducing a liquid sample into the ICP can be considered as a two-stage 

process. The first stage is aerosol generation, using a nebuliser to aspirate the sample with 
high velocity argon gas (- 1 Umin), smashing the liquid into tiny droplets and forming a fine 

mist. The second stage is droplet separation, using a spray chamber to remove larger droplets 

from the aerosol". This separation process is necessary to ensure that all droplets reaching the 

plasma torch are small enough to be vaporized. `3 Typically, only 1-2% of the original sample 

passes through the spray chamber24 to the plasma torch. Both processes have been thoroughly 

investigated and refined'' 

ICP-MS spectrometers can accept solid as well as liquid samples, where solid samples are 

introduced into the ICP by way of a laser ablation system. 
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3.3.5 Sample Ionisation 

Once the sample passes through the nebuliser and is partially desolvated, the aerosol passes 
into the torch body where it is mixed with more argon gas. A coupling coil is used to transmit 

radio frequency to the heated argon gas, producing an argon plasma "flame" located at the 

torch22. Operating at temperatures of 7,000-10,000 K, the intense heat of the inductively- 

coupled plasma causes the dissociation and atomisation of the sample aerosol followed by 

ionisation and excitement of the component elements (figure 3.10). The resulting ions are 

then passed through a series of apertures (cones) into the high vacuum analyser. 

Plasma 
Plasma torch 
discharge 

Nebuliser 

s! 

-40M 
Argon 

gas 

Peristaltic 
pump -+ 

Sample 
aerosol 

Spray 
chamber 

Tubing 
40-1 

Sample solution 

Figure 3.7. A schematic representation of the ICP system, including the nebuliser, spray chamber and 

plasma torch. The mass analyser and associated interface are not represented in this diagram. This 

diagram was specially prepared for presentation in this thesis. 

3.3.6 The Plasma-Mass Spectrometer Interface 

Because atomisation/ionisation occurs at atmospheric pressure, while the mass analyser 

operates at a pressure of 1x 10-' mbar, the interface between the ICP and MS components is 

crucial in creating a vacuum environment for the MS system. A special set of metal cones and 

ion-focusing elements are used to extract the charged atoms from the plasma (figure 3.11). 

Sample injector Drain 

1. 

1. 
1" 

1 
i 
1. 
1" 
1, 
1 
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The tongue of the plasma is played across the tip of a water-cooled nickel sampler cone. At 

the tip of the sampler cone is a small hole, approximately 1mm in diameter, which opens into 

the mass spectrometer. Ions flow through the small opening into an expansion chamber, 

which is evacuated to a pressure of -1-1.5 mbar22. The jet of gases passing through the hole 

exceeds the speed of sound and creates a conical shockwave, which terminates at a Mach disk 

as the gases slow down. 

The distance from the sampler cone to the Mach disk is proportional to the ratio of the 

pressure in the expansion chamber and the atmospheric pressure in the plasma. The expansion 

chamber terminates with another cone known as the skimmer cone. The cone is tipped by a 

small hole, and is situated at a distance that locates it inside the gas shockwave. 

Ion Beam Electrical Lens 

C("' 

Mass 
Analyser 

ý ýG 

6.5mm 

01 

r 
1 

Tesla Coils 

Torch 

Cooling 
System 

Photon Stop Skimmer Extraction T= 8000K 
Cone Cone T= 280K 

Figure 3.8. A schematic representation of the ICP-MS interface system. The extraction cone aperture is 

0.9-1.2mm in diameter while the aperture at the tip of the skimmer cone is 0.4 mm in diameter. This 

diagram was specially prepared for presentation in this thesis. 

The mass spectrometer is situated behind the skimmer. The ions that successfully pass the 

skimmer cone are then accelerated by a high voltage potential gradient and passed through a 

series of focus lenses on into the mass analyser. The entire mass spectrometer must be kept in 

a vacuum so that the ions are free to move without collisions with air molecules. A pumping 

system is needed to continuously pull a vacuum inside the spectrometer. Typically several 

pumps are used to gradually reduce pressure to _10-5 mbar before the ion stream reaches the 

spectrometer. 
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3.3.7 The Mass Spectrometer 

The principle of mass spectrometry is the separation and counting of ions on the basis of their 

mass/charge ratio. ICP applications commonly use a quadrupole mass spectrometer, largely 

because the relatively short flight path of ions within the quadrupole allows the instrument to 

operate at pressures below 10-6 torr, thereby reducing pumping requirements. The quadrupole 

mass analyser on the PlasmaQuad 2 system consists of four cylindrical rods onto which is 

applied both RF and DC electric fields. The four rods are arranged such that they form two 

pairs, one in the X plane and one in the Y. 

In the quadrupole, the mass analyser is created by connecting the two pairs of rods in such a 

way that the X plane acts as a low mass filter and the Y plane acts as a high mass filter. By 

carefully matching the two fields, only ions of a particular mass are able to resonate at the 

correct frequency to allow them to pass through the quadrupole at any point in time. In this 

way specific elements can sequentially be detected, multiplied and counted. 

Quadrupole scan rates are typically of the order of 2500 atomic mass units (amu) per second - 

in practice, 25 elements can be determined with good precision in 30 - 60 seconds. On the 

other hand, quadrupole technology can only separate masses that are approximately 1 amu 

apart. If there is a severe spectral interference very close to the analyte mass, the resolution 

will not be sufficient to resolve the interference away. 

From ion 
source Negative 

Resonant ion 

Non-resonant ion 

Fig 3.9. A schematic representation of a quadrupole mass analyser. 

This diagram was specially prepared for presentation in this thesis. 
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3.3.8 Instrument Calibration and Sample Preparation 

Since the response of the mass spectrometer in counts per second is directly proportional to 

the concentration of a given element in a sample, it is relatively easy to calibrate an ICP-MS 

system using a series of external standards of differing concentrations. Any sample entered 
into the mass spectrometer under exactly the same conditions will return a count rate which 

can be fitted directly to the calibration graph so that a direct reading of concentration for each 

calibrated element can easily be calculated. 

A set of external uranium calibration standards was prepared for each experiment. The series 

of `standard' solutions was designed to cover a range of concentrations, which completely 
bracketed the possible concentration of uranium in the sample. A typical U calibration set 

contained solutions of 20,40,60,80 and 100 ppb U respectively. 

A 10 ppb Bi spike was added to all the samples and standards to act as an internal standard. 

Any variation in the intensity of the Bi signal could be corrected to the known concentration. 

By applying the same correction to the uranium signal, the correct concentration could easily 

be calculated and effects of instrument drift negated. Quality control samples of known 

elemental concentrations were also run as part of the sample set in order to gauge instrument 

accuracy. The use of quality control samples and internal standards allowed the accuracy of 

each analysis to be monitored. 

Aqueous samples were prepared by both sequential extraction, and dissolution. Using a 1% 

HNO3 acid matrix, sample dilutions were made, such that elemental concentrations of 

uranium were no more than 100ppb. Care was taken to ensure that samples contained no more 

than 0.2% total dissolved solids (TDS), in order to prevent saturation of the detector and limit 

the accumulation of solids at the tip of the interface cones. 

A 1Om1 volume of each sample solution was separated into a test tube and loaded (in 

sequence) into a rack suitable for auto-sampling. Care was also taken to ensure that the acidity 

of all the sample solutions matched the acidity and background matrix of the calibration 

standards. Blank `wash' solutions were also prepared as part of the analysis sequence, and 

would be run for 2-3minutes before and after each sample to remove any memory effects. 

Elemental determinations by ICP were reported in ppm (parts per million) or ppb (parts per 

billion). The dilution factors for the samples were applied to the data and the `true' sample 

values reported in ppm. The accuracy of each run stayed within 0.1 ppm and no interference 

effects were observed for the U or Bi intensities recorded. 
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3.4 Scanning Electron Microscopy and EDX Analysis 

3.4.1 Introduction to Electron Microscopy 

Electron microscopes were developed in the 1930s to overcome the limitations of optical 

microscopy and provide increased magnification and resolution, far superior to optical 

systems. In theory, an imaging source should be able to resolve an object the size of half the 

wavelength of the imaging energy. Considering electrons have a much smaller wavelength 

than visible light, the potential for an instrument with a much higher resolution existed. 
Optical microscopy is further limited by is its rather poor depth of field. The main parameter 

effecting depth of field is the aperture angle and the problem with optical microscopy is that a 
high power objective lens has a short focal length, increasing the aperture angle and 

decreasing the depth of field. This problem does not exist in scanning electron microscopes 

(SEM) because they have very shallow aperture angles due to their long working distances 

and small aperture openings, providing good depth of field. 

However, electrons have some limitations of their own. First of all, electrons cannot be seen 

and secondly, electrons will not freely travel through air because constituent molecules will 

easily absorb an electron beam. Therefore, the electron source, lenses and sample must all be 

kept under vacuum. Another limitation is that since electrons are electrically charged the 

sample typically needs to be conductive enough to dissipate this charge. 

The Scanning Electron Microscope was developed 26'27'28 around 1940, and harnessed new 

technology capable of rastering or `scanning' an electron beam across the surface of a sample. 

Subsequently, scanning electron microscopy was commercialised in 196529 and although 

manufacturers continued to refine the technology employed in the SEM system, the 

fundamental design of the instrument remained unchanged for twenty years after its 

commercialisation. For a detailed history of the SEM's development see Goldstein 30 
. 

Subsequently, driven by the desire to overcome the limited range of specimens that could be 

analysed due to sample charging, the `environmental' SEM (ESEM) and later the low vacuum 

modification of the conventional SEM (LV-CSEM) were developed. Regardless of these 

more recent developments, the fundamental components of any electron microscope system 

are the same. 
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3.4.2 Electron Interactions with a Target 

In typical operation of the scanning electron microscope (SEM), a focused beam of electrons 
is scanned across a sample surface. On reaching the target, the electrons do not simply reflect 
off the sample surface, but they interact with it6'31 producing emissions of secondary, 
backscattered and Auger electrons, X-rays and visible light (figure 3.10). 

Backscattered 
Electrons 

Secondary 
Electrons 

Characteristic 
X-rays 

Auger 
Electrons 

SAMPLE 

Visible 
light 

Figure 3.10. Interactions of electrons with a sample surface. 31 

i) Secondary Electrons: The incident electron beam is composed of highly energised 

electrons. If one of these electrons collides with an electron in a sample atom, it will 

knock the electron out of its orbital shell and the atom will become ionised. Because the 

incident electron loses little energy during each collision, multiple collisions are possible, 

continuing until the incident electron no longer has the energy to dislodge secondary 

electrons. Each freed secondary electron has a very small kinetic energy (<50eV) and if 

generated close enough to the sample surface (<10 nm), can escape to be collected by the 

detector. As a direct result, secondary electron imaging is closely related to sample 

topography. 

ii) Backscattered Electrons: If an incident electron collides with the nucleus of surface 

atom, the electron will bounce or scatter "backward" out of the sample as a backscattered 

electron (BSE). These electrons have high energies, typically between 50eV and that of 

the original incident electron. The production of backscattered electrons vanes directly 

with atomic number. A sample with a higher density will create more backscattered 

electrons, and thus backscattered electron images can be used to discern differences in 

sample atomic number. 
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iii) Auger Electrons: As a result of secondary electron generation, a vacancy is left in an 
ionised atom's electron shell. To fill this vacancy, an electron from a higher energy outer 
shell (from the same atom) can drop down to fill the vacancy. This creates an energy 
surplus in the atom that can be corrected by emitting an outer electron, an Auger electron. 
Auger electrons have a characteristic energy unique to the element from which they're 

emitted and can be used to give compositional information about the target sample. Auger 

electrons have a relatively low kinetic energy and are only emitted from shallow sample 
depths (<3 nm). 

iv) Characteristic X-rays: X-rays are also produced by interactions of the incident electron 
beam with a sample surface. Similar to the Auger electron generating process, the excess 

energy produced by reshuffling electrons to fill shell vacancies can also be emitted in the 
form of an x-ray rather than an Auger electron. X-rays may also be formed by the de- 

excitation of an excited atom as it returns to its ground state. X-rays have a characteristic 

energy unique to the element from which they originate and so provide compositional 
information about a sample. 

Secondary electron imaging and X-ray analysis were the primary functions used for sample 

characterisation in this study. 

3.4.3 Microscope Operation 

An SEM consists of three distinct parts: an electron column; a detection system; and a 

viewing system. To understanding how an SEM works, it is necessary to understand how the 

electron beam is generated and directed by the electron column. The components of the 

electron column are shown in figure 3.11, and include the electron gun, anode, alignment 

coils, lenses, aperture and scan coils. 

Most SEMs have what is called a hot cathode source, usually a tungsten filament or LaB6 

(lanthanum hexaboride) crystal similar to that in an incandescent light bulb. The filament is 

heated by passing current through it, and emits heat and light, but also forms an electron cloud 

around the filament. The filament has a high negative potential, typically between 10 and 

20kV. Without disruption, electrons remain in the cloud and are reabsorbed into the filament 

when the current is removed. 
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Figure 3.11. A scanning electron microscope (SEM) column (left) and the electron gun assembly 
(right), showing the Wehnelt electrode. 28 

A negative potential ('500 V) is applied to the Wehnelt Cap that surrounds the filament to 

confine the electrons into a zone along the optic axis. An area of high electron density, 

referred to as the space charge occurs in the space between the filament tip and Wehnelt 

electrode. When a positive electrical potential is applied to the anode plate, the electron cloud 

is attracted to the anode plate strongly enough that they will travel through a small (<1 mm) 

hole in the Wehnelt Cap (cathode) to the anode. The anode plate has a small hole in it and a 

fraction of the electrons produced travel through the hole and accelerate down into column 

and towards the lenses. The gun configuration ensures that electrons striking the sample have 

similar energies and are emitted from a nearly perfect point source. 

Upon entering the electron column, the alignment coils direct the beam down the centre of the 

column to the lenses. The condenser lens is an electromagnetic lens used to determine the spot 

size and intensity (current) of the beam. Very simply, as the current passing through the 

windings of an electromagnetic lens increases, then the electron beam flowing through it will 
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have a smaller diameter and beam current. A typical beam diameter on the order of 0.2-0.5µm 

is produced. The objective lens at the base of the column is used to focus the beam by 

controlling the movement of the probe crossover along the optic axis of the column. To help 

generate an image, a set of scan coils raster or `scan' the beam across an area of the sample. 
The intensity of the electron emission signal is recorded an displayed on a monitor, such that 

rastering of the electron beam and CRT spot are synchronised. The degree of image resolution 
is affected by the ability of the electron source to produce a monochromatic beam and the 

ability of the electron optics to focus that beam to a spot. 

3.4.4 Secondary Electron Detection 

The most common type of detector found in almost all SEMs is the Thornley-Everhart 

detector, named after its inventors32 in 1960. The detector is used to collect both secondary 

and backscattered electrons by applying a positive bias (-'200-300 V) to attract the low energy 

secondary electrons whilst having little effect on the high energy backscattered electrons. 
Having entered the detector through a collector grid the secondary electrons are immediately 

accelerated by a higher voltage field (10-12 kV) towards a scintillator, which converts the 

electron signal to light. The resultant signal is amplified and passed to an imaging system. 

Because the Everhart-Thornley detector uses exposed high voltage elements it can only be 

used in a high vacuum environment. The presence of gas would cause arcing that might 

subsequently damage the detector, explaining the use of alternative detectors in ESEM 

systems. 

3.4.5 Energy Dispersive (ED) X-Ray Analysis 

X-rays generated from beam: sample interactions have characteristic energies unique to the 

element from which they originated. The atoms of most elements have multiple energy shells 

and thus can emit characteristic X-rays of several different energies. 

The energy dispersive spectrometer works in a similar way to a BSE detector. Essentially, an 

X-ray photon hits a diode in the detector producing a charge that is converted into a positive 

voltage pulse via a field effect transistor (FET). The pulse is subsequently converted by an 

analogue to digital converter (ADC), into a numerical value relative to the X-ray's incoming 

energy. The signal is then assigned to a particular energy channel and registered as a single 
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count. The complicated nature of the pulse process means that during acquisition there are 
periods of dead time within the system, which are measured as a proportion of the overall 
acquisition time. 

Counts are compiled to produce an energy dispersive spectrum. The various emission lines 

associated with X-rays emitted from an atom are named after the shell of the initial vacancy, 
i. e. K, L, M etc. A Greek letter subscript is used to indicate the shell of the electron that fills 

the gap. For example, Ka radiation refers to radiation resulting from a vacancy in the K shell 
being filled by an electron from the next highest shell. Kß denotes a K-shell vacancy filled by 

an electron from two shells above. There are some basic rules that apply for the order and 
energy of the X-rays: 

i) For a given element, the lower line series has a higher energy, i. e. the 

energies of the K lines are greater than those of the L lines. 

ii) Within a line series, the higher atomic number elements emit higher energy 
X-rays. i. e. the oxygen K lines are higher in energy than carbon K lines. 

iii) The lower line series have simpler structures than the high line series, i. e. the 

K lines are simple, whilst the L and M lines get more complex and 

overlapping starts to occur. 

ED spectra can be acquired over short time-periods and be displayed almost simultaneously, 

providing a near instant visual representation of the chemical analysis. Qualitative analysis 
determines what elements are present in a sample by identification of the peaks in the 

spectrum, whilst quantitative analysis is used to derive the relative abundance of the elements 

from their corresponding peak intensities, either compared to other elements present in the 

spectrum or to standards. The X-ray continuum is an inherent background signal 

(Bremsstrahlung) that contributes significantly to the total X-ray spectrum. The background 

signal has to be taken into account by measuring the background on either side of a peak. For 

trace element detection, the low signal of the characteristic X-rays gives a poor signal to noise 

ratio. 

The depth at which X-rays are generated means that ED analysis is often poorly suited for 

determining the composition of thin coatings on the surface of a sample. For the purposes of 

this study, ED spot analysis was used mainly to determine the bulk composition of the sample 

materials. 
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3.4.6 X-Ray Elemental Mapping 

An ED spectrum can be used to identify the elemental constituents of the sample under the 

electron beam. Subsequently, elemental mapping can be conducted by counting only the 

defined energy channels for the primary emission line (peak) of a given element. It is possible 

to generate grey-scale maps for each required element where the signal received at any point 

is represented by the brightness of the dot. Mapping typically requires longer acquisition 

times than spot analysis. 

An important concept to understand is that scanning electron microscopy is not a surface 

analytical technique. The beam electrons penetrate some distance into the sample and interact 

with large volumes of sample atoms. Secondary electrons and Auger electrons originate from 

the near-surface region whilst characteristic X-rays, backscattered electrons and elastically 

scattered electrons originate from greater depths. The volume from which the signal 

originates is known as the Specimen Interaction Volume (figure 3.12). 

Backscattered Secondary 
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Low Energy 
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Heat (50pm) 

Cathodoluminescence/light (10pm) 

Figure 3.12. Bulbs of interactions of electrons with a sample surface. Bulb dimensions are 

approximately those over which secondary effects can be detected from outside the sample, but are 

dependent on sample density, beam energy and beam diameter. 30 

Generated X-rays typically emerge from deeper within the sample (2-6µm) and have a larger 

volume of interaction, which means that X-ray maps have poorer spatial resolution than 
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secondary electron images and it was often more useful to perform spot analysis than 
mapping. Mapping using other techniques e. g. SIMS, provided much greater resolution. 

3.4.7 Environmental Scanning Electron Microscopy 

The Environmental SEM was developed to overcome sample restrictions33 associated with 
standard SEM systems. ESEM systems typically have the following three modes of operation: 

i) High vacuum; Similar to a standard SEM system and used for the analysis of dry, 

electrically conductive samples. 

ii) Low vacuum; Vacuum conditions up to 2.5 mbar gas pressure, and used for analysis 

of dry, electrically insulating samples. 

iii) Wet mode; Vacuum conditions between 6-14 mbar gas pressure, used for moist or 
liquid samples, such as gels, emulsions and biological samples34 

Two innovations made the development of the ESEM possible - differential pumping of the 

column and development of a gaseous secondary electron detector (GSED). These 

modifications permit analysis of samples that are wet, oily, dirty, non-conductive and volatile. 
Because silicate minerals are frequently non-conducting, the ESEM proved invaluable for 

analysis of sediment samples in this project. 

An FEI Electroscan 2020 Environmental SEM was used in this study for the analysis of 

sediments. The instrument comprises a tungsten filament, a gaseous secondary electron 

detector, PGT EDX analysis system and backscatter electron detector. The instrument was 

capable of magnifications between 50x and 600,000x and a resolution of 5nm using the 

environmental secondary electron detector and a chamber pressure of l OTorr. 
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3.5 Ion Beam Analysis Methods (FIB and SIMS) 

3.5.1 Introduction to Ion Beam Techniques 

Ion beam analysis techniques are similar in principle to electron microscopy. They are based 

on the interactions, at both the atomic and the nuclear level, between a beam of accelerated 

charged particles and the surface of a bombarded sample material. Similar to a sample hit by 

an electron beam, secondary particles are emitted, detected and analysed. The secondary 

species are not only limited to electrons, light and X-rays, but also include the emission of 

neutral particles and ions (both monoatomic and polyatomic). This effect, known as 

sputtering, is destructive to the sample surface. 

The ion beam is generated by liquid metal ion source (LMIS), which is typically composed of 

caesium or gallium. The small focussed beam generated, endows ion beam techniques with 
both high lateral resolution and high current density that can be used for sample analysis and 

surface manipulation (table 3.3). 

Operation type Applications 

Sample Analysis Imaging 
Ion mapping 
Depth profiling 

Sample Manipulation 
Etching 
Sectioning 
Ion implantation 
Material deposition (by gas assisted methods) 

Table 3.3. Applications of ion beam methods. 

The versatility of ion beam techniques has lead to their wide usage in a variety of industrial 

and research applications35. Both a secondary ion mass spectrometer (SIMS) and a focused 

ion beam (FIB) workstation were used in this work. 
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3.5.2 The Focused Ion Beam (FIB) 

Focused ion beam systems were developed in the late 1970s and early 1980s, pioneered by 

Seliger et al. 36 In the late 1980s the first commercial system was developed. 37'38 Instruments 

subsequently refined and improved and due to its versatility and accurate milling ability the 

technique was soon adopted into the product cycle of semiconductor manufacture. The early 
history and development of the FIB can be found documented in Prewett and Mair39 and 

Orloff. 4° 

The FIB system used in this work was a FEI FIB Strata 201. The resolution of the system is 

dependent on the operating conditions of the system. For example, at 30kV, the resolution is 

500nm for an operating current above 11 nA and at least 5-7nm for a current of 1 pA. 

Secondary electrons released from ion beam sputtering are detected by a channeltron electron 

multiplier. As the etch rate of the surface is proportional to beam current, a low beam current 

was usually chosen to minimise etching during imaging. 

actor Cap Beam defining 
aperture 

Beam acceptance I Quadrupole 
aperture i 

Gallium 
LMIS 

Lens 1 

Blanking Lens 2 
aperture 

Beam Deflection 
blanking octopole 
plates 
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Figure 3.13. A FIB column schematic, taken from the FEI FIB Strata 201 documentation. The beam 

current is controlled by the beam-defining aperture, while lens 1 serves to collimate the beam. 

Astigmatism effects can be compensated for as the beam passes through the quadrupole. After the 

blanking arrangement, the beam enters the deflection octopole, which rasters the beam, to be finally 

focused by lens 2 before reaching the sample. 
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When imaging with a FIB, the image contrast is affected by numerous mechanisms that act 
simultaneously. The mechanisms can be grouped into one of four categories described in 
Table 3.4 (below). For a more detailed discussion of the use of different contrast mechanisms 
see Prewett and Mair (1991)39 

Contrast Mechanism Description 

Crystallographic (channelling) 
Contrast Arising from the channelling of ions through the 

lattice planes of a specimen. Depth of ion 
penetration varies upon the atomic architecture 
of the material. The effect is exhibited in both 
secondary electron and ion images. 

Voltage Contrast Arising from charging differences between 
material components in a sample. Similar to 
SEM imaging, some materials will be more 
insulting than others. 

Material Contrast Arising from differences in the sputtering rate of 
materials as a function of chemistry. The effect 
is most apparent in secondary ion images, where 
it is often the dominating contrast effect. 

Topographical Contrast Arising from differences in signal (ion and 
secondary electron) as a result of the angle of 
incidence of the beam relative to the sample 
surface normal, as the local topography of the 
sample varies. 
This contrast is analogous to the topographical 
contrast observed in scanning electron 
microscopy or by directed light. 

Table 3.4. Descriptions of the contrast mechanisms for ion beam imaging. 

Similar to electron microscope systems, the ion beam system operates under vacuum 

conditions, at an operating pressure of 10-5 - 10-6 Torr, with the ion column requiring a 

vacuum of 10-8 Torr. 
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3.5.2.1 Ion Beam Milling 

In this study, the FIB was used to sputter cross sections through various samples in order to 

provide quality high resolution imaging of constituent surface deposits. The sputtering effect 

can also be used to mill holes and patterns into materials, because it is possible to mill to a 
high degree of accuracy, and produce films much thinner than 1µm, suitable for TEM 

analysis. 

Sample sectioning proceeded in a number of stages (figure 3.14). First, in order to protect the 

top surface of the sample during ion milling, a platinum strap was deposited prior to the 

sectioning using a built-in gas deposition facility. Second, a large ion current was used to 

remove a staircase-shaped trench 20µm wide, with the surface of the sample normal to the 

beam. Subsequently, a finer beam of lower current was then used to `polish' the larger 

vertical face of the trench by scanning the beam in a line to remove further material. Finally 

the sample was tilted to 45° and the polished face was imaged using a low current ion beam to 

obtain high-resolution electron images. The thickness of any surface layers was measured and 

recorded using the FEI software. 

FIB sections were commonly transferred to an SEM or SIMS system in order to produce 

element maps of the `polished' section faces. 

a) 

Figure 3.14. Secondary electron images of the FIB milling process, showing: (a) Deposition of a 

platinum strap on the sample surface prior to FIB milling. (b) Resultant etch pit and polished section 

face after FIB milling. 
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3.5.3 Secondary Ion Mass Spectrometry (SIMS) 

3.5.3.1 SIMS Overview 

Secondary ion mass spectrometry (SIMS) is a method of chemical analysis based on the 

emission of secondary ions from surfaces impacted by a beam of high-energy (5-25 keV) 

primary ions41. Secondary ions are separated on the basis of mass-to-charge (m/z) ratio by a 

mass spectrometer, and virtually all elements of the periodic table can be detected, including 

hydrogen. Secondary ions reaching the mass analyser are generated from the outermost 

surface layers of a sample (typically <1nm), making SIMS an extremely useful and sensitive 

technique for the analysis of surface species 

Fundamental work on ion bombardment effects between 191042 and 193 043 formed the 

scientific basis for the early SIMS instruments. 44. The first commercially available machine 

was built in 196345, to analyse extra-terrestrial material obtained by the NASA space 

programme. Subsequently, instrument development progressed in two directions, with the 

strongest developmental push towards enhancing the imaging capability of the technique. 

This line of development produced the ion microscope (1962)46, later to become known as 

"imaging" SIMS, capable of providing sub-micrometer spatial imaging and high mass 

resolution. Conversely, the ion microprobe (1967)47 was developed as a specialised tool for 

chemical analysis with high mass resolution capability. 

SIMS analysis can be thought of as being either, `static' and `dynamic'. Both the ion 

microscope and the ion microprobe fall into the category of dynamic SIMS, which uses a high 

ion current density to erode successive atomic layers at a relatively fast rate. Typically a dose 

greater than 1013 ions/cm2 is used, producing a sputter rate significant enough for ion mapping 

and depth profiling. 

Secondary particles emitted from a sample in response to ion beam bombardment are 

generated by a number of different processes, illustrated in figure 3.19. Particles generated by 

ion sputtering include neutral atoms, excited atoms, positively or negative charged ions. 

clusters of atoms or molecular fragments (figure 3.15). The vast majority of sputtered 

particles are neutral (>99%) and of all the other secondary species only a small proportion 

will be ionised and, consequentl, y analysed. 
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Figure 3.15. Generation of secondary particles by ion beam sputtering. 
This diagram was specially prepared for presentation in this thesis. 

3.5.3.2 Quantification 

It is difficult to accurately relate the number of detected ions to the actual elemental/molecular 

concentration within the sample, due to the various factors affecting ion yield. Semi- 

quantitative analysis is possible by comparing the ratios of different ions within a similar 

sample matrix. To provide meaningful analysis it is imperative that all analysis variables 

(beam energy, beam density, vacuum conditions, sample topography and matrix) be kept as 

constant as possible. 

3.5.3.3 Magnetic Sector SIMS Instrumentation 

The main components of any SIMS system are the primary ion beam, a lens extraction system 

and a mass spectrometer all housed in a vacuum environment, and connected to a data 

acquisition system. The mass spectrometer used in the system can be one of a number of 

available types, including magnetic sector, quadrupole and time of flight mass spectrometers 
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The SIMS instrument used in this work was constructed at the University of Bristol and 
comprises a focused gallium ion gun (FEI electronically-variable aperture type) attached to a 
Vacuum Generators model 7035 double-focusing magnetic sector mass analyser (figure 3.16). 
A Thornley-Everhart electron detector is used for the acquisition of secondary electron 
images of the sample, at spatial resolutions determined by the primary ion beam diameter, 

typically between 100nm and 1 µm. 

Sample Secondary Gallium 
entry electron ion gun 
probe detector 

", 4, 
t 

-. 

/.. 

q 

Entry chamber 

Electrostatic 

Manipulator arm sector 

Sample Electron gun 
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Ion detector 
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Figure 3.16. A Schematic diagram of the double focusing magnetic sector SIMS instrument. 

This diagram was preparedfor presentation in this thesis, based on the instrument used in this study. 

The instrument is operated under vacuum conditions, with the main chamber operating 

pressure of -5x10-7 mbar, and ion column pressure -10-8 mbar. The system works by firing a 
25 keV Ga beam at an area of the sample surface. The sputtered secondary ions produced by 

ion bombardment are accelerated away from the surface plasma by an immersion lens to the 

electrostatic sector, via an entrance slit. The electrostatic sector analyser is set to deflect ions 

of nominal energy -4 keV through 90° and a further slit is used as an energy filter. 

Transmitted ions are then focussed onto the magnetic sector analyser by a second electrostatic 

lens. Ions entering the magnetic sector are channelled through a magnetic field and mass 

selection occurs via a software-controlled variation of the current through the coils of the 

electromagnet. Selected ions pass through a final slit where they are detected by a single 

channel electron multiplier, and the counts recorded by computer. The magnetic sector system 

offers much greater mass resolution (step size - 0.05D) and sensitivity than quadropole 

spectrometers. 
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3.5.3.4 Spectral Acquisition and Bulk Analysis 

For samples with homogeneously dispersed analyte, bulk analysis provides better detection 
limits than depth profiling, usually by more than an order of magnitude. Faster sputter rates 
increase the secondary ion signal in bulk analysis. The fastest possible sputtering requires 
intense primary ion beams which sacrifice depth resolution because they cannot be focused as 

required for flat bottom (rastered) craters. Otherwise, bulk analyses are similar to depth 

profiles. 

Typical bulk analysis involves an initial `wide' spectral sweep (0-300 amu) acquired at a 

relatively low mass resolution and with short dwell times. This `investigative' spectrum 

covers a wide atomic mass range and provides an indicator of the ions present in the sample 

analysis volume. Subsequently, narrow sweeps acquired with greater dwell times and at 
higher mass resolutions can be used to analyse ions of interest. Spectra are represented in 

terms of counts relative to increasing atomic mass and peak assignment is performed 

principally on the mass/charge ratio of the singly charged species. 

3.5.3.5 Depth Profiling 

Monitoring the secondary ion count rate of selected elements as a function of time can 

generate depth profiles (figure 3.22). This is achieved on dynamic SIMS instruments by 

tuning the spectrometer to the mass/charge ratios of interest and recording the peak intensity 

at each selected value as a function of etch-time. 

It is difficult to accurately convert the etch-time to the etch-depth due to the complex nature 

of the sputter process. Software e. g. SRIM-200348 is available for this purpose, but it is also 

possible to calculate the etch-rate (erosion rate) of a sample by measuring the depth of a 

number of sputter craters etched for different periods under fixed conditions. 

3.5.3.6 Ion Mapping 

By tuning the detector to a desired mass/charge ratio and rastering the beam across the sample 

surface, the distribution of individual ions can be imaged. The intensity of the ion signal is 

measured at each point and is represented by the relative pixel brightness. Image dimensions 

typically vary from 500 µm to <10 µm. The image contrast can be manually controlled to 

produce the best image for each analysis. 
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Visual comparison of different ion maps from the same sample region can provide valuable 
insight to the surface chemistry and structure of a sample. Sets of ion maps obtained in this 
study were commonly overlaid (figure 3.17) using in-house software49 to aid interpretation. 
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Figure 3.17. (a) SIMS depth profile of uranium oxide deposited on a mild steel coupon. (b) SIMS ion 

map of a section cut through the same deposit. Green areas represent UO ion clusters while red areas 

represent Fe clusters. The black area corresponds to the protective platinum strap. 

3.5.3.7 SIMS - Advantages and Disadvantages 

SIMS is a routinely used technique for surface analysis, able to detect the different isotopes of 

all elements up to uranium, with elemental detection limits of ppm. and ppb. for certain 

elements. Depth profiling with a depth resolution of a few nanometres is possible, while 

dynamic imaging is able to provide detailed chemical maps with very high resolutions 

(< 100nm)so 

The primary disadvantage of SIMS is its destructive nature. Bombardment of a sample with 

the primary ion beam removes sample material and locally disrupts the crystal structure of 

surviving material. 

Another disadvantage is that quantification is still difficult, as the ionisation probability is 

strongly dependent on individual elements and the chemical make-up of the sample. The 

presence of oxygen and other reactive elements is observed to increase the ionisation 

probability by several orders of magnitude, adding to the difficulty in quantifying samples 

with complex compositions. 

Mass interferences provide a further limitation to the use of SIMS as an analytical tool, 

although this was not found to be a factor in this work. 
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CHAPTER 4- Sample Preparation and Specialist Apparatus 

4.1 Sample Overview 

As stated at the end of Chapter 1, the premise of this study was to investigate the interaction 

of aqueous uranium with a suite of geologically common iron-bearing minerals. It was 
necessary to examine a number of other minerals, including those most common to sediments 

and soils e. g. quartz and calcite, in order to provide comparative references. 

Table 4.1 lists the minerals and materials used during this study and their source. The 

majority of the natural mineral samples were provided by Richard Taylor Minerals based in 

London, although some samples were obtained from the Department of Earth Sciences or 
inherited from other researchers at the University of Bristol. 

Sample material Source of material 

Magnetite (Fe304) Richard Taylor Minerals' 

Pyrite (FeS2) Richard Taylor Minerals' 

Goethite (FeOOH) Richard Taylor Minerals' 

Siderite (FeCO3) Richard Taylor Minerals' 

Chromite (FeCr2O4) Richard Taylor Minerals' 

Franklinite ((Zn, Fe)Fe204) Richard Taylor Minerals' (Sterling Hill Mine, NJ, USA) 

Cobalt ferrite (CoFe2O4) Jo Jutson. Interface Analysis Centre2 

Hematite (Fe203) University of Bristol, IAC2 

Silica/Quartz (SiO2) University of Bristol, Earth Sciences Department3 

Calcite (CaCO3) University of Bristol, IAC (originally Italy)`' 

Mild Steel (Fe) University of Bristol, IAC2 

Uraninite (U02) University of Bristol, IAC2 

Schoepite (U02)802(OH), 2'12(H20) Olga Riba. Department of Earth Sciences4 

Uranyl Acetate (U02(C2H302)2.2H20) University of Bristol, Safety Office 5 

Table 4.1. Minerals and materials used in this study, including provenance and empirical formula. 
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In order to observe the reactivity of mineral surfaces with uranium solutions under various 
conditions, it was necessary to first characterise the minerals obtained and design and 

construct specialist apparatus with which to conduct the experiments. 

A glove box (Section 4.5) was specially constructed for the preparation and reaction of 

mineral surfaces in anoxic conditions. A specially designed `docking' mechanism allowed the 

direct transfer of samples into a Thermo VG Scientific ESCAscope for XPS analysis, without 

exposure to oxygen. 

A number of glassware filtration modules (section 4.6) were constructed for filtration 

experiments designed to examine uranium uptake in Drigg sediments and high purity mineral 

sands. The apparatus was designed to provide a constant flow of uranium solution through a 

particulate medium, mimicking the flow of groundwater. 

4.2 Sample Characterisation 

Prior to experiment it was necessary to characterise the mineral samples obtained for the 

study. The importance of this was highlighted by the discovery that in a previous study' 

octahedral magnetite crystals were in fact Martite (Fe203) pseudomorphs. XPS, EDX and 

XRD were all used to characterise the samples, with the exception of uranium-bearing 

samples, where EDX was not used for safety reasons. The physical and chemical character of 

samples used in this study (Table 4.1), are outlined in the following sections. The reported 

EDX analyses are from representative samples of the minerals used in this study. 

- Fe203 

- Fe304 
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Figure 4.1. Example XRD spectra recorded from magnetite (Fe304) and haematite (Fe203). 

85 



4.2.1 Magnetite Mineral Data? 

Chemical Formula Fe304 Fe(II)Fe(III)204 

Standard Composition Molecular Weight = 231.54g 

Iron 72.36% Fe 31.03 FeO, 68.97% Fe203 

Oxygen 27.64% 0 

100.00% = TOTAL OXIDE 

Environment Commonly found in iron ore deposits, and igneous rocks. 
Resistant to weathering and oxidation and found in some soils 
from rock weathering or biogenesis. Contains both Fe(II) and 
Fe(III). 

Recorded Composition Element Atoms% Weight% Error +/- 
(EDX Analysis) Fe 88.48 96.34 0.20 

0 11.30 3.52 0.05 
Al 0.10 0.05 0.00 
Si 0.05 0.03 0.00 
Ca 0.08 0.06 0.01 

Experimental Usage Magnetite wa sa primary material in this study; used in almost all 
experiments. 

Cell Dimensions a=8.391, Z= 8; V= 590.80; Den(Calc) = 5.21 

Crystal System Isometric; H-M Symbol (4/m -3 2/m) Space Group Fd3m 

X-Ray Diffraction By Intensity(UI0): 2.53(1) 1.483(0.85) 1.614(0.85) 

Cleavage None 

Density 5.1 - 5.2, Average = 5.15 

Diaphaneity Opaque 

Fracture Sub Conchoidal - Fractures developed in brittle materials 
characterized by semi-curving surfaces. 

Habits Massive - Uniformly indistinguishable crystals forming large 

masses., Crystalline - Fine - Occurs as well-formed fine sized 
crystals. 

Hardness 5.5-6; Knife Blade - Orthoclase 

Magnetism Naturally strong 

Lustre Metallic 

Colour Grey/Black 

Streak Black 
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4.2.2 Pyrite Mineral Data' 

Chemical Formula FeS2 Fe(II)S2 
Standard Composition Molecular Weight = 119.98g 

Iron 46.55% Fe 
Sulphur 53.45% S 

100.00% = TOTAL 

Environment Found in sedimentary, magmatic, metamorphic and hydrothermal 
deposits. Pyrite is commonly found in acidic soils, including 
biogenic pyrite produced in anoxic soils by sulphate reducing 
bacteria. 

Recorded Composition Element Atoms% Weight% Error -/- (EDX Analysis) Fe 43.80 59.22 0.22 
S 48.58 37.70 0.09 
Si 0.43 0.29 0.02 
0 7.19 2.79 0.10 

Experimental Usage Pyrite was a primary material in this study; used in almost all 
experiments. As an Fe(II) containing mineral, surface reduction of 
U(VI) on the pyrite surface was expected. 

Cell Dimensions a=5.417, Z=4; V= 158.96; Den(Calc) = 5.01 

Crystal System Isometric; H-M Symbol (2/m -3); Space Group Pa3 

X-Ray Diffraction By Intensity(I/I0): 1.6332(1) 2.709(0.85) 2.423(0.65) 

Cleavage [ 100] Poor, [ 110] Poor 

Density 5-5.02, Average = 5.01 

Diaphaneity Opaque 

Fracture Conchoidal - Fractures developed in brittle materials characterised 
by smoothly curving surfaces e. g. quartz. 

Habits Striated - Parallel lines on crystal surface or cleavage face. 
Druse - Crystal growth in a cavity which results in numerous 
crystal tipped surfaces. 

Hardness 6.5; Pyrite 

Magnetism Nonmagnetic 

Lustre Metallic 

Colour Gold-brown 

Streak Greenish black 
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4.2.3 Goethite Mineral Data' 

Chemical Formula FeO(OH) Fe(III)O(OH) 

Standard Composition Molecular Weight = 88.85g 
Iron 62.85% Fe 89.86% Fe203 
Hydrogen 01.13% H 10.14% H2O 
Oxygen 36.01% 0 

100.00% 100.00% = TOTAL 

Environment Commonly found in iron ore deposits. Also found in some 
sedimentary rocks and soils. Typically stable under more 
oxidising conditions. 

Recorded Composition Element Atoms% Weight% Error +/- 
(EDX Analysis) Fe 75.55 91.35 0.20 

0 23.92 8.29 0.12 
Al 0.04 0.03 0.00 
Si 0.41 0.25 0.01 
Ca 0.08 0.07 0.01 

*H too li ght to be detected by EDX analysis 

Experimental Usage Goethite was a primary material in this study; used in both 
sorption and filtration experiments. As a Fe(III) mineral its 
reactivity with uranium was expected to be similar to hematite. 

Cell Dimensions a=4.596, b=9.957, c=3.021, Z=4; V= 138.25; 
Den(Calc) = 4.27 

Crystal System Orthorhombic; H-M Symbol (2/m 2/m 2/m); Space Group Pbnm 

X-Ray Diffraction By Intensity(VI0): 4.18(1) 2.69(0.3) 2.452(0.25) 

Cleavage [010] Perfect, [100] Distinct 

Density 3.3 - 4.3, Average = 3.8 

Diaphaneity Sub translucent to opaque 
Fracture Hackly - Jagged, torn surfaces e. g. fractured metals. 

Habits Acicular - Occurs as needle-like crystals., Reniform - "Kidney 
like" in shape e. g. haematite. Radial - Crystals radiate from a 
centre without producing stellar forms e. g. stibnite. 

Hardness 5-5.5; Apatite-Knife Blade 

Magnetism None 

Lustre Adamantine (silky) 

Colour Brown, reddish brown 

Streak Yellowish brown 
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4.2.4 Siderite mineral Data 

Chemical Formula FeCO3 Fe(II)CO3 

Standard Composition Molecular Weight = 115.86g 
Iron 48.20% Fe 62.01% FeO 
Carbon 10.37% C 37.99% CO2 
Oxygen 41.43% 0 

100.00% 100.00% = TOTAL 

Environment Found in sedimentary, and metamorphic rocks, often related to 
other carbonate deposits e. g. calcite and dolomite. 
A possible soil component in areas of dolomite or limestone 
areas. Presence is a good indictor of soil Eh - pH conditions. 

Recorded Composition Element Atoms% Weight% Error +/- 
(EDX Analysis) Fe 2.33 7.68 0.04 

0 85.71 80.97 0.31 
C 8.33 5.91 0.09 
Mg 2.58 3.70 0.01 
Al 0.62 0.99 0.01 
Si 0.37 0.61 0.01 
Ca 0.03 0.08 0.01 
Mn 0.02 0.06 0.01 

Experimental Usage Siderite was a primary material in this study; used in both 
sorption and filtration experiments. The Mg content of the 
material varied from 1-4wt%, from ionic substitution with Fe(II). 

Cell Dimensions a=4.72, c= 15.46, Z=6; V= 298.28; Den(Calc) = 3.87 

Crystal System Trigonal - H-M Symbol (-3 2/m); Space Group R-3c 

X-Ray Diffraction By Intensity(UI0): 2.79(1) 1.734(0.8) 3.59(0.6) 
Cleavage [011 ] Perfect 

Density 3.96 

Diaphaneity Translucent to sub-translucent 

Fracture Brittle - Conchoidal - Very brittle fracture producing small, 
conchoidal fragments. 

Habits Tabular forms, Massive - Uniformly indistinguishable crystals 
forming large masses. Botryoidal - rounded forms e. g. malachite. 

Hardness 3.5; Copper penny 

Magnetism None 

Lustre Vitreous (glassy) 

Colour Yellowish brown, brown, grey, yellow-greenish grey. 

Streak White 
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4.2.5 Chromite Mineral Data 

Chemical Formula FeCr2O4 Fe(II)Cr(III)204 

Standard Composition Molecular Weight = 223.84g 
Chromium 46.46% Cr 67.90% Cr203 
Iron 24.95% Fe 32.10% FeO 
Oxygen 28.59% 0 

100.00% 100% = TOTAL 

Environment Found in ultramafic portions of layered mafic igneous rocks. 

Recorded Composition Element Atoms% Weight% Error +/- 
(EDX Analysis) Cr 39.27 57.08 0.18 

Fe 7.58 11.65 0.1 
0 38.50 17.22 0.26 
Mg 3.80 2.58 0.02 
Mn 4.12 6.33 0.1 
Al 4.76 3.59 0.02 
Si 1.96 1.54 0.01 

Experimental Usage Chromite was a secondary material in this study; used in 
filtration experiments. As a Fe(II) bearing mineral its reactivity 
was expected to be similar to magnetite. 

Cell Dimensions a=8.36, Z=8; V= 584.28 Den(Calc)= 5.09 

Crystal System Isometric -H-M Symbol (4/m 3 2/m); Space Group F d3m 

X-Ray Diffraction By Intensity (IIIo): 2.52(1), 1.46(0.9), 1.6(0.9) 

Cleavage None 

Density 4.5 - 5.09, Average = 4.79 

Diaphaneity Opaque 

Fracture Uneven- flat surfaces (not cleavage) fracture in an uneven pattern 

Habits Massive - Granular - Common texture observed in granite and 
other igneous rock., Granular - Generally occurs as anhedral to 
subhedral crystals in matrix. 

Hardness 5.5; Knife 

Magnetism Naturally weak 

Lustre Metallic 

Colour Grey, black 

Streak Brown 

90 



4.2.6 Franklinite Mineral Data 

Chemical Formula (Zn, Fe)Fe204 [Zn, Fe(II)][Fe(III)]204 

Mn can freely substitute for Fe in the spinel structure. 
Standard Composition Molecular Weight = 236.54g 

Manganese 18.58% Mn 
Zinc 16.59% Zn 
Iron 37.78% Fe 
Oxygen 27.06%0 

100.00% = TOTAL 
Environment Found in zinc rich igneous ore bodies and rocks. 
Recorded Composition Element Atoms% Weight% Error +/- 
(EDX Analysis) Mn 3.65 5.31 0.07 

Ti 3.82 5.16 0.05 
Zn 6.76 11.37 0.14 
Fe 35.49 55.42 0.21 
0 50.27 22.74 0.27 

Experimental Usage Franklinite was a secondary material in this study; used in 
filtration experiments. As a Fe(II) bearing mineral its reactivity 
was expected to be similar to magnetite. 

Cell Dimensions a=8.42, Z=8; V= 596.95 Den(Calc)= 5.26 

Crystal System Isometric -H-M Symbol (4/m 3 2/m); Space Group F d3m. 

X-Ray Diffraction By Intensity (I/I,, ): 2.55(1), 1.499(0.8), 2.99(0.7) 

Cleavage None 

Density 5.07 - 5.22, Average = 5.14 

Diaphaneity Opaque 

Fracture Uneven - Flat surfaces (not cleavage) fractured in an uneven 
pattern. 

Habits Euhedral Crystals - Occurs as well-formed crystals showing 
good external form., Massive - Uniformly indistinguishable 
crystals forming large masses., Crystalline - Fine - Occurs as 
well-formed fine sized crystals. 

Hardness 5.5-6; Knife Blade - Orthoclase 

Magnetism Naturally weak 

Lustre Sub Metallic 

Colour Grey, brown-grey 

Streak Reddish-brown 
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4.2.7 Cobalt Ferrite Mineral Data' 

Chemical Formula CoFe2O4 CoFe(III)204 

Standard Composition Molecular Weight = 234.603g 
Iron 47.65% Fe 61.83% Fe203 
Nickel 25.04% Ni 31.87% NiO 
Oxygen 27.30%0 

100.00% 100.00% = TOTAL 

Environment Found in Nickel-rich ore bodies and rocks. Very rare occurrence. 

Recorded Composition Element Atoms% Weight% Error +/- 
(EDX Analysis) Co 0.87 1.08 0.10 

Ni 11.48 14.22 0.11 
Fe 64.67 76.44 0.20 
0 21.81 7.47 0.20 
S 1.15 0.78 0.01 

Experimental Usage Cobalt Ferrite was used as a fitting aid for magnetite studies. The 

mineral has a spinel structure and contains only Fe(II) 

Cell Dimensions a=8.316, Z=8; V= 575.10 Den(Calc)= 5.09 

Crystal System Isometric - H-M Symbol (4/m 3 2/m); Space Group F d3m. 

X-Ray Diffraction By Intensity(UI0): 2.51(1), 2.95(0.55), 1.472(0.5) 

Cleavage None /Indistinct 

Density 5.24 

Diaphaneity Opaque 

Fracture Conchoidal - Fractures developed in brittle materials 
characterized by smoothly curving surfaces e. g. quartz. 

Habit Granular - Usually occurs as anhedral/subhedral matrix crystals. 

Hardness 6-6.5; Orthoclase-Pyrite 

Magnetism None 

Lustre Metallic 

Colour Dark grey, greenish grey 

Streak Greenish-grey 
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4.2.8 Haematite Mineral Data' 

Chemical Formula Fe203 Fe(III)203 

Standard Composition Molecular Weight = 159.69g 

Iron 69.94% Fe 

Oxygen 30.06% 0 

100.00% = TOTAL OXIDE 

Environment Can be found in sedimentary, igneous, metamorphic and 
hydrothermal deposits. This is the most common form of iron 
oxide in the near surface geosphere. 

Recorded Composition Element Atoms% Weight% Error +/- 
(EDX Analysis) Fe 45.39 74.00 0.18 

0 53.52 25.00 0.24 
Cr 0.08 0.12 0.03 
Si 0.94 0.77 0.01 
Mn 0.06 0.10 0.03 

Experimental Usage Haematite was a secondary material in this study. As a Fe(III) 
containing mineral, surface incorporation of aqueous U(VI) was 
expected. 

Cell Dimensions a=5.0317, c= 13.737, Z=6; V= 301.20; Den(Calc) = 5.28 

Crystal System Trigonal - H-M Symbol (3 2/m); Space Group R 3c 

X-Ray Diffraction By Intensity(I/I0): 2.69(1), 1.69(0.6), 2.51(0.5) 

Cleavage None 

Density 5.3 

Diaphaneity Sub-translucent to opaque 

Fracture Conchoidal - Fractures developed in brittle materials characterized 
by smoothly curving surfaces, (e. g. quartz). 

Habits Tabular - Form dimensions are thin in one direction, Blocky - 
crystal shape tends to be equant (e. g. feldspars), Earthy - Dull 

scaly-like textures with no obvious crystalline affinities. 

Hardness 6.5; Pyrite 

Magnetism Magnetic after heating 

Lustre Metallic 

Colour Red, brown 

Streak Reddish-brown 

93 



4.2.9 Quartz Mineral Data' 

Chemical Formula Si02 

Standard Composition Molecular Weight = 60.08g 

Silicon 46.74% Si 

Oxygen 53.26% 0 

100.00% = TOTAL 

Environment The most common silicate mineral on the surface of the planet. 
Found in sedimentary, igneous and metamorphic rocks. Quartz is 
relatively inert and very common in rocks and soils. 

Recorded Composition Element Atoms% Weight% Error +/- (EDX Analysis) Si 19.51 29.77 0.05 
0 80.10 69.63 0.33 
Fe 0.02 0.07 0.02 
Al 0.36 0.53 0.02 

Experimental Usage Quartz was used in sorption and filtration experiments as a 
standard material for comparison. 

Cell Dimensions a=4.9133, c=5.4053, Z=3; V= 113.00; Den(Calc) = 2.65 

Crystal System Trigonal; H-M Symbol (3 2); Space Group: P 3121, P 3221 

X-Ray Diffraction By Intensity(I/lo): 3.342(1), 4.257(0.22), 1.8179(0.14) 

Cleavage [0110] Indistinct 

Colour Brown, Colourless, Violet, Grey, Yellow. 

Density 2.6 - 2.65; Average = 2.62 

Diaphaneity Transparent 

Fracture Conchoidal - Fractures developed in brittle materials characterized 
by smoothly curving surfaces, (e. g. quartz). 

Habits Crystalline - Coarse - Occurs as well-formed coarse sized crystals. 
Crystalline - Fine - Occurs as well-formed fine sized crystals. 

Hardness 7; Quartz 

Magnetism None 

Lustre Vitreous (Glassy) 

Colour Brown, colourless, violet, grey, yellow 

Streak White 
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4.2.10 Calcite Mineral Data' 

Chemical Formula CaCO3 
Standard Composition Molecular Weight = 100.09g 

Calcium 40.04% Ca 56.03% CaO 
Carbon 12.00% C 43.97% CO2 
Oxygen 47.96% 0 

100.00% 100.00% = TOTAL 

Environment Found in sedimentary, igneous, and metamorphic rocks. A very 
common soil component in limestone and chalk areas. Incredibly 
important for affecting the environmental mobility of uranium. 

Recorded Composition 
(EDX Analysis) Element Atoms% Weight% Error +/- 

Ca 18.64 36.78 0.13 
O 68.62 54.05 0.22 
C 10.68 6.32 0.10 
Mn 0.03 0.07 0.04 
Fe 0.12 0.34 0.05 
Mg 0.57 0.69 0.03 
Al 0.81 1.07 0.03 
Si 0.34 0.47 0.03 
Na 0.19 0.22 0.02 

Experimental Usage Calcite was used in sorption and filtration experiments as a 
standard material for comparison. Calcite was also used to create 
carbonate rich uranium solutions, with increased pH. 

Cell Dimensions a=4.989, c= 17.062, Z=6; V= 367.78 Den(Calc)= 2.71 

Crystal System Trigonal - H-M Symbol (-3 2/m) Space Group: R-3c 

X-Ray Diffraction By Intensity(I/I0): 3.035(1) 2.095(0.18) 2.285(0.18) 

Cleavage [1011 ] Perfect, [1011] Perfect, [1011] Perfect 

Density 2.71 

Diaphaneity Transparent to translucent to opaque 

Fracture Brittle - Conchoidal - Very brittle fracture producing small, 
conchoidal fragments. 

Habits Crystalline - Coarse - Occurs as well-formed coarse sized 
crystals. Massive - Indistinguishable crystals forming a large 

mass. 

Hardness 3; Calcite 

Magnetism None 

Lustre Vitreous (Glassy) 

Colour Colourless, white, pink, yellow, or brown 

Streak White 
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4.2.11 Mild Steel (Iron) Material Data' 

Chemical Formula Fe Fe(0)metal 

Standard Composition Molecular Weight = 55.847g 

Iron 100% Fe 

100.00% = TOTAL 

Environment Anthropogenic material, widely used in the manufacturing and 
building industries. Rare natural occurrence in igneous rocks. 

Recorded Composition Element Atoms% Weight% Error +/- 
(EDX Analysis) Fe 95.08 85.99 0.30 

0 4.12 13.22 0.04 
C 0.36 0.10 0.01 
Al 0.13 0.26 0.01 
Cr 0.03 0.03 0.01 
Si 0.17 0.30 0.01 
Mn 0.11 0.10 0.01 

Experimental Usage Mild steel was used relatively late in this study, as a logical 

progression from studies on magnetite. Material was cut for 

preparation from cast iron rods. 

Cell Dimensions a=2.874, Z = 2; V= 23.74 Den(Calc)= 7.81 

Crystal System Isometric - H-M Symbol (4/m 3 2/m); Space Group I m3m 

X-Ray Diffraction By Intensity(I/Io): 2.0268(1), 1.1702(0.3), 1.4332(0.2) 

Cleavage [001] Perfect, [010] Perfect, [100] Perfect 

Density 7.3 - 7.9; Average = 7.6 

Diaphaneity Opaque 

Fracture Hackly - Jagged, torn surfaces, (e. g. fractured metals) 

Habits Massive - Uniformly indistinguishable crystals forming large 

masses. Material is industrially cast. 

Hardness 4-5 - Fluorite-Apatite 

Magnetism Naturally Strong 

Lustre Metallic 

Colour Silver, grey 

Streak Grey 
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4.2.12 Uraninite Mineral Data' 

Chemical Formula U02 U(IV)O2+X 
Standard Composition Molecular Weight = 270.019g 

Uranium 88.15% U 

Oxygen 11.8% 0 

100.00% = TOTAL 

Environment Found in intrusive acid igneous rocks e. g. Granite and 
pegmatites. Also found in high temperature hydrothermal veins. 
Common oxide coating on uranium metal. 

Experimental Usage Uraninite was not actively used as an experimental ingredient but 
was identified on various sample surfaces as a product of 
reductive precipitation. 

Cell Dimensions a=5.4682, Z=4; V= 163.51 Den(Calc)= 10.97 

Crystal System Isometric - H-M Symbol (4/m 3 2/m); Space Group F m3m 

X-Ray Diffraction By Intensity(UI0): 3.157(1), 1.934(0.49), 2.735(0.48) 

Cleavage Good 

Density 6.5 - 10.95, Average = 8.72 

Diaphaneity Nearly opaque 

Fracture Brittle - Conchoidal - Very brittle fracture producing small, 
conchoidal fragments. 

Habits Crystalline - Coarse - Occurs as well-formed coarse sized 
crystals., Botryoidal - "Grape-like" rounded forms (e. g.. 
malachite)., Dendritic - Branching "tree-like" growths of great 
com plexity (e. g. pyrolusite). 

Hardness 5-6 - Between Apatite and Orthoclase 

Magnetism Nonmagnetic 

Lustre Sub-Metallic 

Colour Green, dark grey-green, dark grey-purple 

Streak Brownish black 
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4.2.13 Schoepite Mineral Data' 

Chemical Formula (U02)802(OH)12.12(H20) U(VI) mineral 
Standard Composition Molecular Weight = 2612.49g 

Uranium 72.89 %U 82.69% U02 
Hydrogen 01.39 %H 12.41 % H2O 
Oxygen 25.72% 0 

100.00% 100.00% = TOTAL 
Environment Found as an alteration product of uraninite, alters spontaneously 

to metaschoepite and paraschoepite. 

Experimental Usage Schoepite, containing U(VI) was used as a mineral standard for 
comparison (using XPS) with uranium phases formed on the 
surfaces of reacted minerals. 

Cell Dimensions a= 14.33, b= 16.79, c= 14.73, Z=4; V=3,544.05; 
Den(Calc) = 4.90 

Crystal System Orthorhombic - H-M Symbol (mm2); Space Group P 21ca 

X-Ray Diffraction By Intensity (UIo): 7.28(1), 5.08(0.7), 3.44(0.25) 

Cleavage [001 ] Perfect, [010] Indistinct 

Density 4.8 

Diaphaneity Transparent to Translucent 

Fracture Brittle - Easily broken and fissile 

Hardness 2.5 - Finger Nail 

Luminescence Fluorescent. 

Magnetism None 

Lustre Adamantine 

Colour Yellow, lemon yellow, brownish yellow 

Streak light yellow 

4.2.14 Uranyl Acetate Material Data' 

Chemical Formula UO2(C2H302)2.2H20 U(VI) mineral 

Standard Composition Molecular Weight = 347.087g 

Experimental Usage Anthropogenic compound, which dissociates in water to produce 
aqueous UO22+. Uranyl acetate was used to prepare every 
experimental uranium solution used in this study. 
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4.2.15 Mineral Crystal Forms 
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Figure 4.2. Crystal forms of the minerals associated with this study. ' 
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4.3 Sectioning and Polishing 

In order to obtain a polished surface for characterisation and/or reaction, the mineral samples 

were sectioned, polished and mounted. For natural crystalline specimens this was achieved 
through mounting the individual crystals in polymethyl-methacrylate, with a Struers 

LaboPress 1. Forces of up to 30 kN were applied at a temperature of 180°C (well below any 

phase transition temperatures and pressures). 

The mounted crystals were then cut into sections using a Struers Accutom 5 (Glasgow, UK), 

with silicon carbide blades. The sections were cut to 3 mm thickness, and often had a varied 

surface area, due to the variable forms of the crystals. Many of the iron-bearing minerals such 

as magnetite and pyrite proved to be extremely hard, such that only a very low cutting speed 
(0.010 mm sec-) and water cooling could be used to successfully section the samples and 

avoid damage to the sample edges. 

Mild steel samples were simple to prepare by comparison, and were easily sectioned into 

collets 3 mm thick using the same cutting process detailed above and a cutting speed of 
0.025 mm sec-1. Mounting the steel in polymethyl-methacrylate was unnecessary, as the cast 
iron bars could easily be worked without mounting. 

After sectioning, the polishing process involved wet grinding of the sample surfaces with 

silicon carbide polishing paper. Progressively finer grades of polishing paper were used (in 

stages of 120,180,320,600,1200,4000 grit) on a Struers Met Prep 201 grinding polishing 

table. Once ground to 4000 grit, the samples were then hand polished to -1 µm using Struers- 

Buehler Minimet diamond polishing compounds. 

After each stage of diamond polishing, the samples were washed with deionised water and 

acetone. After the final stage of polishing, sections were thoroughly washed and sonicated in 

ethanol for 2 minutes, before being used for experiment. 

4.4 Crushing and Grading 

Filtration experiments required the production of various types of mineral sand, with set 

particle sizes. Crystalline source material was crushed with a suitably adapted pneumatic 

pellet press, capable of producing pressures up to 8 tonnes. A volume of source material was 

mounted between two aluminium plates inside a sealed polythene bag and gradually crushed, 

producing a fine, angular, particulate material. 
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Crushed material was then sorted into different size fractions using a series of stainless steel 

grading sieves. The particulate fractions collected are outlined in table 4.2 (below). It was 

also necessary to grade some of the sediment obtained from BNFL's Drigg site, which was 

sorted by the same process. 

>1000 (> 1 mm) 

Table 4.2. Range of particle sizes collected through grading. 

Particulate material was `wet' sieved using deionised water to rid larger particles of finer 

coatings. Material from each size fraction was separated into glass vials and dried in an oven 
for 24 hours at a temperature of 60'C, before characterisation or reaction. An exception to this 

method was the preparation of `fresh' pyrite samples, which were reacted without drying, 

immediately after crushing and grading. 

4.5 Glove Box Apparatus 

4.5.1 Design Criteria 

In order to conduct and prepare samples for sorption experiments under anoxic conditions, it 

was necessary to construct a custom made glove box. The design of the glove box had to 

satisfy the following criteria: 

i) Anoxic environment - In order to prevent unwanted surface oxidation, 

the box had to provide an anoxic environment for sample preparation and reaction. 

ii) Sample transfer to XPS - Means of direct sample transfer to a Thermo VG Scientific 

ESCA-scope system without exposure to the atmosphere. 

iii) Sample manipulation - Suitable provision of access ports for the introduction and 

manipulation of materials and equipment. 
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4.5.2 Construction 

The glove box constructed for this study was significantly smaller than commercially 
available systems, measuring 600 mm wide, 310 mm high and 300 mm deep. The shell of the 
box was constructed from solvent-welded 6 mm Perspex sheet. The box joints were 
strengthened using M3 countersunk screws and the interior edges sealed using silica gel. 

Rear docking port 

Overpress( 
valve 

E1 
0 
ce) 

E 

Side entry port 

Figure 4.3. An annotated diagram of the custom made glove box. 

The design of the glove box centred about the incorporation of an ESCAscope `docking' 

mechanism. A docking collar was made from 240 mm diameter aluminium pipe, machined to 

fit over the external port of the ESCA sample entry chamber. An o-ring housed on the inside 

lip of the collar provided a gas-tight seal. The collar was attached and sealed to the rear panel 

of the glove box, by a series of bolts and an o-ring. 
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Aluminium docking collar 
Internal fixing 

6mm Perspex 
back panel 

Figure 4.4. The glove box docking collar and associated fixings. 

An o-ring sealed internal door was fitted to isolate the body of the glove box from the docking 

collar. When the chamber was in operation, the door was held in place by positive pressure, 

although a crude lock was also fitted as a safeguard. 

During operation the glove box was filled with argon gas (>99% purity), bled into the system 

via an inlet valve at the bottom right hand side of the box. A slightly positive (1-2 bar) 

chamber pressure was maintained, with a2 bar overpressure valve located at the top of the 

box to prevent excessive pressure build-up. Once docked to the ESCAscope, it was necessary 

to purge the entry collar of atmospheric gas and equalise chamber pressures before sample 

transfer could take place. In order to do this, an inlet valve was installed to feed gas from the 

main chamber into the collar space. A variable pressure release valve was fitted to the top of 

the collar to allow the expulsion of atmospheric gases during the purging process. 
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outlet 
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Inlet valve 

ESCA-scope 

r 
J1 Collar ý, 11 
1 space 

L -Ar from main chamber 

Figure 4.5. Internal door mechanism and associated pressure fittings for equalisation of the collar and 

main chamber pressures (when docked). 

The two glove ports at the front of the chamber were fitted with standard size, neoprene glove 
box gloves obtained from Fisher Scientific. A double-ringed attachment system was used to 

ensure an air-tight fit (figure 4.6). The front panel above the glove ports was angled to ensure 

good visibility into the chamber. 
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Figure 4.6. Side door mechanism and glove port fittings. 

The glove box also had a side entry port, comprised of a removable Perspex door with an o- 

ring seal. The door was held in place by positive chamber pressure and a secondary barring 

mechanism. All experimental equipment and samples were admitted to the glove box through 

this port. 

4.5.3 System Operation 

To prepare the system for operation, all entry ports were shut and argon gas bled into the 

system through the inlet valve. On the basis that argon gas is heavier than air, the chamber 

was slowly filled (over 3-5 minutes) to a pressure greater than 2 bar, and atmospheric gases 

purged from the chamber via the overpressure valve at the top of the chamber. Operation of 

the system was easiest using two people, one person to sit in front of the chamber using the 

glove ports to manipulate the specimens and a second to operate/control the flow of gas. 
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4.6 Specialist Experimental Glassware 

One of the primary objectives in this study was to assess the uranium uptake capacity of the 

sediment found at BNFL's Drigg site in Cumbria, UK and also for a series of different single- 

phase sand samples. A total of six glass filtration columns were constructed to enable 
filtration of a uranium solution through a particulate medium of choice (figure 4.6). 

2cm3 of 
particulate 
material 

Flow 
control 
tap 

Constant head 
of solution is 
maintained 

Overflow 
pipe 

30cm 

Solution is 
cycled using 
a peristaltic 
pump \ J Quartz filter 

bed holds 
particulate 
material in 
place 

10ppm uranium 
solution (100ml) 

Figure 4.7. An annotated diagram of the glass filtration columns used in this study. 
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In order to simulate groundwater flow, uranium solution was fed through the column at a 
constant rate using a peristaltic pump and tubing system to cycle the filtrated solute. 

A tap at the base of the column could be used to limit the flow rate, while an overflow pipe 
attached to the uppermost reservoir ensured that a constant head of water pressure was 
maintained. 

Above the tap connection each column was obstructed by a quartz filter bed 8 mm thick, 

which acted to hold the filter material in place whilst allowing the solution to pass through. 
Pore spaces 1-5 µm in diameter ensured that only very fine particulates could escape the 

column. 

Column top is covered during each experiment 
to limit evaporation 

Overflow pipe allows 
a constant head of 
fluid pressure to be 
maintained 

Column neck 
is large enough 
to add/remove 
sample material 

Main column 6mm I. D. 

8mm I. D. 

Figure 4.8. An annotated diagram of the top of the glass filter column. 

The neck of each column (25 mm diameter) was sufficient for the addition and extraction of 

filter material, though during an experiment the neck was covered by aluminium foil to limit 

the loss of solution through evaporation. 

Prior to experimental use, uranium solution was run through each column for 120 hours to 

facilitate any reaction between the glass of the column and the solution, which may have 

otherwise biased the outcome of subsequent experiments. 
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4.7 Summary 

Information about the minerals and materials used in this study has been presented, including 

physical and chemical properties. It was necessary to examine a number of extra minerals, 
including those most common to sediments and soils e. g. quartz and calcite, in order to 

provide comparative references for the iron-bearing minerals studied. 

Specialist equipment, including a glove box and glass filtration columns, was manufactured 

specifically for the experimental work that is outlined in subsequent chapters. The build-time 

required to manufacture this equipment was often a limiting factor on the progression of 

experimental work. 
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CHAPTER 5- Analysis of sediments from Drigg 

5.1 Drigg Overview 

The national low-level radioactive waste repository is based at Drigg, in Cumbria (National 
Grid Reference SD305499), and run by British Nuclear Fuels plc. ' 

The site was a former World War II Royal Ordinance factory built in 1939, but was 

abandoned post-war. The UK Government first granted the Atomic Energy Authority (AEA) 

authorisation for the disposal of low-level radioactive waste at the Drigg site in 1958 and the 

first deposits of solid waste were made the following year. Responsibility for the site was 

transferred to BNFL in 1971, who continue to manage it. ' 

Until 1988, waste material was stored in a series of seven excavated trenches, each about 
25 in wide, up to 7 in deep and up to 750 in long. The trenches occupy an area of about 16 ha 

and have a total in-situ capacity of about 500,000 m3. In 1988, trenches 1 to 6 were sealed 

using an engineered interim cap that was subsequently extended to cover trench 7 in 1995. A 

low-permeability bentonite wall was also installed around the northern edges of the trenches 

to minimise contaminant migration out of the trenches or groundwater flow into them. ' 

For the first three decades of operations, disposals were solely by tumble tipping loose wastes 

into the trenches. After 1988, the method of waste disposal was significantly changed, 

reflecting advances in technology and understanding of factors affecting environmental 

contaminant transport and migration. A concrete-lined vault was constructed, approximately 

175 m wide, 5m deep and 265 in long, which is still in operation. The vault was designed to 

hold 180,000m3 of containerised waste, in the form of force-compacted solids held in 200 

litre drums and 1 m3 mild steel boxes. 

The regional geographic setting of the Drigg site is shown in figure 5.1 and an aerial 

photograph of the site and the immediate surrounding area in figure 5.2. 
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Figure 5.1. The regional geographic setting of the Drigg site. 
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Figure 5.2. Aerial photograph of the Drigg site viewed towards the Southeast. ' 

The Drigg site is closely monitored by BNFL and disposals are carried out under the terms of 

an authorisation granted by the Environment Agency (the Agency) under the Radioactive 

Substances Act (RSA), 1993. Periodic safety reviews are submitted to the Agency', and 

disposal authorisation is reviewed to take account of new information and any revisions to 

regulatory requirements. 

A significant amount of work has been carried out to provide a detailed characterisation of the 

geology, hydrogeology and biogeochemistry local to Drigg (summansed in the 2002 post- 

closure safety case). A series of complicated 'conceptual' models have been developed to 

simulate contaminant transport in the near and far field around Drigg. 2 
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Although the Drigg trenches were cut into subsurface zones of low permeability and in places 
lined with impermeable bentonite clay, containinent of contanuinants has not been complete, 

with a number of existing contaminant pathways reported'. Two plumes have been identified 
by elevated tritium concentrations, resulting from the migration of contaminants through the 

north-western and south-eastern ends of the trenches. Both plumes remain largely within 
Quaternary drift deposits upon which the site is based, with only a small proportion of activity 

entering the underlying bedrock. The Drigg site contains approximately 18.3 tonnes of 

uranium, with 9.8 tonnes confined in the trench systeMS3 . Both currently and in the future, 

escape of uranium from the trenches along existing contaminant pathways is possible. 

Based on this premise, the first section of this research is based on providing an assessment of 

the uranium content and residual uptake capacity of the quaternary drift sediments found at 

the Drigg site. BNFL provided a single sediment core 6124/'LJ4/5 for this analysis, which was 

taken from a location near the NW edge of the site (figure 5.3). 
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Figure 5.3. The main layout and features of the Drigg site. 

Previous studies of drift mineralogy and biogeochemistry are extensive, but were not focused 

with respect to uranium uptake. The following section provides a brief overview of the 

geology and geochemistry of the site. 
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5.2 Geology of the Drigg Site 

5.2.1 Solid Geology 

The solid geology of the West Cumbrian coastal plain 4 is dominated by the Triassic 

Sherwood Sandstone Group (the Onnskirk, Calder and St. Bees Sandstone Fon-nations), 

which is underlain by Permo-Triassic, Carboniferous and Ordovician rocks. The uppermost 

unit is the Ormskirk sandstone, which underlies the Drigg site and consists of fine to medium 

grained sandstones up to 200 rn thick. Table 5.1 outlines the West Cumbrian Geological 

succession. 

Age Geological Units Hydrogeological 
characteristics 

Quaternary Glacial Drift Deposits Variable. Flow rates 
depend on lithology 

Merica Mudstone Group Aquitard 

Ormskirk Sandstone 
Formation 

Sherwood 
Sandstone Group Calder Sandstone Major aquifer Formation 

Permo-Triassic St. Bees Sandstone 
Formation 
St. Bees Shale Aquitard 

Cumbrian Coastal Formation 
Group _ St. Bees Evaporite Aquitard 

Formation 

Appleby Group Brockram Aquifer 

Carboniferous Chief Limestone Group Aquifer 

Ordovician Borrowdale Volcanic Group Aquiclude 

Table 5.1. Summary of the West Cumbrian Geological Succession. 4,5 

5.2.2 Drift Geology 

Over 60 m of Quaternary drift deposits overly the Ormskirk sandstone bedrock at Drigg. 

Evidence from the West Cumbrian region 3 suggests that two main phases of glaciation are 
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responsible for deposition of the glacial drift deposits, which can be divided into geological 
units relating to their deposition and post-depositional effects (table 5.2). 

Drigg stratigraphy Stage/sub-stage Climato- 
Events 

stratigraphy 

Holocene Recent Flandrian (Holocene) 
Thin units of intertidal 
sands and esturine silts Formation 10,000 y Before Present Interglacial and clays. Aeolian sand (BP) to Present units and basal units of 
peat are widespread 

Loch Lomond Units originally lay 
Stadial interbedded with the 

Lacustrine Fluvial pebbly clay formation. 
Formation Pro-glacial sands and 

Windermere sandy gravel outwash 
Interstadial sequences. Laterally 

discontinuous due to 
deformation. 
Unit consists of a firm 
to stiff sandy clay 

Pebbly Clay Dinilington matrix containing lesser 
Formation Stadial amounts of fine to 

Late Devensian medium gavel. 
26,000 - 10,000 y BP Laterally 

discontinuous. 

Fluvial Outwash Outwash plain facies 
Formation Stadial consisting of sand and 

clay/silt sequences. 

Laterally discontinuous 
very heterogeneous 

Main Diamict sequence of till units 
Formation Stadial with spacially discrete 

units of glacio-fluvial 
calys, silts, sands and 
gravels. 
Fine gained clays and 

Mid Devensian 60 000 - 
silts. Later units have 

Marine Silt Formation , 26,000 y BP Interstadial much larger 
proportions of sand 
(30-80%). 

Unit 2- Early Devensian Two subtly different 

Lower Diamict 122,000 - 60,000 y BP glacial till units. 
Formation Stadial Heterogeneous sandy 

Unit I- Wolstonian matrix supported till, 

195,000 - 128,000 y BP up to coarse gravel in 
I I size. 

Table 5.2 The Quaternary histoiýý of West Cumbria and the relationship to the Drigg stratigraphy5 

114 



T 

Figure 5.4. A solid and drift geoloD, map oj'the Drigg at-ea. 
Extract From Gosforth Sheet 3 7,1. -50,000 Solid and Drift edition 

Reproduced by permission of the British Geological Survey(O. NERC. All rights reserved. 
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5.3 Mineralogy and Nature of the Drigg Sediments 

The soils and drift sediments of the Drigg site are a heterogeneous mix of air, water, inorganic 

and organic solids and micro-organisms (plant and animal). An understanding of the 

chemistry and mineralogy of both inorganic and organic soil components is fundamental in 
predicting the fate of contaminants in this near-surface geosphere. Sediment properties such 
as grain-size, surface area and chemistry greatly affect many important equilibrium and 
kinetic reactions and processes in soils and provide a major control on the speciation of heavy 

metals and radionuclides. 

The mineral components of any soil will always include both primary and secondary 

minerals, which range in size (particle diameter) from clay-sized (<2 ýIm or 0.002 mm) to 

gravel-sized particles (>2 mm). A primary mineral is one that has not been altered chemically 

since its deposition and crystallisation from a molten phase. The most common primary 

minerals in soils include quartz, feldspar. Primary minerals tend to account for a significant 

portion of the sand (2-0.05 nun) and silt size (0.05-0.002 mm) fractions of soils. A secondary 

mineral is one resulting from the weathering of a primary mineral, either by an alteration of 

the mineral structure or from re-precipitation of the products of weathering (dissolution) of a 

primary mineral. Secondary minerals are most commonly found in the clay-sized fraction of a 

soil. Common secondary minerals include phyllosilicate 'clay' minerals such as illite, 

kaolinite or chlorite and oxides such as haematite or goethite and sulphur and carbonate 

minerals. 

Previous mineralogical characterisations of drift sediments at Drigg have been made using 

petrographic microscopy, SEM, TEM and XRD 6. The study indicated that sediments are 

predominantly composed of common primary mineral silicates such as quartz, feldspars and 

micas by volume. Partial weathering of these detrital Minerals has resulted in a complex 

secondary phyllosilicate assemblage, primarily composed of illite and vermiculite. 

The reported particle size distribution of sediments across the Drigg site 5 (Lacustrine Fluvial 

Formations) is displayed in figure 5.7. Sediments are predominantly sand and clay/silt 

mixtures, with relatively little gravel content (typically <5%). 

Gravel and sand-sized grains are predominantly quartz clasts ranging from 'polished' clasts to 

those heavily coated with iron oxides and oxyhydroxides. Carbonate minerals such as calcite, 

dolomite and siderite were also reported, restricted to the Pebbly Clay and Lacustrine Fluvial 

Formations'. 
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Figure 5.7. Distribution ofparticle size distribution datafrom the Lacustrine Fluvial Formation. ' 

Uranium has been observed to associate with a number of components in soils and sediments 

such as clays, metal oxides, carbonates and organic particleS7 . 
The nature of these 

associations can be related to uranium speciation. The types of reaction that are likely to 

control the speciation of uranium and other heavy metals in sediments and soils are: (1) 

adsorption and desorption; (2) precipitation; (3) surface complex formation; (4) ion exchange; 

(5) penetration into the crystal structure of minerals; and (6) biological mobilization and 
8 immobilization 

The focus of this experimental work is related specifically to the adsorption and precipitation 

of uranium on the surface of minerals, which in turn, will be directly affected by soil 

mineralogy and geochemical soil fluid properties such as pH, Eh, dissolved oxygen content 

and carbonate concentration. 

5.4 Core Analysis Procedure 

The sediment core obtained from BNFL was taken from the NW edge of the site (figure 5.3). 

The aim of analysis was to provide an initial characterisation of the sediment core in terms of 

physical and mineralogical properties. Subsequently, the existing uranium content of the core 

was determined by sequential dissolution of samples and the uranium uptake capacity was 

achieved using filtration experiments. The procedural steps followed for core analysis are 

listed below, and subsequently described in greater detail. 
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Step Procedure 

1. Core splitting 

2. Core description 

3. Grain size analysis 

4. Porosity analysis 

5. Petrographic description 

6. X-ray analysis 

7. Detennination of U content 

8. Detennination of U uptake capacity 

Table 5.3. Core analysis procedure 

5.4.1 Core Splitting 

The core was unwrapped and laid in a core-tray on a large sheet of lmm thick clear plastic. 
Both the core and casing were subsequently cut into two complete halves using a sharp knife. 
One half was re-wrapped and stored, while the other was laid cut-face upwards and 
appropriately labelled and measured for length. Masking tape was fixed along the length of 
the tray on either edge, ready for labelling. 

5.4.2 Core Description 

The cut surface of the core was carefully scraped clean perpendicular to the core length. A 

written description of the core was compiled, including the gain-size, apparent gain-sorting 

and thickness of distinct layers/units. Any sedimentary/soil structures were recorded, 
including gradational changes in particle size as well as colour changes. The contact between 

any units was examined and described e. g. abrupt or gradational contacts. 

5.4.3 Grain Size Analysis 

From the top of the core downwards, small amounts of material (-3-4 CM) were scraped off 

at 4 cm intervals and dried in an oven for 24 hours at 55-60T. Dry samples were then 

weighed and sorted into grain size fractions using a stack of Endecotts test sieves graded at 

1000,300,150 and 75 ýtm respectively. The sediment was washed through the sieves with 

deionised water until fully sorted. The sorted sediment was not subsequently used for any U 
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analysis, because the washing process would have removed an undetermined amount of 
surface sorbed uranium. Subsequently, the fraction of sediment held on each sieve was 
washed into a labelled glass vial and placed in an oven to dry for a 24-hour period at 55-60T. 
The dry weight of each fraction was then measured and recorded. Material passing the 75 ýtm 
sieve was classified as the silt/clay fraction of the sediment, while coarser material (<I 000 ýim 
diameter) was classified as sand-sized and material >1 mm in diameter was classified as very 
course sand/gravel. 

5.4.4 Porosity Analysis 

Four 10 CM3 volumes of sediment were removed from the core at 0,14,28 and 44 cm depth 

and oven dried for 24 hours at 55-600C. Subsequently for each portion, three 3 ml volumes of 
dry, well mixed sediment were inserted into separate 10ml measuring columns. A5 ml 

volume of purified water was then added to each column and allowed to permeate into the 

sediment and settle. The fluid level in each column was then recorded and the sediment 

porosity calculated in the following way: 

Porosity = 
(Vol. of fluid added) - (Vol. of fluid meaSUre above sediment) 

x 100 
Initial vol. of uncompacted sediment 

5.4.5 Petrographic Description 

At 8 cm intervals 4 cm 3 volumes of core material were removed into labelled glass vials. 

Samples were dried for 24 hours at 55-60'C before portions of each sample were transferred 

onto large (labelled) glass slides for examination under an optical microscope. Sediment 

grains were described in terms of shape, colour, texture, abundance, etc. and, if possible, 

mineral identifications were made. Grains of the same type were separated and suitably 

mounted and analysed in an SEM with EDX capability. High magnification images and 

chemical analyses (EDX) of the samples were recorded. 
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5.4.6 X-ray Analysis 

X-ray analysis of the Drigg sediment included both X-ray diffractometry and X-ray 

photoelectron spectroscopy (described in Chapter 3). 

Sediment fractions previously separated according to grain-size (section 5.4.3), were mounted 
for analysis on XRD slides, using deionised water to settle the finer fractions. A clay fraction 

was also prepared according to USGS protocols, using dilute acetic acid to remove 
carbonates, hydrogen peroxide to remove organic matter, and decantation to siphon off the 

clay fraction. Samples were heated to 400'C for 10 hours as a dewatering pre-treatment for 
XRD analysis. 

A Phillips Xpert Pro diffractometer with a Cu-Ka radiation source was used to record the 
XRD patterns of the sediments. A scan range of 10 to 110 degrees 20 was adopted, with a step 

size of 0.04 degrees 20 and dwell time of 2 seconds. 

The presence of clay minerals in the sediment made quantitative analysis difficult to achieve 
(see reviews by Brindley9; Reynoldslo; Snyder and Bish"; McManus 12; Moore and 
Reynolds 13 ). The main analytical difficulties in quantitative mineral analysis were related to 

the chemical and structural characteristics of clay minerals i. e. variable chemical composition, 
highly variable structures, including swelling interlayers, and various defects that disturb 

three-dimensional periodicity. These variations resulted in large differences in the intensities 

of XRD reflections between different specimens of the same mineral and could result in large 

analytical errors in quantitative analysis. Thus, for natural sediments and rocks containing 

clays, techniques using whole-pattern fitting 14 and sequential-pattern stripping 15 were 
difficult to apply. For this reason, quantitative analysis was not performed, although senii- 

quantitative analysis was attempted. 

XPS analysis was performed on groups of grains of the same type. Samples were mounted 

and analysed under high vacuum (< 5xlO-' mbar) in a Thermo VG Scientific X-ray 

photoelectron spectrometer equipped with a dual anode (Al-Ka 1486.6 eV and Mg-Ka 

1253.6 eV). Al-Ka radiation was used (400 W, 15 W). High-resolution scans were acquired 

with a 30 eV pass energy, and 200 ms dwell times. Data analysis was carried out using Pisces 

software. 16 

5.4.7 Determination of Uranium Content 

The uranium content of the Drigg sediments was determined using sequential extraction'-. 

The sequential extraction approach employs a series of operationally- defined chemical 
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extractions in an attempt to selectively dissolve discrete geochermcal components of soils and 

sediments. For this study the NIST18 Standard Sequential Extraction Protocol (NSSEP), for 

determining the geochemical fractionation of uranium and plutonium in soils and sediments 
was adopted. 

The NSSEP includes five chemical extractant solutions (table 5.4) arranged in a sequence 
designed to maximise the dissolution of the target phase, while minimising the destruction of 

19,20,21 
non-targeted phases 

Desired Fraction Extractive Reagent Reagent/Sample Extraction 
Ratio (mL/g) time 

Water Soluble/ 
H20/MgCI2 

Exchangeables 
(Magnesium Chloride) 15: 1 8hrs 

at pH 4.5 

NH4Ac 
Carbonates (Ammonium acetate) 

in 25% HAc at pH 4 

NH20H4DHCI 
Oxides (Fe/Mn) (Hydroxylamine Hydrochloride) 

in 25% HAc at pH 2 (HN03) 

Organic matter 
30% H202 

(Hydrogen peroxide) 
in 0.02 M HN03at pH 2 

Acid Soluble 
Residue 

8M HNO3 

15: 1 

15: 1 

15: 1 

15: 1 

8hrs 

8hrs 

8hrs 

8hrs 

Table 5.4. The NIST Standard Sequential Extraction Protocol (NSSEP) used in this study. 

Extractions were carried out on four sediment samples taken at 15 cm intervals from the top 

of the core. Sequentially 15 ml of each extractive reagent was left to react with 1g of 

sediment in a 25 ml conical flask for a period of 8 hours. During each reaction phase, the 

samples were sonicated at 2 hourly intervals for 20 minutes to agitate the reactants. At the end 

of each phase, the sediment suspension was allowed to settle and the extractive agent was 

carefully drawn off, before adding the next reagent in the sequence. ICP-MS was 

subsequently used to analyse the concentration of uranium present in each aliquot of 

extraction reagent. 
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5.4.8 Determination of Uranium Uptake Capacity 

The potential uranium uptake capacity of the Drigg sediment was detennined using a series of 
filtration experiments using specially designed columns previously described at the end of 
Chapter 4. 

Preparation of material for experiment involved the separation of 10 g of sediment collected 
from the middle of the core into different gain-size fractions using the method described in 

section 5.4.3. 

A2 CM3 volume of each sediment Eraction was then measured out and added to dry filtration 

columns. A2 cm 3 volume of unsorted sediment was also reacted in a separate column. 100 ml 

of 10 ppm uranyl acetate solution was then added and cycled through each filtration column 
for a period of 120 hours. The flow rates were limited to <I 0 n-A per minute for the duration of 

the experiments. After 120 hours the residual solutions were drained from the columns and 

pH recorded. Three 100 ml volumes of deionised water were then cycled through each 
filtration column, each for 60 minutes, in order to wash out any unbound uranium. An aliquot 

of each residual solution and wash solution was then diluted in preparation for ICP-MS 

analysis. 

The stock solution was prepared by dissolving uranyl acetate in deionised water, giving a pH 

of 5.18 and uranium concentration of 9.54 ppm, determined by ICP-MS. Schoepite was not 

observed as a chemical precipitate at this solution pH and uranium concentration. 

5.5 Core Analysis Results 

5.5.1 Core Description 

Core 6124/U4/5 was extracted from the north-westem comer of the Drigg site (figure 5.3), 

from a depth of 15.2 m. The recovered core measured 460 mm. in length and 100 mm in 

diameter (figure 5-9). 

A schematic diagram of the sectioned core is displayed in figure 5-8- The sediment was a 

uniform orange-brown colour, with individual white-grey quartz gains visible in areas of 

coarser material. The core section displayed no abrupt structural breaks along its length, 

although the top 15 cm of the sediment core was visibly lighter in colouring. Overall, the 

sediment was uncemented, but well compacted and grain supported. 
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Between 5 and 20 cm depth the core sediment showed a subtle but visible change to finer 

sediment. The divide between the two layers was visibly disturbed, although it was 

undetermined if perturbation was caused by the coring process post-glacial deformation. 

Sparsely distributed black vitreous particles were identified along the length of the core. In 

the upper 15 cm of the core, the black organic particles were sometimes concentrated in the 

coarser sediment, running parallel to the base of the sediment layer. In this same region, 

sparsely distributed grey-green limestone fragments of various size (2-8 mm) were observed. 
Some of the larger particles contained shell fragments and reacted vigorously with 5% HN03- 
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Figure 5.8. Schematic diagram of the major sedimentaryfeatures of the Drigg core section. The 

numbers on the left-hand side of the diagram denote distance (cm)ftom the top of the core. 
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Figure 5.9. Photographic image of the sectioned sediment core. 
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5.5.2 Grain Size and Porosity 

The data showed the grain-size distribution of the sediment to be reasonably consistent. The 

average grain size distribution of the sediment is displayed in table 5.5, and indicates that the 

sediment would be best described as medium-fine sand, because over 70% volume of grains 

were between 75 ýLm and 300 ýLrn in size. This observation tallies well with previous 

studies"" that reported the uppermost drift units as 'fine to medium grained silty sand' and 

4soft grey brown silty clay'. 

Grainsize classification Grain-size Relative volume 

Very coarse sand and gravel >1 000ýtm 3.65 

Coarse sand 1000ýtm - 300ýtm 14.95 

Medium sand 300[tm - 150ýtm 49.32 

Fine Sand 150ýtm - 75ýLm 23.30 

Silt/clay <75ýtm 8.77 

Table 5.5. Average grain size distribution of the Drigg sediment core 6124IU415. 
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Figure 5.10. Observed size distribution ofsediment grains in core 6124IU415. 
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The volume of silt- and clay-sized particles was observed to remain constant down the length 

of the core, at -5-10% volume. This was not the case for the sand-sized fractions, which 
displayed a crude trend of increasing particle size towards the base of the colunm 
(figure 5.10). The top 12 cm of the core contained isolated grave-sized particles (1-8 M. M3). 
These particles were identified as lithic fragments, rather than single mineral grains. 

5.5.3 Porosity Values 

Sediment porosity can be thought of as a measure of the void spaces present in a body of 

sediment and is reported as a percentage. For the Drigg sediment the average porosity was 

observed to remain relatively constant at -40%, down the 45 cm of core. Porosity values 
(table 5.6) were comparable with porosity values of 38 and 41% reported in previous studies 23 

of the Lacustrine Fluvial and Pebbly Clay Formations. These porosity values were relatively 
high when compared to the mean total porosity of the Ormskirk Sandstone bedrock 24 

, which 
is around 20%. The mean total porosity of the St. Bees sandstone is lower at 12%24. 

Interestingly these bedrock units have bulk mineralogy very similar to the overlying drift 

sediments, and the significantly decreased porosity can be related to cementation and 

consolidation during lithification. 

Sample Depth Sample 1 Sample 2 Sample 3 Average 

(cm) 
Porosity 

0 39.2 42.5 42.3 41.3 

14 39.0 37.8 36.6 37.8 

28 37.5 40.5 41.2 39.7 

44 42.1 41.9 45.2 43.1 

Table 5.6. Observedporosity values in the Drigg sediment core. 

From 14 cm depth, a gradual increase in porosity was observed which correlated well with 

grain size data and visual observations. The shift to finer sediment observed from 5 to 20 cm 

depth was reflected in a decrease in porosity (37.8%) relative to the average. 
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5.5.4 Sediment Mineralogy 

Sediment mineralogy was determined using both optical and scanning electron microscopy. 
Mineral grains were primarily described in terms of colour, shape (sphericity and angularity), 
texture, lustre, fracture, cleavage (if observed) and abundance. EDX was used to provide a 
qualitative assignment of mineral chemistry. 

The sediment grains were found to be predominantly quartz (75-80%), with minor quantities 
of feldspar, phyllosilicates, organics and lithorelicts. Table 5.7 displays the relative 
abundances of the mineral grains observed. 

Sediment component Source/type Volume 

Quartz 

Aeolian origin (Fe203 stained) 

Fluvial origin 

75-80% 

Feldspar Orthoclase (K-feldspar) 5% 

Phillosilicates Mica, Chlonte, Kaolinite, Illite 5-8% 

Organics Peat, lignin and wood 5% 

Lithic Fragments 
Siltstone 30% 

Limestone 70% 
2% 

Carbonates Calcite, dolomite, sidente 5% 

Table 5.7. Relative abundances of observed sediment components. 

The following sections provide a brief mineralogical description of the component phases 

observed in the sediment. Optical microscopy, scanning electron microscopy and associated 

energy dispersive X-ray analysis were used. 

130 



5.5.4.1 Quartz 

Quartz grains were by far the most abundant particles in the sediment samples. Grains varied 
in shape from well-rounded to sub-angular with medium to high sphericity. Colour vaned 
from orange to milky-white and lustre commonly varied from clear to opaque. The texture of 
gains showed a large variation from smooth to scratched and pitted. A distinguishing 

characteristic proved to be the uneven or conchoidal faces observed on angular and broken 

grains. On approximately 10% of grains, a surface speckling of fine (10-30 ýtm long), dark 
brown oxide was observed, characteristic of haematite. Rare polycrystalline quartz aggregates 
>150 PM3 in size were also observed. Component grains were angular to sub-angular, and 
finely cemented. A lack of reaction to nitric acid suggested the cement was not carbonate 
based. 

It was possible to separate the quartz grains into two groups of different provenance, based on 

colour, texture and shape. Approximately 70% of quartz gains could be classified as sub- to 

well-rounded, with a pink to orange colouring attributed to surface haernatite or goethite 

staining. Grains in this group were rounded with an orange-brown colouring characteristic of 

some aeolian desert sediments. 

The second group of quartz grains (30%) were sub-rounded to sub-angular, with a clear to 

milky white colouring and 'glassy' polished appearance. A fluvial provenance would seem 
likely for these grains. 

5.5.4.2 Feldspar 

Feldspar gains were rounded to well-rounded in forrn and often slightly prismatic in shape. 

Grain colour ranged from white to pink, with a cloudy to opaque lustre and dull or finely 

scratched texture. 

Under the optical microscope, feldspar grains were extremely difficult to distinguish from 

quartz. Feldspar grains observed using SEM displayed good prismatic cleavage on broken 

faces and a comparatively coarse surface texture relative to quartz counterparts. At high 

magnification (x8OO), fine, platy accumulations of secondary clay minerals were frequently 

observed in surface depressions, highlighting the meta-stable condition of the feldspar. EDX 

analysis indicated grain compositions similar to microcline (KAISi3O8) and albite 

(NaAlSi308)- 
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5.5.4.3 Phyllosilicates 

Mica and clay mineral particles were rare in the fraction of material >150 Pm diameter. Rare 

grains of mica 300-400 ýLm across recorded chemical compositions characteristic of an Al- 

rich biotite. Grains were very thin and sheet-like with sub-angular edges, and smooth 
reflective faces. Thin sheets were partially transparent, with a colour varying from brown to 
brown-grey and a vitreous lustre. Perfect basal cleavage was exhibited at high magnification, 

with fine aggregations of clay minerals at crystal edges. 

Clay and chlorite particles dominated the finest (<75 [tm) fraction of the sediment, and were 
best observed using SEM. Particles were frequently identified infilling pits and hollows on the 

surfaces of larger grains. Thin, well-formed plate shaped crystals up to 25 Hm in diameter 

were observed on the surface of larger feldspar and mica grains, growing as secondary 

minerals from the alteration of meta-stable parent minerals. 

5.5.4.4 Organic Matter 

Fragments of organic matter were angular to sub rounded, and often platy or prismatic. 

Particle colour varied from black to dark brown and surface texture was predominantly dull 

and pitted with occasional shiny, vitreous faces. Occasional larger fragments (>5mm long) 

appeared distinctly fibrous or 'woody'. 

Particle grains varied in volume from 0.1 to 3.0 mm 3, with more than >75% of grains above 

150 pm in size. Material frequently floated when added to water, indicating low grain density. 

SEM analysis showed that grains were often cracked, with uneven, finely scratched surfaces 

that were often fibrous or layered. EDX analysis revealed the particles to be >90% carbon, 

with varying amounts of sulphur, aluminium, calcium, iron and manganese. 

Fragments had an obvious biological origin, and might likely be related to the peat horizons 

mentioned in previous studies'. 

5.5.4.5 Lithorelicts 

Lithorelicts, also known as lithic fragments, accounted for a very small portion of the 

sediment volume, and consisted of coarse fragments (4-10 mm long) of broken fine-gained 

sedimentary rock of two different types: siltstone and limestone. 
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Siltstone -derived fragments were sub-angular to sub-rounded, with moderate sphericity, 

ranging in size from 5-8 mm long. Colour varied from red-brown to purple-brown, with 
individual constituent quartz grains visible to the naked eye. Surface texture was rough on a 

scale similar to the size of individual gains (150-300 pm diameter). These lithic fragments 

did not show any reaction with nitric acid. 

SEM analysis showed the constituent mineral grains to be rounded to sub-angular quartz 

grains held in a finer matrix. EDX mapping revealed areas rich in calcium and iron in the 

matrix material. 

Limestone derived fragments were most common in the upper part of the core and ranged in 

size from 4-20 mm diameter. Fragments exhibited a green-grey colouring and were typically 

rounded to sub-rounded. Lithic material was fine grained and crystalline (<150 ýIm), with 

occasional dissolution pits and smooth surface texture. 

EDX analysis confirmed the carbonate composition and fragments displayed a characteristic 

reaction to 5% nitric acid (HNOA by fizzing violently. In fragments gauged to be silt rich 

(micritic), only small surface areas of the fragments exhibited an acid reaction. Rare gavel 

sized fragments >10 MM3 were cut and polished, revealing well cemented, fine grained 

limestone containing numerous shell fragments <3 mm in diameter. 

5.5.4.6 Carbonates 

Carbonate fragments varied in colour from white to greenish-grey, and were rounded to sub- 

angular in shape. Grains larger that 150 [tm were predominantly polycrystalline and fine 

grained, although single crystal particles were identified. Carbonate grains were also 

identified in the fine sediment fraction (<150 pin) often formed on larger mineral grams as 

secondary minerals with rhombohedral form, on the surface of larger mineral grains. 

Grains characteristically reacted (fizzed) violently when introduced to 5% nitric acid (HN03). 

EDX analysis confirmed carbonate compositions typical of calcite (CaC03) with varying 

ionic substitution of magnesium and iron. 
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SecondarN, electron images of quartz grains 

Element maps 

Optical images display 
the varied nature of the 
quartz grains (left). 

Orange-brown grains 
were typically more 
rounded than colourless 
counterparts. 

Fine iron oxide particles 
speckle the grain surfaces. 

Aggregates ot'grains are 
rare, cemented by iron 
oxides (below). 
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Figure 5.11. Optical and secondary electron images oj'quartz grainsjbund in the sediment core. SE 

images display the various individual grain shapes and crystal aggregates. 
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Secondary electron images and element map of feldspar particles 

Ito. 
IW F, 

Secondary electron images of aii organic particle 

Figure 5.12. Optical and secondary electron images offeldspar and organic matter particles obtained 

from the Drigg sediment core. (a) Prismatic feldspar crystal. (b) SE image and element maps of a 

weatheredfeldspar grain. (c) A fibrous organic particle. (d) A smooth, finely cracked organic 

fragment. (e) An elongate, layered organic particle with patches of surface debris. 
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Optical images of some 
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Figure 5.13. Optical and secondary electron images of lithicftagmentsfound in the sediment. 
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Mica grains showed 
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decomposition (far left), 
while chlorite patches 
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weathered particles 
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Secondary electron images and element maps of mica and clay particles 

Figure 5.14. Optical and secondary electron images of mica and clay particles. (a) Biotite crystal, with 

a surface depression filled with calcite. (b) Thinly layered mica grain. (c & d) Growth patches of small, 

platy clay particles onfeldspar surfaces. (e) A wellformed quartz grain, withfine infilling of clay 

particles in surface pits. 
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5.5.5 X-ray Analysis Results 

5.5.5.1 X-ray Diffraction Results 

X-ray powder diffraction is a powerful technique for the identification of minerals present in 
soils and sediments. Applied to the Drigg sediment, this technique was the primary tool for 

the identification of clay minerals. 

Clay minerals are present in sediments and soils as secondary minerals, formed from the 

weathering of a variety of minerals such as mica and feldspar. Clay nuinerals can be thought 

of as essentially hydrous aluminium layer silicateS25. In some clays, Mg or Fe substitute in 

part for Al and alkalis and may be present as essential constituents. 

Some clay minerals display a capacity for the absorption of water molecules between the 

sheets, thus producing marked expansion of the structure. 

C,, 

Clay fraction Illite/smectite 

Chlorite K-feldspar 
Kaolinite 

Muscovite mica 

Goethite 

Quartz (primary) 

ýýýCalcite 

I/ 
Plagioclase 

Course fraction 

10 15 20 25 30 35 40 45 50 55 
"0' (Two-theta degrees) 

Figure 5.15. Comparison ofX7? -D patterns recordedfor coarse and clay-sized sedimentfractions over 

the range 10 to 60 201degrees. Reflections usedfor mineral identification are highlighted. 

XRD patterns recorded from coarse and medium sized sand fractions of the sediment were 

dominated by intense peaks associated with quartz reflections, consistent with observations 

that quartz was the predominant sediment component. Calcite reflections were also observed, 

60 

138 



but had weak intensities in comparison (figure 5.15). Identification of mineral components 
involved peak matching the observed diffraction lines with previously reported characteristic 
reflections for each phase (table 5.8). 

Primary reflection lines (A) Primary reflection lines (20/') 
Mineral 

Ist 2nd 3rd Ist 2nd 3rd 

Quartz 
Si02 3.34 4.26 1.82 26.65 20.85 50.14 

Muscovite 3.32 9.95 2 57 26 83 8 88 34 88 KA12(Si3AI)010(OH)2 . . . . 

Biotite 
2 K(Mg, Fe )3(AlSi3)010(OH)2 3.37 10.1 2.66 26.43 8.75 33.67 

Orthoclase 3.18 4.02 3.8 28.04 22 09 23 39 Y-AISi308 . . 
Microcline 3.29 24 3 4.23 27.06 27 50 21 01 Y-AISi308 . . . 
Albite 3.18 3.21 3.75 28.07 27.76 23.69 NaAISi308 

Anorthite 3.20 3.18 4.04 27.86 28.04 21.98 CaA12Si208 

Hematite 2.69 1.69 2.51 33.28 54.23 35.74 Fe203 

Magnetite 2.53 1.48 1.61 35.45 62.58 57.01 Fe304 

Calcite 3.04 2.10 2.29 29.40 43.14 39.40 
CaC03 

Goethite 4.18 2.69 2.45 21.24 33.28 36.62 
FeO(OH) 

Table 5.8. Reflections usedfor identification ofprimary minerals in the Drigg sediments. 

The identification of clay minerals was made according to the position of the characteristic 

(001) series of basal reflections on the X-ray diffractograms and followed international 

nomenclature. 13,26,27 The basal (001) reflections and related repeat reflectionS27 (e. g. 002 

spacing = 001 spacing / 2), used for clay identification are listed in table 5.9. Figure 5.16 

displays the assignments of mineral reflections for the clay-sized fraction of sediment. 
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Spacings of repeat reflections Spacings of repeat reflections (20/') 
Mineral 

10011 [002] [003] [001] [002] [003] 

Illite 10 5.03 3.35 8.84 17.62 26.59 
Kaolinite 7.18 3.58 2.39 12.32 24.85 37.55 
Smectite 10 5 3.33 8.84 17.72 26.72 
Chlorite 14.1 7.07 3.52 6.26 12.51 25.28 
Vermiculite 14.36 7.14 - 6.15 12.39 - 

Table 5.9. Repeat reflections usedfor the identification of clay minerals in the Drigg sediments. 

The clay minerals kaolinite, chlorite, illite and smectite (low purity illite) were identified. 

Microcline (KAISi3O8) and Albite (NaAlSi308) feldspar species were also identified, with 

goethite and muscovite mica. The presence of quartz was also confirmed, which hampered the 

resolution of mica and illite (003) reflections by producing an intense coincident reflection at 
26.6 20'. 
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Figure 5.16. XRD pattern recordedfor clay-sized material separatedftom the Drigg sediment. The 

pattern range encompasses a 201'region specific to the occurrence of higher-order reflections in clay 

minerals. Reflectionsftom component clay minerals are highlighted. 

140 



Typically, the proportions of the clay minerals in a clay size-fraction (<2 pm) are determined 
from oriented preparations, by means of comparing peak areaS28' using various scaling ratios 
to correct for differences in mineralogy and scattering factors inherent to X-ray diffraction. 
Due to the interference of quartz diffraction lines, a semi -quantitative analysis was not 
performed. Although the relative abundances of clay minerals was not detennined, the phases 
identified using XRD matched well with those reported in previous studieS6 and provide 
valuable information for geochemical modelling. 

5.5.5.2 X-ray Photoelectron Spectroscopy Results 

XPS studies revealed the surface coatings of quartz, feldspar and organic particles to be 

primarily mixtures of silica, aluminium, iron and potassium, with varying amounts of carbon 
(figure 5.17). Quantification revealed that oxygen accounted for an average 38-40% of the 

analysis volume, with carbon and silica the second most abundant species respectively. Table 

5.10 displays the average relative cation abundances observed for all the samples analysed. 

Component C (0/0) Si (1/0) A1 (016) K (016) Fe (016) Ca (0/0) 

Organic particle 67.61 21.36 7.95 1.37 1.70 0.00 

Feldspar particle 59.08 24.07 11.66 2.78 2.36 0.05 

Quartz particle 51.24 30.10 15.46 1.38 1.67 0.16 

Average for all samples 59.1 25.22 11.74 1.97 1.88 0.08 

Table 5.10. Relative cation abundances observedfor particle sample volumes analysed by XPS. 

Absolute error values were typically < 1.5%. Example abundances are displayedfor organic, feldspar 

and quartz particles, with an average abundance compiledftom all samples analysed 

Photoelectron peaks for the Si 2p level were observed at an average binding energy of 

103.04 eV (±0.05). The observed binding energy is lower than that expected for crystalline 

quartZ29,30 (103.6-103.7 eV) and is more characteristic of silica present in clay minerals e. g I I 
kaolinite (Si 2p = 103.0 eV). 31.29 Spectra obtained from groups of 'polished' quartz grains, 

reported photoelectron peaks for the Si 2p level at 103.28 eV, (±0.05), more typical of quartz. 
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Photoelectron peaks for the Al 2p level, also suggested the presence of clay minerals, with 
photoelectron peaks observed at 74.70 eV, (±O. I), consistent with those reported for 

kaolinite 29 (74.6 eV). 
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Figure 5.17. A photoelectron wide scan spectrum taken ftom a group of orange quartz grains. 
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Figure 5.18. Fitted photoelectron spectra ofFe 2p and Sl 2p regions takenfrom orange quartz grains. 

Photoelectron peaks for the Fe 2P3/2 level were observed at an average binding energy of 

710.98eV, (±0.3), characteristic of an Fe(Ill) phase such as haernatite (Fe'03) or goethite 

(FeOOH)32,33 . 
These signals were weak, corresponding to less than 2.5 at%. 
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Photoelectron peaks for the Ols level displayed an average binding energy of 531.28 eV 
(±0.3) and FV*THM of 2.19 eV. The observed binding energy compares most favourably with 
binding energies reported for aluminiurn silicateS34 (531.3 eV) rather than quartZ29 (533.0 eV) 

or haernatite 32,33 (530.0 eV). 

K 2s photoelectron peaks were observed in the U 4f photoelectron reglon at -378 eV, but 
XPS failed to identify uranium on the sample surfaces. 

Previous studieS6 have reported that iron oxide/hydroxide minerals present in the sediment at 
Drigg are often associated with clay coatings. The XPS data would seem to directly support 
this observation and suggest that the majority of particles had some degree of oxide/clay 

surface coating. 

5.5.6 Uranium Extraction Results 

In the near-surface geosphere, uranium can be associated with a number of different sediment 

components. It can be retained as an exchangeable species on clay minerals, bound to iron 

and manganese oxides, absorbed by organic matter or bound to carbonate minerals. 

Small amounts of uranium are present in the sediments beneath Drigg. Sequential extractions 

coupled with ICP-MS analysis, provided a means of identifying which sediment components 

were most closely associated with uranium. In some additional cases additional information 

was provided by EDX analysis. 

The NSSEP sequential extraction method used 17 was designed to separate uranium from five 

operationally defined fractions in the following order: 

1. Uranium bound as exchangeable species (clay minerals). 

2. Uranium bound to carbonate phases. 

3. Uranium bound to Fe and Mn oxides (by reduction or incorporation). 

4. Uranium bound to organic matter. 

5. Uranium present in residual acid solublefractions. 

Calculations suggested that the uranium content of the sediment was an average 0.0 1 mg 

per gram of sediment, based on extractions using a total fluid volume of 75 ml/g of sample 

sediment. 
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Sediment 
Component 

Relative proportions of total uranium content 

Sample I Sample 2 Sample 3 Sample 4 
(depth 0 em) (depth 15 cm) (depth 30 cm) (depth 45 cm) 

Exchangeable 2.21 0.37 0.53 0.78 

Carbonates 34.49 21.84 31.46 32.70 

Oxides 39.29 21.68 34.29 38.55 

Organics 16.93 51.45 26.15 19.19 

Residual 7.08 4.67 7.58 8.78 

Total U content 0.0166 0.0241 0 0155 0.0148 (mg/g) . 

Table 5.11. Relative proportions of uranium associated with different sediment components. For each 

sample the data includes the calculated amounts of uranium per gram ofsediment. 
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Figure 5.19. Relative proportions of uranium associated with different sediment components. 
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Table 5.11 and figure 5.19 display the total U content and relative associations of uranium in 

the four samples analysed. Results showed that uranium present in the Drigg sediments was 
most closely associated with metal oxide and carbonate phases (-38% and 32%, respectively). 
The orange-brown iron oxide coatings observed on many of the quartz grains and the 
limestone based lithic fragments would therefore seem to be the primary source of uranium 

uptake. This observation is backed by EDX analysis, which detected small amounts of 

uranium (<O. 15 at%) on the surfaces of iron oxide stained quartz gains and similar amounts 

on carbonates. 

The sediment sampled from a core depth of 15 cm showed a significant association of 

uranium with organic material. Comparison with the other sample sediments revealed a 
higher concentration of organic fragments, which might explain this result. The observation 

certainly indicates that organic material is a most efficient scavenger of uranium in the Drigg 

sediment. 

5.5.7 Uranium Uptake Capacity (filtration) Results 

The uranium uptake capacity of the Drigg sediment was determined using filtration 

experiments, coupled with ICP-MS analysis. Both sorted and unsorted sediment samples were 

reacted with lOppm uranium solutions at pH 4.85. The ICP-MS results are displayed in table 

5.12. It was observed that 2 CM3 volumes of unsorted sediment displayed an average uranium 

uptake capacity of 5.99 ppm. This is equivalent to an uptake of 0.196 mg/g, based on an 

average sediment weight of 1.53 g/cmý (table 5.13). 

Unsorted Fine Medium Coarse 
Uranium uptake capacity sediment fraction fraction fraction 

Sediment size range (jim) N/A 75-150 150-300 >300 

U removed from 100ml of 6.59 9.26 5.38 7.02 
9.54ppm stock solution (ppm) 

U removed when corrected for 5.99 8.65 4.50 6.01 
wash solutions (ppm) 

Table 5.12. Observed uranium uptakefrom Drigg sediments. 
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Property Unsorted 
sediment 

Fine 
fraction 

Medium 
fraction 

Coarse 
fraction 

Sediment weight (g/CM3) 1.532 1.549 1.527 1.445 

Uranium uptake (mg/g) 0.1955 0.286 0.147 0.207 

Tahle 5.13. Average weights ofsediment sizeftactions (g/cm). 
Each value was averagedftom weight data recordedfor three separate samples. 

Drawing from the sequential extraction results, it was already known that iron oxides and 

carbonates were the main contributors to uranium uptake. It was also observed that certain 

sediment components were preferentially concentrated in one grain-size fraction, relative to 

others. Organic matter and lithic fragments were significantly more abundant in medium and 

coarse-sized sediment fractions, while clay minerals were completely exclusive to the fine 

gain-fractions. Filtration of uranium solution through different size fractions of the sediment 

provided an opportunity to examine variations in sorption ability with respect to gram type 

and specific surface area of material. 

It is commonly assumed that the clay fraction in soils and sediments exerts a disproportionate 

influence on metal binding due to the presence of negatively charged, highly reactive mineral 

surfaces with large specific surface areas". Given a volume of mono-mineralic sediment, 

uranium uptake would be expected to correlate directly to surface area of reaction, which, in 

turn, would be related to grain size. On this basis, it was expected that filtration results would 

report the fine sediment fraction as removing the greatest amount of uranium from solution, 

and the coarse fraction as removing the least. Indeed, the greatest amount of uranium uptake 

occurred in the finest sediment fraction (75-150 ýtm). However, the coarsest fTaction 

displayed the second greatest uptake. Variations in grain type and surface coatings between 

sediment might best explain this result, because efficient uranium scavengers, such as 

carbonates and organic matter, are most abundant in the coarse sediment fraction. 

Additionally, the goethite coatings observed on quartz grains may significantly contribute to 

the observed uptake. 
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5.6 Discussion and Conclusions 

5.6.1 Core Sediment Summary 

From a series of bulk and size separated sediment fractions, the mineralogy of Drigg core 
6124/TJ4/5 was determined using optical microscopy, scanning electron microscopy with 

energy dispersive X-ray analysis, X-ray diffractometry and X-ray photoelectron spectrometry 

The orange-brown sediment was medium-fine grained consisting predominantly of quartz 
(75-80% volume) with other primary minerals including biotite mica, albite and microcline 
feldspar. Secondary minerals included calcite (CaCOA haernatite (Fe203) and a complex 

phyllosilicate assemblage consisting of chlorite, illite and kaolinite clays derived from the 

alteration of meta-stable feldspathic and micaceous parent materials. 

Other sediment components included coarse-sand to gavel-sized limestone and siltstone 

lithorelics, which were concentrated in the uppermost part of the core, and fragments of 

organic matter, which were generally sparsely disseminated but showed a greater 

concentration in disturbed horizons. 

The mineralogical characterisation matched well with previously reported sediment logs for 

borehole C2/1, which was drilled in very close proximity. Sediments recovered from the 

upper portion of the borehole C2/1 were reported as dusky brown, fine to medium grained 

sand with organic material. 

The observation that the majority of particles had some surface coating of Fe(III) oxides and 

clays matched well with previous studies .6 Iron oxide coatings predominant on quartz grains 

were identified as goethite by XRD, though clay phases were also observed on almost all 

particles >150 ýtm in size. The mineralogy of the clay-sized sediment fractions determined in 

this study tallied well with previous observations of inorganic colloid compositions in Drigg 

groundwaters. 

Inorganic colloids were predominantly composed of iron oxyhydroxides with silica, although 

calcium carbonates, clays and aluminium. oxides were recorded as secondary colloid species. 
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5.6.2 Discussion 

Studies have characterised the redox conditions in Drigg groundwaters" as 'moderately 

reduced' with the overall geochen-&al system considered to be in equi ri ilib urn between iron 
oxyhydroxides and siderite. Aqueous iron concentrations (table 5.14) and measured redox 
potentials (Eh) were consistent with redox reactions between iron (II) and iron (111) minerals, 
i. e. oxidation of iron (11) minerals and reprecipitation of iron (111) minerals. 

Parameter Mean Concentration (mg/1) 

Fe 5.46 

Mn 0.14 
u <0.001 
N03 21.47 
S04 39.5 

Chlorides 101.5 

Dissolved oxygen content (DOC) 7.3 

Na 55.85 

K 5.95 

Ca 31.1 

Mg 10.93 

Dissolved silica 5.76 

Hurnic substances 14.6 

Sulphides <0. I 

Table 5.14. Summary of the key Drigg groundwater parameters recorded between 1996 and 2000.36 

The results of this study reported that in the sampled Drigg sediment, uranium concentrations 

were of the order of 0.0177 mg/g. Results of filtration experiments suggested that the Drigg 
r_>r; - 

sediment was uranium undersaturated. The observed uranium uptake capacity of the sediment 

at pH 5.18 was approximately 0.2 mg/g, based on an average sediment density of 1.53 g/CM3. 

Initial expectations were for the bulk of the uranium present in the sediment to be associated 

with clay minerals in the finest size fraction of the sediment. Heavy metal uptake has been 

demonstrated for many clay mineral systems, including vermiculite, kaolinite 37,38 

pyrophyllite 39,40,41,42 and montmorillonite. 43 Although precipitation of heavy metals on clay 

mineral surfaces may be important in some soils, the results of sequential extractions 

presented in this work showed that uranium present in the Drigg sediments was most closely 
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associated with iron oxide and carbonate phases (-38% and 32% respectively). The orange- 
brown goethite coatings observed on many of the quartz grains and the limestone -derived 
particulates would therefore seem to be the primary source of uranium uptake. 

The efficient sorption of uranyl (VI) to iron (hydr)oxides, including ferrihydrite44 45,46,47 

goethite 
48,49 

and hematite5o 51,52,5' has been well reported. The importance of iron oxides in 

controlling trace element mobility in the environment is also extensively 
54,55,56,57 documented 

. Consistent with the results of this work, a previous study of lacustrine 

sedimentS58 found approximately 75% of uranium on sand-sized particles was associated with 

surface regions rich in Fe and Mn. 

The generally accepted mechanism for aqueous U(VI) uptake by iron (III) oxides is via 
incorporation onto amorphous or crystalline iron oxide phases. '9 Uranium (VI) is a larger ion, 

60 61 2- both as a free-cation (0.80A) and as the linear uranyl dioxo-cation U02 , than Fe" 

(0.64A) in iron-oxide. Accordingly, U does not comfortably substitute into iron-oxide 

matrices, but is more easily incorporated in a uranate-like coordination environment. 59 

Iron oxides have also been proposed as reactive surface sites, pre-concentrating dissolved 

uranium to form uranyl mineral precipitates under solution conditions far below 

thermodynamic solubility liMitS62,63 
. 

This may be in part aided by the presence of carbonate, 

which has been found to significantly affect the adsorption of uranium (VI) onto iron 

hydroxides. 64 FTIR measurement of U(VI) adsorbed on iron hydroxides in the presence of 

carbonate have indicated that uranium was retained as uranyl carbonate complexes rather than 

being adsorbed as a cationic species. 

Previous studieS65 have also shown that the presence of calcium carbonate in soils strongly 

affects U(VI) sorption. It is well known that in the presence of carbonate, aqueous uranium 

tends to form carbonate complexes .7 On the surface of carbonate minerals, uranium becomes 

incorporated into surface bound carbonate complexes, forming solids such as rutherfordine 

(U02COA which contains linear U02 2+ uranyl moleculeS. 7 

The influence of organic carbon in sediments and groundwaters on the partitioning and 

availability of heavy metals is as important as it is complex 66,67,68 
. Organic matter can have a 

significant effect on the environmental mobility of metals in sediments due to the formation 

of soluble aqueous complexes, coatings on soil mineral surfaces, aggregates and mobile 

colloidal phases. In this study, organic matter was observed to efficiently scavenge uranium 

from solution. Organic particles were observed to be concentrated in the larger size fractions 

(>O. 1 mm) of the sediment, possibly related to the preferential dissolution of smaller organic 

particles. 
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While the importance of organics for immobilising metals in soils and sediments is 'widely 

recognised, the overall uptake potential for organics in Drigg sediments is thought to be 

somewhat limited due to the sparse distribution of material. It should also be noted that the 

convoluted geochemical interactions of organic carbon with other phases, such as those of Fe 

and Mn also acts to complicate overall sorption patternS69,70. 

5.6.3 Conclusions 

The results of this study indicate that the key geochernical controls on uranium mobility in 

Drigg sediments include the abundant iron oxides, carbonates and sparsely occurring organic 

matter. Each can serve to either immobilise heavy metals as stationary sinks or enhance 

mobility through colloidal transport. 

Real progress in understanding the environmental fate and consequences of radionuclides in 

soils and sediments can only be achieved by unraveling the complex interplay between 

chemically- and biologically-driven processes in natural systems. 
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CHAPTER 6- Uranium Sorption on Iron-Bearing Minerals 

6.1 Uranium Sorption onto Mineral Surfaces 

A major concern in the management and environmental remediation of sites contaminated by 

radionuclides is the environmental transport of uranium and other radioactive elements as 
dissolved constituents in groundwater. As previously discussed in Chapter 2, aqueous 

uranium present in groundwaters under oxidising conditions is predominantly in the 
hexavalent (uranyl) form and is potentially very mobile in the environment. An important 

mechanism for retarding uranium transport in envirom-nental systems is sorption onto 

minerals encountered along water flow paths. 

Sorption onto a particle surface can be regarded as a combination of both absorption and 

adsorption. Adsorption includes any process by which specific gases, liquids or substances in 

solution adhere to the exposed surfaces of materials, usually solids, with which they are in 

contact, while absorption includes any process by which a gas or a liquid is taken into the 

physical structure of the solid. Figure 6.1 shows the primary differences between intraparticle 

absorption versus surface adsorption. Some contaminant particles are attracted to the outer 

surface of the soil particle, while others are actually incorporated into the particle's structure. 

Particle channels 

Solid 
Adsorption 

\ 
particle 
it 

Absorption 

Figure 6.1. A schematic representation of adsorption versus absorption of contaminant particles. 

Previous studies have indicated that pH and dissolved carbonate concentrations are the two 

most important factors influencing the adsorption behaviour of U(Vl)'. The pH dependent 

behaviour is related to the surface charge properties of the soil minerals and the complex 

aqueous speciation of dissolved U(VI), especially near and above neutral pH conditions 
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where dissolved U(VI) forms strong anionic uranyl-carbonato complexes with dissolved 

carbonate. 

The Kd parameter is very important in estimating the potential for the adsorption of a 
dissolved contaminant in contact with soil and is traditionally used in nuclear waste disposal 

performance assessment to describe sorption of radionuclideS2,3 . The partition coefficient Kd 

is defined as the ratio of the quantity of the adsorbate adsorbed per mass of solid to the 

amount of the adsorbate remaining in solution at equilibrium. The expression for Kd 

calculation is: 

mass of adsorbate sorbed 
Kd ::: 

mass of adsorbate in solution 

(MI/g) 

It should be noted that a Kd value is only valid for a particular adsorbent e. g. uranium, and 

applies only to those aqueous chemical conditions in which it was measured. 

Kd values can be directly related to the retardation Rd of contaminants, which is the degree of 

reduction of velocity due to the sorption. Retardation Rd can be calculated from Yd according 

to the following equation': 

Rd =I+ Kd PIO 

Where p= bulk density of the sediment, and 
0= porosity of the sediment. 

Data representing the maximum limit for uranium Kd values has been derived from adsorption 

experiments with ferric oxyhydroxides and kaolinite 5. The boundary representing the 

minimum limit for uranium Kd values is based on values calculated for quartz, which has low 

5-9 
absorptive properties . 

To evaluate the potential migration of uranium from contaminated sites and nuclear wastes 

repositories such as the Drigg facility, information is needed on the sorption behaviour of 

uranium over a wide range of chemical conditions. Numerous experimental studies of uranyl 

sorption on minerals have been published. 10-l' Typically the experimental focus has been on 

clays 10-20 and other silicate minerals such as mica 21,22 and quartz 23-2' although work on iron 

(hydr)oxides, including goethite, 26-28 haernatitel 0,29-3 1 and ferrihydritel 0-36 has also been well 

publicised. 
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Most of these studies have been batch experiments in which a known volume of uranyl 
solution is reacted with a known mass of solid, and the amount of uranium lost from solution 

or sorbed on the solid is measured. 

In this study, batch sorption experiments were conducted to elucidate the sorption properties 

of the iron-bearing minerals: pyrite (FeS2), Magnetite (FeA), siderite (FeC03); and goethite 
(FeOOH), using quaitz(SiO2) as a relatively inert, 5-9,23 but geologically common comparator. 
The sorption of aqueous uranium to a number of different mineral/sediment mixtures was also 
deten-nined, building on previous work (Chapter 5) examining the sorption of uranium to 

sediment extracted from the Drigg LLW disposal site in Cumbria. 

The primary aim of this study was to identify which of the selected iron bearing minerals 

exhibited the greatest amount of uranium sorption. As part of this assessment, Kd values and 

estimates of uranium uptake per square metre of material were calculated. Scanning electron 

microscopy with energy dispersive X-ray analysis was used to examine the distribution of 

uranium on the mineral surfaces, while X-ray photoelectron spectrometry was used to 

examine the rates and mechanisms of uranium adsorption for different sample preparations. 

6.2 Experimental Methods 

6.2.1 Flow-through Column Experiments 

The uranium uptake capacity of different mineral sands was determined using a series of 

flow-through column experiments using specially designed filtration columns previously 

described in Chapter 4. The experiments were intended to provide a more realistic simulation 

of dynamic field conditions by combining the chemical effects of sorption and the hydrologic 

effects of groundwater flow through a porous medium. 

Comparison of uranium sorption between the different minerals selected could only be 

achieved by reacting approximately the same total surface area (TSA) of each mineral with a 

defined volume of uranium solution. This was achieved by restricting both the gain size and 

volume of sand reacted in each flow-through column. 

Mineral samples of magnetite, pyrite, goethite, siderite and quartz were separately crushed 

into fine angular sand using a hydraulic press to apply up to 8 tonnes of pressure. The 

resultant mineral debris was sorted into gain size fractions using a stack of micro-sieves 

graded at 1000,500,300,150 and 75 pm, respectively. The sediment was washed through the 
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sieves thoroughly with deionised water until the material was fully sorted, and fines had been 

significantly removed. The portion of grains caught by the 300 ýtm sieve were collected and a 
2 CM3 volume of each type of mineral sand was measured out and added to a dry filtration 

column. By restricting the gain-size of the mineral particles, the surface area for reaction 

could be more accurately constrained, although BET measurements provided supplementary 

data. 

100 ml of 10 ppm uranyl acetate solution (pH 4.76) was then added and cycled through each 

filtration column for a period of 120 hours. The flow rates were limited to <I 0 ml per minute 

for the duration of the experiments. After 120 hours the residual solutions were drained from 

the columns and pH recorded. Three 100 ml volumes of deionised water were then cycled 

through each filtration column, each for 60 minutes, in order to wash out any unbound 

uranium. An aliquot of each residual solution and wash solution was then diluted in 

preparation for ICP-MS analysis and ICP-AES analysis. The pH of each uranium solution was 

also measured. The mineral sands were then removed from the columns and left to dry in 

ambient conditions. A representative sample of each sand sample was then stuck to an SEM 

stub using a carbon sticky pad for adhesion. An SEM with a backscatter detector and EDX 

capability was subsequently used to investigate the surfaces of the mineral grains and look for 

uranium-rich areas/particles on the grain surfaces. The stock solution was prepared by 

dissolving uranyl acetate in deionised water, giving a pH of 4.76 and uranium concentration 

of 10.1 ppm, determined by ICP-MS. 

6.2.2 Batch Sorption Experiments 

Using a series of batch sorption experiments, the sorption behaviour of uranium on contact 

with pyrite (FeS2), goethite (FeOOH), magnetite (FeA), sidente (FeC03) and quartZ (SI02) 

was examined. Well-fonned crystals I OMM) of each material were selected and cut into 

wafers 2-3 mm thick using a water-cooled circular saw with a silicon-carbide cutting disc. 

Each slice was progressively polished and finished with a5 ýtm grade diamond polishing 

compound. Surfaces were cleaned of fine particles using an acetone wash and deionised 

water. Wafer surfaces were approximately 6 mm by 6 mm, although wafer shape varied 

slightly between mineral types. A total of 20 wafers were prepared for each mineral type. 

Four batch sorption experiments were conducted, with slightly different surface preparation 

and reaction conditions for each sample batch. Table 6.1 lists the experimental conditions and 

surface preparations for each sorption run. 
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Sorption run Surface preparation 

1 Polished and acid washed 

2 Polished, acid washed and 
ion etched 

3 Polished and ion etched 

Polished only 

Prep aration/experimental conditions 

Anoxic 
(Argon glove box environment) 

Anoxic 
(Argon glove box envirom-nent) 

Anoxic 
(Argon glove box environment) 

Atmospheric 
('open laboratory' environment). 

Table 6 1. Preparations and experimental conditions of the batch sorption experiments. 

Sample preparation for each sorption run involved re-polishing the wafer surfaces to a3 pm 

grade, using a diamond-polishing compound. Surfaces were cleaned using an acetone wash, 

and deionised H20. For sorption runs 1-3, polishing was conducted in an Ar atmosphere 

glovebox. SEN1/FIB investigation of polished standards showed the sample surfaces to be 

clean of an fine particals. 

Acid etched samples were placed in 5% nitric acid (HN03) to clean for a period of one hour 

with carbonates placed in purified H20- Subsequently the samples were removed and rinsed 

in purified H20- 

Ion etching of samples was carried out using a Thermo VG Scientific EX05 Ar ion source 

mounted in a X-ray photoelectron spectrometer from the same manufacturer. A source 

emission current of 5000 [LA was used with beam energy of 3.5 keV. The source was operated 

at the lowest beam magnification in order to maximise the etch area, with each sample etched 

for 5 minutes at the maximum possible etch rate. Samples were subsequently transferred 

directly into an Ar atmosphere glovebox, docked to the entry port of the Escascope, and 

added immediately to the reaction solutions. 

The batch sorption experiments involved the exposure of groups of mineral wafers to 50 ml of 

I Oppm uranyl acetate solution for periods up to 164 hours. Mineral wafers were sequentially 

removed at 11,22,44 and 164 hours respectively. The exposure durations for the primary 

sorption run were different, with sample extractions at 24,48,72,144 and 192 hours. Each set 

of minerals removed from solution was rinsed with deionised water, and immediately 
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mounted and transferred directly into the Escascope for XPS analysis. Non-reacted standards 
were also mounted and analysed using XI? S. Solution pH was measured at pH 4.76 

XPS analysis was conducted under high vacuum (< 5xl 0-8 rnbar) and the spectrometer (XPS) 

was equipped with a dual anode (Al-Ka 1486.6 eV and Mg-Ka 1253.6 eV) source. Al-Ka 

radiation was used 400 W (15 W, 26 mA). High-resolution scans were acquired with 30 eV 
pass energy and 200 ms dwell times. Data analysis was carried out using Dayta Systems' 
Pisces software. For all samples, binding energy values were referenced to the adventitious 
hydrocarbon C Is line at (284.8eV) to correct for variable charging between different 

minerals. 

6.2.3 Total Surface Area (TSA) Measurements 

Previous work has shown that the total surface area of a volume of sediment is directly 

controlled by the particle size, grain shape and porosity (also known as packing). " 

The crushing process was observed to create angular particles, typically rare in natural 

sediments, with grain forms reflecting the crystal systems and fracture habits of the minerals 

used. For example, goethite often forms in prismatic or radial fibrous structures and hence 

when crushed the majority of grains produced were bladed or elongate. 

An average porosity of 50% was observed for the mineral sands, similar to the 47-48% quoted 

in the literature for well-sorted angular sandS38 . The most analogous sand type" was reported 

as fine, angular and well sorted, with a density of 2640 k g/M3 and porosity of 47.5%. 

An estimate of TSA for a2 CM3 volume of material was calculated at 0.016 M2 , based on an 

average grain size diameter of 400 pm (0.4 mm), and sand porosity of 47.5%. However, 

because micro-scale surface texture and roughness were unaccounted for, the estimated TSA 

likely underestimated the true TSA values of the mineral sands. Variation in the TSA between 

mineral types was also expected, related to differences in surface texture dictated by the 

crystallinity and fracture habit of the different minerals. For example, goethite grains often 

exhibited extremely rough fracture faces, while magnetite, pyrite and quartz typically 

revealed smooth conchoidal fracture-faces. 

As an alternative to estimating the TSA of the mineral sands, the Brunauer, Emmett and 

Teller (BET) method 40 was used for determining surface area. The following surface areas 

were measured for the mineral particulates (Table 6.2). 
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Mineral Surface Area (M2/g) 

Magnetite 0.01497 

Pyrite 0.02117 

Siderite 0.02946 

Goethite 0.12395 

Quartz 0.02 1 Estimated 

Table 6.2. Surface areas of mineral particulates measured by BET 

Valuesfor quartz are estimated, because BET measurements were unsuccessfuL 

BET measurements were unsuccessful for quartz, so an estimated TSA value of 0.021m 2/g 

was used, similar to pyrite, because both minerals displayed a similar fracture habit and 

hardness. 

Using the measured surface areas it was possible to calculate the amounts of uranium uptake 

onto the mineral sands (Mg/M2), observed by experiment. The following section details the 

results of the uranium sorption experiments. 
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6.3 Sorption Results 

6.3.1 Results of Flow-through Column Experiments 

Filtration experiments coupled with ICP-MS analysis were used to exarmne the uranium 
uptake capacity of a range of selected mineral sands. The uranium uptake capacity of Drigg 

sediment mixed with different minerals was also investigated. 

The minerals magnetite, pyrite, goethite, siderite and quartz were the primary reactants. 
During the course of the experiment it was possible that both physical absorption and 
chemical adsorption had contributed to the uranium uptake observed in each sample. The 

sequential flushing of the sediment samples after reaction, with three wash solutions, provided 

a means to rid the samples of absorbed uranium. The data indicated that almost all (>92%) 

absorbed uranium had been removed after three washes (figure 6.2). 

to 

9 Solution filtered through pyrite 

7 Solution filtered through quartz 
6 
5 

42 

3 

2 

0 -M 0'. 11 

0.11 
Filtered solution 

Wash] 
Wash2 

Wash3 

() II 

7 

Figure 6.2. Residual uranium concentrations of solutions filtered through quartz (blue) and pyrite 

(purple) sand of between 300 and 500, um grain-sizesfor a 5-dayperiod. Initial solution concentrations 

were 16ppm U and pH 4.76. Concentrations of wash solutions are also displayed, representing 

absorbed uranium flushedfrom the samples. 

Amounts of chemical adsorption were calculated for each mineral type relative to the uranium 

concentration of the original stock solution (10.1 ppm, pH 4.76). The data indicated that 

pyrite, followed by magnetite showed the greatest amount of uranium adsorption. The 

uranium adsorption observed for the five minerals is displayed in figures 6.3 to 6.5. 
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Figure 6.3. Uranium removed (ppm) from 100 ml of 10.1 ppm uranyl acetate solution by difjerent 

mineral sands (grain-size between 300 and 500 pm). The solutions werefiltered through the sandsfor 

a period of 5 days (I 20hrs). 
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Figure 6.4. Uranium Kd (partition coefficient) values calculated for the different mineral sands, 

resultingfrom the reaction with 100ml of 10.1 ppm uranyl acetate solution at pH4.76, for a period of 

5 days. 
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Figure 6.5. Uranium removed via adsorption onto different mineral sands over a period of 5 days in a 
10. Ippm uranyl solution at pH 4.76 (MgIM2). 

The amount of uranium adsorption (Mg/M2) observed for each mineral was calculated from 
TSA measurements of the sample volumes. Pyrite exhibited the greatest uranium adsorption 
(6.78 Mg/M2)' followed by magnetite (5.84 Mg/M2), siderite (2.26 Mg/M2 ) and goethite 
(0.93 Mg/M2). Silica displayed the least reactivity, removing just 0.57 Mg/M2' which was 

consistent with observations made in previous studies. 5-9,18 

Compared to the pH of the uranium stock solution (pH 4.76), values of pH recorded for the 

residual uranium solutions reacted with magnetite, pyrite and siderite showed a significant 

increase (figure 6.6). Siderite (FeC03)was observed to cause the biggest increase in solution 

pH (pH 6.2) attributed to carbonate dissolution. The observed elevations in pH caused by the 

other mineral sands can be attributed to the removal of uranyl ions from solution, with the 

change in pH being somewhat proportional to uranium uptake. 

7 

pH 

Magnetite Pyrite Sidente Quaru (joculite stock 
Type of mineral swW 

Figure 6.6. pH values recordedfor residual uranium solutions after 120 hrs sandfiltration. 
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Subsequent SEM/EDX and XPS analysis of both sets of samples aided in determining the Z: ) 
nature of uranium on the mineral surfaces and its location. EDX mapping proved most useful 
in locating uranium rich particles and areas on the mineral grains. The following observations 

were made from the SEM investigation about the distribution of uranium on the mineral gain 

surfaces: 

i) Pyrite: Uranium distribution across the grain surfaces was variable. Uranium 

was most closely associated with oxidation patches containing sulphates or iron 

oxides. Ca-rich patches were also observed, likely derived from calcite 
inclusions, but did not show any significant association with areas concentrated 

with uranium. 

ii) Magnetite: Uranium appeared to have a uniform distribution across the grain 

surfaces. Quartz (Si02) inclusions were observed in isolated grains, but did not 

show any uranium association. 

iii) Siderite: Generally uranium appeared to be evenly distributed across the grain 

surfaces, although patches or cracks filled with iron oxide were observed to 

coincide with more significant concentrations of uranium. 

iv) Goethite: Uranium appeared to have a relatively uniform distribution across the 

grain surfaces. Crystal edges and some cracks appeared to show slightly greater 

uranium concentrations. 

The following pages contain annotated figures of representative SEM images and EDX maps 

acquired for each mineral particulate, highlighting typical gain shapes, surface textures and 

the surface distribution of uranium and other selected elements. 
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6.3.1.1 Pyrite 

Ca 

Fe 

S 

Grains are predominantly equi-dimcnsional, and grain faces ranged from 
flat to uneven. Surface texture was relatively smooth, although some fine 
debris particles and isolated iron oxide and hexagonal sulphate crystals 

(<I 0 ýLm) were observed. 
Inclusion patches of CaC03 
were also identified using 
EDX analysis. 
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S u U-Ca-Fe 

In the secondary electron 
image on the left, 
carbonate inclusions 
appear as dark parches, 
but are more accurately 
identified from the Ca 
element map. Element 
mapping also revealed a 
variable U distribution, 
with concentrations in 
small patches or particles 
<I 0 ýLm in diameter (see 
combination map to the 
left where U= pink, 
Ca = green, Fe = blue). 
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Figure 6-7. SE images and EDX element maps acquired from the pyrite grains reacted in the flow- 

through column experiments (including images on the previous page). 

6.3.1.2 Magnetite 

Equi-dimensional grain shapes are predominant, often resembling cubes or 
pyramids. Broken faces display an uneven, almost conchoidal fracture with 
no obvious cleavage. Surface texture was relatively smooth, although 
inclusions were identified on some fracture surfaces. 
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Figure 6.8. SE images and EDX element maps acquiredftom the magnetite grains reacted in the flow- 

through column experiments (including images on the previous page). 

6.3.1.3 Siderite 

Fe Mg 

Fe 

0 

U 

Ca 

Figure 6.9. SE images and EDX element maps acquiredftom the siderite grains reacted in the flow- 

through column experiments (including images and maps on the following page). 
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Figure 6.9. (continued). SE images and EDX element maps acquiredftoin the siderite grains reacted in 

theflow-through column experiments (including images and maps on the previous page). 
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6.3.1.4 Goethite 

Cleavage faces are 
extremely rough, 
showing two distin 
perpendicular cleavage 
directions [010] and [100] 
that run parallel to the 
long axis of grains. 

Fe Al Ca 

Fc 

si 

U 

Bladed and 

grain shapes 
are predominant 

Figure 6.10. SE images and EDX element maps acquiredftom the goethite grains reacted in the flow- 

through column experiments (including images on the following page). 
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Fe 

si 

U 

Fine particles and fractured 
crystal fragments < 15 Wn 
long occupy hollows and pits 
on the grain surfaces. Fine 
crystals show preferential 
charging, and element maps 
suggest Si and Al association 

Figure 6.10 (continued). SE images and EDX element maps acquiredftom the goethite grains reacted 

in theflow-through column experiments (including images on the previous page). 
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6.3.2 Results of Batch Sorption Experiments 

The different sample preparations adopted for each of the four sorption experiments were 
observed to directly affect the amounts of uranium sorbed to each mineral. In order to make a 
constructive comparison of the XPS spectra obtained for each mineral, it was necessary to 
first examine how different preparations affected the chemistry and reactivity of the sample 

surfaces. 

6.3.2.1 Sample Preparations 

Samples were initially polished to a fine grade, before further treatment and/or reaction. 
Polishing was observed to remove dirt and any significant oxide/corrosion layer from the 

sample surfaces. Subsequent acid treatments were observed to oxidise the surfaces of 

magnetite and pyrite samples, with partial oxidation of surface Fe(Il) ions to Fe(III) oxides 

observed. Peak fitting of the Fe 2p spectra recorded for magnetite (Fe304) after treatment with 
HN03 revealed a shift in the broad Fe 2p lines from 710.8 eV to 711.9 eV, reflecting this 

oxidative change. 

Polished Pyrite 
Fe(I I) oxide peak 
708.66 eV 

715 713 711 709 
Binding Energy (eV) 

Sulphide peak 
position at 706.7 eV 

707 705 703 

HN03 Treated Pyrite 

C', 

Fe(I I) oxide peak 
709.3 eV 

Sulphide peak 
shifted to 707.4 eV 

Fe(I H) oxide peak 
711.5 eV --, 

715 713 711 709 707 705 703 

Binding Energy (eV) 

Figure 6.11. Comparison of peak fitted Fe 2p binding energy spectra obtained from pyrite (FeS, ), 

before and after immersion in 5% nitric acid (HN03) for aI hour period. A significant shift in the 

Fe 2p spectrum is observed related to oxidation of Fe(II) ions to Fe(III) at the sample surface. 
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More graphic was the change in the Fe 2p spectra recorded for FeS2 (figure 6.11). The Fe 2p 

spectrum recorded from freshly polished pyrite was characterised by 2 peaks at 706.7 eV and 
708.6 eV, representative of Fe 2' as disulphide and FeO related iron respectively. After HN03 

treatment, the recorded Fe 2p spectra could only be resolved by the presence of 3 peaks. 
Peaks ascribed to Fe 2' had shifted to higher binding energy (707.4 eV and 709.3 eV 
respectively), with a high-energy tall characterised by a third broader (3.2 eV FWEM) peak at 
711.5 eV, ascribed to Fe (111) oxide. Goethite (FeOOH) showed no change in Fe 2p profile 

after HN03 treatment, which followed expectation given that component Fe ions were already 
in the most oxidised Fe (111) state. 

Argon ion etching of sample sets 2 and 3 was observed to cause an increase in the intensity of 

photoelectron lines recorded for all samples. Etching provided a means of further cleaning the 

sample surfaces, but also resulted in the reduction of surface cations to lower oxidation states. 
Ion induced reduction of surface Fe(III) ions to Fe(II) was observed for goethite, siderite and 

magnetite, causing slight shifts of the observed Fe 2p binding energy peaks to lower energies. 

The Fe 2P3/2 binding energy values recorded for un-etched and etched magnetite surfaces were 

-711.8 eV and 711.1 eV respectively, showing a shift of approximately 0.7 eV to a lower 

binding energy (figure 6.12). The etched value agrees well with that of 711.0 eV reported by 

Allen et al. 41 for an ion etched magnetite surface. 

Goethite 
Etched Goethite 

Magnetite 
Etched Magnetite 

720 718 716 714 712 710 708 706 720 718 

Binding Energy (eV) 

716 714 7 12 710 708 706 
Binding Energy (eV) 

Figure 6.12. Comparison of Fe 2p binding energy spectra obtained ftom magnetite and goethite, 

bqfore and after argon ion etchingfor a5 minute period. For each pair, spectral intensities have been 

matchedfor the purpose of comparison. 
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The Fe 2P3/2 binding energy values recorded for a standard and etched goethite sample were 
712.2 eV and 711.8 eV respectively, showing a shift of approximately 0.4 eV to lower 
binding energy (figure 6.12). The binding energies recorded are in good agreement with 

41,42,43 
previous studies . Sample ion etching was observed to generate a shoulder around 
710.2 eV, attributed by previous authors44 to Fe(II) and indicating partial reduction of surface 
Fe(III) ions. 

The Fe 2p binding energy values recorded for siderite before and after etching were 711.3 eV 
and 709.9 eV respectively, showing a shift of approximately 1.4 eV to a lower binding 

energy. Figure 6.13 displays a comparison of the spectra, which clearly indicates an 
increasing amount of Fe(II) detected in the analysis volume. 

Siderite 
Etched Siderite 

., 01 

731 7-16 721 716 711 706 

Binding Energy (eV) 

Figure 6.13. Comparison of Fe 2p binding energy spectra obtained ftom siderite, before and after 

argon ion etchingfor 5 minutes. Spectral intensities have been matchedfor the purpose of comparison. 

45 
The observed surface reductions are in good agreement with Brundle , who previously 

demonstrated that both Fe304 and Fe203 can be reduced by ion sputtering. The XPS spectra 

clearly indicate that argon ion etching of Fe304, FeOOH and FeC03 results in the reduction of 

some of the Fe(III) ions present at the sample surface. 

It should also be noted that samples prepared in anoxic conditions were all observed to have 

significantly higher initial surface concentrations of nitrogen relative to the 'air' prepared 

samples. In contrast, air prepared samples exhibited significantly higher surface 

concentrations of oxygen. The initial nitrogen abundances observed on samples prepared 

under anoxic conditions likely result from exposure of the samples to nitric acid (HN03)- 
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6.3.2.2 Uranium Sorption Results 

Quantitative analysis of the relative uranium abundances on the surface of each sample was 
achieved using Pisces software. After linear background subtraction, quantification was 
achieved by normalising the relative spectral peak areas using a set of sensitivity factors built 
into the software (Chapter 3.1.7). Uranium abundances were calculated to within 1-2% 

absolute error. 

For each of the batch sorption experiments the relative abundances of uranium recorded in the 

surface analysis volume of each sample were tabulated and compiled into a series of graphs 
plotting uranium sorption with time for each mineral. A comparison of the uranium uptake 
between sorption runs was then possible. The observed sorption behaviour of each of the 

selected minerals is reported in the following sections. 

6.3.2.2.1 Quartz 

Following the results of previous work, quartz (Si02)was selected for experimental reaction 

to act as a relatively inert but geologically common comparator. Indeed, the sorption of 

uranium onto silica was observed to be extremely poor for each sorption run. Figure 6.14 

displays the uranium sorption behaviour observed for the four experiments. 
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Figure 6.14. Uranium abundances observed on the surface of quartz, for samples exposed to 10 ppm 

uranyl acetate solutionfor increasing periods of time. Results are plottedfor each of thefour batch 

sorption experiments, contrasting the effects of different surface preparations. 
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Results of quantitative analysis indicate that the surface abundance of uranium remains 

extremely low, typically around 1-2% relative to Si, C and N, the other cations detected by 

XPS. The greatest abundances were recorded for samples prepared under anoxic conditions, 

with nitric acid and subsequent ion etching treatments (run 2). A peak abundance of 5.4% was 

observed at 164 hours exposure. 

The greatest rates of uranium sorption were observed within the first 44 hours of solution 

exposure. Sample runs 1,3 and 4 displayed peak uranium abundances between 22 and 
44 hours, which might be attributed to early surface complexation of uranium with the silica 

surface, followed by subsequent detachment of the most loosely bound complexes. This 

observation is in agreement with previous molecular dynamics calculationS25,46-48 and X-ray 

spectroscopic studieS49-51 that have reported formation of stable uranyl surface complexes by 

formation of both inner- and outer-sphere surface complexes. Outer-sphere complexation 

results from hydrogen bonding of a solvating water molecule to a surface oxygen atom, 

giving a U-Si distance of approximately 6A. These complexes are weakly bound to the silica 

surface and easily detached. In contrast, inner-sphere sur-face complexation between uranium 

and surface oxygen atoms with additional hydrogen bonding between solvating oxygen atoms 

and surface protons can result in the formation of immobile surface complexes, which are 

more closely bound to the silica surface (U-Si distance = 4A) and likely account for the 

residual uranium observed on the silica surfaces at the end of each reaction period. 

Water molecules 

460 ion complexed with 
water molecules 

Cations 

Outer Sphere Inner Sphere 

complexation complexation 

Mineral Surface (negative surface charge) 

Figure 6.15. For inner sphere complexation a charged ion attaches itseýf directly to the mineral 

surface, forming chemical bonds with atoms present at the structural surface. For outer sphere 

complexation the charged ion is surrounded by water molecules, and, although the ion-water complex 

resides on the mineral surface by coulombic attractions, it does notform any real chemical bonds with 

the mineral surface. 

175 



XPS results for uranium sorption onto silica strongly suggest that both U(IV) and U(VI) 

species are present in the analysis volume. Table 6.3 di isplays the observed peak locations and 

relative U(IV)/U(VI) abundances for each experimental run. 

U 47/2 peak locations (eV) Relative % of U(IV) and U(VI) 

Experiment U(IV) U(Vl) U(I V) U(Vl) 

Run 1 380.35 382.53 60.7% 39.3% 

Run 2 380.51 382.40 61.5% 38.5% 

Run 3 380.60 382.44 62.7% 37.3% 

Run 4 380.43 382.62 42.7% 57.3% 

Table 6.3. Observedpeak locations and relative U(IV)IU(VI) abundances observedfor quartz samples 

in each experimental run. 

Using peak data for U(IV) and U(VI) oxides recorded in previous XPS studieS52-55, it was 

possible to resolve the U 4f line using two peaks approximately 1.7 eV apart. The lower 

binding energy peak at 380.4 eV was attributed to U(IV) inU02, while the second peak at 

382.4 eV, was ascribed to U(VI) MU03- 
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vwv- 

- Run I 

- Run " 

- Run 3 

- Run 4 

- 

400 395 390 J8-! ) 
Binding Energy (eV) 

-)au .)/ -1 370 

176 



Figure 6.16. A plot of U 4f spectral regions observedfor samples of maximum uranium abundancefor 
each experimental run. The vertical grey lines indicate the average peak centrefor U(IV) and U(VI) 

contributions to the U 4fspectral envelope. 

XPS curve fitting results suggested that U(IV) was the predominant species on quartz samples 

prepared under anoxic conditions (figure 6.16). Although previously mentioned studies 
looked specifically at surface complexation of U(VI), it is quite possible that the quartz 

surface was left partially reduced by the anoxic preparations, and that inner-sphere surface 

complexation between uranium and surface oxygen atoms was followed by surface reduction 

of U(VI) to U(IV) coupled to oxidation of Si at the sample surface. 

Figure 6.17 displays Si 2p and 01s binding energy spectra recorded for silica samples after 
164 hours exposure to uranyl solution. Each spectrum could be resolved by two peaks 

approximately 2.3 eV apart. The spectra observed for anoxic and oxic sample preparations 

were markedly different, with the peaks at lower binding dominating the spectra of the anoxic 

samples and suggesting the surfaces were more reduced by comparison. This observation is 
based on that fact that for a given element, a positive change in oxidation state produces a 

slight increase in binding energy and vice versa for a negative change in oxidation state. 
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Figure 6.17. A plot of SI 2p (left) and 0 Is (right) spectral regions observedfor silica samples after 

164 hours exposure to 10 ppm uranyl acetate solution. Component peaks have -2.3 eV separation. 
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6.3.2.2.2 Pyrite 

The sorption of uranium onto pyrite (FeS2) surfaces was observed to vary significantly 
between each sorption experiment (figure 6.18). Argon ion etched samples prepared under 

anoxic conditions displayed the highest amounts of uranium sorption, with relative surface 

abundances of 22.1% and 21.4% measured after 164 hours for sample runs 2 and 3, 

respectively. Exposure of samples to the air during preparation (run 4) was observed to 

significantly reduce the uranium uptake of pyrite surfaces, with a relative surface abundance 

of 7.3% measured after 164hours solution exposure. The lowest uranium sorption was 

observed for pyrite pretreated with HN03, recording a maximum abundance of 1.3% after 
192 hours. 

The greatest rates of uranium accumulation were observed within the first 44 hours of 

solution exposure, with over 60% of the observed sorption occurring within this period. From 

44 hours onwards uranium abundances were observed to increase more slowly at rates 
between 0.09 and 0.29 % per hour, respectively. A uranium sorption spike (44.8%) was 

observed for pyrite surfaces in sorption run 2 at 2 2hours exposure. To discount this spike as 

an anomalous result, a rerun of the experiment was conducted. However, the rerun produced 

very similar results, suggesting that the spike in surface uranium abundance was not 

anomalous. The spike might be explained by the detachment of surface formed uranium 

complexes, but further investigation, not detailed in this study, would be necessary to Pin- 

point the mechanism responsible. 
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Figure 6.18. Uranium abundances observed on the surface of pyrite, for samples exposed to 10 ppm 
uranyl acetate solution for increasing periods of time. Results are plottedfor each of the four batch 

sorption experiments, contrasting the effects of different surface preparations. 
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Figure 619. A plot of U 4f spectral regions observedfor pyrite samples after 164 hours exposure to 

10 ppm uranyl acetate solution, for each experimental run. The vertical grey lines indicate the average 

peak centrefor U(IV) and U(VI) contributions to the U 4f spectral envelope, and highlight the presence 

of mixed U(IV)IU(VI) compounds on the pyrite surfaces. 
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Figure 6.20. A plot of Fe 2p spectral regions observedfor pyrite samples after 164 hours exposure to 
10 ppm uranyl acetate solution. Vertical grey lines denote peak regions for Fe., 03, FeO and Fe. Sý,. 

XPS data indicate the presence of mixed U(IV)/U(VI) compounds on all the pyrite surfaces, 

with U 4f peak centres recorded between 380.3 eV and 381.9 eV (figure 6.19). Curve fitting 

results for ion etched pyrite surfaces reported greater U(IV) abundances than samples 

prepared in air or treated with HN03. 
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Figure 621. A plot of S 2p spectral regions observedfor pyrite samples after 164 hours exposure to 
10ppm uranyl acetate solution. Arrows indicate disulphide andpolysulphide peak contributions. 

Pyrite has previously been identified as a medium for the uptake and possible reduction of 
toxic uranyl U(VI) compounds 56 

. That study proposed that partial reduction to uranium U(IV) 

may be associated with the oxidation state of the pyrite surface, based on correlation of U 

sorption sites with pyrite oxidation zones. Other studies have shown that oxidation of a fresh 
Error! Bookmark 

pyrite surface produces iron oxides, elemental sulphur and other sulphate species . 
not defined. -Error! Bookmark not defined. 

These observations are in agreement with the XPS results presented for pyrite. The Fe 2p and 
S 2p spectra obtained for each sample run showed progressive surface oxidation (see figures 

6.20 and 6.21). Air prepared samples (run 4) showed the most significant abundances of 

polysulphides at the sample surfaces with no sulphate species detected on any samples. The 

ion etched samples exhibited both the greatest amount of uranium sorption and the greatest 

amount of iron oxidation, with no residual disulphide iron recorded by 164 hours reaction. 

Acid etched samples (run 1) displayed the least surface reaction, with no significant 

difference in Fe 2p and S 2p profiles recorded for unreacted and residual samples, suggesting 

that acid treatment had pacified the sample surfaces prior to sorption reaction. 

Relatively little work has been published in relation to the interaction between aqueous 

uranium (VI) and sulphide minerals. Much is still unknown about the fundamental 

mechanisms involved in the oxidative dissolution and decomposition of pyrite. Previous XPS 

oxidation studies of pyrite 
Error! Bookmark not defined. -Error! Bookmark not defined 

* have indicated a 

significant effect of pH on the reaction products of oxidation, which in turn, is likely to 

directly affect uranium sorption onto pyrite surfaces. A more detailed examination of the 

interaction between aqueous uranium (VI) and pyrite is provided in chapter 7 of this thesis. 

6.3.2.2.3 Magnetite 

The sorption of uranium onto magnetite (Fe304) surfaces was observed to vary between each 

experiment. Air prepared magnetite surfaces (ran 4) displayed the greatest uranium 

abundances with a relative surface abundance of 21.48% measured after 164hours. In 

contrast, the lowest amount of uranium sorption observed was for magnetite pretreated vvith 

HN03 (run 1), recording aU abundance of 3.12% after 192 hours. This lack of U uptake can 
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be attributed to surface oxidation of the magnetite (Fe2- 4 Fe3-) during the acid washing step 
of surface preparation. 
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Figure 6.22. Uranium abundances observed on the surface of magnetite, for samples exposed to 
10 ppm uranyl acetate solution for increasing periods of time. Results are plottedfor each of the four 

batch sorption experiments, contrasting the effects of different surface preparations. 

Argon ion etched samples prepared under anoxic conditions displayed intermediate amounts 

of uranium sorption, with relative surface abundances of 9.38% and 14.56% measured for 

sample runs 2 and 3 respectively, after 164 hours exposure to uranyl solution. Figure 6.22 

displays the uranium sorption behaviour observed for the four experiments. 

Surface uranium abundances showed the greatest increase within the first II to 24 hours of 

exposure to uranyl solution. Within this initial reaction period, well over 66% of the total 

observed sorption had occurred for runs 1,2 and 3. From 24 hours onwards the accumulation 

rate of surface-sorbed uranium was significantly slower at 0.001,0.018 and 0.031 % per hour, 

respectively, indicating that surface sorption had neared completion by 164 hours reaction 

time. However, air polished magnetite samples (run 4) showed greater accumulation rates 

from 11 to 164 hours (-0.077% per hour), suggesting that surface sorption reactions were 

ongoing. 

The XPS results indicate the presence of both U(IV) and U(VI) on all the magnetite surfaces, 

with U 4f peak centres recorded between 380.3 eV and 382.2 eV (figure 6.23). The recorded 

peak centres and relative U(IV)/U(VI) abundances for magnetite in each experimental run are It) 
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displayed in Table 6.4. After a reaction period of 164 hours, the air prepared and ion etched 
magnetite surfaces reported the greatest U(IV) abundances, while U(VI) was the only 
uranium species recorded on samples pretreated with HN03- 

U47/2peak locations (eV) Relative % of U (IV) and U(VI) 

Experiment U(I V) U(VI) U(I V) U(VI) 

Run I - 381.77 0% 100% 
Run 2 380.26 381.87 41.9% 58.1% 
Run 3 380.52 382.22 54.1% 45.9% 

Run 4 380.67 382.35 57.4% 42.6% 

Table 6.4. Observed peak locations and relative U(IV)IU(VI) abundances observed for magnetite 

samples in each experimental run. 

P 1/2 
Fe2P3/2 

Fe(l I I) Fe(II) 

Run I- Run 3 

Run 2- Run 4 

735 730 725 72 0 715 
Binding Energy (eV) 

L) 

710 705 700 

U(Vl) U(IV) U(Vl) U(IV) 

U4ý-; /2 
U47/2 

460 3) 5o 385 390 31 Ir 

Binding Energy (eV) 

Figure 6.23. A plot of Fe 2p(left) and U4f (right) spectral regions observedfor magnetite samples 

after 164 hours exposure to 10 ppm uranyl acetate solution. Each spectral envelope can be resolved by 

two peaks related to Fe(II)IFe(III) and U(IV)IU(VI) respectively. 

Very little change in the Fe 2p spectra was observed for any of the reacted magnetite samples I 

(figure 6.13). Over the full reaction period a slight narrowing of the spectral envelope was 
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observed for all samples, related to the gradual loss of a low binding energy shoulder peak at 
-710. OeV associated with Fe(11) ions in the magnetite structure. This observation, coupled 
with the presence of U(IV), provides good evidence for surface reduction of aqueous U(VI). 

0 Is spectra recorded for the samples could be resolved by two peaks occurring at 529.9 eV 
and -531.7 eV, with a slight tail to the high binding energy side. The two oxygen peaks 
typically displayed similar areas, although the higher energy peak was observed to 

predominate in Ols spectrum of air-prepared samples. Previous studieS41,43 , 45 have also 
resolved the Ols spectra for iron oxides with two peaks approximately leV apart. The lower 
binding energy peak has been attributed to metal oxide, with a constant value of around 
530.1 eV reported, irrespective of oxide .41 

The second peak, reported at binding energies from 

531.4 to 531.9 eV, has been attributed to the presence of surface hydroxyl species, resulting 
41,43,58 57 from chernisorption of water on the surfaces . Asami et al. attributed this peak to the 

presence of iron oxy-hydroxide, while Brundle et al. 45 suggested that it could represent non- 
stoichiometric surface oxygen atoms since the peaks were still observed on samples prepared 
in anoxic conditions. 

The XPS results clearly indicate surface reduction of U(VI) to U(IV), which is in good 
80-82 

agreement with recent work . As a mixed valence Fe oxide, the separation of Fe(II) and 
Fe(III) contributions to the Fe 2p binding energy spectrum is problematic due to the overlap 

of Fe2P3 peaks and their satellites generated by different iron valences. Peak separation can 

only be achieved by using reliable standards to provide effective fitting criteria. On this basis, 

a more detailed examination of the interaction between aqueous uranium (VI) and magnetite 

is provided in chapter 8 of this thesis. 

6.3.2.2.4 Siderite 

The sorption of uranium onto siderite (FeC03) surfaces was observed to vary significantly 

between sorption experiments. Samples prepared with argon ion etching displayed the highest 

amounts of uranium sorption, with relative surface abundances of 25.23% and 39.55% 

measured after 164 hours for sample runs 2 and 3, respectively. Preparation of samples in air 

(run 4) was observed to significantly reduce the uranium uptake of siderite surfaces, with 

relative surface uranium abundances of 7.24% recorded after 164 hours. The lowest uranium 

sorption was observed for siderite pretreated with HN03, recording a maximum abundance of 

2.24% after 24 hours, which subsequently dropped to 0.48% by 164 hours. Figure 6.24 

displays the uranium sorption behaviour observed for the four experiments. 
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Figure 6.24. Uranium abundances observed on the surface of siderite, for samples exposed to 10 ppm 

uranyl acetate solutionfor increasing periods of time, forfour different surface preparations. 

The shape of the uranium abundance curves indicated that surface sorption had reached 

completion by 44 hours reaction time for runs 1, 3 and 4. Slight decreases in uranium 

abundance observed after 24 hours for runs I and 4 are attributed to subsequent surface 

dissolution of the siderite, causing uranium desorption. 

Siderite samples treated with HN03 and subsequently ion etched (run 2) displayed a slightly 

different sorption behaviour, with continued uranium uptake observed after 44 hours reaction 

time, at a rate of -0.09% per hour. It is suggested that surface sorption reactions did not reach 

completion within the 164 hour experimental period. 
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Figure 6.25. A plot of U 4f spectral regions observedfor siderite samples after 164hours exposure to 
10 ppm uranyl acetate solution, for each experimental run. The vertical grey lines indicate the average 

peak centrefor U(IV) and U(VI) contributions to the U 4fspectral envelope. 

XPS indicated the presence of both U(IV) and U(VI) compounds on all the reacted siderite 

surfaces (figure 6.25). Peaks in the U 4f binding energy spectrum were observed between 

380.2 eV and 382.5 eV, and could be resolved into two peaks 2.0-2.4 eV wide (FWHM) 

associated with U(IV) and U(VI) respectively. Curve fitting results indicate significantly 

greater U(IV) abundances on the siderite samples prepared by ion etching compared to those 

prepared in air or treated with HN03 (table 6.5). 

U47/2peak locations (eV) Relative % of U(IV) and U(VI) 

Experiment U(I V) U(Vl) U(I V) U(Vl) 

Run 1 380.22 382.35 25.4% 74.6% 

Run 2 380.51 382.51 61.1%% 38.9% 

Run 3 380.70 382.22 60.5% 39.5% 

Run 4 380.16 382.23 39.2% 60.8% 

186 



Table 6.5. Observedpeak locations & relative U(IV)IU(VI) abundances observedfor siderite samples. 

Fe2pl/2 
Fe2P3/2 Fe(III) Fe(II) 

735 130 725 720 715 710 705 700 
Binding Energy (eV) 

Carbonate Adv. Hydrocarbon 
Run I 

Run 2 

Run 3 

Run 4 

293 291 '189 287 285 283 281 279 
Binding Energy (eV) 

Figure 6.26. A plot of Fe 2p(left) and C Is (right) spectral regions observedfor siderite samples after 
164hours exposure to l6ppm uranyl acetate solution. 

Similarly to magnetite, little change was observed in the Fe 2p spectra of siderite samples as a 
function of solution exposure time. Peak centres at -711.5 ± 0.3eV were observed for all 

samples (figure 6.26), which is in poor agreement with peak centres of 709.6eV recorded for 

siderite by Barber et a158, but corresponds closely to values reported for the Fe(III) oxides 
Fe203 and FeOOH in previous XPS studies. 41,43,59-61 This observation suggests that the 

predominant Fe species at the siderite surface was Fe(III) rather than Fe(II). An Fe(Il) 

component in the Fe 2p spectra was identified by a low binding energy shoulder peak at 

-709.5eV. Over the course of the experiments a gradual reduction in the intensity of these 

shoulder peaks was observed, indicating continued oxidation of Fe(II) ions in the surface 

carbonate framework. 

The C ls spectra of the siderite samples revealed up to four different C species in the surface 

analysis volume (figure 6.26). Two types of carbonate species were identified, located at 

binding energies of 289.4 eV and 291.5 eV respectively, with the lower binding energy peak 

corresponding well with that reported for CaC03 by Christie et al. 62 

01s spectra recorded for the sidente samples could be resolved into two peaks located at 

531.6 eV and 533.2 eV respectively. The lower binding energy peak corresponded well to 

values of 531.4 eV reported for calcite in previous studies. 
62,63 However, oxygen peaks 

between 531.4 and 531.9 eV have also been previously attributed to the presence of surface 

hydroxyl species on iron oxide surfaceS41,43,57, making peak association impossible. The Ols 
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peaks at 533.1 eV were ascribed to physisorbed hydroxide/water at the sample surface 
following assignations made in previous studies. 63,64 

Very little work has been published in relation to the environmental reactivity of siderite. 
Comparative studies of uranium sorption onto calcium carbonate suggest that the interactions 
between aqueous uranium (VI) and siderite will be strongly affected by pH. A more detailed 

examination of uranium sorption onto siderite would be required to verify this behaviour. 

6.3.2.2.5 Goethite 

The sorption of uranium onto goethite (FeOOH) surfaces showed the least variation between 

experimental preparations. Air prepared goethite surfaces (run 4) displayed greatest uranium 

abundances, with a relative surface U abundance of 22.5% measured after 164 hours. 

Intermediate amounts of uranium sorption were observed for ion-etched samples, with 

relative surface U abundances after 164 hours recorded at 12.0% and 14.9% for sample runs 2 

and 3, respectively. Goethite samples pretreated with HN03 (run 1) displayed the least amount 

of uranium sorption, with aU abundance of 6.8% recorded after 192 hours (figure 6.27). 

Similar to the results in this wotk a previous XPS stud Y65 of U sorption onto goethite under 

anoxic reaction conditions reported a mean uranium concentration of 10.8 ±0.5% on goethite 

surfaces reacted for periods up to three months in IX 10-3 M strength U solution at pH 7. 

Curve fitting of the U 4f binding energy spectrum for each sample indicated varied 

abundances of U(IV) and U(VI) on the goethite surfaces. U(VI) was the predominant species 

observed on goethite samples in runs 2&4, while runs I&3, exhibited greater abundances 

of U(VI). Table 6.6 displays the recorded U 47/2 peak centres and relative U(IV)/TJ(VI) 

abundances for uranium on geothite surfaces in each experimental run. 
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Figure 6.2 7. Uranium abundances observed on the surface of goethite, for samples exposed to 10 ppm 

uranyl acetate solution for increasing periods of time, for four different surface preparations. 
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Figure 6.28. A plot of U 4f spectral regions observedfor goethite samples after 164 hours exposure to 

10 ppm uranyl acetate solution, for each experimental run. The vertical grey lines indicate the peak 

locationsfor U(IV) and U(VI) contributions to the U 4fspectral envelope. 
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U47/2 peak locations (eV) Relative % of U(IV) and U(VI) 
Experiment u(I V) U(VI) u(I V) U(Vl) 

Run 1 380.26 382.12 53.6% 46.4% 

Run 2 380.29 382.18 45.5% 54.5% 

Run 3 380.31 381.96 46.5% 53.5% 

Run 4 380.0 381.98 27.1% 72.9% 

Table 6 6. Observed peak locations and relative U(IV)IU(VI) abundances observed for goethite 
samples in each experimental run. 

Felpl/2 
Fe2P3/2 Fe(III) Fe(II) Fe(I 11) Fe(III) 

Run I hydroxides oxide 
Run 

Run 3 

Run 4 

536 534 532 530 528 526 524 735 730 725 720 715 710 705 700 
Binding Energy (eV) Binding Energy (eV) 

Figure 6.29. A plot of Fe 2p (left) and 0 Is (right) spectral regions observedfor goethite samples after 

164 hours exposure to 10 ppm uranyl acetate solution. 

Fitted peaks recorded between 380.0 eV and 380.3 eV in the U 4f binding energy spectrum 

were attributed toU02while peaks fitted between 381.9 and 382.2 eV were attributed to U03- 

Widths of the fitted peaks were between 2. OeV and 2.5 eV (FVvHM), with curve fitting results 

indicating significantly greater U(IV) abundances on the samples prepared by ion etching 

compared to samples prepared in air (table 6.6). This result highlights the effect of surface 

reduction through ion etching on enhancing the uranium uptake of the material. 

Little change was observed in the Fe 2p spectra of the goethite samples as a function of 

solution exposure time. Peak centres were observed at -712.0 ± 0.3 eV, i. e. -0.4eV higher 

than un-reacted sample standards. Samples prepared by ion etching initially exhibited a low 

energy shoulder around 710.2 eV attributed to Fe(11)44, which subsequently reduced in 
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intensity with reaction time as oxidation of the Fe(11) to Fe(III) progressed, likely coupled to 
uranyl reduction. 

The Ols spectra for goethite samples prepared by ion etching could be resolved into three 

peaks at 529.9 eV, 531.5 eV and 533.0 eV. The peaks were assigned to structural oxides (02-), 

structural hydroxides (OH-) and physisorbed hydroxides (OH-), respectively (figure 6.30). 

Fitting data matched well with previous studies. 41,43,57,63-65 For an unaltered goethite (FeOOH) 

sample, an initial 1: 1 area ratio between the oxide and structural hydroxide peaks would be 

ideally expected, on the basis of stoichiometry. However, for samples prepared by ion 

etching, oxide species were determined to be initially more abundant (figure 6.30, below). 

Subsequent exposure to uranyl solution was observed to cause a shift in this ratio, with 
hydroxide species becoming more abundant. This chemical shift would likely be coupled to 
the oxidation of Fe(Il) ions that was also observed. 
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Figure 6.30. A plot of 0 Isfitted spectral regions observedfor ion etched goethite samples (run 3) over 

an exposure period of 164 hours. Comparison of curve fitted spectra for 0 hours (left) and 164 hours 

(right) shows a change in the relative abundances of oxide and hydroxide species. 

The 01s spectra for goethite samples prepared in air or using HN03 under anoxic conditions 

showed very little temporal variation. Peak fitting using the same criteria as etched samples 

strongly suggested that air prepared samples (run 4) had less surface oxide than other 

samples, but comparable amounts of hydroxide species, both structural and sorbed. Structural 

hydroxides predominated on the surfaces of samples prepared using HN03 (run 1). 

Goethite has been comprehensively studied, because it is the most common Fe-oxyhydroxide 

in nature. Many previous adsorption studies of this oxide exist because it has been shown to 

have a particularly high affinity for many anionS66-69, cationS70-72 and radioelements. 73-7' The 
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XPS and filtration results presented in this study compare well to this literature, and suggest 
that reduction processes observed for uranium in sorption experiments with magnetite are not 
so important with goethite. As goethite is an Fe(Ill)-bearing mineral, uranium reduction 
would not be expected because Fe(III) does not reduce U(IV). Uranium reduction processes 
were only observed when sample preparations (namely ion etching) resulted in partial 
reduction of the surfaces (Fe 3+ -) Fe 2) prior to reaction with uraniw-n. Subsequently the 
amounts of surface Fe(II) produced by ion etching were observed to reduce aqueous uranium. 

6.4 Conclusions 

The findings of this study indicate that sorption of aqueous uranyl species onto the surfaces of 
Fe-minerals is both effective and relatively rapid. XPS data indicated that most sorption 
occurred within the first 24-48 hours of reaction. Pyrite exhibited the greatest uranium 
adsorption (6.78 mg/m2), followed by magnetite (5.84 Mg/M2), siderite (2.26 Mg/M2 ) and 
goethite (0.93 mg/m2). Quartz (Si02) proved to be a valuable 'inert' comparator, displaying 

very limited amounts of uranium sorption (0.57 Mg/M2), consistent with observations made in 

previously mentioned studies. Assessments of uranium sorption by surface area of reactant 
(Ing /M 2), were considered to be more reliable than comparisons of distribution coefficients 
(ml/g), which provided assessments of uranium sorption as a function of weight. However, 

the Kd values calculated for the minerals in this study were comparable with previous studies, 
although grain size differences prevent direct comparison. 

Although there is general consensus that U(VI) transport in groundwater is, in part, controlled 
by adsorption onto iron-bearing minerals, there is disagreement concerning modelling 

approaches used to describe uranium adsorption in reactive transport models. Surface 

mediated reduction of U(VI) to U(IV) by Fe(II) ions and incorporation of U(VI) without 

reduction via the formation of stable surface complexes are both active mechanisms for 

uranium sorption onto iron-minerals. The XPS results have highlighted the differing 

contributions of these two U uptake mechanisms for a suite of iron-bearing minerals, and, by 

using different sample preparations, their surface chemistry and resultant U uptake behaviour 

was modified. 

Pyrite (FeS-, ), magnetite (Fe304), goethite (FeOOH) and siderite (FeC03)were selected for 

study because they represented a suite of naturally occurring iron-bearing minerals, which 

contain Fe(II) and/or Fe(III) ions in differing abundances and chemical associations. Bulk 

pyrite and siderite samples classically contain only Fe(II) ions, in cubic and hexagonal lattices 

respectively. Goethite classically contains exclusively Fe(Ill) ions in an orthorhombic lattice, 
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while magnetite is somewhat unusual, containing both Fe(Il) and Fe(III) ions in an inverse 
cubic spinel structure. 

The various anoxic surface preparations for the mineral samples were observed to alter both 
the amount and the oxidation state of uranium sorbed. Ion etching of samples was observed to 
reduce the mineral surfaces, and promote greater amounts of sorption by increasing the 
availability of Fe(II) ions for surface mediated reductive precipitation of uranium, forming 
insoluble U(IV) oxide species on the sample surfaces. Reductive precipitation is thought to 
occur in a similar way to that proposed for magnetite with the formation of surface complexes 
that moving uranyl ions into close enough proximity with Fe(II) ions for reduction. 

Sample preparations using acid etching were observed to significantly reduce the amount of 
uranium sorbed onto all the minerals reacted. XPS revealed surface oxidation of the Fe(ll) 
bearing minerals during this preparation while, conversely, reduction of some Fe(III) ions in 

goethite was also observed. Overall, it seems that acid treatment resulted in a passivation of 
the mineral surfaces for uranium sorption, by oxidising surface Fe(II) to Fe(111). 

The importance of some iron oxides minerals in controlling trace element mobility in the 
76-79 environment has been extensively documented 
. Specific attention has been paid to the 

Fe(III) oxides and hydroxides, including goethite. The generally accepted mechanism for 

aqueous U(VI) uptake by iron (III) oxides is via incorporation onto amorphous or crystalline 
iron oxide phases. " Due to the large ionic radius of uranium (VI) as both a free cation" 
(0.80A) and as the linear U02 2+ uranyl dioxo-cation 82 (L 8A) relative to that of Fe 3+ (0.65A), 

U(VI) does not comfortably substitute for Fe(III) into iron(III)oxide structures. Although the 

incorporation of uranium into distorted haematite structures has been observed 26 
, aqueous 

U(VI) tends to be incorporated onto Fe-oxide surfaces in a uranate-like coordination 

enviromnent8o from the fort-nation of stable monodentate surface complexes with ionisable 

hydroxyl sites on the oxide surfaces. 

The XPS results of this study for goethite samples prepared under ambient conditions are in 

good agreement with the results of previously mentioned studies of Fe(III) oxides. Indeed for 

the other iron-minerals prepared under ambient conditions, the relative proportions of U(VI) 

and U(IV) recorded suggest that uranium sorption via surface complexation is in part 

responsible for the total amounts of sorption observed. 
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The combination of batch sorption experiments, SEM and XPS analysis has provided insight 

into the kinetics of sorption and mechanisms of precipitation processes occurring on the 

surfaces of different iron-minerals. The complete surface reduction of U(VI) to U(IV) was not 

observed for pyrite, magnetite or siderite, which all contain Fe(II) ions. In order to more 

accurately define the uranium uptake mechanisms observed for these minerals, further work 

was conducted, which is presented in chapters 7 and 8 of this thesis. 
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CHAPTER 7- Sorption of aqueous uranium (VI) onto pyrite 

7.1 Overview of pyrite chemistry and oxidation 

Pyrite (FeS2) is the most common and arguably the most interesting of all the sulphide 
minerals. It is found in a wide range of geological settings such as soils, metamorphic zones, 
ore deposits and anoxic sedimentary environments and as such has attracted considerable 

research effort aimed at fully determining its surface properties and reactivity within the 

environment. Pyrite is common as both a primary and secondary mineral component' in 

sedimentary rocks and soils, and may provide a potential sink for uranium sorption and 

remediation. 

When pyrite is exposed to aerated aqueous solutions at atmospheric conditions, it oxidatively 
decomposes, releasing dissolved ferrous iron, H' ions, sulphite, thlosulphate and sulphate into 

solution . 
2-' This cocktail of oxidation products is commonly referred to as acid mine drainage 

and poses a large environmental problem in mining areas and estuarine sediments. 2-8 

Relatively little work has been published in relation to the interaction between aqueous 

uranium (VI) and sulphide minerals. This may be due to the misconception that pyrite is the 

'most noble' of all the sulphide minerals and is therefore relatively inert when considering its 

sorption potential with respect to uranium. 

However, in the only publication of 

note, Wersin et al. 9 used Auger 

electron spectroscopy (AES), X-ray 

photoelectron spectroscopy (XPS) 

and Fourier transforin infrared 

(FTIR) analysis to provide strong 

evidence for sulphides as efficient 

scavengers of soluble uranyl 

species. 

Wersin et al. proposed that partial 

reduction of U(VI) to U(IV) may be 
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Figure 7.1. Sorption isotherm of uranýyl, sot-bed as a 
function ofpH. U, = 0.2 mM, surface area = 50 m 2dM-3. 

Takenfrom Wersin et al. (1994). 9 
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correlated with the oxidation state of the pyrite surface, based on the association 

of U sorption sites with pyrite oxidation zones. Uranyl ion adsorption was found to be 
strongly dependent on pH, with the maximum uptake observed between pH 5.1 and 6.5. 

The experimental data previously detailed for pyrite in Chapter 6 indicated a significant 
amount of uranium sorption under aqueous conditions (41.71 Mg/M2). XPS data indicated the 
presence of mixed U(IV)/U(VI) phases on all the pyrite samples, while element mapping 
using EDX indicated that U sorption was heterogeneous. Both observations were consistent 
with the work previously reported by Wersin et al. 9 and strongly suggested that pyrite can be 
far from 'inert' with respect to uranium sorption. 

The classical bulk reaction of aqueous uranium with pyrite is thought to be as follows: 

2 FeS2 + U02 2+ 
laq] + 802 =: > 2Fe 3+ +4SO4 2- + U02 is] (1) 

This reaction implies a simple reductive precipitation mechanism, where aqueous U(VI) is 

reduced and removed from solution as a U(IV) solid inU02 on the pyrite surface. However, 

pyrite surface reactivity is rather more complicated than this simple bulk reaction and 

potentially uranium remediation can occur via a number of mechanisms, predominant under 
different pH and redox conditions. 

1. Reductive precipitation, driven by electron transfer between Fe(II) at the mineral 

surface and aqueous U(VI). Reduction of U(VI) to U(IV) would result in the 

precipitation of non-stoichiometric U02 (See Liger et al. 10) 

2. Reductive precipitation of uranium coupled to the oxidation of sulphide to 

polysulphide. Reduction of U(VI) to U(IV) would again result in the precipitation of 

solid U(IV)-oxide phase. 

3. Co-precipitation and Structural incorporation of U(VI) dunng the formation of iron 

oxides, elemental sulphur and other sulphate species at the pyrite surface. A reaction 

similar to that observed for goethite, haematite and rust phases. 
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Lalou et al. " have shown that in a natural system, uranium uptake by sulphides occurs during 

and/or very soon after their formation and that the resulting uranium content is a function of 
local environmental conditions. 

The fundamental mechanisms involved in the oxidative dissolution and decomposition of 
pyrite, relate to those governing U sorption. The chemical nature of pyrite surfaces pre-, syn- 
and post-oxidation has previously been reported by numerous XPS studies, of which all 
demonstrate that oxidation of fresh pyrite surfaces produces iron oxides, elemental sulphur 
and sulphate species. 12-17 Results have also indicated a significant effect of pH on the reaction 
products of oxidation, and provide a direct control on uranium sorption onto pyrite surfaces. It 
is generally accepted that the thickness and chemistry of the surface oxide layer on pyrite will 
deten-nine the aqueous sorption capability of weathered pyrite with respect to dissolved metals 
and radionuclides. An oxide coating might even act to passivate the pyrite surface against U 

sorption or further oxidation. 

The purpose of this chapter is to more fully elucidate the interaction between aqueous 
uranium and pyrite surfaces using sorption studies involving both XPS and ICP-MS. 

The experimental data was intended to expand upon the findings of Wersin et al. 9 and build 

upon the apparently complimentary results reported for pyrite in Chapter 6. 

7.1.1 Pyrite Structure and Surface Chemistry 

In order to better understand the interaction between aqueous uranium and pyrite surfaces, it 

is first necessary to understand the structure and chemistry of pyrite. Two structural 

environments must be considered, the 'bulk' crystal structure and the structure local to the 

crystal surface. 

Bulk pyrite can be considered to have a modified face-centred cubic rocksalt (NaCl) structure 

with Fe in the Na site positions and covalently bondedS2 pairs in the Cl positions. The S-, 

anion pairs are a unique aspect of the pyrite structure and are oriented along body diagonals of 

the cubic cell (figure 7.2). Each Fe atom is octahedrally coordinated to six S atoms whereas 

each S atom is tetrahedrally coordinated to three Fe atoms. Each coordination environment is 

slightly distorted resulting in a slight reduction in local symmetry. Crystallographic 

information for pyrite is summarised by Eyert et al. " 
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Prediction of the surface structure is rather 

more complex and depends largely on whether 

or not the S-S bond preferentially remains 

intact during cleavage. Pyrite fracture surfaces 

are predominantly conchoidal, indicating that 

all the internal bonds have a similar strength. 
However, occasionally an indistinct cleavage 

quality is observed along cubic faces, which 

reflects certain planes in the crystal structure 

that pass through the least number of 
disulphide pairs. This observation suggests 

that the bond strength between S-S pairs is 

slightly greater than for Fe-S bonds. 

ýý S2 2- & Fe 2+ 

Figure 7.2. FeS2 cubic crystal structure 

Bond strength is known to be proportional to the electron density at the bond critical point 
(bcp) and is inversely related to bond length. ", " In the pyrite structure, the S-S bond (2.08 A) 

is observed to be shorter and more strongly covalent than the Fe-S bond (2.26 A), suggesting 

that it has greater strength. Analysis of the critical point proper-ties of the pyrite bondS2 1 also 

suggests this, indicating that the valence electron density at the S-S bcp is 29% higher than 

that for the Fe-S bond. 

Given that the S-S bond is stronger than the Fe-S bond, crystal cleavage should not result in 

the pervasive breakage of S-S bonds, suggesting that nearer equal proportions of 'dangling' 

Fe and S bonds may be generated at the cleaved surface, and readily react with any suitable 

species in order to regain charge stability and bonding symmetry. 

7.1.2 Electronic Structure 

The generation of 'dangling' bonds can best be explained by examining the electronic 
22-32 

structure of pyrite, which has been studied at length . 

Energy bands occur in solids where the discreet energy levels of the individual atoms merge C) 

into bands which contain a large number of closely spaced energy levels. Valence bands can 

best be thought of as energy bands containing loosely bound valence electrons in their lowest 
:n 

energy state (the so-called valence band states). In bulk pyrite, the upper part of the valence 

band mainly consists of a non-bonding Fe 3d t-, g band which lies above a bonding S 3p - Fe 
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3deg band. The lower part of the conduction band is dominated by Fe 3deg-like states. The 
bulk band gap is 0.9 eV. 

The states at the top of the valence band are most important in the process of pyrite oxidation, 
as they are the highest energy filled states and thus the most susceptible to oxidative attack. 
However, at the pyrite surface where oxidation begins, it may be incorrect to assume that 

surface electronic structure is the same as the bulk because the bonding symmetry is locally 

disrupted. " 

The effect on the d-orbital states of the reduction in the Fe coordination at the mineral surface 
has been previously discussed from the semi-quantitative perspective of ligand-field 
theory33,34 and modelling of surface electronic structure . 

21 Surface cleavage and the resultant 
disruption of bonding symmetry is reported to have the following effects: 

Removal of an Fe-S bond, and the loss of overlap with S 3p orbitals, results in the 

destabilisation of Fe d, ý states to higher energy and shifts state density into d,,. 
-,, 

(with the Z direction being normal to the surface plane). 

0 The reduced coordination of surface Fe ions (from distorted octahedral to square 

pyramidal) also results in the destabilization of the dz and dyz states to higher 

energy due to the partial loss of long-range interactions with second nearest 

neighbour S atoms. 

The d,, states remain largely unaffected because their local coordination environment is 
.Y 

essentially undisrupted at the surface. In contrast to the Fe 3d states, the surface S states show 

no shift in energy on a decrease in 3p state density. 

7.1.3 Comparison of Bulk and Electronic Structure 

The most significant difference between bulk and surface electronic structures is that at the 

surface Fe d, ý orbitals are displaced to the top of the valence band, forming a characteristic 

'surface state'. In the case of pyrite these altered 'surface states' are retained and can best be 

thought of as 'dangling' bonds, which would be expected to dictate surface reactivity, and, 

because they are localised on Fe sites, imply an increased reactivity of Fe sites towards 
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oxidation. Calculations suggest that S 3p states provide a negligible contribution to surface 
state density, indicating that S sites show no increased reactivity towards oxidation. 

Thus, the overall picture of chemical behaviour for a freshly cleaved pristine pyrite surface is 
one dominated by highly reactive Fe sites while S sites remain relatively inert. On this basis it 
might be expected that uranyl interactions with a freshly cleaved pyrite surface will be 
dominated by Fe-U reactions. 

7.1.4 Surface Oxidation 

As previously discussed, the removal of uranium onto pyrite surfaces from solution may be 

linked to surface oxidation. However, should the surface already have an oxide coating the 

surface may be passive to U sorption reactions. On this basis is it important to gain an 

understanding of pyrite oxidation and its reaction products. 

Pyrite undergoes a complex cycle of reactions during aqueous oxidation. The initial step 'in 

pyrite oxidation is considered to involve the oxidation of the sulfur to sulfate, releasing Fe 2+ 

into solution where it can be oxidized by molecular oxygen to Fe 3+ 
. At near neutral pH the 

ferric ion will almost all be precipitated as iron oxide or hydroxide: 

2FeS2 + 2H20 + 702 
-* M 2+ +4SO4 2- + 4H+(. q) 

Pyrite + water + oxygen --> ferrous iron + sulphate + acid 

Further partial oxidation of ferrous to ferric iron consumes some protons: 

4Fe 2+ + 4H+(aq) + 02 
--* 4Fe 3+ + 2H20 (3) 

Ferric iron may act as an electron acceptor for further pyrite oxidation (3), or hydrolysis may 

occur (4), both processes releasing further protons: 

FeS2 + We 3+ 8H20 --+ 15Fe 2+ +2SO4 2- +16H+(. q) 
(4) 

Fe 3+ + 3H20 --). Fe(OH)3 + 3H+(aq) (5) 
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The overall sequence of reactions" is acid-producing, and can be summarized in the 
following form: 

4FeS2 +14H20 + 1502 
--+ 4Fe(OH)3 + 8SO42- + 16W(aq) (6) 

It should be noted that the reaction of pyrite to form S04 2- 
also forms small amounts of 

elemental sulphur, depending on the conditions of reaction. " At low temperatures, as little as 
3 mol% elemental sulphur is formed, while at high temperatures the amount increases to as 
much as 55 mol%. " 

7.1.5 Oxidation Products 

The oxidation reactions listed above (equations 1-5) are now well-established due to many 

years of research surnmarised in reviews by Lowson 2, Hiskey and Schlitt 37 and Nordstrom. 38 

Additionally, isotopic tracer studieS39,40 have shown that water participates more as a reactant 

and less as a spectator species during aqueous pyrite decomposition, with rapid hydroxylation 

of active surface sites. 

X-ray photoelectron spectroscopy has been the primary tool used for elucidation of the sub 

reactions and oxidation products appearing at a pyrite surface. Numerous studies have 

reported that surface oxidation of pyrite occurs heterogeneously or incompletely, with many 

intermediate oxidation products, including elemental sulphur, thiosulphate, and polysulphides 
2-5 being retained on the pyrite surface . Based on the change in aqueous oxidation products 

with time, it is generally accepted that oxidation of pyrite results in the formation of ferric 

(hydroxyl)sulphates and discrete Fe-oxyhydroxide patches or a Fe-oxyhydroxide layer. 41,42 

What is unclear, however, is the order in which oxidation products develop at the pyrite 

surface. The general observation 12-16 is that oxidation products occur on the pyrite surface in 

the order: iron oxides and/or hydroxides, iron sulphate and an iron deficient sulphide layer 

(figure 7.3a). This order would indicate that iron is the more reactive of the two elemental 

species, during oxidation, with S oxidation products such as sulphate developing later. Indeed, 

the rate and extent of pyrite oxidation is thought to be limited by the oxidation of Fe 2+ to Fe 3- 

rather than SI-to S6+ because molecular oxygen reacts very slowly with pyrite . 
43,44 

Other more recent studies have proposed that S2 2- at the pyrite surface is considerably more 

reactive than previously thought. Observations suggest that S'2- on fractured pyrite surfaces is 

rapidly destroyed (80% within I minute of air exposure), forming sulphate as the initial 
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oxi at on product, with iron oxyhydroxide developi 45 ing later as a subsidiary phase (figure 
3b). Nesbitt et al. 

46 
supplemented these findings by proposing that the rupture of S-S bonds 

during fracture produces S'- moieties, which are subsequently reduced to S2- with coupled 
2-t- 3+ 

auto-oxidation of Fe to Fe 

a) 

py 

Fe-deficient 

sulphide layer 

Fe-suLphate 

Fe oxides/ hydroxides 
Pyrite 

Fe oxides/ hydroxides 

Fe-sutphates 

Figure 7.3. Diagrams representing the two models proposedfor the development of oxidation products on pyrite. 

Reaction conditions such as temperature and pH provide the greatest control on surface 

oxidation, and dictate which oxide products develop. A recent study by Todd" used 

synchrotron-based X-ray absorption spectroscopy to examine the nature of surface oxidation 

phases on pyrite reacted in both air and aqueous conditions. In air-saturated solutions below 

pH 4, ferric (hydroxyl) sulphate was observed as the primary oxidation product, while at 
higher pH iron(III) oxyhydroxide was identified on the surface in addition to ferric 

(hydroxyl)sulphate. Under the most alkaline conditions goethite was reported as the dommant 

oxidation product. 

The nature of the phases developing on pyrite surfaces as a product of oxidation is very 

important when considering the potential uptake of U. The accumulated thickness and 

chemistry of surface oxide phases will directly affect the rate and amount of uranium sorbed, 

acting as a passive, protective coating. Given that peak U sorption has previously been 

observed between pH 5.1 and pH 7.0 it was necessary to compare the U uptake of freshly 

fractured pyrite with weathered pyrite within this pH range. 
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7.2 Experimental Methods 

7.2.1 pH Limited Sorption Experiments 

Natural pyrite crystals were sectioned along the cubic 100 crystal planes using a water-cooled 
silicon carbide cutting disc. Coupons 3 mm thick and approximately 8 mm square were cut 
and subsequently wet polished under ambient laboratory conditions using progressively finer 
Beuhler SiC grit papers, achieving a 4000 grade polish. 

A series of 100 ppm uranium stock solutions were prepared at different pH for reaction with 
the pyrite coupons (Table 7.1). Solutions were fon-nulated by dissolving prescribed quantities 
of Analar grade uranyl acetate in deionised H20, using gentle heating to aid dissolution, 

subsequently sodium hydroxide (NaOH) was used to adjust the pH of each solution to the 

required value. Aqueous uranium was thought to be present as the linearU02 2+ uranyl dioxo- 

cation, which is extraordinarily stable in an aqueous environment. 48,49 

PH 4.52 5.02 5.55 5.95 6.51 7.01 11.3 

Table 7.1. InitialpH values of the 7 stock solutions before reaction with pyrite coupons. 

Two sets of coupons were then exposed to 10 ml of 100 ppm uranyl acetate solution at 20'C, 

in individual polythene vials for 24 & 168 hours respectively. After polishing, each sample 

was briefly rinsed in deionised water before direct transfer into solution. Vials were selected 

to be inert to uranyl reaction, and dissolved oxygen (DO) was thought to be the only other 

oxidant present in solution. The vials were capped, placed in racks and the solutions gently 

agitated for the duration of the experiment using an automated rocker. 

After suitable exposure each coupon was removed from solution, briefly washed in delonised 

water to remove any unbound (absorbed or physisorbed) uranyl species and dried, taking care 

to avoid contamination or disruption of the surface. Samples were then mounted and analysed 

under high vacuum (better than 5x 10-8 mbar) in a Thermo VG Scientific X-ray photoelectron 

spectrometer (XPS) using Al-Ka (1486.6 eV) radiation at 40OW (15 W). High-resolution 

scans were acquired with a 30eV pass energy, and 200ms dwell times. Standard spectra Nxere 

also obtained from untreated pyrite coupons prepared by the same method. All binding 

energies were referenced to the adventitious hydrocarbon C ls line at (284.8 eV). The pH of 

the residual U solutions was subsequently measured and recorded. 
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It was noted that at pH > 6.5 a yellow uranium oxide solid, identified as metaschoepite by 
XRD, started to slowly precipitate after 24-48 hours of solution preparation, showing that at 
higher pH the concentration of U in solution (100 ppm) was above the solubility limit. 

The relative surface concentrations of U(IV) and U(VI) on the pyrite surface were determined 

using curve fitting of the U 4f photoelectron lines 50,51 
. The peaks resulting from the U 4f core 

level can be quantitatively resolved into U(VI) and U(IV) components based on the binding 

energies of uranium reported in the literature (table 7.2). Since the binding energyOf U02 is 

lower than that Of U03, a shift or broadening of the U 4f peaks to lower energies can be 

interpreted as the reduction of U(VI) to a lower oxidation state. 

Allen et al. 52 Chadwick 53 Wersin et al. 9 

U(IV) asU02,380.6 380.7 380.8 ev 

U(VI) as U03 381.9 381.9 382.4 ev 

Table 7.2. Binding energies (e V) reportedfor the U 4f712 peak in U(IV) and U(VI) oxides. 

Quantitative measurements of atomic percentage were obtained for U, S, Fe and 0 using wide 

scan photoelectron spectra generated by Al Ka radiation. Relative errors were calculated at 

less than ±3.5% for U, ±5.2% for S, ±6.8% for Fe and ±3.2% for 0 using the method of 

Harrison and Hazel. 14 Quantitative analysis was perfort-ned by comparison of peak areas and 

atomic concentrations were calculated using selected photoelectron peaks and their associated 

sensitivity factors. " 

It should be noted that the XPS technique js only slightly less surface specific than secondary 

ion mass spectrometry (SIMS). Using either Mg or Al X-ray sources the analysis depth of 

photoelectron spectroscopy is only 1-10 nm, despite the fact that the incident X-rays may 

penetrate deeply within the sample. This is because emitted photoelectrons lose kinetic energy 

from inelastic collisions as they travel through the sample, so that photoelectrons generated at 

greater depths have insufficient energy to escape, while electrons generated in the outermost 

sample layers have escape paths short enough to reach the detector. This means that 

quantitative measurements are only representative of the uppermost 10 nm of the surface of 

the sample analysed. 
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An FEI FIB201 focused gallium ion beam instrument was used for sample sectioning and 
high-resolution imaging of a number of the pyrite samples. For sample sectioning, a large ion 

current was used initially to remove a staircase -shaped trench 20 [Im wide. A finer beam of 
lower current was then used to 'polish' the larger vertical face of the trench by scanning the 
beam in a line to remove further material. To protect the top surface of the sample during ion 

milling, a platinum strap was deposited prior to the sectioning. The sample was tilted to 450 

and the polished face imaged using the low current ion beam to obtain high-resolution 

electron images. The thickness of any surface layers was measured and recorded using the 
FEI software. 

Secondary ion mass spectrometry (SIMS) was also used for sample analysis. Positive ion 

mapping of the sample surfaces was conducted, mapping U, Fe, Ca and S ions and UO+, U02 

and FeO+ clusters. 

7.2.2 Flow-through Column Experiments 

Following the primary set of sorption experiments, a further sequence of experimental work 

was conducted with the aim of achieving a quantitative comparison of the U reactivity of 
freshly prepared pyrite surfaces and those of 'weathered' pyrite surfaces. A pair of flow- 

through column experiments reacting 'fresh' and 'weathered' material were conducted for 

this purpose. The same experimental procedure was followed for the column experiments as 

detailed in Chapter 6.2. 

Mineral samples of pyrite were crushed using a hydraulic press into fine angular sand. The 

resultant mineral debris was sorted into grain size fractions using a stack of micro-sieves 

graded at 1000,500,300,150 and 75 pm respectively. Deionised water was used to wash the 

debris through the sieves until it was fully sorted. 

The portion of grains caught by the 300pm sieve were separated and a2 cm 3 volume 

measured out and added to a dry filtration column for immediate reaction with 100 ml of 10 

ppm U solution. A further 2 CM3 of material were separated and transferred to a clean glass 

beaker containing 100 ml of deionised water. The beaker was then heated to 50'C and the 

temperature maintained for a 24 hour period, during which time the water was slowly 

evaporated. Subsequently the material was left to cool and equilibrate under ambient 

conditions for a period of two weeks. This 'weathered' 2 cm 3 volume of the material was then 

added to a dry filtration column ready for reaction with 100 ml of 10 ppm U solution. 
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100 ml of 10 ppm uranyl acetate solution (pH 4.8) was cycled through each filtration column 
for a period of 168 hours. The flow rates were limited to < 10 MI per rrunute for the duration of 
the experiments. After 120 hours the residual solutions were drained from the columns and 
pH recorded. Three 100 ml volumes of deionised water were then cycled through each 
filtration column, each for 60 minutes, in order to wash out any unbound uranium. An aliquot 
of each residual solution and wash solution was then diluted in preparation for ICP-MS and 
ICP-ES analysis. 

The stock solution was prepared by dissolving uranyl acetate in deionised water, giving a pH 
of 4.81 and uranium concentration of 10.1 ppm, determined by ICP-MS. The surface area of 
the pyrite material was 0.0212 M2/ g determined by BET surface area analysis. 

7.2.3 Comparison Sorption Experiments 

Similar to the initial set of pyrite sorption experiments a series of 16 polished pyrite coupons 

were created by sectioning natural pyrite crystals. A group of 8 'fresh' samples were 
immediately exposed to 10 ml of 100 ppm uranyl acetate solution at 20'C, in individual 

polythene vials for 12,24,48 & 168 hours respectively. The pH of the 100ppm U stock 

solution was recorded at pH 4.8. 

A second group of 9 samples were placed in an environmental chamber for a 168 hour period. 
The chamber temperature was maintained at 200C, with 60% humidity and 400 PPM C02 (in 

air) for the duration of the 'aging' process. Subsequently, 8 of these samples were exposed to 

10 ml of 100 ppm uranyl acetate solution in individual polythene vials for 12,24,48 & 168 

hours respectively. 

After suitable exposure, each coupon was removed from solution, and prepared for immediate 

XPS analysis, following the same acquisition conditions as previous sets of pyrite samples. 
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7.3 Experimental Results for Sorption onto Pyrite 

7.3.1 Pyrite Reactivity With pH 

The XPS data obtained from the initial experimental run indicated a significant effect of pH 
on the uptake of U onto pyrite surfaces. 

7.3.1.1 Quantitative XPS Results 

Quantitative analysis of the wide scan spectra recorded from the samples revealed a number 
of U sorption trends, resulting from variations in the pH of the reactant solutions (figure 7.4). 

Comparison of the recorded U 4f photoelectron spectra for pyrite samples exposed to 
100 ppm U solution for 24 hours indicated a maximum uptake of U at pH 5.5 and 6.0, with 

uptake decreasing as pH moved away from this optimal range. For samples reacted for 

168 hours, the maximum U uptake observed was on samples exposed to solutions at pH 6.0 

and pH 6.5, showing a slight shift in range (figure 7.4). 

Comparison of the samples after 24 hours reaction time indicated increasing concentrations of 

surface oxygen and decreasing concentrations of sulphur and iron as a function of solution 

pH. Decreasing Fe: O and U: O ratios were observed with increasing pH, providing an 

indicator that the stoichiometry of developing surface oxide phases was increasingly oxygen 

rich, e. g. 

U02 4 U407 4 U308 4 U03 

Increasing pH 4 

The relative concentrations of Fe, S and 0 after 168 hours showed a further enhancement of 

this pattern, with samples exposed at pH 6.5 and pH 7.0 showing significantly less surface 

sulphur and significantly more surface oxygen than other samples. The profiles strongly 

indicated that with increasing pH, the amount and rate of oxide fonnation at the pyrite 

surfaces also increased. The concurrent drop in the amount of sulphur detected indicated that 

aqueous reactions at the pyrite surfaces were not generating oxidised sulphur species at the 

same rate as iron oxides, possibly due to dissolution and escapeOf S04 1- species. 
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Figure 7.4. Atomic percentage plots for Fe, S, 0 and U detected on pyrite surfaces after 24 hours and 
168 hours reaction with 100 ppm U solutions at different pH. 

Quantitative data obtained from pyrite samples reacted with U solutions at pH 11.3, indicated 

that 84at% of the analysis volume was accounted for by oxygen, with a further 13at% iron 

and 3at% uranium. Sulphur species were not observed to be present in the analysis volume 

after either 24 hours or 168 hours reaction, indicating that iron oxide or hydroxide completely 

covered the sample surfaces to a depth of at least 10 nm. 
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7.3.1.2 U 4f Data 

For U solutions of initial pH <- 6.0, mixed valence U species were detected at the sample 
surfaces after 24 hours reaction, characterised by broad U 47/2 and 45/2 photoelectron peaks 
centred at 380.7 eV and 391.6 eV (±0.15 eV) respectively (figure 7.5). The U 47/2 lines were 
best fitted using two peaks centred at 380.6 eV and 381.9 eV, ascribed to U(IV) and U(VI) 

respectively. 9,52,53 U(VI) was the predominant surface species accounting for greater than 60% 

of U detected. 

For samples reacted with solutions at pH greater than 6.0, the U 4f lines recorded after 24 

hours were located at higher binding energies, with the 4f7/2and 45/2 lines centred at 381.7eV 

and 392.6eV (±O. 15eV), respectively. Spectral fitting for U(IV) and U(VI) peak contributions 
indicated that U(IV) accounted for a maximum of 35% of U detected (figure 7.5). 

The data provided good evidence for reductive precipitation of U(IV) on pyrite surfaces 

within the first 24 hours of reaction when the pH of the reactant solution was less than pH 6.5. 

However, curve fitting results indicated that reduction of uranium was only partial, producing 

U(Vl)/U(lV) ratios of -0.5 consistent with a non-stoichiometric U02+x orU409phase. 

After 168 hours exposure of pyrite surfaces to 100 ppm U solution the U 4f photoelectron 

lines recorded for all the pyrite samples displayed a shift towards U(VI) as the dominant 

species on the pyrite surfaces (figure 7.5). Curve fitting of samples reacted at pH >- 6.0 

indicated the absence of U(IV) in the analysis volume, while for samples exposed at pH 5.0 & 

pH 5.5 U(VI) had become the predominant surface species over U(IV). The data clearly 

indicated that with increasing pH, aqueous uranyl species reacting with pyrite surfaces were 

either increasingly sorbed or precipitated as U(VI) species without reduction, e. g. schoepite 

((U02)802(OH)12-12H20)- 

For samples reacted at a pH of less than pH 6.5, the change in the U(Vl)/TJ(IV) ratios 

observed from 24 to 168 hours reaction were indicative of a change in reaction behaviour 

from surface mediated reductive precipitation of U oxide, to non-reductive incorporation of U 

into developing Fe oxide phases. It is suggested that this change resulted from the exhaustion 

of active Fe sites at the pyrite surface, which limited continued reductive precipitation, 

allowing previously less favourable reactions to become predominant. 
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Figure 7.5. Pholoelectron spectra of U4f lines recordedftom pyrite surfaces reacted with 100ppm Usolutionjbr 

24 and 168 hours, at different initial pH. U(VI) is observed as the predominant U species at higher pH. 
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7.3.1.3 Fe 2p Data 

The Fe 2p photoelectron profiles recorded from the reacted samples strongly indicated the 
formation of iron (111) oxides on the pyrite surfaces (figure 7.6). 

Fe 2p photoelectron spectra obtained from untreated pyrite surfaces showed a single pair of 
Fe 2p lines centred at 706.8 eV and 719.6 eV (±0.15 eV) representing Fe 2P3/2 and Fe 2P5/2 

peaks at binding energies ascribed to Fe 2+ in pyrite. 2-5,9 In contrast, the Fe 2p spectra recorded 
for U reacted samples indicated the development of a second pair of broad peaks located at 
higher binding energy (710.9 eV and 724.5 eV ±0.15 eV) ascribed to iron (111) oxide or 
hydroxide 56,57,58,59,60 (figure 7.7). The data indicated that the rate of Fe oxide development on 
the pyrite surfaces with time increased with the pH of the U solution. A significant Fe(III) 

component observed on samples exposed at pH >6.0 after 168 hours, with complete surface 

coverage observed for samples exposed at pH 11.3 (figure 7.7). 

Samples exposed to U solution at pH < 6.0 showed no significant evidence for the 
development of surface Fe(11I) phases within the first 24 hours of reaction. However, after 
168 hours reaction, small amounts of Fe(III) were detected at the sample surfaces accounting 
for less than 10% of the Fe detected and indicating that limited surface oxidation of Fe 2' had 

occurred, even at low pH. 

The indication of iron (111) oxide formation at the pyrite surfaces matched well with 

observations drawn from quantitative analysis which indicated increasing amounts of oxygen 

at the sample surface. 

7.3.1.4 S 2p Data 

The corresponding S 2p photoelectron spectra recorded for the reacted samples showed very 

little change in profile with solution exposure time (figure 7.8). A slight 0.5 eV shift in the 

S 2p lines towards higher binding energy was observed, accompanied by a slight broadening 

of the peaks in the same direction (figure 7.9). 

These observations agreed with those of Wersin et al. 9 ascribed to the formation of 

polysulphides at the pyrite surface. 15-17 A further observation was that the decrease in the 

intensity of the S 2p lines with both increasing reaction time and pH of the U solutions, 

related to the development of blanketing Fe(III) oxide/oxyhydroxide phases at the pyrite 

surfaces (figure 7.8). 
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Figure 7.6. Photoelectron spectra ofFe2p lines recordedftom pyrite surfaces reacted with 100ppm Usolutionfor 

24 and 168 hours. With increasing time andpH of U solution, Fe(III) oxides/hydroxides were more abundant. 
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Figure 7.7. Plots highlighting the temporal change in the recorded photoelectron Fe 2p lines from pyrite surfaces 

reacted with 100ppm U solution at pH4.5, pH6. OandpH7. O. Samples reacted at low pH show only very limited 

development of iron (III) oxide, while at near neutral pH the rate of iron(III) oxide formation is rapid, with 

significant amounts of oxide accumulating. 
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Figure 7.8. Photoelectron spectra of S 2p lines recordedftom pyrite surfaces reacted with 100ppm U solution for 

24 and 168 hours, at different initial pH. Intensity of the S2p lines is observed to diminish with increasing pH. 
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Figure 7.9. An example plot highlighting the shift observed in the photoelectron S 2p lines recordedfrom pyrite 
surfaces reacted with 100 ppm Usolution atpH 4.5. The binding energy shift of the S 2p line indicates progressive 
development ofpo lysulph ides from disulphide species, as a result of surface oxidation. 

7.3.1.5 0 ls Data 

01s photoelectron peaks recorded from the pyrite samples after 24 hours reaction showed 

very little difference in location or intensity as a function of increasing solution pH. The S 2p 

lines recorded from pyrite surfaces reacted for 24 and 168 hours, at different initial pH are 
displayed in figure 7.10. 

The recorded 0 Is photoelectron lines were best fitted by 3 peaks, located at 530.25 eV, 

531.75 eV and 533.5 eV with a further higher binding energy tail region at 535.5 eV. The 

lower binding energy peak was attributed to metal oxide, with a constant value of 530.25 eV 

±0.2. It is not possible to attribute the presence of this oxygen peak specifically to either U 

oxide or Fe oxide, because the binding energy values reported for Ols lines recorded from 

both sets of oxides are indistinguishable. 
52,56,57,6 1 At low pH, the second peak reported at 

binding energies from 531.6 to 531.9 eV was attributed to the presence of surface hydroxyl 

species, resulting from chernisorption of water on the pyrite surfaces. However, at higher pH 

(pH>6.0) this peak could also be attributed to the presence of iron oxy-hydxoxide at the pyrite 

surface. 62 Following the assigm-nents of previous studies, 63,64,65 the third peak at 533.5 eV 

was assigned to physisorbed hydroxide or water at the sample surface. 
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7.10. Photoelectron spectra of 0 Is lines recordedftom pyrite surfaces reacted with 100ppm Usolutionfor24 and 

168 hours, at different pH. The intensity of the 0 Is lines is observed to increase with increasing pH. A shift or 

broadening of the lines to lower binding energyfrom 24 to 168 hours is also observed 
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Figure 7.11. Plots of curve fitted 0 Is photoelectron lines recordedftom pyrite surfaces after 168 hours exposure 
to 100ppm U solution at pH4.5, pH6. OandpH7. O. Comparison of the intensiry of thefittedpeaks highlights the 
difference in abundance o surface oxide phases, relative to chemi- andphysi-sorbed hydroxyl groups. )f 

7.3.1.6 FIB Investigation of Reacted Pyrite Surfaces 

High magnification secondary ion imaging was used to examine the oxidative changes at the 

pyrite surfaces indicated by XPS. 

A comparison of the reacted surfaces with freshly polished material showed the reacted 

surfaces to be visibly altered, with the growth of numerous secondary phases. At very high 

magnification untreated sample surfaces revealed a polished surface with numerous elongate 

pits, steps and angular depressions aligned with crystal orientation. By comparison, the 

surfaces of reacted samples were considerably less angular, with amorphous growths of 4! ) 
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secondary phases draping and softening the sample surfaces. At high magnification pitted and 
stepped areas of the samples were partially fragmented and broken, attributed to the affects of 
oxidative corrosion (figures 7.12 and 7.13). 

The most significant evidence of surface reaction on the pyrite samples after exposure to U 

solution was the development of small equi-dimensional particles no more than 100 rim 
diameter clustered in distinct patches on the sample surfaces. At lower pH the particles were 
sparsely distributed, typically located in pits or depressions on the sample surface (figure 
7.12). Samples reacted at higher pH showed the growth clusters to be considerably more 
extensive, forming distinct patches of material up to - 100 ýIrn across that were unconfined by 

topographical features (figure 7.13). At higher pH, other prismatic crystals up to 500 rim long 

were found evenly distributed across the pyrite surfaces. These isolated growths were 
interpreted as being a distinct, separate precipitate phase, developing exclusively on samples 

reacted at pH >-6.5. 

7.3.1.7 SIMS Investigation of Reacted Pyrite Surfaces 

Consistent with XPS observations, the mass spectra recorded from the surface of the pyrite 

samples exposed to uranyl solution for periods of 24 and 168 hours indicated the presence of 

uranium at the sample surfaces. 

SIMS positive ion mapping was performed for the Fe+, S', 0+ and U' Ions and FeO-, FeOH', 

Fe02+, SO-, UO+, UO-, and U02 2+ clusters and was focused on resolving the spatial 

distribution of sorbed uranium and other possible reaction products resulting from the 

interaction of uranium with the pyrite surface. 

All samples showed discrete areas of uranium oxide on the pyrite surface, indicating distinct 

spatial heterogeneities. Two distinct types of area described the heterogeneous distribution of 

uranium across the pyrite surfaces. One area was characterised by isolated grains of uranium 

oxide up to 5 ýim in size, and the other by extensive patches of uranium oxide growth. Ion 

mapping showed a close association of isolated U-rich grains with other products of 

oxidation, identified by the increased relative intensity of 0+, SO-, FeO-, FeOH' and Fe02ý 

clusters, suggestive of Fe(III) oxides. 

Low magnification ion mapping of the pyrite surfaces where large uranium patches were 

observed showed an inverse distribution of Fe+ and S' clusters. Maps acquired at higher 

magnification showed that Fe and S species were intercalated within the U oxide growth 

patches. For samples reacted at higher pH, the formation of these uranium rich oxidised zones 
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was found to be far more extensive. Uranium patches were also more extensive on samples 
reacted for 168 hours. 

24 hours 168 hours 

Figure 7.12. Secondatýý ion images of the surfaces ofpyrite samples after exposure to 100 pp"i Usolution ut plj 
6. Ofor 24 and 168 hours. Suýface growths are more extensive on the samples reactedfor 168 hours. 
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Figure 7.13. Secondary ion images of the surfaces of pyrite samples after exposure to 100 ppm U 

solution at pH 7.0 for 24 and 168 hours. Surface growths are more extensive on the samples reacted 
for 168 hours, showing the development of at least two different surface phases. Particle clusters are 

relatively common surface features, with other isolated elongate prismatic crystals (bottom left and 

bottom centre) found evenly distributed across areas of the sample surfaces. 
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Numerous inclusions were observed in the pyrite samples varying in size from 5 to 100 ýIrn 
with a typically prismatic form and apparently random orientation. Energy dispersive X-ray 

analysis verified the inclusions as being aluminium silicate rMinerals, which showed variable 
charging under the ion beam. SIMS ion mapping clearly showed that these included mineral 
phases were inert to uranyl interactions, providing regions without signal in the recorded ion 
maps. The inclusions were often ringed by iron oxide growths, identified by the increased 
relative intensity of Fe+, 0+, FeOH' and Fe02_ clusters, suggesting that sites of inclusion- 
pyrite contact proved preferential for iron oxide nucleation and development (figure 7.16). 

Figure 7.14. Representative secondary ion images 
(left) of included mineral phases in the pyrite samples. 
The top left image shows a FIB milled section through 
an inclusion. The secondary electron image and with 
associated element maps (above) clearly indicate the 
inclusions to be aluminium silicate phases. 

The chermcal nature of the tiny particle clusters identified using the FIB could not reliably be 

resolved using SIM due to limitations in the imaging resolution of the system. However, these 

growth clusters appeared to be associated with the U oxide patches highlighted by the SIMS 

mapping. 

The following pages (figure 7.15 and 7.16) display representative SIMS maps recorded from 

pyrite samples reacted in 100 ppm U solution at pH 6.0 and pH 7.0, respectively. The red- 

green-blue (RGB) combined colour maps display areas rich in uranium as red, and areas rich 

in Fe and S as green and blue, respectively. The background pyrite (FeS2) signal is displayed 

as a turquoise colour. 

224 

Inclusions 



40! 

'Ile 

pt-'; 
-: 

' 

" 

� hfl m 

. li. - 

., - -ý ZA 

.". J4*LI. -- 
-i.. * .. -. - 4p 

ý N, ý; *, -4 CV t '. 

Figure 7.15. Representative SIMS ion cluster maps recordedfrom (top) a pyrite sample after 168 hours 
exposure to 100 ppm U solution at pH 6.0 and (bottom) a pyrite sample after 168 hours exposure to 
100 ppm U solution at pH 7.0. U-rich areas of the sample surfaces were more extensive on samples 
reacted at higher pH. Inclusions in the sample material were marked by black areas of the combined 
colour maps. Colour maps are red, green, blue (RGB) combination maps of UO, Fe and S ion maps. 
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Figure 7.16. Representative SIMS ion cluster maps recordedftom (top) a pyrite sample after 168 hours 

exposure to 100 ppm U solution at pH 7.0 and (bottom) a pyrite sample after 168 hours exposure to 
100 ppm U solution at pH 6.0. U-rich areas of the sample surfaces were more extensive on samples 
reacted at higher pH. Inclusions in the sample material were marked by black areas of the combined 
colour maps. Colour maps are RGB combination maps of the grey-scale ion maps e. g. UO-FeS-SO. 
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7.3.2 U Sorption onto Polished and Weathered Pyrite 

The next step in fully investigating the reactivity of pyrite with aqueous uranium was to 

compare and contrast the reactivity of freshly polished and weathered pyrite surfaces before 

exposure to U solution. 

FIB examination of freshly polished and weathered samples revealed that the surfaces of 

weathered samples exhibited great similarity to the reacted surfaces previously observed. At 

very high magnification freshly polished pyrite surfaces revealed a finely abraded surface 

with numerous elongate pits, steps and angular depressions aligned with crystal orientation. 
By comparison, the surfaces of weathered samples were considerably less angular, with pitted 

and stepped areas of the samples being partially rounded or fragmented. Amorphous growth 

patches of secondary phases draped the sample surfaces with isolated occurrences of 

hexagonal, tabular crystals up to 4 ýtm in diameter growing from the sample surfaces. 

B C D 
- -aý 

Figure 7.17. Secondary ion images of the surfaces offreshly polished and weatheredpyrite surfaces. Samples were 

I weathered'in an environmental chamber at 200C, 60% humidity and 400ppm C02 in air, for a 168hour period 
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Figure 7.18. Fe 2p (top) and S 2p (bottom) photoelectron regions recordedfrom the surfaces offreshly 

polished and weathered pyrite samples. Two different spectra are displayedfrom the weathered pyrite 

sample, reflecting the heterogeneity of surface chemistry. The second set of 'weathered' spectra 

indicates significant development of both iron (III) oxide and sulphate species. 

Comparison of the XPS data recorded from freshly polished and weathered samples indicated 

that sample weathering resulted in the development of iron (111) oxide and sulphate phases at 

the pyrite surfaces (figure 7.18). The distribution of these phases was found to be spatially 

heterogeneous, with variation in the relative abundances of iron oxide and sulphate observed 

from different sample regions. The primary S 2p peaks recorded from weathered samples 

were shifted by -0.5 eV to higher binding energy, relative to freshly polished samples, 

indicating the presence of polysulphide species at the sample surfaces. 15-17 
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Both FIB and XPS analysis indicated significant differences in the topographic and chemical 
character of the pyrite samples. On this basis alone, it was expected that the different types 
of pyrite surface would react differently with aqueous uranium. 

7.3.2.1 Column Experiment Results 

ICP-MS results from the filtration column experiments strongly suggested a significant 
difference in U reactivity between the two types of pyrite surface. Sorption of aqueous 
uranium onto weathered pyrite surfaces was observed to be limited (0.897 Mg/M2), while 
fresh pyrite surfaces showed significant amounts of sorption (7.44 Mg/M2) , removing almost 7 

times more uranium by comparison. 
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Figure 7.19. A comparison of U sorption onto ftesh and weathered pyrite mineral sand. The blue bars 

denote U removedfrom solution by 'bulk' sorption, while the purple bars denote net U removal by 

adsorption. 

Concurrent ICP-AES results from the analysis of the U filtrate from filtration of fresh pyrite 

indicated that sulphur was released into solution during reaction with the 10 ppm uranyl 

acetate solution while iron concentrations in the filtrate showed no signs of increase. 

Interestingly a similar amount of sulphur (9.8 ppm) was released into solution as the amount 

of uranium sorbed onto the pyrite surface. This result combined with those gained from 

quantitative XPS analysis (section 7.3.1.1), provide a good indication that the surface 

oxidation process results in the liberationOf S04 2- species into solution. 
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7.3.2.2 Batch Sorption Results 

Results of quantitative XPS analysis from batch sorption experiments (pp206) provided 
strong support for the variable sorption behaviour observed in the filter column experiments. 
The amounts of U recorded on sets of polished and weathered pyrite samples, after exposure 
to 100 ppm U solution were significantly different. 

With up to 168 hours exposure to 10 ppm U solution, weathered pyrite surfaces displayed 

only a limited amount of U sorption, with >90% of sorption observed to occur within the first 

12 hours of exposure. The quantitative data provided no significant evidence for continued 

accumulation of surface U to 168 hours exposure. A mean uranium abundance of 0.27at% 

±0.15 was recorded from the weathered samples. 

Freshly polished pyrite surfaces were observed to exhibit a significant amount of U sorption 

within the first 12 hours of solution exposure, reaching abundances of 1.5at%. Subsequently, 

from 12 to 168 hours reaction time the amount of uranium detected on the sample surfaces 

was observed to increase at an hourly accumulation rate of 0.007at%. Polished pyrite samples 

reacted with uranium solution for 168 hours had recorded U abundances of 2.6at% ±0.25, 

which was more than 7 times the maximum amount observed for weathered pyrite surfaces. 

3.0 

2.5- 

2.0- 

1.5- 

1.0.1 it 

0.5- 

0.0 
20 

Oýisbcd Pyr"'o sanvies 

y zý 0. ()o54X + 1.4332 

Vkathered pynte samples 

y=0.0009x + 0.1864 

40 60 80 100 
Tmie (hom) 

120 140 

+ 
+ 

160 180 

Figure 7.20. A comparison of U abundance (atYq) detected atftesh and weatheredpyrite surfaces after 

reaction with 10 ppm U solution at pH 4.8, for periods up to 168 hours. Relative Atomic percentages 

were calculatedfor U, Fe, S and 0 detected at the pyrite surfaces. 
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Figure 7.2 1. A comparison of Fe, S and 0 abundances (at%q) detected on ftesh and weathered pyrite 
surfaces after reaction with lOppm U solution atpH4.8, forperiods up to 168 hours. 

A comparison of the relative concentration (at%) of Fe, S and 0 determined from XPS wide 

scan spectra, indicated that the surface chemistry of weathered and polished pyrite samples 

was markedly different before exposure to U solution. 

Quantification of the measurements obtained from weathered samples indicated relatively 
high oxygen concentrations (-50%at) and low iron concentrations (-10at%), reflecting the 

presence of sulphate (X-S04 2-) species at the sample surfaces. Within the first 24 hours of 

reaction, weathered samples displayed a marked increase in Fe abundance to -I 8at%, coupled 

with a decrease in 0 abundance to less than 30at%. From 48 to 168 hours, 0 concentration 

showed a gradual increase of -3at%, while Fe concentrations showed little variation. S 

concentration recorded an increase of 15at% over the first 48 hours of reaction, with a 

subsequent decrease of 2-3at% by 168 hours. 

Quantification of the measurements obtained from polished samples indicated a rapid change 

in surface chemistry within the first 24 hours of solution exposure, marked by a 20at% 

decrease in S abundance with a coupled 12at% increase in 0 concentration and 5at% increase 

in Fe. Subsequently, 0 concentration were observed to increase reaching 39at% by 168 hours 

while Fe and S concentrations showed a further decrease to 13at% and 45at%, respectively. 

The changes in relative concentrations (at%) of Fe, S and 0 recorded from the surfaces of 4n 

polished pyrite samples clearly indicate the progressive development of oxide phases. 
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The U 4f photoelectron spectra recorded from U reacted polished surfaces showed relatively 
intense U 4f lines, centred at binding energy values of 380.6 eV and 391.4 eV (: ý-0.2) closely 
matching those previously reported for non-stoichiometricU02- 52,53 Polished samples reacted 
for 168 hours showed the development of well defined satellite peaks 6.0 eV (+0.2) to the 
high binding energy side of the primary U 4f lines. The relative locations of the satellite peaks 
in the U 4f spectrum were in very close agreement with those observed for UO, by Verbist et 
al. 66 and provided further evidence for the presence of hyperstoichiometric U02-x on the 

pyrite surfaces. 

Curve fitting of the U4f lines indicated variable proportions of U(VI) relative to U(IV) for 

spectra recorded from different areas of the samples. U(Vl)/U(IV) ratios vaned from 0.35 to 
0.56, indicating that the relative spatial distribution of U(VI) and U(IV) species was variable. 

The photoelectron spectra recorded from weathered pyrite surfaces displayed very weak U 4f 

lines, centred at binding energies of 380.8eV and 391.8eV respectively and marking a small 

shift to higher binding energy. Curve fitting of the U 4f lines indicated a higher proportion of 
U(VI) on the sample surfaces than for polished counterparts, suggesting that the surface 
formation of insoluble U(IV) oxide from the reduction of aqueous U(VI) was limited. 

2: 1 

I 

168 hours UO 2 
SaWlhibes 

N Is 

12 hours U 4ý, 2 U 4f 
_,, 2 

Nls 

405 400 395 390 385 380 
Biný Encrgy (W) 

Figure 7.22. Photoelectron spectra of U 4f lines recordedftom polished and weatheredpyrite surfaces 

reacted with 10 ppm U solution at pH 4.8 for 12 and 168 hours. Green and red lines denote polished 

samples, while purple and blue lines denote weathered samples. 
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The S 2p lines recorded from the two sets of reacted pyrite samples showed very little 
difference after 12 hours reaction. The primary S 2p line was observed at a binding energy of 
162.4eV ±0.15 for all 12 hour samples, with sinular spectral intensities recorded between 

sample types (figure 7.23). 

However, S 2p lines recorded from samples reacted for 168 hours were markedly different 

between sample types. The relative intensity of lines recorded from polished samples had 

decreased by -30%, with no appreciable shift in the binding energy of the S 2p lines. S 2p 

lines recorded from weathered samples maintained their spectral intensity but displayed a 

small 0.3 eV shift to higher binding energy, indicating further oxidation of surface sulphide 

species to polysulphides. 

Interestingly, sulphate species identified on weathered samples prior to reaction with U 

solution were not identified at the sample surfaces after any of the reaction periods. It is 

suggested that the pH of the U solution (pH 4.8) was sufficient to facilitate the dissolution of 

surface sulphate species within the first 12 hours of exposure as indicated by both XPS 

quantification and ICP-ES data. 
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Figure 7.23. Photoelectron spectra of S 2p lines recordedftom polished and weatheredpyrite surfaces 

reacted with I Oppm U solution at pH 4.8for 12 and 168 hours. 
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The Fe 2p lines recorded from the two sets of pyrite samples after both 12 and 168 hours were 
dominated by intense Fe 2p3/2 and 2pl/2 peaks at 707.1 eV and 719.8 eV respectively (figure 
7.24), typical of Fe 2+ in the FeS2 lattice. 12-1 ' The presence of small amounts of surface Fe(111) 
was indicated by a low, broad peak in the tall region to the high binding energy side of the 
primary Fe 2p peaks. This secondary set of peaks at 710.5 eV and 723.8 eV (:: ý0.2), were at 
binding energy values typical of Fe(III) in iron oxide or oxyhydroxide phases. 56-60 Weathered 

pyrite samples at 168 hours reaction were determined to have 15% (±2) more Fe(III) than 
polished samples. 
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Figure 7.24. Photoelectron spectra of Fe 2p lines recorded from polished and weathered pyrite 

surfaces reacted with 10 ppm U solution atpH 4.8for 12 and 168 hours. The dashedgrey lines display 

the profiles recordedfrom untreatedpolishedpyrite surfaces. 

Analysis of the 01s regions of the Photoelectron spectra recorded from the samples provided 

valuable confirmation of the types of oxide phases developing on the different pyrite samples. 

Spectra recorded from all the samples reacted for 12 hours showed 01s peaks that were 

slightly asymmetrical to the high binding energy side and centred at 531.9 eV (±0.2), with 

very similar spectral intensities (figure 7.25). 

Samples reacted for 168 hours showed a marked difference between polished and weathered 

samples. Polished pyrite samples recorded a marked shift of the 0 Is line to lower binding 

2 33 4 



energy at 531.5 eV (: ý--0.2) with an accompanying increase in spectral intensity. Conversely the 
spectra recorded from weathered samples remained unchanged from those recorded after 12 
hours reaction time (figure 7.25). 
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Figure 7.25. Photoelectron spectra of 0 Is lines recordedfrom polished and weatheredpyrite surfaces 

reacted with 10 ppm U solutionfor 12 and 168 hours. 

It is suggested that the reaction of weathered pyrite samples with aqueous uranium was 
limited by the presence of a passive surface layer, consisting of a heterogeneous mix of Fe- 

oxide, polysulphide and possibly elemental sulphur and sulphate . 
2-' This 'weathered' layer 

showed very little reaction with aqueous U or dissolved oxygen at pH 6-7, because, it had 

already undergone oxidation. 

The shift in the S 2p lines observed from 12 to 168 hours in weathered samples, coupled with 

a weakly increasing surface Fe(III) component recorded in the Fe 2p lines suggested that 

further oxidation of the weathered pyrite surfaces slowly continued during solution exposure, 

but the lack of uranium detected at the surface suggested that uranium was not readily 

included in these reactions. Indeed, the lack of change recorded in the 0 Is photoelectron 

profiles coupled with an observed predominance for U(VI) species over U(IV) species 

suggested that U(IV) oxide was not readily formed on the passive layer. Incorporation of 

uranyl species into hydrated iron oxide phases appeared to account for the lirrfited amount of 

U uptake observed. 
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7.4 Summary and Conclusions 

7.4.1 Effects of Solution pH 

The reactivity of pyrite with aqueous U has been examined in detail using a series of sorption 
experiments and surface analysis techniques. The results expand on the previous work of 
Wersin et al. 9 providing good evidence that U uptake from solution onto pyrite surfaces is 
sensitive to variations in the pH. 

Reductive precipitation of U(IV) was observed on polished pyrite surfaces exposed to U 

solutions at pH 4.5 to pH 6.0, resulting in the formation of a partially reduced uranium oxide 

phase, most characteristic of hyper- sto ichi ometn cU02-x or U407.52,53,66 

Above pH 5.5, either incorporation of U(VI) into developing Fe oxide phases (without 

reduction) or direct precipitation of schoepite was observed to become increasingly 

significant with increasing pH. The predominance of these two U uptake mechanisms was 

observed to cross-over between pH 5.0 and pH 6.0, resulting in the presence of a variable 

mixture of U(VI) and U(IV) surface phases across the pyrite surfaces in this range. 
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7.26. A stylised diagram depicting the change in relative abundances of 0, U and Fe at the surface of 

pyrite with increasing pH and time, determined XPS. The rapid increase in the abundance of oxygen at 

the expense of sulphur from pH 5.5, reflects the increasing development of Fe(III) oxide phases into 

which U(VI) becomes incorporated 
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Figure 7.26 constructed from XPS data, depicts the change in relative abundances of 0, S and 
Fe at the surface of polished pyrite exposed to 100ppm U solution with increasing pH and 
time. The rapid increase in the abundance of oxygen at the expense of sulphur from pH 5.5, 

reflects the increasing development oxide phases at the pyrite surface, attributed to both 

Fe(III) oxides containing incorporated U(VI) species, and a smaller amount of precipitated 
U(VI) oxides e. g. schoepite ((U02)802(OH)12-12H20)- 

Phase stability diagrams generated by geocheirýcal modelling of the water-uranium-pyrite 

system using Medusa" software, provide valuable insight into the patterns of U uptake and W 
chemical change indicated by the XPS data. The stability diagram depicted in figure 7.27 

indicates a cross-over in the stable oxidation state of iron at pH 5.0 to 5.5, and provides a 

close match for the change in predominant U uptake mechanism indicated by the 

experimental data. 
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7.27. A phase stability diagramfor the water-uranium-pyrite system. A cross-over in the stable valence 

state of Fe is indicated between pH 5.0 andpH 6.0. For geochemical modelling the U concentration 

was fixed at I 00ppm, reacting with 4 X10-3 mg of FeS, (the material in the outermost I Oum of the 

sample). A pe value of 5.9 was used, typical offresh water in equilibrium with air. 
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Geochernical modelling also indicates that at pH <4.5 conditions will be too acidic for 
reductive precipitation of U to proceed, with the aqueous U02 2- Uranyl species being most 
stable. 

Imaging of the reacted pyrite surfaces did not indicate the presence of well-crystalline phases, 
suggesting that any uranium oxide Present was amorphous rather than crystalline. Indeed 
comparison of the log K values recorded for the formation of amorphous and crystalline UO-' 
(equations 7 and 8)67 suggest that formation of amorphous phases will be energetically 
favourable in the water-uranium-pyrite system. 

2e-+ U02 2+ 
--= U02 

(am) log K=7.533 (7) 

2e- +U02 2+ 
: -- U02 

(cry) log K= 13.888 (8) 

FIB imaging, XPS and SIMS secondary ion mapping all indicated distinct spatial 
heterogeneities in the surface distribution of uranium phases. Curve fitting of the U4f 

photoelectron lines indicated variable proportions of U(VI) relative to U(IV) at different areas 

of the sample surface, indicating further spatial heterogeneities between U species. Ion 

mapping highlighted a close association of U-nch areas with products of surface oxidation, 

and provides further evidence for the incorporation of U(VI) into iron (111) oxide phases at pH 

>6.0. 

7.4.2 Effects of Surface Weathering and Polishing 

The development of a weathered layer on the mineral surfaces prior to U reaction was found 

to significantly limit the amount of U sorption observed. From this work it can be expected 

that pyrite grains present in the near-surface geosphere proximal to radionuclide storage sites 

will exhibit only a very limited amounts of U sorption under near-neutral '_"roundwater 

I It) ite conditions. This will in large be due to the presence of passive surface coatings on the pyri 

grains, although the abundance of dissolved carbonate in contaminated groundwaters will also 

remain a significant control on U sorption. 
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It has been clearly demonstrated that polished or 'activated' pyrite surfaces are very efficient 

scavengers of U from solution. On this basis, it may be argued that deliberate activation of 

pyrite surfaces could provide a means of effective U remediation. However., it is suggested 

that pyrite would not be suited for use as a reactant material for 'in situ' remediation of U 

contaminated sites or aquifers. The primary reason for this recommendation is the inherent 

and well documented problems with environmental oxidation of pyrite, causing acidification 

of groundwaters and resultant remobilisation of toxic heavy metals through dissolution. 
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CHAPTER 8- Reduction of U(VI) to U(IV) on the 
Surface of Magnetite 

8.1 Introduction 

A number of Fe(111) oxides including haernatite (a-FeA). geothite (cc-FeOOH) and 
ferrihydrite (pseudo-amorphous Fe203. xH20) 1,2 are known to strongly adsorb uranyl species 
between pH 5-10. The mechanism for this process has been attributed to surface 

complexation of the aqueousU02 2+ uranyl ion, although there is also evidence that uranium 

may enter the Fe-oxide structure asU(VI). 3 

Magnetite (Fe304) is an iron oxide containing both Fe" and Fe'- ions in an inverse spinel 

structure with cubic close packed02- ions. The distribution of ferrous and ferric ions in the 

crystal structure can be written as [Fe 3+] 

,, [Fe 2+ Fe 3+locAiwith 
the Fe 2+ ions occupying half 

the octahedral sites and Fe 3+ ions distributed evenly over remaining octahedral and tetrahedral 

sites. At room temperature, magnetite has a high conductivity with rapid electron hopping 

between octahedral Fe 2+ and Fe 3+ ions. 4 

Magnetite (Fe304) has been identified as a corrosion product on steel surfaces, together with 

other iron oxide minerals. The redox reaction for the transformation of iron to magnetite 

under anoxic conditions can be written: 

3 Fe(, )+ 4 H20= Fe304(, )+ 4 H2 (g) (1) 

Further oxidation of magnetite results in the formation of maghemite through a topotactic 

transformation reaction, where all Fe(ll) cations are replaced by Fe(Ill) cations or vacancies, 
5 

without recrystallisation or alteration of the sPinel crystal structure. 

Previous researcherS6,7 have identified magnetite as an effective reductant for solvated metal 

ions, facilitated by the coupled oxidation of structural Fe(II). White and Peterson 7 

demonstrated that surface reduction of ferric, cupric, vanadate and chromate ions is 

heterogeneous over a pH range of 1-7 at 25T, and pointed out that the half cell potential for 

the solid state oxidation of ýFe(H)j ---* ýFe(lll)j ranges from -0.34 to -0.65 V. indicatinQ that 

in the solid state Fe(ll) is a stronger reducing agent than the aqueous Fe(ll) ion (-0.77 V). 
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Only in the last decade has literature regarding uranium/magnetite interactions appeared. In 

1995 Grambow et al. 8 studied the sorption of U(VI) onto canister corrosion products 
including magnetite and observed that the reduction of U(VI) to U(IV) was lower than 

expected. More recently Dodge et al. 9 investigated the association of uranium with various 
iron oxides, including magnetite, commonly formed on corroding steel surfaces. Their 

experimental work focused on the incorporation of uranium during iron oxide precipitation 

and results reported for XPS and EXAFS analysis suggested that uranium was present as 

uranyl oxyhydroxide species together with maghernite, and magnetite. No evidence was 

presented for reductive precipitation of uranium, though precipitation of magnetite in the 

presence of aqueous U(VI) would not be expected under environmental or geological 

repository conditions. It is widely acceptedthat under atmospheric conditions mild steel 

surfaces consist of a passive film of mixed oxides in the cubic structure series: FeO - Fe304- 

4,10,11 y-Fe203 . Surface oxide films are present from an early stage in the life cycle of the 

material, well before any period of aqueous uranyl exposure. 

From an environmental standpoint a more realistic approach was that followed by El Aamrani 
13 

et al. " and most recently Missana et al. , who examined the interaction of uranium with pre 
formed magnetite surfaces. Both studies reported good evidence for surface mediated 

reduction of U(VI) to U(IV). Aamrani et al. 12 observed a decrease in the aqueous 

concentration of U(VI) in the presence of magnetite and subsequently provided the most 

detailed investigation of the interaction between aqueous uranium (VI) and magnetite to 

date. 14,15 They noted that surface reduction of U(VI) to U(IV) must be preceded by the 

attachment of U(VI) to the surface of the solid, facilitated by the formation of non- 

electrostatic surface species involving either of the two surface complexes: >FeO-UO2+ and 

>FeO-UO2(OH)2-. This initial complexation phase was observed to be relatively fast, reaching 

equilibrium in -4 hours under oxic conditions and taking up to 50 times longer under anoxic 

conditions. Subsequent reduction of U(VI) to U(IV) and coupled oxidation of Fe(II) to Fe(III) 

was reported to take place at a much slower rate. With the most significant reduction 

observed for magnetite samples reacted for 120 and 150 days. Aamrani et al. 14 also suggested 

that U(VI) reduction did not occur below pH 3, related to the preferential release of the 

potential reductor (Fe(11)) into solution. 

Batch sorption experiments and XPS results reported by Missana et al. 13 
, also observed that 

the sorption kinetics for U(VI) on magnetite were fast, followed by electron exchange and 

reduction of the uranyl at the magnetite surface. In addition, XPS measurements showed that 

uranium sorbed onto magnetite at pH 5, was initially a U(IV)/U(VI) mixed phase, but after 3 

months a substantial increase of U(IV) occurred at the expense of U(VI). This was attributed 

to incomplete reduction of U(VI) to U(IV). 

245 



Kinetic measurements have shown that the dissolution of magnetite by the one-electron 
reductant tris-(picolinato)vanadium(II), V(PiCV, occurred most rapidly for the (111) plane by 

at least a factor of two more than other (110) and (I 11) planes studied, indicating that Fe 3- 

ions are more abundant on (111) surfaces. 16Assurning that uranium reduction at magnetite 

surfaces is directly coupled to the oxidation of Fe 2+ ions, it would be expected that magnetite 

crystal faces most abundant in Fe 2+ ions would exhibit the greatest amount of uranium 

sorption and subsequent reduction. 

Here we have set out to elucidate the mechanism and rate of interaction between the uranyl 
ion and natural magnetite surfaces using x-ray photoelectron spectroscopy (XPS) and 

secondary ion mass spectrometry (SIMS). Previous XPS studies of magnetite have indentified 

Fe(II) and Fe(III) oxidation stateS4 and their relative contribution within the Fe 2p 

photoelectron peak profile. 17 In this study we have adopted a similar approach to investigate 

the mechanism of the surface reaction. 

8.2 Experimental 

Natural magnetite crystals (10 nun 3) consisting <0. I at% Al, Si and Ca, were sectioned along 

111 ý 110 and 100 crystal planes using a water-cooled silicon carbide cutting disc. Coupons 

3 mm thick were cut and subsequently polished under ambient laboratory conditions to a 3- 

micron grade in progressive steps using diamond-polishing compounds. Polished surfaces 

were cleaned of fine particles using an ethanol wash, which was not thought to significantly 

react with the magnetite surfaces. 

The crystallographic orientation of the prepared surfaces was characterised using a Philips 

Xpert diffractometer with Cu-Ka radiation. The recorded patterns are displayed in figure 8.1. 

10 ppm and 100 ppm uranium stock solutions at pH 4.8 and 4.18, respectively, were 

formulated by dissolving prescribed quantities of annular grade uranyl acetate in deionised 

H, )O, using gentle heating to aid dissolution. Two sets of coupons were then exposed to 20 ml 

of 10 ppm or 100 ppm uranyl acetate solution at 20'C, in individual polythene vials for 12, 

24,48 & 168 hours, respectively. Vials were selected to be inert to uranyl reaction, and 

dissolved oxygen was thought to be the only other oxidant present in solution. Aqueous 

uranium was thought to be present as the linear U02 2-ý uranyl dioxo-cation, which is 

extraordinarily stable in an aqueous environment. 18,19 In solution the dissolved U02 2- ions 

were expected to be surrounded by up to 5 water or hydroxide molecules, coordinated in the 

plane equatorial to the axial oxygens 20,21 and forming aqueous complexes such as 

2+ 0 
U02(H20)5 and U02(OH)2 
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Figure 8.1. XRD spectra for magnetite (I 10) (100) and (I 11) crystal faces, obtained using a Philips 
Xpert diffractometer with Cu-Ka radiation. Diagrams of the respective crystal face orientations are 
depicted above the spectra. 

After suitable exposure each coupon was removed from solution, briefly washed in purified 

water to remove unbound (absorbed) uranyl species and dried, taking care to avoid 

contamination or disruption of the surface. Samples were then mounted and analysed under 

high vacuum (better than 5xl 0-8 mbar) in a Thermo VG Scientific X-ray photoelectron 

spectrometer (XPS). Analyses were made with both Mg-Ka 1253.6 eV and Al-Ka 1486.6 eV 

radiation at 400 W (15 kV), Mg-Ka radiation provided slightly improved spectral resolution, 

whilst Al-Ka radiation produced spectra with higher signal-to-noise ratios. High-resolution 

scans were acquired with 30eV pass energy, 200 ms dwell times and 0.1 eV step size. Wide 

scan spectra were acquired with 100 eV pass energy, 200 ms dwell times and I eV step size. 
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Standard spectra were obtained from untreated magnetite crystal planes and the spinel mineral 
CoFe204. All binding energies were referenced to the C ls line at 284.8 eV. Quantitati%, e 
analysis was performed by comparison of peak areas and atomic concentrations were 

22 calculated using selected photoelectron peaks and their associated sensitivity factors 
. 

Quantitative measurements of atomic percentage were obtained for U, Fe and 0 using wide 
scan spectra generated by Mg- Ka radiation. Relative errors were calcualted at less than 
±4.0% for U, ±8.8% for Fe and ±2.3% for 0 using the method of Harrison and Hazel. 23 

Depth profiles of (111), (110) and (100) crystal faces previously exposed to 100 ppm U 

solution for 24 hours were recorded using secondary ion mass spectrometry (SIMS). The 
instrument used for analysis was constructed at the University of Bristol. It employed a 
focused gallium ion gun (FEI electronically variable aperture type) fitted to a Vacuum 
Generators model 7035 double-focusing magnetic sector mass analyser. The instrument is 

similar to that of Schuetzle et al. 24 except that in their instrument, the magnetic sector is 

situated ahead of the electrostatic sector. Depth profiles were made using a3 nA beam current 

at x300 magnification giving an etch rate of approximately 2.2 nm/min based on SriM25 

estimates forU02- 

As a mixed valence Fe oxide, the separation of Fe(II) and Fe(III) contributions to the Fe 2p 

binding energy spectrum of magnetite is complicated by the overlap of Fe 2p peaks and their 

satellites generated by different iron valences. Peak separation was achieved using the method 

previously reported by McIntyre and Zetaruklo, involving the comparison of the Fe 2p 

binding energy spectra for Fe304with that of CoFe204 - an iron oxide of identical structure 

but containing only Fe(III) ions. It was assumed that Fe(III) binding energies were not 

affected by the exchange of Co(II) ions in the lattice for Fe(II). On inspection, the Fe 2p 

spectra of untreated Fe304 were noticeably broadened to the low binding energy side 

compared with the CoFe204 spectrum. 

Curve fitting using Pisces software26 indicated the presence of an additional component in the 

Fe 2p spectrum of the magnetite standards assigned to the presence of FeGI) iron, represented 

by a single symmetric peak centered at 709.1 eV ý-_0.15, which is close to values previously 

. 
4,10 Best-fit results were subsequently used to generate af ti reported for FeO (figure 8.2) it ing- 

constraint model (table 1), for the Fe 2p photoelectron spectra for Fe-, O, surfaces after 

reaction with U solution. In this way, changes in the relative abundance of ferrous and ferric 

iron upon reaction with uranium was determined. See table 8.1. 
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Fe 2p 3/2 Fe 2p 1/2 

Peak centre FWHM Peak shape Peak centre FWHM Peakshape 

709.10 3.05 1.0 721.75 3.00 0.9 

710.55 3.30 1.0 723.45 3.00 0.9 

713.35 3.30 1.0 725.65 33.00 0.9 

Table 8.1. Fitting constraints used to determine the relative contributions of Fe(II) and Fe(111) in the 
Fe 2p photoelectron spectrum of magnetite. 

I 
0 

I 
0 

CoFe204 

Fe(III) Fe(III) Fe(II) Fe304 Tet. Oct. Oct. 

730 725 720 715 710 705 

Binding Energy (eV) 

Figure 8.2. XPS of the curve fitted Fe 2p photoelectron region profiles for magnetite (Fe304) and 

cobalt ferrite (CoFe204)- Curve fitting analysis indicates the presence of an additional lower binding 

energy component in the magnetite spectrum attributed to Fe(II) in the atomic structure. 
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The ferrous: ferric ratios observed for iron in the three Fe30-; crystal face standards were 0.22. 
0.27 and 0.35 for (111), (110) and (100) faces, respectively. These values are comparable 
with a ratio of 0.32 reported by McIntyrelo for the surface of magnetite and suggest that the 
magnetite (100) surfaces have the greatest relative abundance of Fe 2- 

, fuelling the expectation 
that (100) faces should show greater amounts of uranium sorption. Ferrous: ferric iron ratios of 
-0.3, were in excellent agreement with the magnetite ferrous/ferric stoichiometry of 0.33 and 
is good evidence that proper discrimination of the ferrous and ferric components in the Fe 2p 
spectrum has been achieved. 

8.3 Results and Discussion 

Previously XPS has been used to study a number of iron oxide phases, including 

magnetite . 
4,1 0"' As discussed earlier, the relative concentrations of Fe(II) and Fe(III) at the 

surface of a solid can be determined by the deconvolution of either the Fe 2p or Fe 3p 

photoelectron peak profiles. 10 In the same way 27-30 
, the relative surface concentrations of 

U(IV) and U(VI) were determined from the U 4f photoelectron peaks. The peaks resulting 
from the U 4f core level can be quantitatively resolved into U(VI) and U(IV) components 
based on the binding energies of uranium reported in the literature (table 2). Since the binding 

energy0f U02 is lower than thatOf U03, a shift or broadening of the U 4f photoelectron peaks 

to lower energies can be interpreted as the reduction of U(VI) to a lower oxidation state. 

Curve fitting for the two components was used to reveal the relative proportions of U(IV) and 

U(VI) at the sample surface. 

Allen et al. Chadwick Wersin et al. 
(1974a) (1973) (1994) 

U(IV) as 380.1 380.7 380.8 eV U02 

U(VI) as 381.9 381.9 382.4 eV 
U03 

Table 8.2. Binding energies (W) reportedfor the U4f712 peak in U(IT) and U(VI) oxides. 
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8.3.1 X-ray Photoelectron Spectroscopy Results 

The XPS measurements clearly indicated the presence of non-stoichiometriC U02 at the 

surface of all the reacted magnetite coupons. Spectral fitting of the U 4f7,, 2 and U4f5r- 

photoelectron peaks revealed primary peak centres at 380.43 eV and 391.3 eV respectively, 

close to those for previously reportedU02.2 or U407.27,31,32 Secondary peaks corresponding to 

U(VI) oxide phases were also identified, located at 382.2 eV and 393.0 eV respectively. A 

well defined 'shake-up' satellite peak was consistently observed at 5.8 eV to the high- 

binding-energy side of the U 4f7/2photoelectron peak, with another broad peak -8.5 eV to the 

high-binding-energy side of the U 45/2peak. The relative locations of the satellite peaks in the 
33 U 4f spectrum are in very close agreement with those observed forU02by Verbist et al. and 

provide further evidence for the presence of hyperstoichiometriC U02 on the magnetite 

surfaces. 

During the course of the experiments the intensity of the primary U(IV) peaks was observed 

to increase, relative to the secondary U(VI) peaks marking a gradual increase in surfaceU02 

relative to U03. After 12 hours exposure the U(IV): U(VI) ratios were observed to be 

approximately 1.0 on some areas of the magnetite surface, while after 168 hours ratios as high 

as 4.9 were observed, indicating that U(IV) quickly became the dominant valence state for the 

uranium surface deposit (figure 8.3) with U(VI) a minor component. 

Using the curve-fitting criteria previously described (section 8.2), the relative abundance of 

Fe(II) and Fe(III) on the magnetite surfaces was also determined using XPS. The results 

clearly indicated that the Fe(II) contribution to the magnetite Fe 2p photoelectron signal 

rapidly disappeared as a result of exposure to uranium solution and provided strong evidence 

for the rapid oxidation of structural Fe(II) in the surface reaction. The temporal change in 

surface Fe(II) and Fe(III) concentrations for the different magnetite samples exposed to uranyl 

solution is highlighted in figure 8.4. 

The XPS technique is only slightly less surface specific than secondary ion mass spectrometry 

(SIMS). Using either Mg or Al X-ray sources the analysis depth of photoelectron 

spectroscopy is only 1-10 mn, despite the fact that the incident X-rays may penetrate deeply 

within the sample. This is because emitted photoelectrons lose kinetic energy from inelastic 

collisions as they travel through the sample, so that photoelectrons generated at greater depths 

within the sample do not have enough energy to escape, while electrons generated in the 

outermost sample layers have escape paths short enough to reach the detector. It should be 

noted that after 168 hours exposure to U solution, the Fe 2p photoelectron sigmal for 

magnetite was still observed, suggesting that the accumulation of UO-, at the sample surfaces 

was <I 0 mn thick. 
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Figure 8.3. XPS of curvefitted U 4fphotoelectron regionsftom magnetite crystals cut along the 

(I 11), (100) and (110) crystal planes and exposed to 100 ppm uranyl acetate solution for 12 to 

168 hours. The spectral progression of the photoelectron profiles charts progressive chemical 

reduction of surface bound uranyl ions, to hyperstoichiometric UO, 
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Figure 8.4. XPS of curve fitted Fe 2p photoelectron regions ftom magnetite slices cut along (I 11), 

(I 10) and (100) crystal planes before (top) and after reaction with 100 ppm uranyl acetate solution 

forperiods of 12,24 and 168 hours. 
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The 0 Is photoelectron spectra recorded for all the magnetite samples were asymmetric. 
being distinctly broadened to the higher binding energy side of a central peak position of 
530.0 eV ±0.2. The 0 Is spectra recorded for un-reacted magnetite standards could be 
resolved into two main peaks occurring at 529.7 eV and 531.5 eV, respectively, with the 
higher-binding-energy component attributed to chenusorbed 014- groups on the sample 
surface and the lower-binding-energy component attributed to 02- anions in the bulk structure 
of the magnetite. The initial oxide: hydroxide ratios of 0.33 to 0.39. 

After 168 hours reaction the 0 ls spectra showed a 0.4 eV shift of the 0 -, - signal to a higher 
binding energy, more characteristic of uranium oxides. 16,33,34 An increase in the OH- signal, 
relative to 02-, of approximately 13% was also observed. Perhaps this result is not too 
surprising since the reaction was performed in an aqueous medium, but it does indicate that 
the proposed reaction mechanism should take into account the degree of hydroxylation at the 

magnetite-solution interface. 

Quantitative XPS analysis revealed a variation in the amount of uranium sorbed onto the 
different magnetite (Fe304) crystal faces. Figure 8.5 plots the amount of U (at%) detected on 
the sample surfaces versus time, contrasting the sorption characteristics of the three different 

crystal faces exposed to 100 ppin U solution. All samples exposed to 100 ppm U solution 
displayed an initial spike in surface uranium abundance after 12 hours exposure, followed by 

a subsequent decrease in the amount of uranium detected. After 48 to 168 hours, the amount 

of uranium detected on all samples, converged to a value of -4.9 at% relative to Fe and 0. 

After 168 hours, the surface concentrations of oxygen varied between 80-85 at% and for iron 

between 10-15 at%. For 110 surfaces, the concentration of iron was 2-4 at% greater than 

recorded for other crystal surfaces. 

Comparison of the sorption behaviour of the different crystal face samples revealed that the 

(I 10) crystal face exhibited the greatest initial U sorption followed by the (111) face. From 12 

to 168 hours solution exposure the (100) face showed very little variability in the amount of 

surface uranium detected, while the other faces displayed greater variability. At the end of the 

reaction period, all the crystal faces showed very similar amounts of uranium oxide surface 

deposit. We attribute the initial spike in surface uranium concentration to rapid surface 

complexation of uranyl ions. This is suggested by XPS data indicating that uranium at the 

magnetite surface initially has a strong U(VI) component, and is coupled to the rapid decrease 

in surface Fe(II) observed during the first 12 hours of reaction. 
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Figure 5. Plots ofsurface U abundance (atYq), relative to Fe and 0, detected on the magnetite samples 
as ajunction of solution exposure time. The plots highlight the sorption character of the three different 

crystalfaces when exposed to 10 ppm and 100 ppm U solution. Quantitative results are displayedfor 

wide scan photoelectron profiles generated by Mg-Ka radiation. 

For samples exposed to weaker 10 ppm U solutions, the initial U sorption spike recorded for 

samples exposed to 100 ppm solutions was not observed, indicating a slower rate of surface 

complexation. Considering that uranyl ions were significantly less abundant in the 10 ppm U 

solutions, this observation was not unexpected. From 24 to 168 hours exposure, an increase in 

the surface abundance of U was observed on all magnetite surfaces, reaching final 

concentrations of -4.9 at%. 

The amount of uranium detected by XPS at the surface of magnetite samples after 168 hours 

solution exposure was very similar, at approximately 4.9 at% ±0.55, regardless of the U 

concentration of the reactant solution. It seems likely that this value represents the equilibrium 

uptake value for uranium on magnetite, and also suggests that over longer periods, the amount 

of uranium uptake by different magnetite crystal faces will be sirMlar. 

XPS results demonstrate the rapid sorption of aqueous U02 2- onto magnetite surfaces, 

followed by a more gradual period of U(VI) to U(IV) reduction, facilitated by direct electron 

transfer with structural Fe(II) at the magnetite surface (figure. 8.6). These observations tally 

well with the findings of El Aamrani et al. 14 who noted that that bonding or sorption of U(VI) 

to the magnetite surface was relatively fast, reaching equilibrium within approximately 4 

hours under oxic conditions, and was followed by reductive precipitation of surface bound 

U(VI) ions. 
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Figure 8.6. A model illustrating the remediation of uranium at magnetite surfaces by reductive 
precipitation. Immobilisation of uranium involves an initial phase of rapid binding or adsorption of 
uranyl ions to the magnetite surface, followed by surface reduction of the uranyl ions through direct 

electron transfer with structural Fe(H), precipitating hyperstoichiometric U02- 

8.3.2 Secondary Ion Mass Spectrometry Results. 

Consistent with XPS observations the SIMS depth profiling of magnetite samples exposed to 

uranyl solution for a period of 24 hours revealed the presence of a surface uranium oxide film 

approximately 1.5-3 nm thick, based on aU02 etch rate of 2.2 nm/niin from Srim analysis, 

and assuming a 25 KeV Ga beam impacting the sample at 45 degrees. 

SIMS depth profiles for all surfaces, recorded maximum count rates for the U' ion and UO' 

ion clusters from the uppermost surface of the samples, while maximum concentrations for 

Fe' ions and FeO+ andU02+ ion clusters were recorded more deeply within the sample 

surface. The maximum count rates forU02-' ion clusters occurred above the Fe- ions and 

FeO+ clusters (figure. 8.7). SIMS depth profiles for (100) and (110) surfaces were similar, 

with uranium oxide films measured at a thickness of -2 rim. The profiles obtained for (I 11) 

surfaces recorded a greater accumulation of surface uranium oxide, to a maximum of 6nm 

thickness. 

Interestingly the maximum signal recorded for FeO-, - ion clusters was observed at or within 

1.5 nin of the sample surface, rather than at the depths observed for Fe- ions and FeO- and 

FeAý'- clusters, and may add to the body of evidence indicating the presence of a maghemite 

film directly at the sample surface associated with the uranium oxide. 
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Comparison of the relative intensities recorded for the U- 
, 
UO- and UO--, - ions indicated that 

the bulk of the uranium oxide layer was hyperstoichlometric U02 i. e. U02-x (figure. 8.8). The 
relative intensities of these positive clusters corresponded extremely well with those 
previously reported by Allen et al. 35 for a U02+x orU307phase. The SIMS data provide strong 
evidence for the presence of a uranium oxide film on the magnetite surfaces. 

1 F-m'7 

, .0 
.i 

7 

(1 100 200 
.; 00 400 500 

lAch 1 line (sccoilds) 
WO 700 0 100 2(X) 300 400 

LIch Time (-wcotid-, ) 

Figure 8.7. SIMS depth profiles for (A) a magnetite (100) crystal face reacted with 100 ppm uranyl 

acetate solution for 48 hours. Profiles are displayed for U, and Fe' ions and UO+, U02', FeO' 

positive ion clusters. The count data for Fe+ ions has been reduced by a factor of 8 for display 

purposes. (B) a magnetite (I 11) crystalface reacted with 100 ppm uranyl acetate solutionfor 48 hours. 

Normalised intensity profiles are displayedfor Fe+ ions and FeO+, Fe02' and Fe303+ positive ion 

clusters. 
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8.4 Summary and Conclusions. 

To increase the understanding of uranium transport in the environment and in the presence of 
steel corrosion products, the interaction of U(VI) with natural magnetite has been studied. 
Sorption studies were carried out using X-Ray Photoelectron Spectroscopy and Secondary Ion 
Mass Spectrometry (SIMS). The XPS results clearly indicate the reduction of U(VI) to U(IV) 

on the surface of magnetite facilitated by electron transfer between Fe and U, leading to a 
coupled oxidation of Fe(II) to Fe(III). 

The following conclusions have been drawn Erom the work on uranium reduction at magnetite 

surfaces: 

i) XPS measurements and SIMS depth profiling indicated that the exposure of 

magnetite surfaces to uranium solutions results in deposition of thin (-3 nm) uranium 

oxide layers, consisting of predominantly hyperstoichiometric UO,. 

ii) Initial bonding or sorption Of U02 2+ ions at the magnetite surface was relatively fast, 

occurring within 12 hours of exposure. 

iii) Surface reduction of aqueous U(VI) to a U(IV) solid was observed to occur by direct 

electron transfer with structural Fe(ll) at the magnetite surface. 

iv) The majority of surface reduction was observed to occur within 48 hours of exposure 

to U solution. 

v) Initially different rates of U sorption were observed for the (100), (110) and (111) 

magnetite surfaces, but after 168 hours of exposure to uranyl solutions the 

concentration of uranium oxide on all magnetite crystal surfaces was approximately 

equal. 

8.5 Extended Work 

Following the primary set of sorption experiments, a further sequence of experimental work 

was conducted with the aim of achieving a quantitative comparison of the U uptake of 

magnetite surfaces and those of other iron-bearing spinel minerals, namely Franklinite 

(ZnFe-, 04) and Chromite (FeCr, 04)- 
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8.5.1 Flow-through Column Experiments 

A trio of flow-through column experiments reacting magnetite, chromite and franklinite sands 
were conducted. The same experimental procedure was followed for the column experiments 
as detailed in Chapter 6.2. 

Mineral samples of magnetite, chromite and franklinite were crushed using a hydraulic press 
into fine angular sand. The resultant mineral debris was sorted into grain size fractions using a 
stack of micro-sieves graded at 1000,500,300,150 and 75 ýLrn respectively. Deionised water 
was used to wash the debris through the sieves until it was fully sorted. 

The portion of grains caught by the 150 ýtni sieve were separated and a2 CM3 volume of each 
material was measured out and added to a dry filtration column for immediate reaction with 
100 ml of 10 ppm. U solution. The uranyl acetate solution (pH 5.0) was cycled through each 
filtration column for a period of 168 hours. The flow rates were limited to <10 ml per minute 
for the duration of the experiments. After 120 hours the residual solutions were drained from 

the columns and pH recorded. Three 100ml volumes of deionised water were then cycled 

through each filtration column, each for 60 minutes, in order to wash out any unbound 

uranium. An aliquot of each residual solution and wash solution was then filtered and diluted 

in preparation for ICP-MS analysis. 

The surface areas of the magnetite (0.015 M2/g), chromite (0.040 M2/ g) and franklinite (0.024 

In 2/g) were determined by BET surface area analysis. The weights of the materials were 

2.46 g/CM3 , 
2.20 cin 3 and 2.52 g/CM3 , respectively. 

8.5.2 Uranium Sorption onto Iron-Bearing Spinel Minerals 

ICP-MS results from the filtration column experiments suggested a significant difference in U 

reactivity of franklinite, compared to magnetite and chromite surfaces. At pH 5, the sorption 

of aqueous uranium from a 10 ppm solution onto magnetite was observed to be 5.70 mg/M2, 

while sorption onto chromite and franklinite was observed to be 2.27 Mg/M2 and 1.38 Mg/m 2 

respectively. 

The sequential flushing of the sediment samples with wash solutions, after reaction, provided 

a means to rid the samples of absorbed uranium. ICP-MS data clearly indicated that the 

ma ority of uranium taken up on franklinite surfaces was absorbed, rather than adsorbed i 

(figure 8.9). 
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The amount of uranium adsorbed to 2 CM3 volumes of magnetite and chromite was very 
similar, although BET measurements suggested that chromIte sand had over twice the surface 
area for reaction. The data indicated that magnetite showed the greatest amount of uranium 
adsorption, followed by franklinite and chromite. 

C- 

P 

Spinel Mineral 

Figure 8.9. A plot of uranium removed from a 10 ppm solution onto the surfaces of the spinel 

minerals: magnetite, chromite andfranklinite. 

The difference in the observed uptake behaviours of the three iron-bearing spinel minerals can 
be explained in terms of the oxidation state of the constituent iron. The spinels are a group of 

oxides that have very similar atomic structures with the generic formula XY, 04, where X 

denotes a cation with a +2 charge and Y, a cation with a 3+ charge. 

In the spinel structure there are twice as many octahedral cation sites as tetrahedral. It is 

possible to fill all the octahedral sites with trivalent (Y) cations and the tetrahedral with 

divalent (X) cations, which is termed a 'normal' configuration e. g. chromite (FeCr, 04) or 

franklinite (ZriFe2O4)- 

It is also possible to fill up half of all the octahedral sites with divalent (X) cations, and fill up 

the remaining tetrahedral and octahedral sites with the trivalent (Y) cations to give an 

'inverse' configuration e. g. magnetite (Fe304). 
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Given the body of evidence that uranium uptake (and precipitation) on magnetite is driven by 

the surface oxidation of Fe(II) ions, it is suggested that chromite, which also contains Fe(II) 
behaves in the same way for uranium uptake regardless of normal or inverse configuration. 
Franklinite however, conventionally contains only Fe(111) ions, and, as such, would be 

expected to show very little chemical adsorption of aqueous uranium, with any adsorption 

attributed to surface complexation. 

However, unlike magnetite, both chromite and franklinite samples contained impurities from 

substituting trace metal ions, which is common feature in naturally formed spinel minerals. 
Different ions of similar charge and size substitute for each other in the atomic architecture, 

and can subtly affect the chemical reactivity of the material. The measured composition of 

chromite was close to Feo. 
5M90.25MnO. 25Cr204ý while franklinite was close to 

Zno. 5MnO. 25TiO. 25Fe2O45with the small amount of Ti4+ charge-balanced by some Fe 2+ 
. 

By inspection, it tallies well that the chromite exhibited approximately half the U uptake of 

magnetite (per m2). It also compares well that the franklinite, containing -25% of its Fe in a 

2+ oxidation state, showed a greater amount of U adsorption than expected. 

Further work is required to fully elucidate the mechanisms of U uptake onto chromite and 

franklinite. The most difficult step would be to procure single crystal samples of a suitable 

size for sectioning and use in batch sorption experiments. The industrial relevance of 

following this line of investigation should also be taken under consideration, because both 

chromite and franklinite are relatively expensive to procure and do not lend themselves as 

economically viable materials for use in environmental remediation projects. 
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CHAPTER 9- The Extraction of Uranium from 
Groundwaters on Iron Surfaces 

9.1 Introduction 

Should containment measures fail, the interactions between radionuclides and other materials 
within nuclear waste repositories are of key concern when considering the potential 
envirom-nental mobility of radionuclides. The chemical reactivity of mild steel is of great 
interest to the nuclear industry, primarily because it is a major component of medium and low 
level nuclear waste, but also because it is increasingly being used as a reactive component in 

permeable reactive barriers for in-situ remediation of uranium contaminated sites and 

groundwaters. At first our attention focussed on the mechanism of dissolution Of U02 in 

natural groundwaters. 1 More recently though, building on studies of the mixed-valence 
behaviour of uranium oxideS2 and surface studies of iron corrosion during which mixed- 

valence surface oxides were formed', the possibility of electron exchange between the two 

elements was considered. The water soluble uranyl ion may be reduced to a solid U(IV)- 

based product, following the reaction; 

2Fe(II) + U(VI) --). 2Fe(III) + U(IV). (1) 

Iron hydroxy oxide based materials strongly adsorb uranyl species between pH 5-10. The 

minerals haernatite (cc-Fe20A geothite (a-FeOOH) and ferrihydrite (pseudo-amorphous 

Fe203. xH20) are thought to be among the most important in this regard, but Lenhart and 

Honeyman 4 have also considered the role of hurnic acids in their models. The mechanism for 

this process has been attributed to a surface complexation between U02 2' and iron 

oxyhydroxides .5 
Duff et al .6 concluded that uranium entered the Fe-oxide structure as U(VI) 

rather than the uranyl ion and hence that reduction had not occurred. 

Concurrently there has been a great deal of interest in the role of zero-valent iron in 

permeable reactive barriers (PRBs) for the remediation of complex anions in groundwater 
7,8, 

including U02 2+' M004 2- 

, 
TC04- and Cr04 2-. Charlet et aL9 recognised that the corrosion 

products formed on mild steel under normal conditions may include hydroxy oxides, 

magnetite and maghemite depending on the environmental factors including pH, moisture and zn 
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temperature. They carried out sorption studies on the three corrosion products haematite, 
magnetite and lepidocrocite and noted that the value of the final oXI dation -reduction potential 
did not correspond to the Fe(O)/Fe(II) (or H2/H20) couple but to that of Fe(II)/Fe(III). This 
was an important observation and was subsequently substantiated in a following publication 
demonstrating that reduction of U(VI) by ferrous iron requires a source of soluble Fe(Il). 10 
They found that ferrous iron oxides and mixed-valence iron oxides such as hydrous Fe(II) 
oxides and magnetite could facilitate the adsorption and reduction of hexavalent uranium in 
aqueous media under anoxic conditions. 10 Supporting the above observations, Morrison et 
al. " identified magnetite on their iron samples and recognised that its presence could account 
for some uptake of uranium from solution. 

To date views are mixed on the most important mechanism for the retardation/fixation of 
uranium in a commercial Permeable Reactive Barrier (PRB). Based on thermodynamic 

calculations, Cantrell et al. 7 and other workers have suggested that reductive precipitation 

would be more dominant than U uptake by adsorption. 9-11 Whilst Fiedor et al. 12 provided 

experimental evidence that the mechanism for U removal under aerobic conditions involved 

adsorption on ferric hydroxide corrosion products. Though they recognised the possibility of 

a reductive precipitation mechanism they concluded that it would not contribute significantly 

to U uptake in a PRB containing iron. In contrast, the experimental work of Gu et al. 13 

provided data to support the proposition that the reduction of U(VI) to U(IV) by Fe(II) was 

unfavourable except under strong acidic conditions and considered that the reduction Of U02 2+ 

by direct electron transfer at the zero-valent iron surface would be favourable following 

electrochemical corrosion. In their recent study of the association of uranium with clean and 

corroded surfaces of 10 10 carbon steel using infrared spectroscopy, Rutherford backscattering 

and energy-dispersive x-ray techniques, Eng et al. 14 observed uraniw-n species well 

distributed within the upper micron of the thick corrosion layer and associated more with 

areas of high hydroxide content. 

Here we have set out to investigate the interaction between the uranyl ion and a rMild steel 

surface using the surface analytical techniques x-ray photoelectron spectroscopy (XPS), 

focussed ion beam induced scanning electron microscopy (FIBSEM), energy dispersive x-ray 

analysis (EDX) and secondary ion mass spectrometry (SIMS). 
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9.2 Experimental 

Sorption experiments were conducted using 10 mm x 10 mm x3 mm mild steel coupons. 
EDX analysis indicated the composition 99.4 wt% Fe, 0.3 wt% C, 0.14 wt% Al, 0.04 wt% Cr 
and 0.12 wt% Mn. Platelets were cut using a water-cooled circular saw with a silicon-carbide 
cutting disc. Each slice was progressively polished and finished with a 3-micron grade 
diamond-polishing compound. Surfaces were cleaned of fine particles using an acetone wash. 

Coupons were exposed to 20 ml of 10 ppm, 100 ppm and 1000 ppm uranyl acetate solution 
respectively for 24 hours (hereafter termed sample sets A, B and Q. Solutions had pH values 
of 4.35,4.11 and 3.69, respectively. To provide standards for comparison a further set of 
coupons were immersed in purified water for the same period. 

Further experiments involved the exposure of steel coupons to 20 ml of 100 ppm uranyl 

acetate solution for periods of time between 0 and 72-hours. After exposure each coupon was 

removed from solution, briefly washed in deionised water to remove any unbound (absorbed) 

uranyl species and dried using capillary tubes to draw the liquid film from the sample surface, 

taking care to avoid contamination or disruption of the surface. Samples were mounted and 

analysed under high vacuum (< 5x 1 0-8 mbar) in a Thermo VG Scientific X-ray photoelectron 

spectrometer (XPS) equipped with a dual anode (Al-Ka 1486.6 eV and Mg-Ka 1253.6 eV). 

AI-Ka radiation was used 400 W (15 W). High-resolution scans were acquired with a 30 eV 

pass energy, and 200 ms dwell times. Data analysis was carried out using Pisces software. A 

series of mild steel platelets and iron oxide samples were analysed to act as standards together 

with uranyl acetate W02 [CH3COO]2,2H20), metaschoepite (U03-nH20 n<2) and standard 

U03 spectra. 15 For all samples, binding energy values were referenced to the adventitious 

hydrocarbon C Is line at (2 84.8 eV), although the majority of the platelets were unaffected by 

charging. 

The residual uranyl solutions produced by the experiments were sampled, diluted by fifty 

times and subsequently analysed for total Fe concentration using a Perkin-Elmer 4100ZL 

electrothermal- atomic absorption spectrometer (Et-AAS). For these measurements, 9.5 ml 

samples were stored in 15 ml polystyrene bottles and 0.3 ml of nitric acid (Merck 'Ultrapur', 

60%) and I ml of hydrochloric acid (Merck 'Ultrapur', 30%) was added to each sample 

bottle, to dissolve any precipitated or adsorbed iron oxide. 
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Standards were made from a 1000 ppm Fe 'SpectrosoL' solution (supplied by VWR 
International). Standards and a blank sample were matrix matched with uranyl acetate and 
acid to avoid possible differences in spectral or chemical interferences during the analysis. 
The blank (<I ppb iron) was subtracted from all standards and samples. 

An FEI FIB201 focused gallium ion beam instrument was used for sample sectioning and 
high-resolution imaging of each platelet. For sample sectioning, a large ion current was used 
initially to remove a staircase-shaped trench 20 [tm wide. A finer beam of lower current was 
then used to 'polish' the larger vertical face of the trench by scanning the beam in a line to 
remove further material. To protect the top surface of the sample during ion milling, a 
platinum strap was deposited prior to the sectioning. The sample was tilted to 45' and the 
polished face imaged using the low current ion beam to obtain high-resolution electron 
images. The thickness of surface layers was measured and recorded using the FEI software. 
Elemental maps were recorded by energy dispersive x-ray analysis (EDX) and secondary ion 
mass spectroscopic analysis (SIMS). The SIMS instrument used for analysis was constructed 
at the University of Bristol. It comprises a focused gallium ion gun (FEI electronically 
variable aperture type) fitted to a Vacuum Generators model 7035 double-focusing magnetic 
sector mass analyser. A Thornley-Everhard electron detector allowed the acquisition of 
secondary electron images from the sample at spatial resolutions detennined by the diameter 

of the ion beam. 

9.3 Results 

The surface of samples A, B and C showed marked topographic differences at high 

magnification (figure 9.1). Cross sections through the sample surfaces highlighted the 

development of uranium layers on the surface of the steel platelets. At low magnification 

(x500), the surface of sample A, which had been exposed to 10 ppm U solution, retained 

much of the character of the original steel surface. At higher magnification (x5000) (figure 

9.1 a) a thin surface crust was observed, covered with numerous circular craters and spheroidal 

surface growths approximately a micron in diameter. In some areas, discontinuous networks 

of fine cracks disrupted the surface crust. Analysis of the FIB sections indicated that the 

uranium crust had near uniform thickness -200-300 nin, and followed the topography of the 

underlying steel surface. 
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Figure 9.1. Secondary electron images of uranium oxide deposits, grown on mild steel coupons over a 
24hr period, in (a) 10 ppm, (b) 100 ppm and (c) 1000 ppm uranyl acetate solutions. Lower images are 
of sectionjaces through the surface layers of the respective coupons. 

The surface of sample B which had been exposed to 100 ppm U solution failed to retain any 
features of the original steel surface. High magnification (x5000) revealed an uneven surface 
dominated by countless, often interconnected, spheroidal and cauliform growths 1-4 pm in 
diameter (figure 9.1b). Increased surface cracking was observed, with networks of cracks 

joining to form a series of distinct intercalated flakes, often linked by bridging spheroids 
(figure 9.2). Cracks -500 rim wide and up to -25 ýLm in length were observed between 

intersections. FIB sections revealed a variable surface layer up to 2.5 ýim in thickness 

comprising three parts: (1) a topographically thin basal layer 100-200 m-n in thickness; (ii) an 

integrated mid layer 500-600 nm thick overlain by; (111) a mixed, uneven surface layer, with 

columnar cauliform growths interspersed with a lighter 'fill' material. SIMS mapping 

confirmed that the first two layers were predominantly uranium oxide. The columnar 

structures on the upper surface layer were also predominantly uranium oxide while the 'fill' 

material was essentially composed of iron oxide/hydroxide (figure 9.3). Sparse patches of 

iron oxyhydroxides up to 10 pm thick were observed draping the typical growth surface. FIB 

sections indicated that the presence of these patches inhibited the development of the 

cauliform layer. SIMS mapping of a section cut through an iron oxyhydroxide cluster 

confirmed the incorporation of uranium into the rust phases (figure 9.4). 
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Figure 9.2. Secondary electron images of uranium oxide deposits, grown on mild steel coupons over a 

24 hr period in 100 ppm uranyl acetate solutions. The images show the networks of cracks through the 

precipitated layers and the edges of individualflakes curled by rapid vacuum drying before analysis. 
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Figure 9.3a. SIMS maps and high magnification SE images of a section through the mixed uranium- 

iron layers on a mild steel coupon after 24 hrs exposure to 20 ml of 100 ppm uranyl acetate solution. 

The SIMS map (colour) depicts iron areas in red and U-0 areas in green. The dark region in the map 

identifies the protective platinum strap deposited prior to the etching process. This colour code is 

maintainedfor all subsequent maps displayed. 
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Figure 9.3h. SIMS map and SE image of a section through the mixed uranium-iron layer on a mild 

steel coupon after 48 hrs exposure to 20 ml of 100 ppm uranyl acetate solution. 
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Figure 9.4. SIMS map and high magnification SE image of a section through a draping iron 

oxyhydroxide 'rust'phase, showing incorporation of uranium into the rust. The SIMS map (colour) 

depicts iron areas in red and U- 0 areas in green. 
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Figure 9.5. High magnification SE images of sections through the mixed uranium-iron layers formed 

on mild steel coupons during exposure to 20 ml of 100 ppm uranyl acetate solution for 24 to 48 hour 

periods. The layered nature of the iron oxidelhydroxide fill material was apparent at high 

magnification. The coloured overlay (bottom) depicts areas thought to be uranium oxide in green and 

iron oxide areas in red. 
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Figure 9.6. Secondary electron images of uranium oxide deposits, grown on mild steel coupons over a 

24 hr period in 1000 ppm uranyl acetate solutions. The images show the mass of micro-ridges and 

fibrous material covering the surface of the precipitated layers. 
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The surface of sample C exposed to 1000 ppm U solution comprised a mosaic of hexagonal 

and pentagonal flakes -40 pm diameter (figure 9.1 c). The flakes were curled at the edges and 
partially detached from the steel surface possibly a consequence of exposure to the analysis 
chamber vacuum. Detachment re-exposed the steel surface, which was covered by a thin layer 

of amorphous uranium dioxide or patches of fibrous material, aligned in a common growth 
direction, and originally part of the base of the flake. High magnification revealed a mass of 

micro-ridges on the surface of the flake in well developed radiating mounds -5 Pm across 
(figure 9.6). FIB sections indicated a three-tiered structure within the flakes, similar to that of 

sample B, namely a topographically thin basal layer -100-200 nm in thickness, a crystalline 
1.5 ýLrn mid layer which fined upwards and a fibrous matted surface layer, varying in 

thickness between 1-2 ýim. 

FIB imaging and sectioning results for the secondary experiment captured the generation and 
development of the surface uranium oxide layers. Figure 9.8 displays the 'time-lapse' 

development of the steel surface, and shows the initial development of a thin base coating of 

uranium oxide. Subsequently the more substantial columnar growth layer formed, reaching a 

thickness of 23 ýtm by 72 hours. Analysis of layer thickness revealed an apparent growth rate 

of -140 nni/hr over the first 48 hours (figure 9.7). The rate of thickening increased from 48 to 

72 hours, possibly driven by the increase of aqueous Fe(II) observed in the AAS results. A 

significant increase in the volume of surface rust phases was also observed over this period. 
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Figure 9.7. A plot of observed layer thickness versus solution exposure timefor a series of equal sized 

mild steel coupons exposed to 20 ml 100ppm uranyl acetate solution for periods of time between 0 and 

72 hours. 
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AAS results revealed a steady release of Fe into the uranyl solution with time (figure 9.9). A 
maximum concentration of 18.2 ppm was observed after 72-hours. from an initial 
concentration of <1 ppb. Release/diffusion of Fe into solution was most rapid, within the first 
24 hours. This confirmed expectation, since the surface area of iron available for diffusion 
was likely to be greatest during the initial stages of interaction. 
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Figure 9.9. A plot of Fe concentrations for residual uranyl solutions after reaction with equal sized 
mild steel coupons for periods of time between 0 and 72 hours. Concentrations are derivedftom AAS 

measurements, and suggest that dissolution ofFe into solution is most rapid during the initial stages of 

reaction. 

XPS studies revealed the surface coatings of samples B and C to be primarily uranium-oxide. 
Spectral fitting of the uranium 4f photoelectron peaks gave U 45/2and U 4f7/2peak centres at 
391.49 eV and 380.55 eV respectively, indicating the presence of hyperstoichiometric UO-' at 

the sample surfaces (figure 9.10a). 16 For these samples, the Ols photoelectron peak was 

asymmetric, being distinctly broadened to the higher binding energy side of a central peak 

positioned at 530.2 eV. 

Spectral fitting of uranium 4f photoelectron peaks for areas rich in iron oxyhydroxide 

identified both U(IV) and U(VI) species (figure 9.10b), with U(VI) as the more abundant 

phase. The second pair of peaks observed in the 4f photoelectron spectrum, attributed to 

U(VI) species, was centred at 2.7 eV higher binding energy than the primary U(IV) assigned 

peaks. This separation was larger than might have been expected (0.8-0.9 eV) but could have 

been a consequence of variable charging of iron oxyhydroxide clusters incorporating U(VI) at 

the sample surface. 
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Figure 9.10. XPS of uranium 4f photoelectron region from mild steel platelets exposed to 100 ppm 
uranyl acetate solution for 24 hours. (a) a 'typical' surface region, where the predominant uranium 
species is U(IP). (b) from an area blanketed with iron oxyhydroxide, where uranium is predominantly 
incorporated as U(VI). 

Photoelectron peaks for the Fe 2P3/2 level were also observed at 710.7 eV, ±0.2, characteristic 
of haernatite or iron (111) hydroxide. These signals were weak, corresponding to less than 10 

atomic per cent. On this basis, it is thought that the 0 Is signal related to iron 

oxides/hydroxides on the sample surface would be too weak to significantly influence the 

oxygen Is peak centres observed. 

For sample C, the reappearance of a small FeO related photoelectron peak at 707.6 eV, 
±0.2 eV was observed, possibly a consequence of 'flaking', which also affected the measured 

concentration of uranium at the surface. 

The uranium 4f photoelectron spectra recorded in association with the images from the 

extended 'time lapse' experiment revealed a rapid initial increase in the surface concentration 

of uranium (figure 9.11 a). Within an hour of exposure the sample surfaces were completely 

covered by uranium (IV) oxide, and no iron signals from the Fe2P3 2 levels were observed. 

However, after 4 hours exposure Fe 2P3/2 signals were once more in evidence corresponding 

to increasing quantities of Fe(III) phases with a proportional decrease in the amount of 

uranium detected from the 4f photoelectron levels (figure 9.11 b). 
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9.4 Discussion 

The XPS results of this study indicated the presence of non-stoichiometncU02 at the surface 
of the iron platelets. Photoelectron peak positions were indicative0f U407 or U02.2 phases 16 
though the deposit invariably contained some U(VI). The stoichiometry of uranium deposits 
was not characterized in previous studies involving 'zero valent iron' but Fiedor et al. 12 noted 
that more than 75% of the U deposited on a steel disc under anaerobic conditions was U(IV). 
Similarly Gu et al. 13 established that U deposited with granular Fe(O) in a laboratory 
experiment was reduced to U(IV), and Matheson and Goldberg 17 used XPS to detect a 
mixture of U(IV) and U(VI) associated with iron samples from two PRBs- 

On the basis that Fe(O) is a much stronger reductant than Fe(II), it was previously thought that 
reduction of aqueous U(VI) was driven by the oxidation of Fe(O) to Fe(II) rather than the 
oxidation of Fe(II) to Fe(III) following electrochemical corrosion. 18 

Fe 3+ 
+ e- -)ý Fe 2+ 

U02 2+ 
+4H+ + 2e- --> 

U4+ + 2H20 

Fe 2+ + 2e- Feo 

Eo = +0.771 V (2) 

Eo =+0.372 V (3) 

Eo = -0.440 V (4) 

Whilst recognising the presence of metallic iron in the reacted coupons, it is important to note 
that the interaction observed in this study was that between aqueous U(VI) and preformed Fe 

oxide layers at the mild steel surface, typically consisting of mixed oxides in the cubic 

structure series: FeO - Fe304 - y-Fe203. Fe(O) was not observed to play a major role in the 

reduction of uranium since the presence of a preformed mixed Fe(ll)/Fe(III) oxide coating at 

the iron surface served to inhibit oxidation of underlying zero valent iron, dictating that 

reductive precipitation be initially driven predominantly by the oxidation of structural Fe(II) 

to Fe(111). 

The results of this study clearly demonstrated that the two mechanisms for uranium uptake 

proposed in earlier studies are not mutually exclusive. There appeared to be a play-off 

between the rate of 'rust' formation and the rate of reductive precipitation (figure 9.12). 

During the initial stages of reaction, where the concentration of uranyl ions in solution was 

more than 10 ppm, a thin (100-200 nm in thickness) amorphous layer of U(IV) oxide rapidly 

formed at the steel surface. This layer was observed at the base of deposited layers in samples 

from sets B and C. Here, reduction of the uranyl ions was driven by direct electron transfer 
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with structural Fe(II) present in the preformed surface oxide layer, following the simplified 
reactions. 

Fe304 + U02 2+ 
7-Fe203 + U021 

(5) 

FeO+ U02 2+ Fe203 + U02ý 
(6) 

The deposited uranium oxide (U02-x) layer insulated the steel surface, inhibiting the 
formation of 'rust' phases. This reaction sequence agreed with the findings of Charlet, Liger 
and Gerasimo9 and was supported by the XPS results (figure 9.1 lb), which indicated that the 
initial surface reaction involved Fe(ll) rather than Fe(Ill). 

Fel* U02'* 

Fe 2- UO 2- 
2 ý 

- FOO -F 

Fel* 
U022. 

Fe 2- 

uoll* U02 2- 

Fe 
Fe 2+ UO 2- 

Fe, O, /Fe00H 

eo-Fe 0 
uo,. 

ý 

U011* 
u2 2+ 

UO 

2- (o U02 

F 

Surface mediated Aqueous reductive Incorporation into 
reductive precipitation precipitation rust phases 

Figure. 9.12. A model illustrating the remediation of uranium at mild steel surfaces by both reductive 

precipitation and incorporation into Fe(III) oxyhydroxide phases. Immobilisation of uranium by 

reductive precipitation can be divided into two mechanistic phases. The initial rapid reaction involves 

reduction of uranium at the steel surface. The secondary phase involves reductive precipitation of 

uranium by dissolved Fe(II), co-precipitating uranium oxide and iron oxyhydroxide phases onto the 

surface deposit. Throughout the process Fe(H) is dissolved into solution along cracks in the surface 

deposit. In more dilute uranyl solutions (: ý10 ppm), conditions are most suitedfor uranium uptake by 

iron oxyhydroxide 'rust'phases, where U(VI) is structurally incorporated without reduction. 

In dilute uranyl solutions containing less than 1OPPM U02 2+ the availability of uranyl ions for 

direct surface reduction was insufficient for the extensive development of an insulating UO-, 
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layer such that exposed regions of the preoxidised steel surface could undergo further 
oxidation and the development of 'rust' phases. 

Fe01solidl + OH- ---> 
Fe00Hisolidj 

(7) 
2Fe3O4[solid] + 20H- --+ 3Fe2O3 [solid] + 2H' (8) 

Under these circumstances, soluble uranyl ions could be absorbed within the newly fonned 
iron oxyhydroxide phases without reduction. This was observed to occur on steel coupons 
exposed to I Oppm uranyl acetate solution. 

For solutions containing more than 10 PPM U02 2+ the initial reaction phase continues through 
further reduction of aqueous uranyl ions by Fe(II). However, under these conditions the 
process was no longer a surface mediated reaction. Rather it was driven by the presence of 
aqueous Fe(Il) dissolved into solution during the initial reaction phase, and subsequently 
along cracks in the deposited layer (figure 8). AAS results confirmed the steady release of Fe 
into solution. Reduction of uranium by aqueous Fe(II) would continue by the following 

reactions: 

Ne 2+ 
[aqueous] + U02 2+ + 301f --* 

Fe203 [solid] + U02 [solid] + 3H+ (9) 

M 2+ 
[aqueous] + U02 2+ +40H- --, 2FeOOH [solid] + U02 Isolicil + 2H+ (10) 

SIMS mapping confinned. that separate iron and uranium oxide phases were deposited on the 

basal U02 film, producing the columnar cauliform uranium oxide growths, and interstitial 
iron hydroxide fill material observed on the coupons exposed to 100 ppm uranyl solutions. 

Previous workers 19 have noted that the half cell potential range for the solid state oxidation of 
Fe(II) ---+ Fe(III) ranges from -0.34 to -0.65 V, making structural Fe(II) a stronger reducing 

agent than aqueous Fe(II) (-0.77 V). This could explain why the initial phase of surface based 

reductive precipitation was more rapid than that observed for phase two reduction. It was 

envisaged that phase two reductive precipitation continues until the concentration of uranyl 

ions becomes insufficient to fuel continued reaction. Subsequently, conditions would be 

increasingly suited to development of iron oxyhydroxide 'rust' phases into which any 

remaining U02 2+ was incorporated. Coupons exposed to 100 ppm uranyl solutions for more 

than 12-16 hours showed the development of 'rust' phases, which draped the cauliform 
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uranium oxide surface layer. SIMS mapping provided strong evidence that uranium was 
"absorbed within distinct regions in patches of overlying 'rust'. 

In extremely strong solutions (>1000 ppm), it was observed that second phase reductive 
precipitation produced layers of crystalline uranium oxide up to 2 ýtm thick after 24 hours. A 
fibrous surface layer of precipitated schoepite was observed covering these crystalline 
deposits, with the underlying material possibly acting as a nucleation surface for precipitation. 

9.5 Conclusions 

i) The sectioning and analysis of deposits on mild steel has allowed direct observation 

of uranium immobilisation. 

ii) Investigation of the mechanisms involved has revealed that aqueous Fe(II) is 

fundamental in providing the extensive reduction and effective immobilisation of 

uranium from solution. 

iii) For uranium concentrations below 10 ppm, competition between primary reductive 

precipitation of uranium and concurrent surface oxidation of iron phases leads to 

structural incorporation of U(VI) into rust phases without reduction. 

iv) For uranium solutions of concentration above the 10 ppm threshold, uranium 

immobilisation occurs predominantly via reductive precipitation. 

v) Extended exposure leads to the development of a solvated mixed iron/uranium system 

and mixed surface deposits formed by competition between absorption and reductive 

precipitation mechanisms. 

9.6 Context and Implications 

Metals constitute approximately 20% by weight of waste material in the Drigg inventory. 

Iron (mild steel) is the primary metal, accounting for over an order of magnitude more mass 

than other metals, and including both scrap metal (LLW) and waste-form metal containers 

that are used to accommodate other wastes. 20 Similarly, uranium is the primary radionuclide 

in the Drigg inventory with a reported 952 tonnes present in the Drigg trenches and a further 

38 tonnes contained within the vaults. 20 
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The chemical reactivity of these two major inventory constituents is therefore of great interest 
to the UK nuclear industry. The direct effect of iron and its corrosion products on 
radionuclide mobility within waste disposal sites is of immediate importance to the Drigg 
facility. 

The results of this study clearly indicated that uranium has a strong affinity for iron surfaces. 
The sectioning and analysis of uranium deposits on mild steel has allowed direct observation 

of uranium immobilisation potentially occurring in the contained environments at Drigg. The 

results of this work may add to those obtained from the concurrent Drigg Technical 

Programme (DTP), which includes laboratory studies, field studies and waste degradation 

simulations designed to increase the understanding of processes occurring within the wastes 

contained at the Drigg site. 

It is suggested that detailed characterisation of the leachate solutions present in the Drigg 

wastes and experimental work with analogous solutions and mild steel surfaces might provide 

a more complex insight into the actual iron: leachate reactions occurring within the wastes at 

Drigg. 
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CHAPTER 10 - Final Discussion and Conclusions 

10.1 Political Context for Nuclear Waste Research 

In 2005 the future of the UK's nuclear power industry hangs in the balance. Many of the 
nuclear reactors supplying the National Grid are nearing the end of their operational lives, 

with planned decommissioning over the next five years set to halve the UK's nuclear power 
output. By 2020, without the construction of new stations, nuclear power will have been 

completely phased out. Regardless of whether or not new nuclear stations are built, the 
prospect of successfully managing and disposing of the UK's ever growing volume of 
radioactive waste looks set to provide a somewhat unsavoury legacy for the nuclear industry. 

Currently the vast majority of radioactive waste in the UK is held across 34 storage sites, with 
long term plans to dispose much of this waste half a mile beneath NW England at the Nirex 

'deep burial' facility. Irrespective of permanent disposal options, storage of radioactive waste 

will continue to be an important element in the safe management of radioactive waste long 

into the future. For medium and low-level waste, storage acts as a comparatively short, 
interim step in the overall process of waste management. For high-level waste, such as spent 
fuel rods, storage must often last for extended periods in order to allow radioactive decay to 

reduce the levels of radiation and heat generated by the waste to levels acceptable for 

disposal. Alarmingly, a significant proportion of waste storage sites in the UK are operating 

long past their designated operational lifetimes, which makes the integrity of our aging 

storage facilities a key concern for protecting the fature health and safety of local populations 

and the environment. Monitoring and maintenance of these sites requires both the detection 

and repair of deficiencies. Should containment measures fail, a detailed understanding of the 

environmental transport and behaviour of pollutant radionuclides and heavy metals is 

essential in order to provide effective site remediation. 
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10.2 Uranium Sorption onto Iron Bearing Minerals 

The fate of radionuclides and heavy metals in the 'near surface' geosphere is determined by a 
complex matrix of contributing factors including soil type, metal speciation, metal 
concentration, soil pH, soil temperature, solid: solution mass ratio and contact time. The work 
detailed in this thesis sheds light on a small but significant piece of this highly complex 
system. 

Uranium is the primary fuel material for the nuclear power industry, also forming the primary 
waste product. As an environmental pollutant, uranium is a danger due to its toxicity and 
radioactivity, providing a moderate health risk to the human population, should it enter water 
sources or the food chain. 

Iron bearing minerals are frequently a common component in surface geologic environments, 
and are likely to be present in natural systems subjected to anthropogenic radionuclide 
contamination. On this basis it is important to understand the mechanisms for uranium 
interaction with these minerals because any protective retardation that these minerals can 

naturally provide is potentially valuable. 

The work detailed in this thesis provides clear and compelling evidence that uranium has a 
high affinity for iron metal and iron oxide minerals under a variety of redox conditions. The 

data also indicates that sorption of aqueous uranyl species onto the surfaces of Fe-minerals is 

relatively rapid, with most sorption occurring within the first 24 to 48 hours of reaction. 

The results of this study clearly demonstrate that two primary mechanisms account for 

uranium uptake onto iron bearing minerals: 

1. Reductive precipitation, driven by electron transfer between Fe(II) at the mineral 

surface and aqueous U(VI). Reduction of U(VI) to U(IV) results in the precipitation 

of non-stoichiometric U02 at the mineral surface that is relatively insoluble under 

circum-neutral pH conditions. Coupled oxidation of Fe(II) to Fe(111) occurs without 

significant structural change of the iron oxide mineral surface 

2. Surface complexation and incorporation of U(VI) with iron (111) oxides. 1,2,3 

Uranium is removed onto mineral surfaces without reduction, achieved by surface 

complexation of the aqueous U02 2+ uranyl ion and by its incorporation into Fe-oXide 

structures during their fonnation (co-precipitation). 
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It is generally accepted that soil pH seems to have the greatest effect of any single factor on 
the solubility or retention of metals in soils, with greater retention and lower solubility of 
metal cations occurring at high soil pH . 

4-7 It was found that the two mechanisms outlined will 
predominate under different pH conditions, with a further sensitivity related to the dissolved 

oxygen content of the parent solution, closely related to redox conditions. The experimental 
work indicates that at pH 5.0 to pH 6.0 the two uptake mechanisms can compete in 
scavenging U from solution, producing the highest rates of U uptake observed in experiments. 
At lower pH, reductive precipitation was observed to dominate U uptake whilst surface 
complexation and incorporation dominated at higher pH. 

Pyrite (FeS2), magnetite (Fe304), goethite (FeOOH) and siderite (FeC03)were selected for 

this uranium sorption study because they represented a suite of naturally occurring iron- 

bearing minerals, which contain Fe(ll) and/or Fe(III) ions in differing abundances and 

chemical associations. Bulk pyrite and siderite samples classically contain only Fe(ll) ions in 

cubic and hexagonal lattices respectively. Goethite classically contains exclusively Fe(111) 

ions in an orthorhombic lattice, while magnetite is somewhat unusual, containing both Fe(H) 

and Fe(111) ions in an inverse cubic spinel structure. 

In previous studies a number of Fe(III) oxides including haernatite 8-11 (cc-Fe20A goethite. 1,12,13 

((x-FeOOH) and ferrihydrite 14-17 (pseudo-amorphous Fe203. xH20) have been found to strongly 

adsorb uranyl species between pH 5-10 via complexation and incorporation of the aqueous 

U02 2+ uranyl ion without reduction. In this study, U uptake was observed on goethite, pyrite 

and siderite surfaces via the same mechanism. Results from U uptake experiments on pyrite 

clearly indicated that from pH 5.0, as pH increased, incorporation of U(VI) into developing 

iron (III) oxide phases became increasingly predominant in removing U from solution. 

The results of this study also indicated that surface mediated reductive precipitation of U(IV) 

occurred on both pyrite and magnetite, with further evidence for partial reduction of uranium 

on siderite. A common factor in the bulk chemistry of these three minerals is the presence of 

Fe 2+ 
, which fuels the reductive precipitation reaction and makes the reaction exclusive to such 

minerals. Reductive precipitation on iron (111) oxide minerals was only observed when the 

surfaces were deliberately reduced using argon ion etching to produce Fe(H) at the mineral 

surfaces. 
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From experimental work on U uptake by mild steel it was found that reductive precipitation 
of U(IV) could also be driven by dissolved Fe(ll) species, by the following reactions: 

2 Fe 2+ 
Iaqueousl + U02 2+ 

+3 OH- ---> 
Fe203 

[solidl + U02 
[solid]+ 

3 H+ 

2 Fe 2+ 
Iaqueousl + U02 2+ 

+4 OH- --> 2 FeOOH[solidj + U02 [solid] +2 H- (2) 

Previous workers 18 have noted that the half cell potential range for the solid state oxidation of 
Fe(ll) to Fe(Ill) ranges from -0.34 to -0.65 V, indicating that structural Fe(H) is a stronger 
reducing agent than aqueous Fe(Il) (-0.77 V) and that surface mediated reactions might 
progress more readily than aqueous counterparts. 

Filtration experiments using different iron-bearing minerals to remove uranium from solution 

at pH 4.76 indicated that freshly crushed pyrite provided the greatest amount of uranium 

adsorption (6.78 mg/m2), followed by magnetite (5.84 Mg/M2), siderite (2.26 Mg/M2 ) and 

goethie (0.93 Mg/M2 ) respectively. Interestingly, pre-weathered pyrite displayed very little U 

uptake, removing just 0.897 Mg /M2, which was only slightly greater than silica (0.57 Mg/M2)' 

which was used as an inert comparator material following observations made in previous 

studies. 
19-23 

10.3 Implications for the Environmental Fate of Uranium at Drigg 

The results of this project are intended to add to the pool of scientific understanding of 

uranium activity and transport in and around the Drigg LLW repository in NW Cumbria. 

Some results will feed directly into BNFL's geocherracal models used for predicting the 

possible fate of radionuclides should they escape containment in the Drigg trenches. Data for 

uranium sorption onto mild steel has also provided valuable insight into processes which 

might operate within the sealed vault and trench environments. 

10.3.1 Uranium in the Geosphere Around Drigg 

Sediment from the Drigg site was analysed for mineralogy, U content and U uptake capacity. 

The medium-fine grained sediment consisted predominantly of quartz (75-80% volume), v, -ith 

other primary minerals including biotite mica, albite and microcline feldspar. Secondary 

minerals included calcite (CaCOA haernatite (Fe, O-, ) and a complex phyllosilicate 
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assemblage consisting of chlorite, illite and kaolinite clays derived from the alteration of 
meta-stable feldspathic and micaceous parent materials. Sparsely dissenunated orlgýanic matter 
was a further sediment component that showed a greater concentration in disturbed horizons. 

The results of this study report that the U uptake capacity of the Drigg sediment at pH 5 was 
-0.2 mg/g, based on an average sediment density of 1.53 g/CM3 . Data also showed that the 
untreated sediment contained less than 0.0177 mg of uranium per gram of sediment, and was 
undersaturated with respect to maximum uranium capacity. 

The surface coating of haernatite observed on the majority of the quartz grains was found to 
be significant in accounting for U uptake in the sediment. The results of sequential extractions 
presented in this work show that uranium present in the Drigg sediments was most closely 
associated with iron oxide and carbonate phases (-38% and 32%, respectively), with clay 
minerals playing a more minor role than initially expected. It is suggested that surface 
complexation and incorporation of uranyl ions into the haernatite grain-coatings was the 
primary mechanism for U removal, clearly illustrating the importance of iron bearing 

minerals for retarding the transport of uranium in the subsurface. 

10.3.2 Uranium in Containment at Drigg 

The chemical reactivity of iron with uranium is of great interest to the nuclear industry, 

primarily because it is a major component of medium and low level nuclear waste. Iron, also 

termed as mild steel, is the most abundant metal in the Drigg inventory, present in quantities 

over an order of magnitude greater than other metals. Disposed steel consists of scrap metal 
(LLW) as well as waste-form metal containers and canisters that are used to accommodate 

other wastes. For example, in the Drigg trenches mild steel drums provide contaim-nent for 

some wastes, whilst in the vaults containment is provided by mild steel ISO containers, 1m3 

boxes and 200 litre drums . 
2' An understanding of the direct effect of iron and its corrosion 

products on radionuclide mobility within the Drigg site are of significant importance if 

accurate predictions of radionuclide mobility within the Drigg facility are to be developed. 

The results of this study clearly indicated that uranium has a strong affinity for iron surfaces. 

The sectioning and analysis of uranium deposits on mild steel has allowed direct observation 

of uranium immobilisation potentially occurring in the contained environments at Dn-g. For 

leachate solutions containing >> lOppm uranium, immobilisation was found to occur 

predominantly via reductive precipitation. Extended exposure to solution lead to the 

development of a solvated mixed iron/uranium system, driven by the presence of aqueous 

Fe(ll) dissolved into solution during the initial period of reaction, and subsequently along 
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cracks and other pathways through the deposited layer. Data indicated that in U-rich 
solutions, reductive precipitation continued until the concentration of dissolved Fe(Il) or 
uranyl ions became insufficient to fuel continued reaction. 

In a waste disposal environment, reaction conditions for uranium with iron would initially be 
aerobic. The data presented in this study indicate that under aerobic conditions dissolved 
oxygen competes with aqueous uranyl ions to oxidise mild steel surfaces. 

Overall, U uptake becomes a mixed competition between the following mechanisms: 

U(VI) absorption/incorporation into hydrated iron (111) oxides that develop 
during oxidative corrosion, and, 

ii) Reduction of aqueous U(VI) at the steel surface to form U(IV) oxide 
precipitates. 

The relative concentrations of dissolved oxygen, uranium and iron (11) in the reactant 

solutions, was identified as being critical in controlling the predominant path for U removal 

onto mild steel. 

As an essentially closed system, the waste disposal environment will gradually evolve to an 

anaerobic state as aerobic corrosion reactions, and other biogeochernical degradation 

processes, remove oxygen from the system. Under anaerobic conditions the potential for iron 

corrosion would be reduced, leaving reductive precipitation as the predominant U uptake 

mechanism for iron in the waste disposal environment. 

In practice, the waste stored at Drigg is a complex mixture of metals, materials, biological 

compounds and fluids and although a simple iron-uranium-water system can be easily tested, 

it only reflects a small part of a much more complex system. 

A programme of waste degradation simulation experiments has been in progress as part of the 

Drigg Technical Programme (DTP) since 1995.25,26 This work has included laboratory 

studies, field studies and waste degradation simulations designed to increase the 

understanding of processes occurring within the wastes contained at the Drigg site. 
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10.4 Final Summary 

To increase the understanding of uranium transport in the environment and in the presence of 
steel corrosion products, the interaction of U(VI) with iron and iron-bearmg minerals has been 
studied. Sorption studies on the minerals pyrite (FeS-, ), magnetite (Fe304). goethite (FeOOH) 
and Siderite (FeC03) have been carried out using a variety of analytical techniques including 
X-ray photoelectron spectroscopy, secondary ion mass spectrometry and inductively coupled 
plasma mass spectrometry. 

The results presented in this thesis provide clear and compelling evidence that uranium has a 
high affinity for iron-bearing minerals under a variety of redox conditions applicable to 
environmental systems. Two mechanisms were found to account for uranium uptake 
observed: 

i) Reductive precipitation, driven by electron transfer between Fe(II) at the 

mineral surface and aqueous U(VI). Reduction of U(Vl) to U(IV) results 
in the precipitation of non-stoichiometric U(IV) oxide at the mineral 

surface. 

ii) Surface complexation and incorporation of U(VI) with Fe(III) oxides. 1-3 

Uranium is removed from solution without reduction via surface 

complexation and incorporation into Fe(III) oxides. 

The results clearly illustrate the importance of iron bearing minerals for retarding the 

transport of uranium in the subsurface. Indeed, analysis of sediment extracted from the Drigg 

LLW repository indicated a uranium concentration of less than 0.0 177 mg/g with the uranium 

most strongly associated with iron (III) oxide present on quartz grains. Uranium uptake 

experiments also indicated that the Drigg sediment was undersaturated with respect to 

uranium, capable of removing -0.2 mg/g at pH 5 based on an average sediment density of 

1.53 g/CM3. 

As a major component of medium and low level nuclear waste, the chemical reactivity of iron 

(mild steel) with uranium was also investigated. Results of sorption experiments clearly 

indicate that aqueous uranium has a strong affinity for iron surfaces. XPS data provide strong 

evidence for the reduction of U(VI) to U(IV) on the iron surface facilitated by electron 
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transfer between the Fe and U, leading to a coupled oxidation of Fe(II) to Fe(Ill). The 

sectioning and analysis of uranium deposits on mild steel has allowed direct observation of 

uranium immobilisation by both reductive precipitation and uranium incorporation, providing 

valuable insight into the possible behaviour of iron contained within the Drigg repository. 

The results of this work also suggest that iron and iron-bearing minerals may provide cheap, 

but effective, material for the in situ remediation of uranium and other contaminants present 

in the subsurface. The versatile use of nanoscale iron particles looks set to herald a significant 

advancement in environmental remediation technologies. Although a great deal more research 

is required to prove that remediation using iron nanoparticles is both financially and 

chemically effective, preliminary experimental results indicate that nanoparticles are very 

efficient scavengers of aqueous uranium. 

-- The End -- 
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CHAPTER 11 - Future Work 

11.1 Future Work for Environmental Remediation of Uranium 

Various methods have been suggested for the removal of uranium from contaminated sites. 
Traditional methods of U remediation typically involve soil excavation and disposal without 
treatment, or groundwater extraction with ex situ treatment known as 4 pump- and-treat' 
technology. These methods are well established but rather costly, so new techniques are being 
developed and tested as better, faster and cheaper alternatives. 

Many new treatment methods incorporating physical, chemical, or biological methods have 

been suggested over the past decade. General information on these new treatment 

technologies, including the science upon which they are based, their design and potential 

applications, is abundant. Unfortunately, detailed, reliable and unbiased cost and performance 

reports from field tests and pilot sites are often far less common. Combining treatment 

technologies to enhance remediation has also been widely discussed, but case studies where 

combined technologies have been applied are few and not easily accessible. 

The trend in development for remediation technologies is away from pump-and-treat 

processes in favour of in situ. applications. In situ methods involve the immobilisation of 

pollutant heavy metals and radionuclides by physical, chemical, or biologically mediated 

binding or precipitation of the contaminants within the soil or sediment. These treatments tend 

to be cheaper and more environmentally compatible than pump-and-treat processes. For 

example, Tarvis and Doty' pointed out that contaminated aquifers cannot be sufficiently 

cleaned by the purnp-and-treat method due to inherent difficulties with groundwater pumping 

and because chemi- or physi-sorbed contaminants on mineral surfaces are not effectively 

removed. Groundwater transport models used to evaluate the effectiveness of pump-and-treat 

methods, have suggested that pumping of a contaminated aquifer for extended periods of up 

to 200 years may be necessary to lower contaminant concentrations by a factor of 100, 

assuming a totally dissolved contaminant in a homogenous aquifer . 
23 '1 pumping for such 

extended periods incurs significant costs, and for relatively little gain. Field data from 19 

contaminated aquifer sites in the US, pumped for periods of up to 10 years, have shown that 

purnp-and-treat processes can remove significant masses of contaminants, but with little 

success in reducing the residual contaminant concentration to target levels. 5 

The most notable methods for the remediation of uranium and other radionuclides and heavy 

metals in the near-surface geosphere are outlined in table 11.1. 
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Remediation type Remediation Technology Brief Description 

Traditional 
Pump-and-treat Contaminated material or fluids 

remediation are removed and treated ex situ 
methods using processes such as ion 

exchange, reverse osmosis, 
reductive precipitation and 
bioremediation to remove 
contaminants 
Contaminated soil and sediment 

Excavation and disposal is removed and disposed of 
without any treatment 
Injection or infiltration of an 

Methods for enhancing In situflushing aqueous solution into a zone of 
pump-and-treat contaminated soll/groundwater, 
technology followed by downgradient 

extraction and treatment of the 
elutriate - an improvement 
technology for pump-and-treat 
systems 
Used to increase the removal 

Hydraulicftacturing rate of contaminants by other 
methods, such as pump-and- 
treat 
In situ treatment which uses 

Chemical in situ methods Permeable reactive barriers different materials to chemically 
filter contaminants from 
groundwater 
Works in a similar way to a 

In situ redox manipulation PRB but with injection of 
chemical reductants 
Processes designed to reduce the 

Solidification and mobility of contaminants by 
Stabilization reducing the contaminant 

solubility or the permeability of 
the medium 
An immobilisation and 

Electrical in situ methods In situ vitrification destruction technology, where 
soils are heated and melted by 
applying an alternating 
electrical current and left to 
cool, fonning an insoluble 
crystalline or vitrified material 
Application of an electric field 

Electrokinetic processes (DC current) to a soil or 
sediment to remove chernical 
contaminants 
The use of plants to extract 

Biological treatment Phytoremediation metals and metalloids from 
contaminated soils 

methods Processes through which 
Bioremediation contaminants are mobilised or 

immobilised as a direct result of 
microbiological activi! y_ 

Table 11.1. Most notable methodsfor environmental remediation of radionuclides and heavi, metals. 

298 



Perhaps the most promising new methods of in situ remediation involve the use of reactive 
materials to immobilise pollutant species from groundwaters by chemical adsorption and 
reductive precipitation. Mild steel is increasingly being used as a reactive material in 
engineered subsurface zones called permeable reactive barriers (PRB) that are used for in situ 
treatment for groundwaters, soils and sediments contaminated with U, Cr, As, Mn, Mo, Se, 
Zn and V6-12. Other materials, such as activated carbon or peat, are used in the same 'ývay- 

The work presented in this study has demonstrated that some of the iron-bearing minerals 
investigated, namely magnetite and siderite, would provide effective sources of reactive 

material for in-situ remediation of uranium contaminated groundwaters. These minerals Might 

also be successful in immobilising other pollutant heavy metals and radionuclides. 

In-situ chemical remediation is a rapidly expanding field of research financed by a market 

clamouring for cheaper and more effective remediation technologies. The materials and 

mechanisms identified in this work lend themselves to this field of research, providing a 

logical opening for future research. The following areas might provide a basis for future 

research: 

i) Reactive materials for PRBs 

ii) Nanoscale particles for in situ remediation 

iii) Enhanced electrokinetics for in situ remediation 

It is hoped that increased research into these areas will provide information that allows 

more regular consideration of new, less costly, and more effective remediation 

technologies. The following sections provide more detailed infon-nation on these areas of 

future research. 
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11.1.1 Reactive Materials for Permeable Reactive Barriers 

Permeable reactive barrier (PRB) technology is startlingly simple -a permeable reactive wall 
comprising reactive material mixed with sand is emplaced just downstream of a source of 
contamination (figure 11-1). Contaminated groundwaters passing through the walls are 
filtered of pollutants via chemically driven precipitation. Groundwater decontarmnation is 
based on the oxidation of the reactive material, by the contaminant species e. g. solvated 
uranium, which is reductively precipitated as an immobile solid at the same time. 

Permeable wall of reactive material 
removes U from groundwater 

*x 

Direction of 
groundwater flow 

SOUrce of li 
contamination 

L', raniunj contaminated 
ggroundwater 

Fig, Ure 11.1. An idealised section through a permeable reactive barrier (PRB) system. 

As previously mentioned, mild steel, also termed zerovalent iron (ZVI), is increasingly being 

used in PRB systems, and is freely available as a scrap metal product from the automotive 

industry. Laboratory analysis of groundwater samples from operational PRB sites indicates 

that ZVI barriers remove U from groundwater to non-detectable levels. Data also indicate 

active iron corrosion within the barrier wall, and significant local reductions in Eli, increases 

in pH and absence of dissolved oxygen. II 

Experimental results for uranium sorption onto mild steel (Chapter 9) suggest that uranium 

removal by PRB systems is predominantly via reductive precipitation, forming insoluble 

U(IV)oxide. This observation is in good agreement with Cantrell et al 14 and other 

workers 10,15,16 although evidence reported for iron corrosion in the barrier wall indicates that 
Zý, 
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some uranium must be removed without reduction, being adsorbed and incorporated into 
hydrated iron (111) oxides (rusts) in a hexavalent state. ", " It seems likely that incorporation 
reactions would be more significant within aerated, near-surface zones of the barrier walls. 
While the use of PRBs seems to herald a great new technology for U remediation, the cost- 
effectiveness of these systems is difficult to predict. Two main factors may linUt their 
operational lifespan: 

1) It is unknown how long the iron will remain reactive and, therefore, effective. If 
there is only a finite surface area for reaction, after a certain time all the reactive 
surfaces will be effectively used up and coated with UO, from reductive 
precipitation reactions. 

It is unknown if precipitation of minerals in pore spaces will significantly reduce 
the permeability of the PRB, and at what rate this would happen. In a worst-case 
scenario, pore clogging could turn a permeable reactive wall into an impenneable 

wall, forcing groundwater to find alternate flow-paths through the subsurface and 

extending the area of contamination. 

It is accepted that after a finite period a PRB system is likely to become reactively exhausted. 
At such a time it may be necessary to either replace the trench material or insert a new trench 

system slightly downstream of the first. Geochemical models can be used to optimise trench 

design and to predict the lifespan of a given PRB system, but the accuracy of these models is 

entirely dependant on understanding the chemical mechanisms that occur within the PRB. 

Although a good understanding of iron-uranium interactions has been presented in this work, 

it is suggested that future research should be focused on elucidating the chemical effects of 

other components in groundwater systems that may affect the environmental transport of 

radionuclides and PRB performance. Arguably the two components of greatest import would 

be microbial activity and concentrations of dissolved carbonate. 

Future work may also be focused on using minerals such as magnetite or siderite as reactive 

materials within PRB systems, providing greater environmental compatibility than current 

ZVI systems, by impacting less on local pH and redox groundwater conditions. Sidente in 

combination with limestone has already been demonstrated to effectively remove As and Cd 

from waste waters as part of a pump-and-treat reactor. " The particular reactions occuming 

within the reactors would also occur, unattended, within a reactive wall of a PRB system. It 

301 



seems logical that this technology can be put to use for in situ removal of U from 
groundwaters. The envisaged field application would work by channeling contaminated 
groundwater through a reactive siderite (FeC03) wall via saturated flow and then through an 
aerated wall of crushed limestone (CaC03) (figure 11.2). Sidente dissolution would increase 
local groundwater concentrations of dissolved Fe(II), which would rapidly oxidised in the 
aerated limestone wall, precipitating Fe(III) oxyhydroxide that effectively adsorbs and 
incorporates aqueous uranyl species, removing them from the groundwater. 

Lii-neston( 
%vall 

4 

Direction of 
ground-A, ater flow 

Sourcý of 
, 
li 

contamination 

Figure 11.2. A diagram showing the operation of a dual barrier siderite-limestone PRB system. 

A number of factors may act to limit the efficiency of sidente- limestone systems, most 

notably the presence of dissolved carbonate (see chapter 2), that has been observed to enhance 

U(VI) solubillty. 2' by forming stable aqueous complexes wIthU02 2+ which in turn could 

decrease the efficiency of U adsorption by Fe(III) oxyhydroxides. An apparent decrease in the 

dissolution efficiency of siderite was reported after the passage of several hundred pore 

volumes of fluid through the material'9, indicating that the lifetime of siderite barrier systems 

is limited. 

Currently this technology remains untested on U contaminated waters, and the pH, Eh range 

over which this process is functional is not yet defined. Future research would determine if 

this technology as a viable alternative to traditional remediation methods. 

Siderite xvall 
(FeCO3 ) 
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11.1.2 Nanoscale Particles for In-Situ Uranium Remediation 

The next generation of environmental remediation technologies looks set to include the use of 
nanoscale iron particles. Preliminary reports suggest that the particles are highly active in 
removing heavy metals from groundwater such as Pb, Cr, As, Hg, Ni, Ag and Cd, as well as a 

11-21 large variety of organic contaminants. 

The significant rates of contaminant uptake observed result predominantly from the tiny size 
(1-100 m-n) of the particles and the resultantly large specific area of the material. It has been 
suggested that the reactivity might be aided by quantum size effects that alter the electronic 
structure of the particles and make them more reactive. An overview of the use of nanoscale 
iron particles for environmental remediation is provided by Zhang26 

The primary advantage of using iron nanoparticles over the scrap metal material currently 
used in PRBs is that nanoparticles can be delivered to zones of subsurface contamination by 
injection, which requires only limited physical disturbance of the local environment. Particle 

size is sufficiently small to allow groundwater transport of the material through porous 
sediments and rocks. 

To date, no literature has been published on the use of iron nanoparticles for the remediation 

of soils and groundwaters contaminated by uranium or other radionuclides. As an extended 

part this project, a preliminary study was conducted to evaluate the potential of using iron 

nanoparticles for in situ remediation of uranium. In the following section, preliminary 

experimental results are presented that indicate U uptake by iron nanoparticles is both rapid 

and extensive. 

11.1.2.1 Experimental 

A series of 1000 ppm uranium stock solutions were prepared at different pH for reaction with 

iron nanoparticles (table 11.2). Solutions were formulated by dissolving prescribed quantities 

of annular grade uranyl acetate in deionised H20, with sodium hydroxide (NaOH) 

subsequently used to adjust the pH of each solution to the required value. Stock solutions of 

NaBH4 (0.2 M) and FeC13 - 6H20(0.05 M) were also formulated. 

pH 4.1 5.0 5.5 6.0 6.5 7.0 

Table 11.2. InitialPH values of the six stock solutions before reaction with iron nanoparticles. 
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Nanoscale iron particles were synthesised following the method of Wang and Zhang2-, 21 that 
used sodium borohydride to reduce ferric iron to a zero-valent state via the following reaction: 

4Fe 3+ 
+ 3BH4- + 9H ---> 4Feoj +3H2BO3- + 12H+ + 6H2 20 

Sets of six 15ml centrifuge tubes were filled with 0.5 ml of ethanol and 1/2 ml of FeC13 

solution. Nanoparticles were then synthesised by mixing 0.5 ml of NaBH4 solution to the 

contents of each tube. 

8.5 ml of uranyl solution at each pH was then added to separate tubes containing 1.5 ml of 
nanoparticle solution and left to react for fixed periods of time (table 11.3). The solutions 

were gently agitated for the duration of the experiment using an automated rocker operating at 
25 rpm. Tubes were selected to be inert to uranyl reaction, and dissolved oxygen (DO) was 
thought to be the only other oxidant present in solution. 

Time 20 mins I hour 4 hours 6 hours 120 hours 650 hours 

Table 11.3. Reaction timesfor iron nanoparticles reactedwith 1000ppm Usolutions. 

Ten minutes before the end of each reaction period the solutions were allowed to settle and 

once the period had elapsed, a2 ml volume of solution was drawn from each tube through a 

0.2 ýtm syringe filter. The filtered aliquot was then diluted in preparation for ICP-MS, and the 

pH of the residual solution measured. Samples of the residual particulate were separated and 

analysed using XPS and imaged using FIB. 

11.1.2.2 Results and Discussion 

ICP-MS data indicates the rapid and extensive uptake of uranium from solution by iron 

nanoparticles. Maximum U uptake was observed in solutions between pH 5.0 and pH 6.0, 

with over 80% of uranium (-800 ppm) removed from solution (figure 11.3). A very slight, but 

progressive, shift in the pH range of maximum U uptake was observed with increasing 

reaction time, moving towards more neutral pH conditions. 
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Figure 11.3. Uptake of Ufrom solution by iron nanoparticles with increasing pH. The initial U 

concentration of the reactant solutions was 1000 ppm. 

XPS data clearly indicate uranium reduction on the nanoparticle surfaces. Spectral fitting of 
U 4f photoelectron lines recorded from samples after 20 minutes clearly identified both U(IV) 

and U(VI) species (figure 11.4), with U(VI) as the more abundant phase. Lines at centres of 
383.5 eV and 394.4 eV for respective U 4f7/2and 45/2 lines were ascribed to U(VI) in sorbed 

uranyl species, while lines at centres of 380.3 eV and 391.2 eV (±0.2) were ascribed to U(IV) 

in a hyperstoichiometricU02phase. 29 The separation between sets of U(IV) and U(VI) lines 

was larger than might have been expected (-3 eV) and was attributed to variable charging of 

physi-sorbed uranyl species. 

Spectral fitting of U 4f photoelectron lines recorded from samples after 6 hours clearly 

indicated extensive uranyl reduction of previously physi-sorbed uranyl species, with U(IV) 

accounting for over 85% of the uranium detected (figure 10.4). 

The photoelectron peaks recorded for the Fe 2P3/2 level after 6 hours reaction time, were 

observed at 710.1 eV ±0.2 characteristic of magnetite. Fe 2p peaks were asymmetric, being 

broadened to the high binding energy side and indicating the presence of haernatite or iron 10 
(111) hydroxide (figure 11.5). 
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Figure 11.4. U 4f lines recordedfrom iron nanoparticle material after reaction with 1000 PPm U 

solutionfor 20 minute and 6 hourperiods. 

Fe 2p lines showing the presence of Fe(O) metal were not observed, indicating that particle 

oxide coatings had developed to thicknesses greater than 8-10 m. 

Previous workers have suggested that under enviromnental conditions nanoparticles should 

have a core/shell structure with shells that are composed of passivating iron oxide phases 

surrounding a metal core. XPS spectra recorded from un-reacted flash dried particles were 

consistent with this theory, indicating the presence of thin (3-4 n-m) surface layers of 

magnetite (figure 11.5). 
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Both the XPS data and visual examinations of the nanoparticle suspensions indicated a 
progressively increasing abundance of iron (III) oxides. Samples exposed to solutions for 

periods greater than 4 hours showed a gradual colour change from black to red-orange as iron 
(111) oxide and oxyhydroxide phases developed. Dissolved oxygen is sited as the oxidant 
species responsible for further reaction and oxidation of the nanoparticles to form these 

characteristic corrosion species. XPS data indicate that re-oxidation of U(IV) oxide phases did 

not occur in conjunction with these corrosion reactions. 
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Figure 1.1.5. Fe 2p lines recordedfrom iron nanoparticle material after reaction 'with 1000 PPm U 

solutionfor 20 minute and 6 hourperiods. 
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Figure 11.6. SecondarY ion images of U reacted iron nanoparticle aggregates and untreated 

aggregates. By comparison, reacted material was morefibrous, with a more axpanded, porous 

structure (C & D). Unreacted material was more densely aggregated and relatively uniform in 

structure (G & H). 
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A further observation of nanoparticle reactivity was the colloidal aggregation of the particles 
in aqueous suspension, to form large particle clusters. This made it impossible to resolve 
individual particles using the FIB, although comparison of uranium-reacted and untreated 
nanoparticle aggregates revealed a marked morphological difference (figure 11.6). Untreated 

material was relatively densely, but uniformly packed, with an equi -dimensional particle size 
(figure 11.6 D) and irregularly shaped void spaces no more than 1 [tm in length. Reacted 

material was more fibrous by comparison, with a much more expanded, irregular structure 

with pseudo-spherical void spaces up to 3 ýtin in diameter. 

Figure 11.7. Secondary ion images of U reacted iron nanoparticle aggregate and aU reacted mild 

steel surface. In both cases, iron based material was reacted with aI 000ppm U solution at pH 3 for 6 

hours. 
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The reacted material bore a similar resemblance to iron-uranium growth phases observed on 

mild steel surfaces after reaction with 1000 ppm U solution for periods up to 24 hours 

(figure 11.7), and indicates that similar mechanisms of reaction were in operation. 

11.1.2.3 Direction for Future Nanoparticle Research 

In the future, nanoparticle injection applications (NINJA) would be well applied at aging 

radioactive waste storage or disposal sites, which have developed subsurface breaches in 

containrnent. Reactive nanoparticle suspensions could be injected directly at the point of 

breach, rapidly immobilising contaminant metals present (figure 11.8). Subsequently, the 

formation of iron oxide and oxyhydroxide phases from continued oxidation and corrosion of 

the particles by dissolved oxygen would clog the pore spaces in surrounding sediments 

fon-ning an impermeable seal around the breach (figure 11.9). 
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Figure 11.8. Application of nanoparticle injection technologyforremediation of subsurface zones 

contaminated by uranium and other pollutant heavy metals. 

310 

I= nanopanicles are injected at the point-source of radionuclide escape. 



Nanoparticles rapidly 
remove uranium and 
other contaminants by 
surface reduction 

17 

Iron nanoparticles are 
injected into a zone of 
subswface contazýon 

Confinued nanoparticle oxidation 
fomis iron oxyhy&uixide pfmses 
that block pore spaces due to the 
volwnes increase of the mataial 

Figure 1.1.9. Projected environmental reactivity of iron nanoparticles in subsurface zones 
contaminated by uranium and other pollutant heavy metals. 

However, before this remediation technology can be cominercially reallsed, a number of 
fundamental issues regarding the effective use of iron nanoparticles for in situ environmental 

remediation need to be resolved. Future work in this field of research should be aimed at 

resolving the following reactive factors: 

1. Identification of the iron and uranium phases developing on the nanoparticle surfaces 

under different pH and redox conditions. 
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2. Determination of the uranium uptake capacity and reactivity of nanoparticles over a 

range of dissolved oxygen concentrations, including that characteristic of 
groundwaters. 

3. Determination of the reactive lifespan of nanoparticles in a subsurface treatment zone. 

Deten-nination of iron nanoparticle mobility in the subsurface. 

These research goals might best be achieved using a combination of analytical techniques 
including XRD, SIMS and XPS. The ultimate aim of continued research would be to 
undertake field trials at one or more UK sites in order to provide native proof that remediation 
using iron nanoparticles is both financially and chemically effective. 

11.1.3 Enhanced Electrokinetics for In-Situ Remediation 

The use of electrokinetic (EK) phenomena for environmental remediation has been actively 
developed since the 1990s. Electrokinetic methods of in situ remediation typically involve 

passing a 50 to 150 V direct current through a contaminated subsurface zone using a pair or 

an array of electrodes. Given that the contaminated soil or sediment contains sufficient 

moisture (>10%) the electric field induces movement of water and migration of contaminant 

ions to electrodes of opposite charge. Essentially the power supply can be regarded as an 

electron pump, pushing electrons from the cathode to the anode and driving the movement of 

contaminants. 

Four processes are responsible for movement of contaminants to the electrodes. 30-33 

i) Electromigration - The transport of charged chemical species in the electric gradient. 

ii) Electro-osmosis - The transport of water or other pore fluids in the electric gradient. 

iii) Electrophoresis - The transport of charges particles in the electric gradient. 

iv) Electrolysis - Chemical reduction/oxidation reactions occurring at the 

electrodes driven by the applied electrical potential. 

With variation in the gain size of the contaminated material the Primary mechanism,,, of' 

. 
30,34 

-g ained rnedia, electric field induced contaminant transport are found to vary In fine ri 
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electromigration and electro-osmosis predominate while in coarser sediments 
electromigration and electrophoresis operate as the primary transport mechanisms. Electrolyis 

reactions occur directly at the electrodes to maintain chemical neutrality. Positive Ions and 
molecules receiving electrodes at the cathode are chemically reduced, often being 

electrodeposited or precipitated. Corresponding oxidation reactions occur at the anode as 
electrons are liberated. Frequently the electrolysis process can result in the development of an 
acid front and base front around opposing electrodes that extend the zones of redox reaction a 
short distance from the electrodes (figure 11.10). Inert electrodes, such as carbon, graphite or 
platinum, are used to avoid the introduction of harmful residues into the treated soil mass as a 
result of electrolysis. 
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Figure 11.10. Environmental remediation of contaminants in the subsurface using electrokinetic 

processes to drive contaminant migration. 30 

Extending from the work detailed in this study, it is suggested that electrokinetic processes 

might be used to enhance the effectiveness of other in situ remediation technologies. The 

prospect of combining electrokinetic methods with PRB technology has previously been 

considered. The general aim of supplementing PRB systems with EK processes has been to 
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reduce the amounts of groundwater constituents that might act to impair the function of the 
barrier by coating or clogging the reactive material with unwanted precipitates. 

Future research into the use of electrokinetics in combination with other remediation 
technologies would best be directed into the following areas: 

i) Electrokinetics to enhance U remediation by iron nanoparticles 

ii) Integration of removable electrolytic cells into PRB systems. 

11.1.3.1 Electrokinetics to Enhance Nanoparticle Uranium Remediation 

As discussed in the previous section of this chapter, the next generation of environmental 

remediation technologies looks set to include the use of nanoscale iron particles. Preliminary 

data presented in this study indicate that iron nanoparticles are highly effective in removing 

uranium from solution. 

Injection of iron nanoparticles at point sources of subsurface contamination will immobilise 

uranium and other pollutants that come into immediate contact. However. pollutants dispersed 

beyond the extent of nanoparticle injection would remain unretarded in the subsurface. 

Electrokinetic processes may be harnessed in order to draw these unretarded contaminants 

back towards the point source of contamination and into the zone of nanoparticle injection, 

where they can be effectively scavenged. A radial electrical gradient generated by a circular 

array of electrodes centred about the point of nanoparticle injection would be used to do this 

(figure 11.11). Development of a reduced zone around the central cathode might increase the 

effectiveness of the nanoscale iron particles in removing uranium and other pollutants from 

subsurface pore waters. 

A limited number of studies have examined the use of electrokinetic process for remediation 

of uranium-contaminated soils. While it seems that electrokinetics can be effective for 

uranium remediation, it is still unclear how the process rillght be optimised. Further to this, 

combined use of electrokinetic processes with iron nanoparticle reinediation has yet to be 

studied. 
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Figure 11.11. Application of combined nanoparticle and electrokinetic techniques for enhanced 
remediation ofsubsurface zones contaminated by uranium and other pollutant heavy metals. 

Future research in this area would need primarily to involve the examination of scaled-down 

systems, using small electrode arrays inserted into limited volumes of sediment contaminated 

by uranium solution. In order to limit the complexity of the system pure quartz sediment 

would initially be used, progressing eventually to sediments containing multiple phases. The 

limiting effects of dissolved solution components, such as carbonate or nitrate would also be 

examined. 

The ultimate goal of research would be to conduct field trials at a suitable site in the UK in 

order to assess the suitability of combined nanopart, cle -electroki net, c techniques for uranium 

remediation of natural systems. 
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11.1.3.2 PRB Integration of Removable Electrolytic Cells 

The future development of PRB systems will possibly involve the use of removable reactive 

components that can be replaced or recharged 'ex situ' in order to increase the working 4!:, 

lifespan of the systems. 

As a cheap and easily worked material, iron would provide an ideal material for this purpose. 
It is proposed that mild steel (iron) could be used as a reactive cathode material in specially 

constructed columns, inserted into the reactive wall of PRB systems as part of an electrode 

array. The columns would be porous, consisting of stacked meshes of iron wires, surface 

coated with iron nanoparticles in order to increase the specific area of reactivity. The columns 

would be used to remove uranium and other contaminant metals from groundwater via 

reductive precipitation enhanced by electrolysis. 

When the reactive lifespan of the iron meshes is reached, the columns could be removed from 

the subsurface and 'recharged' ex situ in an acidic 'cleaning' solution, using the column as an 

anode in order to shed the contaminant species. The columns could then be reintegrated into 

the PRB system refreshing its reactive efficiency (figure 11.12). 
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Figure 11.12. Application of integrated reaction columns in a PRB, in order to e-vend the working 

lifespan of the system. 
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The first step in researching the viability of this technology would be to construct a simple 
electrode system using a mild steel cathode and platinum anode in order to test the kinetics 
and mechanism of uranium uptake from solution onto mild steel when aided by electrolysis. 
The second step would be to demonstrate that 'shedding' of accumulated uranium oxide 
phases is possible either by reversing the polarity of the electrodes, or by immersing the iron 
electrode in an acidic cleaning solution to dissolve the solid uranium phases (figure 11.13). 
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Figure 11.13. A simple experiment to test the uptake of U onto mild steel when aided by electrolysis. 

Conventional methods such as 'pump- and-treat' work poorly in fine grainedSOIJS35, providing 

a niche that might readily be filled by electrical methods which are versatile, relatively 

inexpensive and easily combined with other technologies to provide effective in situ 

remediation. 

11.2 Summary for Future Research 

Radioactive waste management will still be required long after the UK's nuclear industry has z! ) 

been dismantled. Resultantly, scientific research in the nuclear industry has increasingly been 

focused on developing successful strategies for the management and monitoring of 

radioactive waste. As part of this strategy, the remediation of sites polluted by radionuclides is 

of key concern. The work detailed in this thesis, can be extended and applied to this 

remediation problem with relative ease. The numerous avenues of research available may 

provide new and innovative means for the effective remediation of sites not just contaminated 

by uranium but a range of other radionuclides and toxic heavy metals too. 
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