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Abstract

Depleted uranium (DU) munitions particles and aqueous chromium(Vihazardous and
challenging toxic metal contaminants. This thesis develops new approachesnéstiating
these pollutantsand provides insight into the long tetpehaviourof DU contaminationby

characterisation of environmentally aged residues

DU munitions particles exposed to theenvironment for ~25 years were studieding
syrchrotron Xray chemical imagingMicron-scale domains of U speciation were resolved in
particles, indicating heterogeneous formation conditions aadvariable extent of particle
weathering. Two soil samples from a UK firing range were shown to have different U
speciation Jlinked to environmentally mediatedlterationin one soil This study represents
novelapplication of Xray chemicalimaging to U in environmental neals, allowing domains

of U(IV), U(V) and U(VI) to be resolved. An aged particle containing UFe@s shown to
contain U(V), providing new evidence for the stability of this oxidation state under

environmental conditions.

Remediation of DU contaminatesbils was studied by chemical extraction using bicarbonate
sulfric acid and citric acid lixivants. Single batch extraction in bicarbonate was the most
effective, and able to remove 50% total DU. Residual particles showed partially leached
microstructures,and the formation of secondary phasés alternating pH multbatch
extraction was developed to promote secondary phase dissolution and improve the

decontamination yield to a maximum of 87% total DU.

In the last section, remediation of aqueous Cr(VI} wtudied by reduction to insoluble Cr(lll)
using a hybrid Pd functionalised biomineral, magnetite. A means to increase the reactive
capacity of the Pdnagnetite was demonstrated by addition of sodium formate, and the system
performance was not affected tigsolved oxygen or nitratélsing advanced spectroscopic and
microscopic techniques,nalysis of the reacted mineral showed Cr(lll) watained in the

magnetite structur@ndPd recrystalkation resulted in doss of reductive capacity.
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List of figures with captions

Figure 3.1 7 Schematic of sampling locations within the VJ facility at M(
Eskmeals. *Prevailing wind direction adapted from Oligeal [2]. Reproduced fron
Chapter g5].

Figure 3.21 Simplified schematic layout of microfocusrdy beamline XLO5A at the
Swiss Light Source. The photon energy is selected by means of a double
monochromator, and focused to sizengsmirros in KirkpatickBaez arrangemen
The size of the beam can also be further controlled using an end station slit asse
Figure 3.37 Uranium L XA spectrum illustrating regions of interest for XANES a
EXAFS analyses. The rising part dfet spectrum is termed the absorption edge,
energy position of which shows strong dependence on the oxidation state
absorber.

Figure 3.4 i Photograph and schematic of SLS XLO5A microXAS beam
instrumentation, showing detectors for flascence and diffracted-bays. The optica
microscope is used for localisation and orientation of sample areas.

Figure 3.517 Diagram of Xray fluorescence imaging processing routine. The inter
of a spectral region of interest corresponding thaacteristic Xay emission line, ir
t his case uL O, i s tracked t hrough
scanning of the sample in the beam.

Figure 3.6 - Diagram of the step process for producing phase distribution maps
X-ray diffraction data. Superimposition of component patterns and phase int
mapping are performed using the software XRDUA. Patterns are indexed in s¢
software for comparing to ICSR PDF database records.

Figure 3.7 - Example phase map showinglistribution of UFeO4 an(
X' (UO)(PQ)-3H,0 in a sample alongside yp-X RF map of U L
monochrome maps (Figure 3.6d) of individual phase distributions have
combined. This figure is reproduced from Chapter 5.

Figure 3.817 Uranium L; XANES spectra showing energies of contrast between U
and U(VI). At energies in the edge region, U(IV) has higher normalised absorpt
the edge for this oxidation state occurs at a lower energy. In the uranyl res:
region, U(VI) species havedher absorption due to scattering along the linear ur
species. These regions of contrast allow oxidation state to be resolved by con
absorption at a specific energy, such as those marked by a dotted line.

Figure 3.91 Fluorescence maps uski calculation of U oxidation state. The EBap
shows lower counts as this is on the rising edge part of the XANES region.

Figure 3.1017 Maps of normalised Xay absorption at £and B, calculated by
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dividing fluorescence map in Figure 11 by theident Xray intensity (§) and
normalising with respect to-xay absorption at higher energy, E

Figure 3.117 Linear dependence of absorption atafd E on average U oxidatiol
state. Normalised absorption values were extracted from spedti@,0f)y5Y o 5Ti,0s
(UMW)YT), Us0g and UQ standards.

Figure 3.127 Map of uranium oxidation state calculated from linear dependent
absorption on oxidation state. The corresponding U fluorescence mapisatlEo
shown to highlight gradients ld concentration. This figure is taken from chapter 5
Figure 4.17 Powder diffraction patterns and corresponding fluorescence may
surface DU particles. Samples C and D are derived from single particles, where:
and E include multiple pacdes in close proximity. Powder patterns are
superimposed sum of per pixel diffraction measurements made across the area
for fluorescence.

Figure 4.27 Uranium L3 edge tXANES spectra of three surface particle areas
S2 and S3) with @, and UQ standards.

Figure 4.3 7 Localised speciation imaging of DU particles from surface s
Diffraction imaging reveals distinct domains okQ@4 and WO, species. Averagt
oxidation state determined by thresholded XAS mapping is consisigmtXRD
results showing variation in local U oxidation state in different particles.

Figure 4.47 Powder diffraction patterns and corresponding fluorescence mag
storage pit DU patrticles. Powder patterns are the superimposed sum of pe
diffraction measurements made across the area mapped for fluorescence.
Figure 4.57SEM and scanningi-XRF analyses of pit particles. Platy crystals ¢
strongly correlated distributions of U and P are observed in pit samples, indica
the formation of uranyl phosphate alteration products. Normalised and stackes
spectra show that the presencéofaries between particles. Rh and S lines marke
red are from the Xay tube and sample mounting respectively.

Figure 4.6 i Representative uranium L3 edgeXANES spectra of storage p
particles. Uranium in these soils is mainly in U(VI) oxidatstate with small localise
domains of U(IV), as seen in Figure 4.7.

Figure 4.77 Uranium phase imaging in timber storage area particles. Localised
of primary U-oxide phases are present, in addition to a hydrated uraigsphate
phase whih is not observed in surface samples. XAS mapping of a particle re
contrast in oxidation state linked to phase distribution. Full XANES spectr
06reducedd (X2) and Ooxidisedbd6 areas
for comparison. ThXAS map in this image was taken at 17.1677 keV only.

Figure 5.17 U and Fe Xray fluorescence (a,b), uranium redox (c) and crysta
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uranium phase (d) chemical imaging of a DU particle containing WF
(X*(UO)(PQ,)-3H,0) is a mineral of the metautunite group, where Xis a
monovalent cation.

Figure 5.271 Le Bail fit (solid line) to Xray powder diffraction data (points) from
DU particle, with difference profile below (lower solid line). Tick marks show alloy
reflections forrefined UFeQ, and metaautunite mineral (XUO,)(POy)-3H,0), which
was initially modelled as menkoleite (X = K*). The raw 2D pattern shows
incomplete rings due to low numbers of randomly oriented crystallites, which pre
a full analysis of the crystal structure.

Figure 5.3 1 Qualitative XRF spectrum of the particle from Figure 5.1 in wt
maxi mum coumd8x1l® omnd,(EAK1IBKUcompar a.3
x 10°) indicate that the U ternary oxide phaseUFeQ rather than UCr@ The
excitation energy was 17.500 keV.

Figure 5.471 U L, XANES Spectrum of a UFeO4 particle plotted with spectre
reference compounds YOU,sYosTi20s and UQ. First inflection intensity (A) anc
edge inflection poinposition (B) indicate the average U oxidation state is close
in the sample.

Figure 5.5 71 Uranium L, edge EXAFS spectra from a UFge@article. Left i
background subtracted®Wweighted EXAFS spectrumRight i Fourier transform
magnitude (kweighted).

Figure 6.1 i Schematic of sampling locations within the VJ facility at M(
Eskmeals. The target and firing point are on a concrete apron. *Prevailing
direction adapted from Oliveat al. [18].

Figure 6.27 Backscattered microgphs and EDX spectra of DU particles presen
Eskmeals soil from sample site 1 (a,b) and sample site 2 (c). DU rich particles
brightly in BSE imaging, and the presence of U in these areas was verified b
EDX analysis. The X in micrographs st® the position of the electron probe duri
EDX data collection.

Figure 6.37 U fractionation between operationally defined speciation classifica
for two soils at the Eskmeals site. Total U is 320 £ 40 mg / kg for Saed 37 + 4
mg / kg for Site 2. Error bars are one standard deviation of triplicate analyses.
Figure 6.41 Backscattered electron micrographs (treated particle 1), XANES sy
and XRD pattern with corresponding ICSD RPRKatabase numbers (treated part
2) of residual primary particles. The micrographs show morphology suggestiv
partially leached xide particle, including grain boundary etching. This is supporte
XRD and XANES analyses showing the presence ;ldnd U(IV) in some soil

residues.
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Figure 6.51 Electron micrograph of particle showing acicular crystal habit (tre p.138
particle 3) consistent with uramdarbonate species, and powder XRD pattern \
corresponding ICSD PDE database numbers from a different particle (treated pa

4), showing the presence of two uranyl carbonate phases.

Figure 6.6 i Net soil radioactity and representative autoradiographs of s p.140
extracted in a three step sequential batch extraction scheme.

Figure 7.1 7 Cumulative Cr(VIl) removed from solution in (a) magnetite loar p.154
columns and (b) Rfunctionalized magnetite columns. Curvege aformed by
integration of column outlet Cr(VI) concentrations (see Appendid-Rjure A2.1),
measured by colorimetric assay. Supplementary plots of this data are av
(Appendix 2- Figure A2.2 and Figure A2.3).

Figure 7.2 T Transmission eldron micrographs of magnetites from ano. p.157
conditioned columns with (a) Pd treated magnetite exposed to formate, (b) Pd
magnetite and (c) untreated magnetite exposed to formate.

Figure 7.37 (a) Cr and Fd_, ;edge background subtracted Xfiectra obtained b p.158
normalizing the Fé.; maximum to unity and scaling the Cszedge accordingly, (b

Cr L, 4 edge XMCD spectra obtained after first normalizing the background subtr

XA spectra to unity at thkes maximum and (c) Fe, sedge XMCD pectra (solid line)

and fit (dotted line) for (i) Padnagnetite with formate anoxic; (ii) Rdagnetite with
formate anoxic and nitrate; (iii) Pd magnetite without formate anoxic and (iv) a

with nitrate; (v) magnetite with formate under anoxic coodsi (vi) unreactec
magnetite (Fé, 3 XAS and XMCD only), from Coker et al. [12].

Figure 7.417 Change in Fe(ll) and Fe(lll) occupancy in-Ruhctionalized magnetite p.159
octahedral spinel sites as a function of total Cr(VI) removed in columns. Occu

values are relative to untreated magnetite, determined by component fitting o F

edge XMCD data (Figure 7.3c). Tetrahedral site occupancy is fixed at 1.00 Fe(lll

Figure 7.5 1 Backscattered electron image (top left) and elemental spot p.161
measured by STENEDX of Cr, Fe and Pd for Pd treated magnetite supplementec
formate under anoxic conditions (Figure 7.2a).

Figure 8.171 Electron micrographs of W rich particlebserved in Eskmeals soils. p.176
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List of tables with captions

Table 2.17 Isotopic composition of natural uranium and depleted uranium by we p.27
radioactivity and specific activity (Bg/g).

Table 3.17 Schematic of typical sequential extraction scheme steps and reagel p.56
each stage, the concentration of the element of interest in the extract is measur
suitable analytical techniquiein this project ICPAES was used to analyse uranit
concentation.

Table 5.11 LeBail refined unit cell parameters for the two uranium phases identifie p.111
powder diffraction. There is good agreement with the published unit cell value
UFeQ,, and unit cell parameters suggest that the second phasenikabiée, which is
iso-structural with metankoleite. Uncertainty in the last figure of refined parame

is displayed in brackets

Table 5.27 Structural parameters determined by EXAFS analysis, uncertainty p.115
fitting is shown in brackets. Aotal of 5 parameters were fit to 9.73¢g)Nindependent
variables.

Table 6.11 Sequential extraction reagents and conditions. For more detail, see th p.128
extraction scheme as described by Ure dRél.

Table 6.27 Bulk soil particle sizedistribution and organic carbon for Eskmeals & p.131
soil. The soil total bulk organic carbon was 0.2%, and cation exchange capacity

was determined as 0.6 Meq / 100 g.

Table 6.37 Remediation extraction data for DU in sample site 1 and sample site - p.135
exposed to 0.1M Citric Acid, 0.1M 480, and 0.5M NHHCO;. The decontaminatiol

factor is defined as the amount of net radioactivity (for autoradiography dal
uranium mass (folCP-AES data) removed as a fraction of the total net radioactivit
uranium mass. Error estimates are + 1 standard deviation of triplicate analyses.

Table 7.17 Summary of post reaction analyses on magnetite layer from anaerol p.156

treated calmns supplemented with formate and nitrate.
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Chapter 1

Introduction

1.1 Background

Contamination of the environment with various toxic metals as a result of industrial and military
activity is a worldwide problem. Engineered intervention to cedthe risks of exposure to

these contaminants is termed remediation, and can range from monitoring natural attenuation of
contaminant concentrations to excavation of contaminated soils for disposal as hazardous waste.
However, vholesale disposal of soiland sedimentsan be impossible orprohibitively
expensive Many remediation technologies aimsteadto achieve risk reduction by removing
contaminants from the envinmental matrix or preventinggansport of a contaminant into the

biosphere by immobilisig it in-situ.

This thesis investigated options for the remediation of two challenging contaminants, depleted
uranium (DU) particles and aqueous chromate (ExOrhe focus for DU particles was their
removal from contaminated soils through chemically enhanced leaching, whereas remediation
of aqueous chromate contamination was investigated by reductive immobilisationausing

biogenicFe(ll) bearing mineral, magtie (FeO,).

1.2 Depleted Uranium Particles - Characterisation and Remediation

Depleted uranium (DU) particles are producedntifitary use inarmour piercing munitions,
and are dispersed widely in the environment following impact with an armoured farget
Uranium is a highly toxic radioactive heavy metal, and the presen&gJgparticles in the
environment can pose a risk to human hedth 3]. Decontamination of soils has been
investigated by physical separati@t), radiometric isolation of fragmess, 6] and dissolution

of particles with recovery of DU in a liquid phagk 8]. However these approaches have not
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yet reached field application, although some heavily DU contaminated sites have been
remediated by bulk disposal of sffi]. There is axeed to continue the development and testing

of these remediation technologies such that there are options for reliableffecste
decontamination of DU residues where an environmental risk assessment may require it. One of
the objectives of this pregt was to develop the use of chemical extraction petentially

viable route folow costdecontamination of munitions DU.

The lack of field deployable remediation technology means that for the majority of DU
munitionssites decontamination is curréy impracticable. Theres thena need to consider the

long term behaviour of DU particles in the environment to improve understanding of how the
risk from this contamination changes over tinday changes in DU speciation caused by
weatheringwill alsohave an impact on remediatices for many decontamination technologies
the efficiency is strongly linked to the contaminant propefti®s 11] One of the main themes

of this thesis ighe characterisation of aged DU munitions particles, both to undersheir
developing environmental fate and potential impacts on the remediation of DU contaminated

soils.

Characterisation of complex particles for their environmental behaviour requires a means to
spatially resolve chemical information, as heterogeneitiespeciation linked to alteration
processes may be obscured by bulk techniques. In this project synchretagnitdaging,
complemented by electron microscopyas used to probe micron scale gradients in U

speciation, particle composition and morphology.

1.3 Remediation of Aqueous Chromium (VI) Contamination

Chromium (VI) is used in a number of industrial processes including metal plating, leather
tanning as a corrosion inhibitoand in nuclear fuel reprocessing 2], which has led to its
release to theenvironment. Chromium(VI) is a strong oxidant, and is highly toxic and

carcinogenid13]. As an oxyanion, chromate (CfQ is also highly mobile in the environment
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and interacts weakly with mineral surfaces, which increases the risk of migration énto th

biospherg14].

As the risk posed by Cr(VI) is linked directly to its high mobility in aqueous environmental
systems, the objective of remediationyipically to prevent further migration of toxic chromate
species, by reduction to insoluble Cr(I[)4]. One means to achieve this is deployment of a
permeable reactive barrier (PRBhich is installed in the flow path of contaminated water and
consiss of a material which can effectively reduce and immobilise Cr(VI). Such materials must
be selective folCr(VI) reduction, as other oxidising species such as nitrates\Ne often
present in high concentrations in industrially contaminated waters. This has shown to be a key
flaw in the performance of some candidate materials such asaerd iron[15]. Development

of materials of high reductive capacity with respect to Cr(VI) is an important research goal in
the engineering of effective Cr(VI) remediation. The objective of the final part of this thesis was
to investigate the reactivity of a novel funetidised biogenic mineral system for reduction of

Cr(VI) in the presence of oxidising @mntaminants.

1.4 Aims and Objectives

This thesis has three main research themes which develop the characterisation and remediation

of toxic metal affected environmentThese themes, and associated project objectives are:

() Characterisation of environmentally aged DU munitions particlesThe main aim of this
theme is to improve understanding of the interaction of DU particles with the surface
environment over period®f years to decades. This was undertaken by characterising
environmentally aged particles using electron microscopy and synchrottay rikicroanalysis.

A second objective of this work was to probe soil geochemical influences on DU behaviour by

charactesation of particles recovered from distinct sample sites.

(i) Remediation of soils contaminated with DU munitions particlesThe basis for thitheme
was to evaluate the application of a chemical leaching methodology for DU remediation on

contaminated std. To improve understanding of this process, an objective was to characterise
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residual particles to provide insight on the mechanism of chemical extraction and identification
of recalcitrant U phases. Using this characterisation data, the aim was toeesxqites to

optimise and improve the chemical leaching processes.

(iif) Improving the reductive removal of Cr(VI) from contaminated waters.The aim of the

final theme was to build on previous work in remediating Cr(VI) with Fe(ll) bearing
biominerals [1§ by functionalising the surface of biegic magnetite with Pd. Thebjective

was to ®aluate the extent to whidme Pdfunctionalised surfacenay act as a heterogeneous
catalyst to recharge magnetite reactivity when supplied with a suitable electron dheo
performance of this system to remove Cr(VI) from solution in the presence of dissolved oxygen
and an oxidising cagontaminant (N@) was also studied. The final objective was to improve
understanding of the reduction mechanism, chromium retentibreentual loss of reductive

capacity in the system by characterisingf@uctionalised magnetite reacted with Cr(VI).

1.5 Thesis Structure

Chapter 2 provides a review of the relevant literature related to the environmental behaviour and
remediation of maitions DU and Cr(VI), with more specific introductions for each section of
work presented at the start of each chapter. Experimental procedures are covered in a similar
style, Chapter 3 outlines the various analytical techniques with a brief theoreibsairdund

and justification for their use, with specific procedures and details covered in the relevant
experimental chapter. This style may result in some limited repetition, but has the advantage of
allowing the results chapters to be read without regeatference to the opening chapters,
whilst still providing the reader with an appropriate background to the research presented in this

thesis.

The experimental chapters are divided by the themes discussed above (section 1.4). Chapters 4
and 5 present ehresults of characterisation of environmentally aged DU particles. Chapter 4

reports micro analytical Xay imaging of DU speciation in particles from two distinct sampling
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sites. The ternary oxide UFgOwas discovered in a DU particle, and an extensive

characterisation of U valence in this unusual compound is presented in Chapter 5.

Chapter 6 details the development of an alternating reagent batch chemical leaching system for
the remediation of the soils contaminated with DU patrticles characterisedapteCit. The

third theme is covered in Chapter 7, which deals with the characterisation of a functionalised
biogenic magnetite system for selective and sustained removal of chromium VI in contaminated
waters. This part of the thesis was conducted duripgogect rotation at the University of

Manchester as part of the Nuclear First Doctoral Training Centre programme.

In the final chapter, conclusions from each of these three research themes are synthesised and
discussed from the results presented in easpactive chapter. Further work in each of these
areas is outlined, along with discussion of a potential comparative project on heavy metal

munitions contamination using the soil samples studied in this thesis.
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Chapter 2

Literature Review

2.0 Introduction

This chapteipresentsa review of previous work related to the environmental behaviour and
remediation of depleted uranium munitions particles and chromium (VI) contamination. In each
of the subsequent results chapters a shorhore focussedeview of relevant literature is

included as introduction to that section of the thesis.

The first section of thischagter gives an introduction to the environmental chemistry of
munitions depleted uranium, which is followed byrere detailed review of the literature
relating to the chacterisation of DU munitions particles. The second section details
remediation of depleted uranium munitions, identifying and reviewing technologies which may
be applicable to the removal of DU particles from soil. The final section introduces the
envirommental behaviour of chromium (VI) and reviews methods to remediate this

contamination, with a focusnthe F€ll)/Fe(lll) mineral, magnetite (R©,)
2.1 Depleted Uranium Munitions Particles

2.1.1 Uranium in the Environment

Uranium is a naturally occurringdioactive heavy metal that is ubiquitous inBser t hés cr u
[1]. The uranium concentration in terrestrial rocks and soils is in the range ©f10.3 ppm

[2], with an average of 3 pp[8]. Natural uranium is a combination of three radioisotopés,

(0.0055 atom %)?*U (0.72%) and®U (99.27%). Of these isotop&SU can undergo fission,

which has led to the exploitation of uranium as a fuel for nuclear weapons and electricity

generation.

The industrial and military use of uranium has led tealsed contamination of the

environment at various locations worldwide. Activities such as mining and milling of uranium
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ore, nuclear fuel reprocessing, and improper waste disposal have resulted in substantial release
of uranium to the environmer]. Uranium is chemically toxic and radioactiy®], and its
presence and transport in the environment has raised concern about the impacts of uranium

contamination on environmental quality and human health.

The mobility of uranium in the environment is linkéa its chemical speciation, which is
influenced by soil properties such as pH, the presence of complexing species, and the action of
micro-organisms. One of the key chemical controls on mobility is the U oxidation state.
Uranium can exist in oxidation sést +3, +4, +5 and +6, but only the +4 and +6 oxidation states
are stable in aqueous systems, and consequently are the most important oxidation states in the
natural environment. Under reducing conditions, U(IV) species are stabilised, whereas under the
oxidising to slightly reducing conditions usually encountered in the near surface environment,
U(VI) is stable. U(IV) species have low solubility and environmental mobility under alkaline
and mildly acid conditions becausé‘lis readily hydrolysed or sorbed mineral surfacefl].

In contrast, U(VI) forms the uranyl dioxocation fand has higher solubility, environmental
mobility and bioavailability[6, 7]. The oxidatiorreduction between U(VI) and U(VI) is an
important control on the fate of uranium metenvironment, and the risk that U contamination

poses.

The mobility of U(VI) in a system is strongly dependent on local geochemical conditions.
Uranium(Vl) as the uranyl ion readily complexes with ligands naturally present in
groundwaters. In particulauranyl forms strong complexes with carbonate £30n oxic
waters atircumneutraland alkaline conditionf8]. The formation of soluble carbonate species
such as UGCO; UOLCO,),> and UQ(COy);" [4] enhances the mobility of uranyl by
impairing mineal sorption and hydrolysis reactions. The presence of carbonate can be a key
mediator of the solubility and mobility of uranium in a sys{én U(VI) can precipitate with a
range of anions such as hydroxide, silicate, carbonate, phosphate, arsenatedatft], and

is susceptible to sorption by Fe oxyhydroxidi#8] and organic matter, which serve to reduce

the mobility of U in a system.
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2.1.2 Natural and Depleted Uranium

The primary industrial use for uranium is as a fuel in thermal nuclear redotoelectricity
generation. Although some reactor designs can accept natural uranium, the majority of modern
reactors require a higher relative concentration of fi$$llé (~ 3 atom%) in order to sustain a

chain reaction. The creation of uranium ehed N> pr oduces a stream
uranium (DU)- a waste product that contains a lower relative concentratiéiitb{typically

between 0.2.3%) and%U (0.001%). As the specific activitiex the isotope$*U and®*U are

higher tharf*®U, the altered isotopicompositionmakes DU around 40% less radioactive than

purified natural uranium (Table 1).

Table 17 Isotopic composition of natural uranium and depleted uranium by weight,

radioactivity and specific activity (Bg/g).

Isotope Weight % [3] Activity % Contribution to T otal
Activity (Bag/g U) [3]

Natural U Depleted U Natural U Depleted U Natural U Depleted U

U-234 0.006 0.001 48.9 15.2 12.4 2.26
U-235 0.72 0.2 2.2 11 0.57 0.16
U-238 99.3 99.8 48.9 83.7 12.4 12.4
Total = = = = 25.3 14.8

Although not useful as a fuel in current thermal neutron reactor systems, depleted uranium has
found a number of commercial applications. In civilian uses it is employed asraaft
counterweightin radiation shieldingas a catalysaindit has potential for use in breeder reactors

[11]. It is used in military applications as armour plating and armour piercing muri@jons

The exploitation of DU in these various technological roles has resulted in its release to the
environment. Aircraftrashes, such as that which occurred in Amsterdam in 1992, may release
large amountsc@ 150 kg) of DU as counterweights are destroyed on imdagt Industrial

processing activities have also resulted in localised release of DU from fabrication[Jdnts
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However, its use in munitions has resulted in the majority of widespread DU release to the

environmen{14].

Ammunition containing DU has been used by NATO forces in conflicts in Irag and Kuwait in
1991 (320 tonnes) and 2003 (not disclosed), Bedeizegovina in 1995 (3 tonnes) and
Kosovo in 1999 (10 tonne§l]. Testing of DU weapons and armours in countries including the

USA and UK has also resulted in localised contamination of firing rdti§ekr].

2.1.3 Depleted Uranium Munitions

The main mitary use of depleted uranium is kinetic energy munitions, which are designed to

pierce the armour of modern tanks. These weapons carry no explosive charge, consisting of a

dart of 99.25%DU - 0.75%Ti alloy mounted in an aluminium sabot, which allowoibe fired

from a normal tank gun at speeds of up to 1.8 Kiiv$. Due to the high density of metallic

uranium (19 g/crl), this speed amounts to sufficient kinetic energy to pierce complex amour

plate. In addition, metallic uranium has unique propertied make it more attractive than
similarly dense mat er i af).Whenauwrdniumdart dtrikes grmdure n = (3 = 1
plate, it interacts in a sedharpening mechanism whereby fragments of DU are discarded from

the penetratetarget interfacg18]. In tungsten rounds this does not occur, leading to the

f ormati on of bl unt O6mushroomedd tip, which decr ea

Metallic uranium isalso pyrophoric (meaning it will spontaneously combust in air) asdiha

low melting pont (1132°C for metallic U), which under high temperature conditions on impact
causes the formation of uranium aerosols which are dispersed and ignited. This combustion
increases damage to the target and is a major advantage of DU over tungsten, which is no
pyrophoric [14, 19] Many years of enriching uranium for nuclear fuevéhareated large
stockpiles of depleted uranium, making it easily accessible and relatively low cost compared to

other dense materig]3].

2.1.4 DU Munitions in the Environment

DU associated with munitions enters the environment by two main rosetsling of dust and

aerosol particles produced on impaetd deposition of metallic fragments or whole penetrators,
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the products of which display distinct physiochemical characterigtis20] Munitions DU
has also been released to the environment during accidents such as a munitions dappt fire

but such events represent a minor fraction compared to combat use.

Uranium oxide dusts created by pyrophoric oxidation of small fragments and aerosols produced
on impact with a hard target are found in surface areas surrounding a DU strjiR@]sitdese

dusts have a small characteristic size with median aerodynamacrde t e r [2B], whichL 5 € m
can result in wide dispersal of this material in the environment. Due to small characteristic size,
DU dust particles may be subject to resuspension in winds and physical transport in soils, as
well as being redistributed ovlEmger terms by weathering reactions which may liberate U(VI)

species

The remaining penetrator mass and DU rounds that miss the intended target may become buried
in soils intact or as large fragments at depths of up to 2 m in clay soils and 7 m inGiédy s

[20, 24] Munitions grade DU alloys deposited in oxic or suboxic soils undergo corrosion,
generating uranium rich minerals, oxides and soluble’Uspecies[20]. These species may
migrate in the environment and DU penetrators can act as a sourcbité td under these

redox regimes. Under sufficiently reducing conditions, U(IV) is stabilised and an insoluble
passivating film forms on the surface of the metallic fragment, preventing further corrosion and

dissolution[20].

These two distinct routes @U deposition in the environment present different hazards to
human health and the environment. Although in most cases the production of impact
particulates accounts for a minority of the total mass-(358% [25]) of DU released into the
environment[24], the exposure risks posed by this material are significant due to its
predominance in the near surfgdée 26]. Whilst the corrosion of large fragments of DU metal
may result in the delayed losigrm release of substantial quantities of uranium to the
envronment[20], the presence of particulate in surface soils presents an immediate near term
inhalation risk due to the potential for resuspension of DU fines. In most scenarios, inhalation of

dust particles is thought to be the most significant route pbsxe for survivors, clean up
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personnel and civilian$§26]. Over longer periods of time, corrosion and alteration of the

particles may also act as a source of mobile U(VI) in the surface environment.

Whilst a number of recent investigations have prolhedcorrosion and alteration of metallic
munitions grade DU alloyR0, 2730], there has been littlemphasi®n assessing the long term
behaviour of impact residues. One focus of this thesis is to address this uncertainty by
characterising environmentalgged residues from a UK firing range. Investigation of particle
physiochemical properties, especially U speciation, will improve understanding of how the risk

posed by this contamination will change over extended periods of time in the environment.

2.1.5 Characterisation of Depleted Uranium Munitions Particles

Although the long term behaviour of DU munitions particles in uncertain, their properties have
been extensively characterised after short periods of environmental exposure. Residues were
recovered fom Kosovo in 1999 and 200[B1-34] and Kuwait in 2002[21, 32] during
UN/IAEA postconflict environmental assessments. Particles produced directly by test firing
which were notexposed to the environmertave also been characteridd®, 35, 36] This

section reviews the findings of these studies to generate a picture of U particle properties on
formation, and to understand their short term behaviour in the environment. This is a required
point of comparison for the characterisation of aged particleshwduie investigated in this

thesis.

2.1.5.1 Composition and Uranium Speciation

Pyrophoric oxidation of the metallic uranium penetrator generates uranium oxides as the
dominant species in DU particlgal, 33] Minor presence of neaxide phases such agetallic
uranium, UC, UFg[32] and unidentified mixtures of uranium, aluminium and iron also
reported, indicative of penetrattarget interactiorjl5, 18] DU particles are polycrystalline,

with the majority composed of UOUsOg [15, 21, 33, 37]and vaying proportions of UQ

U305, U,Os and UOg as minority componenid 8, 33, 35, 36] This variation in the proportion

and stoichiometry of uranium oxide phases reflects heterogeneities in the high energy formation
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of these materials. In general, these oxides of uranium are considered to have among the lowest

solubility and bioavailability of all uranium specigy].

2.1.5.2 Morphology and Structure
DU impact particles most often have a spherical morphology, deasiic of solidification

from liquid dropsof moltenuranium[18]. This formation controlled characteristic morphology

is observed in environmental samples, suggesting limited alteration over the reported timescales
[15, 33] Spheres with rough or lobedirfaces are commdi8, 31, 37] and some have been
found to be cracked or hollow. A combustive heating process which results in volatilisation and
venting of the internal material leaving a hollow sh@8] was suggested as a possible
formation route fo these particles, due to the pyrophoricity of metallic U and [3@]. In

addition to spherical particles, particles with morphologies resulting from fragmentation and
shearing processes are produced byswfpening whereby fragments of DU are ejeftenh

the penetrator/target interface and the sharp tip of the dart is refbh &Y]

2.1.5.3 Formation Conditions

Particle characteristics can give indication of the conditions which occur during impact of DU
penetrators with armour plate. BranchedAFeich regions indicative of vaporisation of Fe(T

= 2861°C) and Al (¥ = 2581°C) but not U (J = 4131°C) are observed in some samples,
which gives an upper banding of the temperaf®. The impact temperature must be higher
than the melting point fometallic uranium (1183°C) which accounts for the presence of
spherical, drogrooled particles. Krupkat. al. estimated the instantaneous temperature reaches

up to 3000°C on impa¢18].

Partial oxidation of uranium from U(0) to mainly U(IV) rather tHa€VI) gives indication that
the reaction was quenched rapidly, with variation O toichiometry between UOU,Oq,
Us0; and UOg suggesting that oxidation conditions were variable. In comparison, DU residues

produced by prolonged oxidation in a munisdire were fully oxidised to U(VI) speci¢31].
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2.5.1.4 Short Term Environmental Sability

Comparison of DU particles studied from deposition in different environments, e.g. arid soils in
Kuwait [32], variably moist soils in Kosov[34] and the UK][15], and particles which have not

been exposed to the environm@hB] shows that particle properties are generally independent

of the environmental history of the material. In the near term, particle properties are controlled
by the formation processesrihg impact and not by interaction with the surface environment.
This suggests that DU residues have a degree of stability in the surface environment over the
short time scale between deposition and sampling, typicaByygars in the majority of

environnental studie$33, 34, 39] up to a maximum of 11 years in arid Kuwait s¢@$].

Due to this short time scale there is uncertainty surrounding the evolution of impact particle
properties with time in the environment. Variably moist, oxic conditions in the near surface
would be expected to promote the oxidation and dissolution of umamxides to mobile U(VI)
specieq8, 40]. This will change the behavior of DU in these systems, and there is a need to
investigate particle behavior over longer periods of time in the environment. An analogue study
of aged contamination arising from burgiof scrap U metal at a processing plant in Colonie,
NY, USA [13, 41] showed that U oxide particles can persist in the environment for over 25
years with little extent of weatherir{§7]. The compositions and morphologies of particles in
this study suggeghey are a reasonable analogue for [3{], and there is a need to compare

the results of this study with data on aged DU particles under a range of environmental
conditions to gain further insight into the long term fate of U oxide patrticles in thecsurfa

environment.

2.2 Remediation of Land Contaminated with DU Munitions Residues

2.2.1 Risks Associated with Exposure to DU

Uranium is radioactive and highly chemically toxic, and exposure to large quantities can present
a serious health hazafd?]. The nain radioactive emission from purified uranium is alpha
particles, which have low penetrating power and are stopped easily by the skin, meaning that the

external radiation hazard from DU is not considered to be signifiddit However, alpha
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emitters are serious health hazard inside the body, which with the substantial chemical toxicity

of uranium[43] means DU is considered a serious internal health h§&2kd

The primary risk to health is the intake of DU into the body by ingestion, inhalation or
wounding, of which inhalation of dusts from hard target impacts is considered the most
significant near term pathwdg6]. Due to the low solubility of uranium oxide phases produced
by DU impactg32], particles can persist in the body for long periodstiqdarly in the lungs
where particles are deposited on inhalat[dd]. Although the acute chemical toxicity of
uranium is well established, the effects of long term-level exposure are still uncle§s].
Chronic, subacute exposure to DU has been sgigd to cause similar adverse health problems
to lead exposure due to some similarities in their biological behajso@6]. The near term

risks to public health from impact dusts and uncertainty surrounding the long term risks of
chronic DU exposure ka driven concerns about the presence of DU in the surface

environment following its use in conflict.

2.2.2 Drivers for Remediation

In heavily contaminated areas, it may be necessary to remove DU dusts from the environment to
avoid further dispersal andqvent longterm exposures, thereby reducing the risk to public
health. Current operational practice for the claprof heavily contaminated DU soils involves
excavation and removal of soil to a hazardous waste or low level radioactive waste (LLW)
reposiory [17, 21] The costs of disposing large volumes of soil in an LLW repository are high,
and this may be prohibitive of applying this method to all contaminated sites. Methods to
decontaminate bulk soils and separate DU contamination into a smallerevidudisposal are

therefore attractive.

There is a wide body of literature covering remediation of uranium contamination (recently
reviewed by Gavrilescet. al [4, 45]), but many methods are not applicable to DU munitions
residues as uranium is pres@mimany contaminated soils as mobile U(VI) species rather than
low solubility particulates[4]. Remediation of these sites focuses on reducing the risk

associated with uranium transport by immobilisation of U(VI), usually by reduction to U(IV)

33



[45] or predpitation as low solubility phases, such as U(VI) phosphate spg8gsHowever,

the risks from aqueous migration of munitions DU contamination are expected to be
comparatively low due to the low solubility of U oxide phases in $82s 39, 47] As DU is
speciated as low solubility oxide patrticles, the hazards posed by particle resuspension, airborne
transport and inhalation are more significant, and the objective of remediation will be to remove

rather than immobilise DU contamination.

Although there hve been reports of remediation schemes specific to DU munitions residues,
the focus has been on removal of corrosion prodd@&s49] or intact penetratorfs0] rather
than the surface aerosol contamination encountered at DU strike sites and firirsy Sevgpeal
options for removing DU impact residues from soil are considered in the following sections,

with reference to remediation of soils contaminated with other low solubility uranium phases.

2.2.3 Physical Separation Processes

Physical separation pcesses are based on differences in characteristics such as size, shape,
density, radioactivity or magnetism. Radiometric separation approaches have been proposed for
heavily contaminated soils, but are generally only considered effective for large Dhkfrisg

due to the low specific activity of the matelfiaD, 51]

A range of physical decontamination options including sieving and density separation were

studied for soils at the Yuma Proving Ground, AZ, U3A4]. The efficiency of each method in

removirg DU from soils was sensitive to the extent of aging of the residues in the soil.
Processes such as weathering and agglomeration with soil matrix particles change the apparent
particle size and density of the contaminant residues, reducing the efficiermyysical

separation processes. Although density separation was determined to be highly effective for
removing i mpact particles from soils, % he high
liquids and reduced efficiency for agglomerated or weatheesitiues limit a large scale

application[17].
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2.2.4 Chemical Extraction by Soil Washing

Physical and radiometric separations are hindered by size redistribution processes and the low
specific activity of DU, and a different approach is requirecetiably remove impact residues

from soils. Soil washing with chemical extraction could overcome these limitations by leaching
DU phases directly from the soil with a reduced sensitivity to the physical properties of the

contamination.

Soil washing refer¢o a range of wet treatment technologies that remove contaminants from
soils by transfer into a liquid phase. As the goal of soil washing is removal of the contaminant,
it is one of the main technologies that provideeamanent andreversible treatmendf metal
contaminated soil§52]. Often soil washing is conducted with leaching solutions to increase
mobilisation of contaminants into the liquid phase. The composition of the leaching solution
depends on the nature of the contamination present, antaféum, both inorganic (e.g. G§

H,SQO,) and organic (e.g. citrate, EDTA) ligands can be used with the aim of extracting the
contaminant metal into a weakly sorbing complex ion, which can be removed from the soil in
the liquid phasé45]. Many remedial lkemical extraction technologies for uranium have a basis
in mining processes. In particular, both £@nd HSO, are used to extract U from porous rocks

in in-situ leaching processes, and in extracting uranium from conventionally mined ores in the

milling stage of ore processifg, 4, 45]

Remediation by chemical leaching requires careful control to prevent mobilisation and transport
of contaminants out of the system and into the environment. One convenient way to realise this
is to use esitu systems, such as heap leachbg], a technige often used in the mining
industry to extract metals from low grade ¢&&, 55] In a heap leaching system, soils are
placed on a pad which isolates the heap from the environment and allows recovery of the
leaching liquor, which can be recirculated taluee fluid demand. Leaching in engineered
systems such as heaps or tanks gives means to isolate mobilised contaminants from the
geosphere, allowing safe recovery. Howeversix approaches require moving large volumes

of contaminated soil, which can pot&lly mobilise fines, and in the case of soils with high
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levels of radioactive contamination can cause additional radiation doses to be received by

workers[4, 45].

2.2.4.1 Carbonate Leaching
In uranium mining and milling, bicarbonate and carbonateaetitns are applied to alkali soils

and rocks where carbonates present in the rock increase the amount of acid required for
dissolution to an uneconomical level. Carbonate leaching is also favoured for its high selectivity
T acid based extraction createsixed effluent with high amounts of other metals including Al,

Fe, Ca, Si, from which it can be difficult to separate U and treat the effa@nDue to the low

cost and low toxicity of bicarbonate salts, high concentrations may be used to achiastoaxtr

in heavily contaminated soils. U(VI) is extracted as a soluble tricarbonate complex according to

the following reactiorj49].
UO +2HCO + COZ Y  ULTO,)s" + 2H'

In reduced ores, U(IV) must first be oxidised to U(VI) for this extraction tmod=or some
U(lV) phases, such as UYQextraction can occur directly with molecular oxygfsv].

Alternative oxidants such as KMp@r H,O, may also be usdd].
UO,+% O+ 3CO +H,O Y ,CO,)s" +20H

The use of carbonate extraction for soil remediation was piloted at the Fernald site in Ohio,
USA, which was the site of a uranium processing plant that has become contaminated from
spills and incinerator discharggs/]. A number of studies have detailpdtential remediation

of the site[49, 56, 57] with a particular focus on carbonate chemical leaching. Uranium
speciation at the Fernald site is dominated by low solubility uranyl phosphates such-as meta
autunite CaUO,),(PQy),.xH,O [57], with uraninite (UO,) also present. The application of
carbonate leaching has been demonstrated to successfully extract around 80% U from Fernald
soils, enhanced by the application of an oxidising agent such as Kidni@crease U(IV)

dissolutiorn56, 57]
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Bicarbonate straction was also studied in lab scale batch tests for DU contamination at US
military sites[49, 58] The maximum bicarbonate extraction efficiency was found to vary
widely between the different sites, from 25%>t80%, likely reflecting differences itotal soil
contamination and speciation between samples. In some soils, enhanced extraction was
observed with the addition of,8,, which accelerates the oxidation and dissolution of U(IV)

phases (e.g. Upcommonly associated with DU impact residues.

These studies demonstrate that oxidative carbonate extraction can remove low solubility
uranium phases from heterogeneously contaminated soil matrices. As demonstrated in studies of
Fernald soil contaminatiofs7], for better application to DU contaminatediss¢here is a need

to link the speciation of U with the extraction efficiency, in order to understand and overcome

limiting effects, such as the presence of carbeims@luble U phases.

2.2.4.2 Citrate Leaching

Citric acid @-hydroxypropanel,2,3tricarboxylic acid is a weak organic acid that has been
studied for U extraction as the citrate anion forms stable complexes with [36/15860]. As

for carbonate extraction, application of an oxidant is required for U(IV) phases. Citric acid has
been idenfied as particularly suitable for extraction of heavy metal contamination due to low
cost, low toxicity, low affinity for alkali earth meta]61] and relative ease of biodegradation

versus other organic chelators such as EDTA (Ethylenediaminetetraaciefi¢6q].

Citric acid extraction has been investigated in comparison to carbematction for U
contaminated soils. In the previously discussed studid=ewfald (Ohio, USAkxontaminated

soils, extraction of U using citrate had a maximum efficienagge from 70%i 100%
depending on the soil characteristjb$]. Extraction was observed to be increasingly efficient
with lower pH and for pH < 4, the amount of U extracted was independent of citrate
concentration. Soil contaminated as a consequence tef waluble uranium interactions was
found to have the highest proportion of extractable uranium, whereas lower U extraction
efficiencies were measured in soil contaminated with incinerator residues. In these soll

uranium metaphosphate (U(B9 was foundto be the main component of U residues
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remaining after chemical leachirj§6, 57] These extraction efficiencies compare well with

those reported using carbonate and bicarbonate lixi{a@its

Citric acid was also considered as an extractant for DUangination from a US miilitary firing
range[58]. The efficiency of extraction varied depending on the source of the material studied
T DU from aged sands was extractable a68&o, whereas material more recently contaminated
was more resistant to extractiovith around 2680% achieved. Aged soils would be expected

to have greater proportion of U(VI), which is more amenable to extraction in dif@le
Experiments on recovery of uranium in citric acid from sands synthetically contaminated with
uranyl nitate solutions (UGNOs;),) show 98% extraction, demonstrating a high affinity for

soluble U(VI) speciefs9].

The results of these studies suggest that citric acid could be a viable extraction agent for
contaminant U from a variety of environmental matrices. In comparative s{B6ieS8] citric
acid and bicarbonate salts have similar U extraction efficienaiesae often studied together

as low cost, environmentally compatible extraction agents.

2.2.4.3 Mineral Acid Leaching

Mineral acids such as,B0, and HNQ are used in fuel cycle operations to dissolve uranium
oxide fuels, as extractants forgitu leachmining of uranium ores, or as part of acid milling in
conventional mining. Mineral acids however present a higher degree of handling risk and
environmental hazard than weak organic acids such as citric acid. A number of comparative
studies favour carbormtor citrate extraction over strong mineral acids due to comparable
extraction efficiencies and lower extents of soil matrix altergd@, 56, 60] In some cases it

was observed that the most effective strong mineral acid leaching solutions have severe

detrimental effects on the soil character that may outweigh benefits of reme{#&jion
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2.3 Chromium Contamination

2.3.1 Chromium in the Environment

Chromium (Z = 22) is a transition metal used in a wide variety of industrial processes including
stainless steel manufacture, leather tanning and chrome plating. This widespread industrial use
has resulted in the release of large quantities of chromium compounds to the environment,
which is of concern as chromium can be highly toxic and carcinogenic, piisaag) threats to

human health and environmental qual@g].

In nature, chromium is redistributed in soils and waters by weathering of parent mineral phases,
with typical natur al concent r[@3andmsl00aviiges of
freshwater systen{62]. Chromium can exhibit a wide range of oxidation states fr@nto +6,

with only the trivalent and hexavalent states of importance under natural ranges of redox
potential and pH63]. In natural waters, trivalent chromium readilydengoes hydrolysis to

form insoluble oxyhydroxidef64] and interacts strongly with mineral surfa¢é8, 65] both of

which reduce its mobility in the environment.

Cr(lll) is readily oxidised to Cr(VI) in oxic conditions and in the presence of oxidisaig
components such a manganese diofa®. Hexavalent chromium is present in waters as the
chromate (CrGF) oxyanion. In contrast to Cr(lll), oxyanionic Cr(VI) is highly mobile in the
environment, as the lower charge density results in weaker inderadth mineral surfaces and

a lesser tendency to form insoluble hydrolysis prodyé]. In natural systems, the
Cr(IlN/Cr(VI) ratio is dependent on a variety of factors including photochemical and chemical
redox processes, presence of competing speune interaction with sorbing mineral phases

[62].

The differences in Cr(lll) and Cr(VI) aqueous chemistry are reflected in different biological
properties. Trivalent chromium is an essential nutrient for animals and plants, and is involved in
a number dimportant biological mechanisms including glucose metabolism and amino and

nucleic acid synthesig63, 67] In contrast hexavalent chromium is highly toxic and
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carcinogenic as it a strong oxid468]. Chromate is readily taken into cells by sulphate,{$0
transport mechanisms owing to similarities in the charge and structure, making aqueous Cr(VI)

highly bioavailablg68].

2.3.2 Remediation of Hexavalent Chromium Contamination

The combination of high toxicity, bioavailabity and environmental mobility make Cr(VI) an
extremely hazardous contaminant. The release of Cr(VI) by industrial processes and waste
materials poses a serious threat to the environment and human health, gridstsntes of
chromate contamination require intervention to reduce this hazael introduction ofstrict
regulation for Cr(Vl)levels inindustrialdischarge (e.g.< 0.05 mg/L, USEPA [69) has led to
increasing interest in the removal @fr(VI) from industrial effluents, in addition tthe
development oénvironmental remedi@n technologies to reduce the rigissed byhigh levels

of Cr(VI) from legacy contaminatiof69].

Current industrial practictor removal of Cr(VI) uses physiochnécal processing, as chromate
toxicity generallypreventsthe ceployment of biological methods [69[he reduction of Cr(VI)
to Cr(lll) is an important reaction to control the risk associated with chromium contamination as
Cr(lll) exhibits lower environmental mobility, toxicity and bioavailabity than Cy(\Most
industrial effluent treatment processetarget this reactioni the most commonly used
approachs are precipitationtechnologieswhich employ reduction of Cr(VI) to Cr(lll) at low
pH, followed byan increase in pH tor@cipitae Cr(OH)s, which isthen disposed dads a sludge
[70]. Whereit is desirable to recovahromium, evaporation may be ugedoncentrateCr in a
small volumeand permit return of the evaporated stream to the environnié8t 70} Other
non-reductive approaches includletation, for examplewith hydrocalcite as a collect¢r1],
and electrolysis, which is particularly employed to taad recycle chromium ialectroplating

effluents[70].

Remedation of chromium contaminated watershe environmenexploits the samghysical
principles, particularly reduction and precipitatiorhut requires adifferent method of

implementation fromindustrial wastewater treatmenBoth exsitu and iRsitu processes are
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empbyed, with in-situ methods typically requiring less environmentadisturbance and
operational cost, and esitu treatmentoffering greater control over process paramefégy.

The selection of technology requires an understanding of the site characteristics, concentration
of the taiget contaminant and any -contaminant species, and the required end state for the

remediated site [72].

The most widelyemployedtechnologies at full scale includeolidification, electrokinetic
remediatbn, andin-situ chemical extractiofi72]. For Cr(VI), solidificationemploysreduction

to insoluble Cr(lll) compoundgypically with Fe(0)/Fe(ll) specig$6]. Alternative reductants
have been trialled, including mineral surface catalysed reduction by loecutat weight
organic molecule§73] and reaction with hydrogen sulphifi&t]. Electrokineticremediationis
widely usedthe US.A. to remediate Cr(VI[)by encouragingcontrolled contaminant migration
and subsequent collectiomsing low current electrodedn-situ extraction is a means to
selectively mobilise and colle@r(VI) in a liquid phase for disposal, thereby removing it from

the environmenf72].

In the case of legacy contaminatiorgrtsport ofspeciedrom a pollutant source forms a plume

in the water flov direction, which once located may require treatmeftcommon method to
remediate contaminant plumesthe insertion of areactive barrier downstream from the source
[75]. In the case of C¥I) contamination, the reactive barrier is designed to reduce Cr(VI) to
Cr(lll), which due to the lower solubility of Cr(lll) compounds, has the effect of removing
chromium from the water. In some cases, direct removal of chromium from heavily
contaminatedsoils has been considered in the form of heap leaching Cr from contaminated
soils, removing the point source of chromium and thereby preventing its long term release into
the environmen[53]. However, in the case of existing chromium contaminant plumeseas

where soil treatment is impractical, there is still a requirement to prevent Cr(VI) migration, and

the development of effective reactive barriers is an important research goal.
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2.3.3 Reduction of Cr(VI) by Magnetite

The development of reactive maatls from chromium reduction has received much attention.

In particular, reduced Fe species such as zerovalgi@BFeagreen rust (an Fe corrosion product

with ideal formula [Fél)Fe(lll) ,(OH)*Y[CO4]-3H,0) [77] and magnetite [Fe(l)Fe(IWD,]

[78] have received significant attention as reductants for Cr(VI). Magnetite has been of special
interest as it is a common mineral present in the geosphere and at some sites may act as a
natural reductant for Cr(VI)79, 80Q], providing native attenuation in @éhmobility of
contaminant chromium. Magnetite can also be produced by dissimilatory iron reducing bacteria
(DIRB) [81], which has been suggested as a potential facile low temperature route to engineered
or in-situ production82, 83]. Biogenic magnetite inanoscale (particle size is-30 nm[84]),

which provides a large surface area for remediation-sBibhiometric magnetite with a higher
Fe(ll)/Fe(lll) ratio can also be produced by tuning the conditions under which microorganisms
precipitate the minat, increasing the reductive reactiviti85]. Comparative studies
demonstrate the enhanced reactivity of biogenic over synthetic madB88a}if®], highlighting

that potentially simpler synthesis of magnetite by microorganisms is accompanied by

improvemets in the performance of the material for Cr(VI) reduction.

Magnetite adopts the cubic spinel structuréB&",0,), which is flexible for the incorporation

of other bivalent, trivalent and quadravalent anions. Incorporation df)@nfo the structure of
biogenic magnetite has been demonstrated to occur during Cr(VI) red{@HonThis has
important implications for remediation, as incorporated Cr may be expected to exhibit greater

stability with respect to reoxidation thanwafgce precipitate of Cr(OHl)37].

The ability of magnetite produced by microorganisms to effectively reduce Cr(VI) has been
demonstrated in a number of stud[é$, 82, 83, 85, 83]. These small scale demonstrations
typically employ idealised conditiongjithout the presence of other redox active contaminants
and in narrow pH ranges. It has been demonstrated for natural magnetites that at high pH,
mineral transformations and passivation of the surface reduce their reactivity for chromate

reduction[79, 84]. Studies of zerwalent iron demonstrate that reduction of Cr(VI) is impaired
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against a background of other anions and redox active contaminants, particularly in the presence
of nitrate[76]. These studies highlight that the performance of a remediatidens needs to be
evaluated under field relevant conditions, which is a clear research goal in the further

development of biogenic magnetite for Cr(VI) remediation.

Pd functionalised biogenic magnetite has recently been demonstrated as an effective
magneically recoverable heterogeneous catal@d}. The use of Pd to catalyse electron transfer

to the magnetite support has been hypothesised as a means to extend the reactive capacity of
these materials, and investigation of this system forms the basismtecty of this thesis. In
particular, Pecataly$ systems have shown to be insensitive to nitrate redu@®n9q, and

this system may also provide some resistance to nitrate impairment of mineral reactivity.

2.4 Conclusions

This review has highlightethe potential risks to human health and the environment caused by
DU munitions and chromium(VI) contamination. Current research on the remediation of these
contaminants has been outlined, and with no mature technology available for flexible and cost
effective hazard reduction in either case, a need to investigate new processes alongside

optimisation of currently proposed methodologies was identified.

Residues from DU munitions occur as microparticles (typical d15um) in surface soils,

which present rihalation hazard and may be readily dispersed in the environment. The
properties of these residues have been extensively studied, but there is uncertainty concerning
their long term behaviour in the surface environment. Reviewing the literature reldb&d to
particle characterisation revealed that particles deposited into different environments had similar
properties, suggesting a degree of stability of these residues over the short timescales between
deposition and sampling in these studies. There isctodavestigate this stability over longer

periods of time in order to accurately understand the risks posed by DU contamination.

Current best practice for soil DU remediation is disposal of contaminated soil. A number of

approaches have been suggestad removing DU residues from soil, of which chemical
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extraction using citric acid or bicarbonate salts appear to offer the most promising route for low
cost decontamination. There is a need to apply these techniques to additional DU contaminated
environmens, and in particular to assess the influence of particle weathering on remediation

performance.

Chromium (VI) poses severe risks to human health and the environment because of its high
mobility, toxicity and carcinogenicity. Remediation of chromium(VI)n@omination targets
reduction of Cr(VI) to Cr(lll), which has low mobility and is ntoxic. Magnetite, an Fé

bearing mineral, was identified as capable of reducing Cr(VI). This material is particularly
attractive because it may be synthesised at thescate by microorganisms, which provide an
enhancement to reactivity compared to conventional synthetic magnetite. In common with DU
remediation, there is a need to evaluate the performance of biogenic magnetite under a range of
conditions to understand terferences which may affect the reactivity and selectivity of

magnetite to reduce Cr(VI) under field relevant conditions.
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Chapter 3

Experimental Techniques

3.0 Introduction

This chapter describes the experimental techniques used, with a brief justification and
theoretical background where appropriate. Specifics of experimental procedures are described in

detail in subsequent results chapters.

The first sections of this chagt(3.11 3.5) detail methods and techniques relevant to depleted
uranium munitions characterisation and remediation, with a separate discussion of the
techniques relating to chromate remediation by magnetite included in se@idpaBicular

focus is given to Xray chemical imaging techniques (3.4.6 and 3.4.7) which in this project were
applied for the first time to U speciation in environmental samples, and this methodology is

explained in detail.
3.1 Fieldwork z Eskmeals firing range

3.1.1 Site Description and History

The Eskmeals firing range in Cumbria, UK was used for testing of depleted uranium munitions
on armoured targets from the early 1960s to 1995, with the most intense research programme
during the 1980¢1, 2]. DU was fired at a single raeagnamed the VJ facility. It is estimated

that around 15 tonnes of 128m DU rounds were fired at the Eskmeals site during the period
19817 1995(3]. Due to the potential for contamination from DU fragments and aerosols, a 3
hectare area around the VJifiag was designated as a controlled radiation area. Depth profiles

of uranium concentration show abewackground levels ( > 4 mg/kg) to a depth of around 20

cm in areas close to the impact $#tg consistent with the deposition of airborne aerosotkdo

top layers of soil. Eskmeals soil is classified as raw dune sand, with ~2% organic matter and a

variable soil pH in the range 516 7.8 [2]. Limited DU incorporation into plant matter is
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evident, with a maximum plant concentration of 0.05 times thé @micentration[2],

suggesting low bioavailability of DU at the site.

3.1.2 Soil Sampling Procedure

Samples of soils from within the VJ radiation control area at Eskmeals were collected in
November 2011. Sampling was conducted in three areas (RidYyr&ite 1 is a storage area for
contaminated timbers used in the construction of targets, Site 2 is adjacent to a concrete apron
area downwind from the target, and Site 3 comprises a spoil heap of disturksail udm
postoperational construction atetsite. In all cases surface vegetation was removed and soil to

a depth of 0.15 m from an area of approximately 0.08atal soil volume ~3 L) was sampled

into plastic bags, which were sealed for transfer to the laboratory. All samples were air dried at
40 °C and sieved to remove particles above 2 mm. The remaining soil was homogenised by
hand, divided into representative portions using the cone and quarter method, and dry stored in

sealed containers under ambient conditions.

° Site 1
VJButt || ]
/ N
Site 2
. A
Site 3 ° Firing
Direction

/Prevailing

Wind Direction*

: | |:j:| Firing
100m Point

Figure 3.117 Schematic ofsampling locations within the VJ facility at MOD Eskmeals.

*Prevailing wind direction adapted from Oliver et al [2]. Reproduced from Chapter 6[5].
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3.2 Bulk Soil Analytical Techniques

3.2.1 Total Uranium

Soil uranium concentrations were determined by skypl g of dried soil to 1fhl 8M Nitric

acid at 80°C for 4 hours, heating the solution to dryness and repeating. Attack by nitric acid has
been shown previously to completely dissolve DU munitions resi@jeq. After the second

nitric acid exposure & ml aliquot of the solution was analysed by ¥&BS for U concentration

(section 3.2.4).

3.2.2 Sequential Extraction

Sequential extraction techniques are commonly used to define the bulk speciation of metals in
terms of extraction into different classe$ reagent[8, 9]. Using selective reagents in a
progressively more aggressive extraction scheme provides a means to assess partitioning of a

metal between different chemical constituents of a soil.

The extent of fractionation between different extracteegents is operationally defined, and to
introduce some extent of comparability between the work of different laboratories, standard
procedures for sequential extraction are used, typically the BC& Tessief9] schemes. In

this thesis, the BCR scheme was used as it has previously applied to U speciation[®) soils
10]. The BCR extraction scheme defines exchangeable, reducible and oxidisable soil fractions,
which are described in Tab81. Although not include in the BCR scheme, a residual fraction

is usually evaluated by digestion of the soil in mineral acids, allowing for a mass balance to be
calculated4]. Here the residual step was identical to the procedure used for determining total U
concentration (séion 3.2.1). Following each step, an aliquot of the extraction reagent was

analysed by ICFAES for U concentration (section 3.2.4).

Despite their utility as simple and rapid tools for generating quantitative data on the partitioning
of an element into sbgpeciation fractions, the use of sequential extraction techniques has been
criticised[11]. The main criticism is selectivitythere may be interferences between steps in a

scheme, and chemical species with otherwise divergent properties may bessalubilsimilar
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extentg11, 12] The validity of interpreting extraction under artificial conditions with respect to
environmental properties of interest such as bioavailability has also been queftinétdis
important to take care over the interptein of data and support the use of sequential extraction
methods with other comghentary techniques. Combination of sequential extraction with
appropriate microanalysis can provide a means to understand detailed speciation and

guantitatively assess tliactionation of an element between different chemical sfh83s

Table 3.17 Schematic of typical sequential extraction scheme steps and reagents. At each
stage, the concentration of the element of interest in the extract is measured by a suitable
analytical technique i in this project ICP-AES was used to analyse uranium

concertration.

Step Soil Fraction Reagents and Conditions (BCR schdBijg

Exchangeable lon-exchangeable and Acetic Acid 0.11 mol/l

carbonate bound

Reducible Bound to reducible Fe or Mn Acidified 0.1 mol/l NHOHHCI
species

Oxidisable Bound to organiecnatter or Twice extracted with 30% wi/v @, at
sulphur species room temperature and 85°C, residue

extracted in 1 mol/l ammonium acetate.

Residual Bound in recalcitrant species Not defined by BCR, typically by total
crystalline Fe oxides and digestion in mineral acids including HF.
silicates.

3.2.3 Storage Phosphor Autoradiography

Storage phosphor autoradiography was used to image the spatial distribution of radioactivity
corresponding to the presence of DU particles in soil samples, both to localise DU particles for
analysis and as a natestructive measure of the total soil radibaty [14]. In general,
phosphor storage autoradiography is insensitive to alpha radiation, and for depleted uranium

beta and gamma emissions from the immediate short ffeddaughter product&‘Th and

56



234Mpa produce the image. Due to their vergrsinalflives compared t6*U, these nuclides

reach the same activity as the parent at around 200 days after purificati¢h5pf U

3.2.4 Determination of liquid phase U concentration in soil extract supernatants

The concentration of uranium in extriact solutions was measured by inductively coupled
plasma atomic emission spectroscopy @RES). This technigue allows simultaneous multi
element measurement of metal concentrations in a sample by exciting atoms in plasma and
measuring the emitted charaiséic radiation. The detection limit for U using IQ¥ES can be

as low as 10 ppH.6], but is dependent on the sample matrix.

The instrument used in this work was a Peikimer Optima 5300 dual view IGRES,
operated by P. Lythgoe at the University of ddhester. Uranium calibration standards of 0.1
ppm, 0.5 ppm, 1 ppm and 10 ppm U were prepared by dilution of a 1000 ppm standard solution
(Sigma Aldrich, UK). For remediation extractions, matrix matched standardach of the

extractant solutiongere pepared to check for interferersaan the measured concentration.
3.3 Particle Analysis Techniques

3.3.1 Particle Isolation by Autoradiography

To isolate particles for analysis, dried and homogenised soil was spread thinly (~1 mg
sample/crf) on a grid withl cnf squares and exposed to a phosphor autoradiography imaging
plate[6]. Material in grid squares which showed the presence of a particle was sampled onto

adhesive carbon pads by pressing the pad onto the grid square.

3.3.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
Spectroscopy (EDX)

Scanning electron microscopy was used to study the morphology, composition and
microstructure of depleted uranium patrticles, using an FEI XL30 Environmental SEM (ESEM)
operated in high vacuum mode. this configuration, the ESEM operates similarly to a

conventional SEM instrument. The microscope uses a field emission gun electron source with
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detectors for backscattered electrons, secondary electrons and energy dispeasi&DX)

spectroscopy.

SEM requires high vacuum conditions to prevent scattering and absorption of electrons in air.
Samples are also required to be conductive to prevent charging of the surface by the beam,
which is usually achieved by coating with carbon or gold. If particlesuafficiently small,
charging can be avoided by mounting the sample on a conductive adhesive pad, typically
composed of carbon. This approach was taken to avoid destructive sample preparation which

may alter surface features.

Backscattered electramagingwas used as this mode provides atomic number (Z) contrast,
allowing U particles (Z = 92) to be clearly discriminated from environmental matrix particles
which contain mainly O (Z = 8), Si (Z = 14) and Fe (Z = B8) In this imaging mode, high Z
elemens appear brightly due to backscattering of the primary beam by the higher number of
electrons in atoms of these elements. Particles which appear brightly in this mode were analysed
for elemental composition to confirm the presence of U by energy dispeXsinay

spectroscopy.

Energy dispersive Xay spectroscopy measures elemental composition by analysis of
characteristic Xrays emitted when core level electrons of atoms in the sample are ejected by
interaction with the electron beam. The energy of emiedhys is characteristic of the
elements present, which allows identification of the composition samples. Quantitative
compositional information can be obtained by control of the sample geometry and reference to a
standard with appropriate corrections. tins project, EDX was used seguantitatively to

characterise elemental composition and confirm the presence of uranium in particles of interest.

3.4 Synchrotron X -ray Chemical Microscopy

3.4.1 Introduction
The interaction of Xays with matter can giva wide variety of chemical information on a

sample. The energy of-Kays encompasses the binding energy of-terel electrons, which
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allows for investigation of chemical state and composition, and becausgsXhave
wavelength similar to the interatomipacing in solids, diffraction measurements can be

performed to establish ttegomicstructure of crystalline materials.

The use of microfocus Xay optics makes it possible to probe chemical information in very
small volumes of sampledgown to atypical minimum 1 pund minimum spotsize using Xray

mirror microfocussing17]. With a motorized sample stage it is possible to spatially resolve this
chemical information by moving different regions of interest into the beam. This setup also
allows the sample tde rasteredig. moved stepwise)in the beam to construct a map of

information, an approach which is referred to asa chemical microscopy.

In this project, both single point measurements of sd@mthainsand spatially resolved -Xay
chemical imaging@pproaches were used. Three distinct analyses were ¥se) fluorescence
microscopy to image elemental distributions;ray diffraction microscopy to resolve
microscale phase distributions, andray absorption spectroscopy microscopy to probe the

oxidation state of uranium.
3.4.2 Synchrotron X -rays

3.4.2.1 Generation of Synchrotron X -rays

Synchrotron radiation is generated by the acceleration of charged particles travelling at
relativistic velocities along a curved trajectory. In a synchrotron Bghice, this radiation is
produced by high energy electrons circulating in a storage ring. In the ring a beam of electrons
travels in segments of straight line connected by bending magnets which thefleedm onto

the next section of the ring. At eachthese bending magnets, synchrotron radiation is emitted,
which exits the storage ring along a belame to an experimental station. The energy of this

radiation spans the microwave to harday range.

Insertion devices, such as wigglers and undulatars be placed in straight sections of the
storage ring as additional point sources synchrotron radiation. These devices can also provide

greater control over the brightness of radiation emitted at specific energies, and as such can be
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optimised for individial experimental requiremerits3]. The beamline used in this project was

XLO5A at the Swiss Light Source (Figuse2), which uses an insertion device soJica.

3.4.2.2 X-ray Microfocus Optics

. ! In-vacuum
Beamline : undulator (U19)
White beam |
Double Slit |
Assembly Monochromated |
Detectors | beam - |
o — |
I e Si(111) .
|
Sample I Kirkpatrick-Baez Mirrors Double Crystal ' Storage ng
Horizontal and Vertical focus Monochromator

Experimental
Station

Figure 3.2 1 Simplified schematic layout of microfocus Xray beamline XLO5A at the
Swiss Light Source. The photon energy is selected by means of a double crystal
monochromator, and focused to size using mirrors in KirkpatrickBaez arrangement. The

size of the beam can also be further controlled using an end st slit assembly.

Broadband 6whi te |l ight o radiati on i s emi tted by
containing photons with a range of energies. Due to the high intensity of synchrotron sources, it

is possible to isolate a single energy by means wfonochromator whilst retaining sufficient

flux to perform experiments at acceptable levels of signée ratio and counting time. For X

rays, a double crystal monochromator is used, typically designed with Si crystals oriented to the

beam along the (1) or (311) aws, although Ge (111) designs are also used. When the

polychromatic beam strikes the monochromator crystals inclined at a specific angle relative to

t he beam, a single wavelength is selected which
where d is the angle of di ffraction, & is the ph
interplanar spacing and n is an integer. As d is fixed, changes in the orientation of the crystal

can be used to select a different photon wavelength to be diffricct® the monochromator,

giving a mechanism to tune the energy of the monochromatic beam delivered to the

experimental station.
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The monochromatic beam is focused bya¥ mirrors, and microfocus beamlines usually
employ KirkpatrickBaez geometry, wherebpairs of long flat mirrors are used to achieve
independent horizontal and vertical focd®] X-ray mirrors are made from flat, extremely
smooth plates to totally externally reflect thera¢y beam18]. XLO5A uses Rh plated mirrors

to achieve microfocusizg of the Xray beam down to a minimum spot size of 1.3 um (H) x 0.9
pum (V) [17]. In the optical path, additional mirrors are used for preliminary focussing, as a low
pass energy filter anfbr harmonic rejectionio remove higher order multiples of thesited

photon energy which can also satisfy Bragg condition of the monochromator.

3.4.3 X-ray Analytical Techniques

3.4.3.1 X-ray Fluorescence

X-ray fluorescence (XRF) is a technique used for quantitative and qualitative analysis of
elemental composition. The basic physical principle is identical to visible light fluorescence, but
involves the ejection of core level electrons with high bindireyges from the inner orbitals of

the atom due to the higher energy efa¢ photons (~100 eV 100 keV). On absorption of an

X-ray photon with energy greater than its binding energy, a core electron is ejected from the
atom leaving an unstable hole inianer orbital. This is subsequently filled by transition of an
electron from a higher energy orbital in the atom and the energy released in this transition is
emitted as a second-vay photon. The atoms of each element have characteristic energy levels
in which electrons can reside, and transition between these states, and the energy difference

emitted as fluorescent photons, is distinct for atoms of different elements.

Identification of elements by measuring characteristi@)fluorescence emissionstige basis
of X-ray fluorescence spectroscopy. The number of characteristic photons emitted by a sample
is proportional to the number of atoms of that element present, and XRF can be used to
gquantitatively measure elemental composition. Ag)s are penedting, XRF can be a nen
destructive probe. However, quantitative data restorrected for processes whiglduce the
yield of photons arriving at a detector, such as scattering in air, reabsorption and scattering by

the sample, and the efficiency of thletector. Quantitative XRF usually requires idealised
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geometry and specialist instruments employing vacuum conditions to preserve the validity of
these corrections. In this project, XRF spectroscopy is used as ajsamtitative tool for
measuring elemeak composition and approximate relative amounts of elements present in a

sample.

3.4.3.2 X-ray Diffraction (XRD)

X-ray diffraction was used to identify crystalline phases in the sample. As the wavelength of X

rays is similar in magnitude to interatomiasjng in solids (both on the order of 1 A ¥én),

interference of scattered-pays can occur. In crystalline solids, where interatomic spacing is

ordered, constructive interference from planes of atoms occurs where the distance between

planes (d) is amtegral numberof ¥ ay wavel engths (&), as described
2dsind = nea, where d i s t ha in®ersitytadaiest scattggingang !l e . By
angle, peaks are observed when the Bragg equation is satisfied for a set opletceat a

specific angle, which gives information about the arrangement of atoms in the crystal structure.

As this is unique for each crystal compound, XRD can be used to identify unknown phases in a

sample by comparison to standard diffraction patterns database. Phases were identified in

this study with reference to the ICSDpowder diffraction file.

3.4.3.3 X-ray Absorption Spectroscopy (XAS)

X-ray absorption (XA) spectroscopy describes a suite of techniques which can provide

information onchenical properties such asidation stateand local ceordination environment

of an element by measuring the energy dependenceray dbsorption crossection[20]. As

discussed above, core shell electrons have characteristic binding energies and eatete ej

from an atom by interaction with a photon of suff
absorption of Xrays of different energies (Figure3pB - below the characteristic energy the

probability of absorption is lowwhich increases as the-day energy increases above the

binding energy of a core shell electron, and photons are absorbed with the ejection of a photo

electron. The dependence of absorption on energy near an absorption edge is a complex
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function of the chemical environment of thbsorbing atom, and information can be extracted

by employing an appropriate analysis of the spectrum.

Uranium L, X-ray Absorption Spectrum
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Figure 3.3 7 Uranium L3 XA spectrum illustrating regions of interest for XANES and
EXAFS analyses. The rising part of the spectrum is termed the absgaiion edge, the

energy position of which shows strong dependence on the oxidation state of the absorber.

X-ray absorption can be measured in transmission, fluorescence or electron yield geometries
[18], and in this project fluorescence geometry was uBee.emission of fluorescent-bays is
proportional to the absorption of incident photons, which is measured as a ratio of emitted
intensity (F) to incident intensity (). The intensity of fluorescence-bays (F) is usually
measured with a sokstate @tector and the incident flux,flis measured using an ion chamber.
Fluorescence geometry is less sensitive than other geometries to sample prejedriataond

can be used on dilute samples. This makes fluorescence XAS common for environmental
sampleswhere the element of interest may be in low concentration with respect to the bulk

matrix [20].
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3.4.3.4 X-ray Absorption Near Edge Structure Spectroscopy (XANES)

X-ray Absorption NeaEdge Structure Spectroscopy (XANES) uses the portion of the spectrum
from below the absorption edge to range of aroundeN0@fter, anccan provide information

on theoxidation statg18] and local ceordination geometrj21]. Absorption edge enerdi)

is directly related to the binding energy of an inner core relectwhich varieswith the
oxidation state of the absorber. As oxidised ions have feleetrons,the average nuclear
charge per electron is increased, resulting in an increase in bindingy20]. By reference to
standards, the relationship between binding energy and oxidation state can be calibrated,
allowing accurate determination of oxidation state in unknown sampiesabsorption edge
shape is related to the density of unoccupitdes which the absorbing electron may be
promoted to. This can be modulated by hybridisation of unoccupied orbitals according to the co
ordination geometry, and the absorption edge structure is sensitive to these geometry dependent
changes in unoccupiedases. This allows XANES to be used to quantify the presence of an

element in different cordination geometries in a sample.

3.4.3.5 Extended X-ray Absorption Fine Structure Spectroscopy (EXAFS) Analyses

Extended Xray Absorption Fine Structure (EXAFS)aysis uses the spectrum from just above
the absorption edge up to ~1000 eV after. This region contains information related to the
bonding of the absorbing atom, specifically the types and numberafdamating atoms, the
interatomic distances and thegiee of local disordej21l]. Photoelectrons are emitted as
spherical waves with kinetic energy equal to the incident photon energy minus the binding
energy. Oscillations in the -pay absorption with energy are linked to scattering of
photoelectrons by ames coordinated with the absorber, which causes interference of the

scattered and outgoing photoelectron waves.

As the incident energy increases, the photoelectron wavelength becomes shorter, and as the
interatomic distance does not change, interferenceveleet the outgoing and scattered
photoelectrons oscillates as a function of the interatomic disfaB¢c@1] Photoelectrons may

be scattered by a number of atoms in a structure, which is referred to as multiple scattering.
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Here the scattering path distanis related to a number of interatomic distances, which can give

additional information on the local structure.

These oscillations can be described using the EXAFS equation, which sums over all scattering
paths the photoelectron can take. The equatisoriteng the EXAFS component for each path

is:

with'Y 'Y 3Y andQ

The EXAFS path amplitudsg is expressed as a function of the photoelectvamenumbelk,

which is a transform of the incident photon energy séalesing the theoretical edge shift
energy Eo), a fitting parameter to align the experimental and theoretical energy spdgediie

electron massnf) and Pl an@ Jdle teon® mesdrilzes the half path length, which

for single scattering is the interatomic distanRg.is a reference value (e.g. crystallographic
value) andgp Rrepresents a modificatiofN; describes the path degeneracy, which for single
scatterings interpreted as the@pr di nat i on n u mbjaccountsTfor disoqex ina me t
interatomic distances as a mesquare displacement. The terfg;i(k), Gi(k) ande- ( depresent

the effective scattering amplitude, phase shift and mean free patle gthtitoelectron. In
EXAFS analysis, these values are theoretically calculated for each path using codes such as
FEFF. The remaining termydescribes relaxation in the energy of remaining electrons caused

by the core hole.

This calculation allows the EXAS spectrum to be modelled as the combination of different
paths with unknown path parameters fitted to the data. As often the objective is to determine
information about an unknown structure, terms related to the numberatliioating atoms

and interatmic distance are fikdt o t he dat a ,”>dnd i Other pdramgtersgiat
cannot be readily calculated also require fitting, these gr@n8l the modifier for absolute edge

e ner gwhidpmhligns the modelled and measured energy spectra. Careful fitting of these
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terms allows for the local molecular bonding environment to be reconstructed from the EXAFS

spectrum.

3.4.4 Sample Preparation

Synchrotron hard Xay microanalysis is an adictive technique for the study of environmental
particles because it does not require destructive sample preparation techniques and can be
performed at ambient temperature and pressitfeout the need fohigh vacuum conditions

This meansminor featuressuch as delicate surface alteration layers may be retained and

minimal artificial alteration to the sample is introduced.

In the first instance, particles were mounted on adhesive carbon pads (Agar, UK) for analysis in
the SEM. These were sealed with Kaptape for containment during transfer to the beamline.
During the experimental run some particles were transferred from the carbon pads to the Kapton
tape by peeling. These tapes were mounted in a sample holder (F#jufer analysis in the

beam. Reraining particles mounted on the original carbon pad were also analysed.

3.4.5 Experimental Station Setup and Instrumentation
Samples were mounted on a motorisegz stage which was oriented at 2&f the incident
beam. A micro ion chamber was used tcamge the incident Xay intensity. All experiments

were performed under ambient conditions.

XRF spectra were recorded with an incidentay energy above the U;ledge (E = 17.300 or
17.500 keV) using a Si(Li) detector (KETEK Instruments) positioned0att® the incident
beam. XRD data were measured in transmission geometry to allaelleotion with XRF

spectra. The detector used was a PILATUS 100K hybrid pixel array defg2lomounted 46

mm behind the sample with a tungsten beamstop in placeetmate the primary beam.

X-ray absorption spectroscopy was measured in fluorescence mode as in this setu3.@igure
the XRD instrument occupied the position required for a transmission geometry detector. Both
XANES (X-ray Absorption Spectroscopy NeBdge Structure) and EXAFS (Extendeeray

Absorption Fine Structure) analyses were used in this thesis
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Figure 3.4 i Photograph and schematic of SLS XLO5A microXAS beamline
instrumentation, showing detectors for fluorescence and diffracted Xays. The ogical

microscope is used for localisation and orientation of sample areas.

3.4.6 Mapping

Images of XRF, XRD and XAS data are made by rastering (scanning) the sample through the

microfocussed Xay beam. The resolution is governed by the beam spot gizéharscanning

step size of the stage when moving the sample. The beam spot size in this study was 2 um (v) x
5 um (h). The pixel size is determined by the stage step increment, which was varied depending

on the size of the area studied. For XRF and XR[ppimg a spectrum and diffraction pattern

were recorded at each point and the sample stage is moved to the next position. XAS maps are
constructed from XRF maps taken at different energies and were recorded separately as the

incident photon energy was vatibetween scans.

3.4.7 Mapping Data Processing

3.4.7.1 X-ray Fluorescence Imaging

Semiquantitative images of elemental distribution are constructed from XRF spectra. Regions
of interest (ROI) in the XRF spectrum are defined corresponding to the emessogy of
elements thought to be present in the sample. The intensity in this region is recorded during

scanning of the sample, which produces agiement map of the sample (Figu&® shows the
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process for uranium). These maps were recorded usihguse software at SLS (JFDA) and

processed using Matlab to produce heatec@mprasimagesof element fluorescenamunts.
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Figure 3.51 Diagram of X-ray fluorescence imaging processing routine. The intensity of a
spectral region of interest corresponding to a characteristic Xay emission line, in this

case ULU, i s & sedes kfeXBF spdttra callected during scanning dhe

sample in the beam.

3.4.7.2 X-ray Diffraction Imaging

Phase maps of the spatial distribution of crystalline species in the sample were constructed from
X-ray diffraction patterns using the software XRD[28], and the process is outlinedRrigure

3.6. The raw data consists of a large number of 2D diffraction patterns which each correspond to
points from scanning the sample (Fig&&g. These patterns are superimposed to produce a

whole area powder pattern, which allows all phases present in thpestorbe indexed and

identified (Figure3.80). Having identified the phases present, reflections corresponding to
~4.5A

species of interest are selected (e.g. Metak ol ei t e (0 0 2369 tatbe

mapped by extracting the intensity in this megfrom the original 2D patterns.

This intensity distribution is constructed into a map usingxtiieco-ordinates of each pattern
(Figure 3.6d. These maps for different species can be overlaid as different channels in RGB
space to produce a map showthg distribution of several phases as different col@kigure

3.7)

68

2d,



N, x Ny 2-D Diffraction Patterns

(a) = | Suprimpose
| single

Whole Area 2-D Diffraction Pattern
(b) [

patterns

—_

Pattern azimuthally
integrated and indexed with
ICSD-2 PDF database

(d) Tockinenstyaf R 1-D Whole Area Powder Pattern
key reflections in
original patterns

—

Intensity

30 um

Map of (0 0 2) reflection intensity. .
5 10 15 20 25 30 35
2theta (deg)

X Meta-ankoleite - K(UO,)(PO,)-3H,0
Figure 3.6 - Diagram of the step process for producing phase distribution maps from X

ray diffraction data. Superimposition of component patterns and phase intensity mapping
are performed using the software XRDUA. Patterns are indexed in separate software for

comparing to ICSD-2 PDF database records.

Uranium Fluorescence Intensity ~ Counts  Normalised Diffraction Intensity
x10*

Figure 3.7 i Example phase map showing the distribution of UFe® and
X*(UO,)(PO,)-3H,0 in a sample alongside tXRF map of U Lyintensity. The monochrome
maps (Figure 3.6d) of individual phase distributions have been @mbined. This figure is

reproduced from Chapter 5.

69



3.4.7.3 X-ray Absorption Spectroscopy Imaging

XAS imaging in the XANES regiomay be used to produce maps of bt oxidation state

[24, 25] or co-ordination environment. This relies on contrast imay absorption at specific
energies corresponding to different chemical states. In the case of uraniumetiye position
moves to higher energy with increasingdation state and additional resonances appear in the
spectrum related to presence of uranyl §0species, allowing U in different oxidation states

to be identified. This results in regions of contrast in the spectrum, where at specific energies

thereare differences in the -Xay absorption cefficient u(E) between oxidation states of U

(Figure3.8).
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Figure 3.87 Uranium L 3 XANES spectra showing energies of contrast between U(IV) and
U(VI). At energies in the edge region, U(IV) has higher normaliskabsorption as the edge
for this oxidation state occurs at a lower energy. In the uranyl resonance region, U(VI)
species have higher absorption due to scattering along the linear uranyl species. These
regions of contrast allow oxidation state to be resodd by comparing absorption at a

specific energy, such as those marked by a dotted line.
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Energies for mapping in both regions of contrast were chioggr 17.168 keV corresponds to
contrast in the edge region and £ 17.185 keV corresponds to uranyl resonance contrast
(Figure 3.8) To map the distribution of uranium oxidation states, XRF maps were measured at
each of these energies with the corresponding incideayXntensity (§) recorded at each pixel

point. THs is required to convert the fluorescence counts into a measure of absorption, where
the absorption cefficient is proportional tol,. Variations in fluorescence intensitys)(l
relating to the concentration distribution of uranium were normalised nefédrence to an
additional fluorescence map recorded atE7.500 keV. This energy is in the EXAFS region,

where absorption shows lower contrast between species of different oxidation state.

Raw fluorescence maps are shown in FigBu® Maps were readed using irFhouse JFDA
software at the Swiss Light Source and processed in MATLAB. MATLAB provides a
convenient environment for the per pixel operations required, e.g. dividing fluorescence
intensity maps by correspondingvialues, and provides toolsrfvisualising chemical imaging
data as 2D heat magsis interesting to note that little chemical information is visible in these
raw datai the distribution of uranium in all three maps is near identical. This is because
contrast in raw fluorescencetdds dominated by concentration differences rather ¢thamical

gradients.

U La Fluorescence Intensity

10 pm

E, =17.168 keV E,=17.185 keV E =17.500 keV

Figure 3.97 Fluorescence maps used for calculation of U oxidation state. The Eap

shows lower counts as this is on the rising edge part of the XANES region.
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Areas of low coats in XRF maps were set to zero by a thresholding routine. This removes
pixels (sets as zero valudpr which counts are not sufficiently high enough to permit
calculation of the U oxidation state. In conventional tetinis means that XANES spectra from
these areas would have levels of noise which introduce unacceptable uncertainty into oxidation
state determination. The appropriate threshold is system dependerit, tred fluorescence

maps shown in Figure 3s&t at 3 x 1bcounts.
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Figure 3.107 Maps of normalised Xray absorption at E; and E,, calculated by dividing
fluorescence map in Figure 11 by the incident Xay intensity (o) and normalising with

respect to Xray absorption at higher energy, E.

Each of the maps was divided through by a cpording matrix of values to give maps of-X
ray absorption. Absorption maps at &d E were then normalised by dividing each pixel by
the corresponding value in thg &sorption map. Each pixel in the resulting maps (Figuir@

is equalto thenormalised absorption efficient at this spatial point, as given by
© 0

wherep(Ey) is thematrix of normalised absorption values at eneqdy(E) is the matrix of

fluorescence values angH,) the matrix of incident intensity.
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In these datahemical contrast between the central region and the outer rim is clear in both
maps. The higher absorption at the edge energuggests the central region is reduced with
respect to the other area. Tleonfirmed at Ewhere the inner region has corresponding lower

absorption in the post edge region.

The X-ray absorption coefficienmhay depenan the oxidation state of the absorbing atom, and
this can be used to convert the maps in Fig®.&0 diredly to maps of U oxidation state.
XANES spectra of standards containing uranium in various oxidation states were measured to
produce a suitable calibration relationstiigure 3.11) The trend in absorption with oxidation

state at both energies is lingarthis region, and interpolatids usedto calculate the oxidation

state of unknown samples from the measured normalised absorption
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Figure 3.11 7 Linear dependence of absorption at Eand E, on average U oxidation state.
Normalised absorption values were extracted from spectra of UD UysYosTi206

(U(V)YT), Uz0g and UO; standards.

Normalised absorption data in Figure 3.11 are from the average of 4 XANES scans, and the
relative standard deafion is small, 0.6% at 17.168 keV. Uncertainty in the determination of
oxidation state by {XAS mapping is estimated as + 0.2 by comparison of mapped regions to

crystallographic oxidation state and pointXANES spectra. This is comparable to the
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oxidation state uncertainty in XANES spectroscopy, which is linked to the energy resolution of
the scan, and is typically + 0.The calibratedlinear relationship betweenxidation state and
normalised absorption at a padiar energy (Figure 3.11) is only apable for similar classes

of compounds, e.g. those in which thigsorbing atom has a similar local eoviment, such as
oxygen ligandsln systems where a linear calibration is not approprmaggms may be taken at a
larger number oenergiesand filteringor fitting of the absorption values at various energies

applied toresolvespeciatior[24].

The converted oxidation state map is shown in Figui€ The contrast observed in Figure
3.10is revealed as a difference of nearly one oxidation state betiveeentral region (~+5.2)

and the rim (+6).

Although this technique has previously been applied to Ce and Fe speciation in glasses and
archaeological relicR4, 25] the results presented in Chapters 4 and 5 of this thesis represent
the first applicatia of this technique to uranium in environmental samples. For this study, the
nontdestructive nature of this analysis is key to preserving weathering features and preventing

artificial alteration of the sample.

Uranium Fluorescence Intensity ~ Counts Uranium Oxidation State
x10*
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Figure 3.127 Map of uranium oxidation state calculated from linear dependence of
absorption on oxidation state. The corresponding U fluorescence map at, &5 also shown

to highlight gradients in U concentration. This figure is taken from chapter 5.
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3.5 Remediatio n of DU Contaminated Soils

3.5.1 - Batch Remediation Experiments

The efficiency of chemical extraction for decontamination of DU contaminated soils was
evaluated using batch experiments. 1g of soil was contacted with 10 ml of leaching solution in
50 ml vids with an air headspace. Three lixivants were trialled for U extractiosM

(NH4)HCGO;, 0.1Mcitric Acid and 0.1M HSQ,. This experimental design was chosen for
comparison with previous studies of DU decontaminatigingthese extraction agents on athe
contaminated ared®6, 27] Decontamination was calculated using two methodoldgimgk

soil radioactivity and residual soil digestion.

Bulk soil radioactivity was measured by autoradiography of soil samples before and after
extraction. The 1g soiksnples were spread thinly on a 6 cm x 7 cm paper (~24 mg sdi) / cm
and exposed to a storage phosphor film for 21 hours. Soil radioactivity was evaluated by
summing counts in a region of the digital image corresponding to the soil sample, minus
backgroundcounts measured in an equivalent area of the film not exposed to the sample. This

process was repeated following extraction to determine the total activity removed.

Decontamination efficiency was calculated by mass balance. Following extraction, the
supenatant was separated from soil by filtration, acidified and U concentrations analysed by
ICP-AES. The residual soil was then digested using the above described procedure for total U
concentration (3.2.1). The ratio of mass U extracted to mass U remaimgsidue was then

calculated.

3.6 Remediation of Cr(VI) by Biogenic Magnetite

3.6.1 Chromate Column Reduction Experiments
Magnetite was produced for column reduction experiments by a biogenic route using late log
phase cultures @gbeobacter sulfurredwmnsand a ferrihydrite suspensifie8]. Ferrihydrite is a

hydrous ferric oxide mineral which was synthesised by alkaline hydrolysis of Fe(l11)ClI
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solution. Details of this procedure can be found in Chapter 7 and are described byeT.udling
[28, 29] The biogenic magnetite was produced as a slurry with a concentrafietbahol/l Fe
determined by microwave assisted digestion andAEB. Functionalisation of the biogenic
magnetite surface was performed by exposuiai®dCjto achieve a Wt% loading, as

described previousljB0].

Column experiments were conducted to test the efficiency of biogenic magnetite as a permeable
reactive barrier. A layer of sand was impregnated with 2.5 ml of the magnetite slurry. Potassium
chromate solution at 50iwas infiltrated into the columns at a rate0of3 cni/min. The

Cr(VI) concentration in the outlet was determined using spectrophotometrically using-the 1,5
diphenylcarbazide (DPC) ass@i], and column experiments halted when the effluent and

influent Cr(VI) concentrations were equal. The magnetite layer was then recovered for analysis.

3.6.2 Magnetite Analyses

The characteristic diameter of biogenic magnetite particles i$ 320hm[30], and different

analytical techniques are required to characterise these mdiemakhose employed for DU

particles discussed above. One analytical advantage when studying these materials is the use of
techniques which would usually be considered serfensitive, such astdy photoelectron
spectroscopy (XPS) and total electron yield (TEY) XA&)be used to provide quantitative
information on the total composition as the available probing depth (~10nm for XPS, ~5nm for

TEY XAS) encompasses a sigeiint volume of the nanoparticle.

3.6.2.1 X-ray Photoelectron Spectroscopy (XPS)

XPS is a surface sensitive technique to quantitatively probe the chemical properties of a material
including elemental composition and chemical speciation. The sample is ro@chivath
monochromatic Xays which liberate electrons with binding energies below the incident photon
energy. Under ultrhigh vacuum (UHV) conditions, these emitted electrons can be collected

and the kinetic energy measured. The measured kinetic ecerdye related to the binding

energy (BE) of the liberated electron, which is characteristic of the element present and its

chemical state. Counting the number of electrons collected at different binding energies allows
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quantitative information to be obteid on the presence of different elements and their chemical
states. To extract this information from spectra of electron binding energies, fitting is performed
to quantitatively assign electronic transitions to each of the observed peaks, which asdliscuss
above are linked to the chemical state and elements present. In this thesis, XPS was used to
investigate the speciation of Fe, Cr and Pd in reacted magnetites, using a VG Escalab 250

instrument at the University of Leeds, which employs a monochrombKea X -ray source.

3.6.2.2 Scanning Transmission Electron Microscopy (STEM)

Transmission electron microscopy (TEM) probes the interactions of electrons which pass
through a very thin specimen. TEM uses a higher accelerating voltage than SEM, which affords
a higher spatial resolution due to the lower de Broglie wavelength of high energy electrons. In a
Scanning TEM, the beam is focussed to a small spot and rastered across the sample using scan
coils. Thisgives highspatial resolutiofior analytical signalsuch as Xray emission (for EDX
spectroscopy), allowing the combination of analytical methods available in the SEM with the
higher resolution afforded by TEM. In this project, high resolution EDX mapping was used to

probe the distribution of Fe, Cr and iadunctionalised magnetite particles.

Bright field imaging and high angle annular dark field imaging (HAADF) were also used to
investigate the magnetite particles. In bright field imaging, the image is composed of the
incident beam modulated by interiact with the specimen, and contrast occurs by differences in
electron absorption and scattering linked to variable thickness, local atomic number and
crystallite orientation. High angle dark field imaging measures electrons scattered by large
angles, andnovides atomic number (Z) contrast in a similar manner to backscattered electron
contrast in the SEM. STEM was performed at the University of Leeds using a FEI Tecnai TF20

instrument. The microscope was operated with an accelerating voltage of 200 kV.

3.6.2.3 X-ray Magnetic Circular Dichroism (XMCD) Spectroscopy
X-ray magnetic circular dichroism & X-ray absorptiorfXAS) difference technique which can
be used to probe magnetic structure of mater

absoption of photons with different polarisations by a material, and in XMCD this refers to
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variations inabsorption of left and rigldircularly polarised incident Xays by a material in a
magnetic fieldFor transition metals such as Fe, magnetism is litdélde properties of thad
electrons, and XMCD is performed at thg;ledges which probe 2p3d transitions. The empty

3d states are strongly polarised and can exhibit a dichroism up to 20% of the total absorption

132].

For magnetite, XMCD is used pwobe the abundance of different cations in the spinel structure.
In magnetite, Fé occupies octahedral sites, and'Fe split between tetrahedral and octahedral
co-ordination. The influence of the ions in each of these sites on the diclapéstium can be
calculated by combination fitting with theoretically calculated spectra to resolve each
componen{33]. This is particularly important for evaluating the reactivity of magnetites, as the

amount of structural Béavailable for reduction cabe measured directly.
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Chapter 4

Micro -analytical X -ray Imaging of Depleted Uranium Speciation in

Environmentally Aged Munitions Residues 1

4.1 Introduction

The testing and use of depleted uranium (DU) armour piercing munitions has caused
contamination of soils at a number of sites worldwide?]. When a DU round strikes a hard
target, typically 16 35% by mass is converted to fine particles which settledrenvironment
[3]. Due to high localised concentrations in rearface environments and potential for

resuspension, impact particles are considered atesarhazard to health and the environment

[4].

The physiochemical properties of DU particles hbgen characterised from a number of
sources, including controlled test firiffg, 6], recovery from conflict zonf-10] and firing

range soil§11]. Particles arising from impact with hard targets are typically spherical in
morphology with diameter smal than 15 unj12], and composed of uranium oxides of

varying stoichiometry. The characteristics of field recovered particles are remarkably similar to
those from controlled testing, suggesting a degree of environmental stability. DU patrticles
resulting fom an ammunition fir8] and corrosion of metallic penetrat¢td, 13]have been
characterized as distinct from impact residues, composed of-tfdiate phases such as

schoepite (U@2H,0), with sizes up to 1500 pm.

Removal of these particles from soit challenging14] and where soil decontamination is

impractical the long term environmental behaviour of impact residues will be a key control on

This chapter has been prepared in the form of a manuscript and has been subHitiétnonental
Science and Technolo@g8eptember 2013)All research work, manuscript and figure preparation was
performed by the author of this thesis.-&@athors Francikivens and Neil Hyatt are acknowledged for
supervision and advisory input to the content and structure of the manuscript, and Martin Stennett,
Camelia Borca and Daniel Grolimund for assistance with performing synchrotron microanalysis
experiments.
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the hazard posed by DU contamination. However, as time between deposition and sampling is
short in the majrity of field studieq9, 10], there is uncertainty surrounding the evolution of

impact particle properties with time in the environment. Variably moist, oxic conditions in the
near surface would be expected to promote the oxidation and dissolutioniahuxides to

form mobile U(VI) speciefl5, 16] This will change the behaviour of DU in these systems, and
there is a lack of information on the behaviour of aged particles in the environment over years to

decades.

The Eskmeals firing range (Cumbriakloffers an opportunity to study depleted uranium
residues that have been exposed to the environment for at least 30 years. Testing at Eskmeals
dates from the 196047, 18] predating the first operational use of DU in the 1991 Gulf War. In
this study, ricrofocus synchrotron Xay analysis by Xay fluorescence @XRF), X-ray

diffraction (+XRD) and Xray absorption spectroscopy-§AS) were used to investigate

individual DU particles collected from two geochemically distinct areas at the Eskmeals site.
Single point synchrotron Xay microanalysis has previously been applied to DU particles [

10], and here we advance on these techniques by employing spatially resolved chemical
imaging[19, 20} allowing distinct domains of U speciation within particlebéodentified and
analysed. Such an approach is warranted both to explore the effects of heterogeneity on particle
behaviour, and by the need to study minority species linked to the interaction of particles with
the surface environment, for which singleini measurement of speciation in partidieé4.0]

would not be appropriate. Understanding this interaction is critical to predicting and controlling

the long term risks posed by surface DU contamination.

4.2 Experimental Methodology

4.2.1 Soil sampling and preparation

Soil containing DU particles was sampled from two locations at the VJ range, Ministry of
Defence (MOD) Eskmeals in 2011. Sample point 1 was a burial area for contaminated timber
used in target construction, and is located upwind of the teaggé. Sample point 2 was

approximately 40ndownwindfrom the target, in an area similar to that of previous stutlies
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17]. In both cases, surface vegetation was removed and the-&ipctb of soil from a 0.05 M
area was sampled. Soils were dried atG}&ieved to remove particles above 2mm and stored at
ambient temperature. DU particles were localised by storage phosphor autoradigbtdphy

and mounted on carbon pads for analysis.

4.2.2 Scanning electron mic roscopy with energy dispersive X -ray analysis
SEM and EDX were performed on an FEI XL 30 ESEM with an accelerating voltage of 15 kV.
Samples were not coated prior to analysis. The instrument was operated in high vacuum, using

backscattered electron (BSE)aging mode and EDX analysis to localise uranium particles.

4.2.3 p-XRF, pXRD and (XANES

Synchrotron radiation microfocus-pay analyses were conducted on the MicroXAS (X05LA)
beamline at the Swiss Light Source, Paul Scherrer Institute, Switzg2tHndh these

experiments, the spot size was approximately 5 um (h) x 2 um (v). Samples were mounted on a
motorised xy-z stage which allows scanning in the beam for mapping. The stage was

positioned at a 25angle to the incident beam.

X-ray fluorescence (RF) was measured using a Si(Li) detector (KETEK) mounted ab45

the incident beam. 2D-Xay diffraction (XRD) patterns were measured using a PILATUS 100K
hybrid pixel array detectd22] mounted 46 mm behind the sample, with a tungsten beamstop in
place Detector tilt and distance to the sample were calibrated by measurement of a silicon
standardNIST640c) and t he angul ar resolution was ap
setup was chosen such that XRF and XRD measurements could be made ag timaearnith

a monochromatic beam of energy 17.300 keV (@&

by matching with standards from the ICSD RPHatabase.

Uranium L, edge XANES (Xray Absorption Near Edge Structure) spectra were recorded by
monitoring t he U LU fluorescence intensity (13. 6"
16.900to 17.90keV, with the incident beam intensityrheasured by an ionization chamber.

Energy calibration was performed with respect to thedie of a yttrium foil (1038 keV).
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Standards of Uglaverage U oxidation state (OS) 4),¥,5Ti,0s (average OS R3]), UsOg
(average OS 5.3R24]), UO;(average OS 6) were recorded. The edge position was determined
as the local maximum in the first derivative of the absonpgpectrum, and is a linear function

of average oxidation state (Appendix BEigure A1.1)[25]. This relationship was used to

determine U oxidation state in unknown samples.

4.2.4 Imaging

By scanning the beam across the sample, maps of XRF and XRatataonstructed. XRF

maps were obtained by monitoring specific spectral regions corresponding to emission lines
from elements of interest as the sample was rastered in the beam. For crystalline phase
distribution (XRD) imaging, powder XRD data were ficsinstructed by summing 2D patterns
across a scanned area and applying azimuthal integration to prociicpattérn for phase
identification. Phases of interest were then mapped by tracking the intensity of Bragg reflections

in the collected patterns aas the scanned area using the software XRDIIA

X-ray absorption mapping@6] of uranium was performed by U fluorescence mapping at an

energy on the absorption edge (17.1677 keV), aquge energy which corresponds to a

specific UQ?* resonance (1195 keV) and normalisation energy (17.5 keV). Maps were
thresholded to remove areas of low counts and reduce noise, then normalised with respect to the
17.5 keV map to reveal areas of contrast in normalisealy)absorption. This is a linear

function of the average local oxidation state (AppendixFigure Al1.1), and was used to

calculate the average U oxidation state across the imaged area. Redox maps constructed at edge

and postdge energies showed excellent agreement and were averaged.

4.2.5 Soft X-ray Mapping

Beamline instrumentation is sufficient to resolve XRF spectra in the range 4 K&¥ keV

and a different system must be used to investigate the distribution of elements with Z < 22 (Ti).
XRF spectroscopy and mapping for these-lbelemens (Na upwards) were carried out using

an Orbis MicreXRF analyser (EDAX Instruments) operating in low vacuum mode. The
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instrument employs a rhodium-pay tube, which was operatedaatoltage of 40 kV and spot

size of 30 pm.

4.3 Results and Discussion

408p 0300 &AASAMperdE AT AOS

Due to the position of sample point 2 4dowrwind of the target, particles from this sample

site comprise settled aerosols and fragments produced on impact of DU with armour plate. This
route of formation and depitisn in near surface sails is a typical path by which DU impact

particulate will enter the environmeli®], and particles from this site are discussed first.

4.3.1.1 Morphology

The size and shape of whole particles and U rich regionsexarained using backscattered

SEM and UX-rayfluorescence imaging. A range of particle types was observed, including
characteristic spherical features (Figure 4.1 and Appendtiglire A1.2) which have been

linked to the melting of metallic uranium undepact condition$5]. Many U patrticles are

found clustered together (Appendix Eigure A1.2B and Al1.2D), suggesting adhesion to and
agglomeration with soil particles and other impact material, which serves to alter the effective
particle size of impaaesidues in soils. The morphology of particles in these soil samples is
consistent with other studies of DU impact material including controlled firing[te$and

particles recovered from conflict zones in the BalH&n®] and Gulf War48].

4.3.1.2 Phase Analysis

Powder diffraction patterns show that uranium in these soils is present maimgnasn

oxides with cubiederived structurg particularly YO,, with a minor fraction of kDg in some

samples. In the transition between similarly structured &@d U0O;, the XRD pattern is

shifted to higher PR 28pShiftstirnseme particleé pattemg with cont r a
respect to the 4D, standard pattern in Figure 1 can be intetgd as slight variations in U/O

stoichiometry, reflecting the heterogeneous,-aquilibrium conditions of formation.
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Figure 4.17 Powder diffraction patterns and corresponding fluorescence maps for surface
DU particles. Samples C and D are deriveddm single particles, whereas A, B and E
include multiple particles in close proximity. Powder patterns are the superimposed sum
of per pixel diffraction measurements made across the area mapped for fluorescence.
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No metallic U, or previously observed nomide U phases such as UC or YB&®] were
observed, showing that all particles wexidised. Compared to previous studies of
environmental materigV, 10, 11] no UQ was found, indicating that uranium in these soils has
been further oxidised either kg impact conditions or as a result of environmental aging. In
particular, YO, can form as a lontived intermediate in low temperature (< 250°C) oxidative
transformation of U@to U;Og [29], which may suggest environmental formation of this

species.

Fe oxide phases are also present in all surface particle samples. Although Fe has been
previously observed as a major element in some DU parf&ldd], and some WFe phases

have been observed (UFF§L0], the close association of Fe oxide phases withpRrticles has

not been previously characterised. It has been hypothesised that the Fe in particles originates
from high temperature interaction with armour materials, and although the close association of
magnetite with U species hints at the incorgorabf armour derived Fe, magnetite is known to
occur in local s0il$30], and could also reflect incorporation or agglomeration with

environmental material.

4.3.1.3 Uranium Oxidation State

XANES spectroscopy can give direct measurements of the oxidation state of uranium and
information on the cordination environment by comparison to well characterised standards.
Spectra for surface particles are showfigure 4.2. The average oxidatidiate in these

particles is 4.7, which is consistent with the majority presence®f determined by XRD.

XANES spectra of samples S1 and S2 closely resemble that of thetdidard, with an

intense and broad white line (labelled A in figure 4.2), andhprent post edge oscillation at
around 17210 eV (labelled C in figure 4.2). These spectra also lack the shoulder feature on the
white line (B), a multiple scattering resonance which indicates the presence of urasfy) (UO
species. Spectrum S3 shows intedmate characteristics, particularly in white line (A) and
shoulder (B) shapes, suggestive of mixed uranium speciation in this sample. This is consistent

with the minor presence of some higher oxides of uranium, suckCas U
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Figure 4.27 Uranium L3 edge tXANES spectra of three surface particle areas (S1, S2

and S3) with UG, and UQ; standards.

4.3.1.4 Phase and Oxidation State Imaging

Speciation mapping of a representative set of surface aerosol particles is shown in Figure 4.3.
Phase identificatiorrém the whole image powder diffraction pattern (Appendixigure

Al1.3) revealed reflections consistent withQJ and WOg, with no other U phases detected. The
distribution of these species was tracked across the sample to give a uranium phase meap (Figu
4.3). Correlating fluorescence and diffraction maps in Figure 4.3, the particles appear to
comprise distinct domains of the two specig®ihnd WOs, probably reflecting high

temperatures of formation, followed by rapid, heterogeneous quenching as the particles are
scattered during impaf®]. XAS imaging agrees well with the U phase distribution, revealing

areas of contrast in U oxidation state lidke the presence of different U oxide species.

This complementary set of analyses shows that speciation of uranium in particles from these
surface soils is very similar to that determined for particles which have not been exposed to the
environmen{5, €]. Although the surface environment at this site is both variably moist and

oxic, conditions which would be expected to promote the oxidation of U(IV) to U(VI), no
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substantial deviation in U speciation from primary oxide phases has occurred. This éndicate
that the potential for remobilisation and possible inhalation will persist, but with little associated

risk of dissolution and transport of U(VI).
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Figure 4.37 Localised speciation imaging of DU patrticles from surface soils. Diffractio
imaging reveds distinct domains of UOg and UsO- species. Average oxidation state
determined by thresholded XAS mapping is consistent with XRD results showing

variation in local U oxidation state in different particles.
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Samples from site 1 have a different environmental history to site 2. Due to their close
proximity to impacts, timbers used in the construction of targets became heavily contaminated
with DU aerosol and fragments during test firing. When the targetsdimmantled, the

contaminated wood was disposed on site in a burial pit.

4.3.2.1 Phase Identification

Particles in sample F (Figure 4.4) have similar phase composition to particles from surface soils,
with UsO; and magnetite present. As for particles imaged above, the dominance of these
primary species in the composition of the particle indicates only minor ajteratitheother

samples howevdfG 1 J, Figure 4.4)a marked change in U speciation has occuand the

uranyl phosphate phase metakoleite (K(UQ)(PQy)-3H,0) is the dominant species present in

all other diffraction patterns. XRF mapping presented in Figure 4.4 also indicates a change in
length scale, with rather uniform uranium distributionsesiped over 100 1000 um rather

than the predominantly < 50 um scale of particles imaged in Figure 4.1. There are also

reflections for quartz, probably from sand grains which may be covered by secondary phases.

4.3.2.2 Morphologies and Compositions

Partides were analysed by SEM and low vacuwXRIF for morphology and lowZ elemental
composition (Figure 4.5). Morphologies were distinct from both surface sample particles and
previous studies of DU contamination. Few characteristic spherical aerosol genitielibs

were observed, and U deposits ranging in length scaleés00 pm with a platy crystal habit

were detected, comparable to U distributions imaged in Figure 4.4. Elemental mapping shows
that the distribution of U and P is well correlated with thekscattered SEM image. These data
support the identification of uranyl phosphate hydrate phases assigned from powder diffraction

analysis.

Due to interference between K KU (3313.8 eV) and
mapping of these elements istipossible using this instrument. Examination of individual

particle spectra (figure 4.5) shows the intensity
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Figure 4.47 Powder diffraction patterns and corresponding fluorescence maps for storage
pit DU particles. Powder patterns are the superimposed sum of per pixel diffraction

measurements made across the area mapped for fluorescence.
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U MU peak varies between sampl es. However, si mi
observed, which may sugdeke presence of isstructral mineral phases such as chernikovite
((H30)2(UO,)2(POy),-6H,0) [31]. As these minerals have similar dissolution behaVji@ly; the

uncertainty in uranium speciation should not have a strong influence on the environmental

source term of U in these soils.

XRF A
CuKCukK

Counts (arbitrary)

0.0 20 4.0 6.0 8.0 10.0
Energy (keV)

Figure 4.57 SEM and scanning pXRF analyses of pit particles. Platy crystals and strongly
correlated distributions of U and P are observed in pit samples, indicative of the formation
of uranyl phosphate alteration product. Normalised and stacked XRF spectra show that
the presence of K varies between particles. Rh and S lines marked in red are from the X

ray tube and sample mounting respectively.

4.3.2.3 Uranium Oxidation State
The oxidation state in particles was conagirusing XANES spectroscopy. In agreement with
the results of phase identification, almost all XANES spectra give U(VI) as the majority

oxidation state. The presence of a shoulder (feature B, Figure 4.6) on the white line (A)
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confirms that U(VI) is preserats uranyl (UG) species, which is consistent with presence of
uranyl phosphate hydrate species. Although U(IV) phases are present in some samples (Figure
4.6), almost all XANES spectra showed characteristic edge shifts and features consistent with
only U(VI). As only a small area (approx. 2 um x 5 um) is probed H$ANES spectroscopy,

this may indicate that residual U(1V) is highly localised in these samples, which would be

consistent with the presence of few remaining primary particles.

U(IV)02 Standard

Normalised Absorption

U(VI)O, Standard

T T T T T T T ]
17120 17140 17160 17180 17200 17220 17240 17260 17280

Energy (eV)

Figure 4.67 Representative uranium L3 edge pXANES spectra of storage pit particles.

Uranium in these soils is mainly in U(VI) oxidation state with small localised domains of

U(lV), as seen in Figure 4.7.

4.3.2.4 Mapping

Figure 4.7 shows fluorescence, diffractemmd XAS mapping for an area containing both U(IV)
and U(VI) species. D, distribution is correlated with high U fluorescence, particularly on the
left of the image, and these concentrated domains probably represent primary particles. Phase

distribution inthe large particle is suggestive of a matékoleite alteration layer which has
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developed around a kernel of primaryQ3. XAS mapping of this particle reveals oxidation
state distributions which agree with phase mapping. Average oxidation state in the central
region is approximately 4.7 consistent with majorigO) and 6 in the rim area, consistent with

the presence of anyl phosphate species.

Point XANES measurements were used to confirm the results of oxidation state mapping,
revealing contrast in speciation between the centre and outer rim (Figure 4.7). In particular,
spectrum X2 has similar character to the,\d@ndrd with a slight offset in edge position,
indicating a minor contribution from U(VI) species in this central region. Both XANES

measurements give very good agreement with the local oxidation state determimedjibg.

4.3.3 Environmental Behaviour
Taking these analyses together, a clear picture of U speciation is revealed in these aged residues,
demonstrating a marked difference between the two sample sites studied, despite their close

proximity.

Particles from site 2 are similar to those foundchamy other studies of DU particulate

recovered from the environmegiit3]. The persistence of U oxide phases suchs&s &hd UOg
reflects the low solubility and mobility of the primary species in surface soils at the Eskmeals
site. However, the marked téfence in U speciation observed in sample site 1 soil highlights
the potential for alteration of U oxide species commonly found in primary DU particles to
secondary minerals in some circumstances. At this site, the geochemical behaviour of U(VI)

phosphaténydrate phases will probably be the main control on the environmental fate of DU.

Uranyl phosphate species have low aqueous solubility at circumneutral pH and, compared to
reduced U oxide phases such as,JRO; etc., are stable under oxic conditig@2]. These
properties have made uranyl phosphates target phases for immobilisation and remediation of
uranium in soil§32] and natural watel83, 34] In the neassurface, oxic conditions typically
encountered by DU impact residues, it may be expectet){hd) phosphate phases will

persist in the environment for a long period of time.
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Figure 4.77 Uranium phase imaging in timber storage area particle. Localised areas of

primary U oxide phases are present, iaddition to a hydrated uranyl phosphate plase

which is not observed in surface samples. XAS mapping of a particle reveals contrast in
oxidation state |linked to phase distribution
6oxidisedd areas (X1) are plotted owmiTheh U(I V)

XAS map in this image was taken at 17.1677 keV only.
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The size increase in U distribution from oxide partictss- 20 um, Figure 4.1 and Appendix

17 Figure Al.2) to metankoleite ¢a 100-1000 um, Figure 4.4 and 4.5) reduces the risk of
resusgnsion and the associated inhalation hazard, and raises the prospect that alteration of
primary U-O phases to low solubility secondary minerals may serve to reduce the immediate
hazards posed by DU contamination at the Eskmeals site. However, it is sibtegpfsem this

study to determine what fraction of the DU inventory is speciated in this way, and what fraction
of the DU inventory is mobilised. This highlights that a more detailed knowledge of the
conditions that promote alteration of DU particulatgdees is required to understand fully the

long term risk posed by DU munitions contamination.

4.4 Conclusions

DU particles exposed to the surface terrestrial environment for longer than 30 years at a UK
firing range were characterised using synchroXemy chemical imaging. Particles in a surface
soil showed little extent of alteration, with U speciated as oxid€s &hd LOs. Uranium

oxidation state and crystalline phase mapping revealed these oxides occur as separate particles,
reflecting heterogemas formation conditions. Particles recovered from the disposal area were
substantially weathered, and U(VI) phosphate phases such aamketaite

(K(UOy)(PQ,) A BDHwere dominant. Chemical imaging revealed domains of contrasting U
oxidation state linke to the presence of bothk@; and metaankoleite, indicating growth of a
particle alteration layer. The environmental behaviour of these species was discussed, and
transformation to low solubility uramghosphate phases may represent a stable chenaitzal st

in surface environmental conditions. More work on the leachability of these phases is required

to understand the impact of this change in speciation on the hazard posed by DU contamination.

This study of DU particles by synchrotronrXy chemical imaigg also serves to demonstrate a
comprehensive methodology for analysing uranium speciation in complex samples with little
destructive sample preparation. The integration of diffraction, spectroscopy and fluorescence
imaging and analysis presents a broataset from which to assess the interaction of DU

munitions residues with the environment, which goes beyond bulk scale inference of speciation
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from methods such as selective chemical extractions and improves on previous use of single
point analysis of pdicles[7, 8, 10] Such an approach may be useful in other systems where
micron-scale resolution of speciation is critical to understanding the environmental behaviour of

complex materials.
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Chapter 5

Determination of the uranium oxidation state in UFeO 4by X-ray

microanalysis of an environmental hot particle 2

5.1 Introduction

Radioactive hot particles are introduced into the environment by a number of civil and military
nuclear events, including nuclear power plant (NPP) accidents, effluent discharges from nuclea
fuel reprocessing and nuclear weapons te$fihgn order to understand the long term
environmental behaviour and health risk posed by these particles, information on
physiochemical characteristics is required such as morphology, radionuclide imardory

major element speciation. These data can also provide information on the formation and origin

of hot particleg2].

In this study, information on the chemical speciation of U in a hot particle containing the ternary

oxide UFeQis obtained from mulitechnique synchrotron-Kay microscopy. Ternary

compounds in the He-O system are of interest in the interaction of uranium wastes with iron

oxides[3Jand as a component of O6coriumbé, the melted re
produced in severe nuclgaower plant acciden{d]. Iron is ubiquitous in structural

components of nuclear reactor systems, and in particular, some modern nuclear reactor designs

employ hematite as a sacrificial barrier in core catcher sygigmSompounds of Fe and U

have als been previously described as minority phases in some hot pd@icles

In the UFe-O system two ternary oxides are known, UEFEQ and UFg0O;[8], the latter

suggested to be stable only at high presgrg]. UFeQ crystallises in an orthorhombic

2 This chapter has been prepared in the form of a manuscript for submission as Alpegssarch work,
manuscript and figure preparation was performed by the author of this thesisth@os Francis Livens

and Neil Hyatt are acknowledged for supervisind advisory input to the content and structure of the
manuscript, and Martin Stennett, Camelia Borca and Daniel Grolimund for assistance with performing
synchrotron microanalysis experiments.

104



system with space groupbcn[7], and asimilarly structured ternary oxide in the@r-O

ternary system (UCrg) has also been synthesised and charactgB8$efihe oxidation state of
uranium in these compounds has been inferred ¥s hy(measurement of a small magnetic
moment on the U atof®, 10]. Pentavalent uranium disproportionates to U(IV) and U(VI) in
agueous systems, and as such is rarely found in geologic mdtetjaldowever, many
compounds of U(V) have been synthesised eharacterised, including some examples of
naturally occurring U(V) minerals, of which wyartite (CAWO,)%(CO3)04(OH)(H,0),) was

the first to be identifiediL2]. The most common eordination environment for U(V) is

typically pentagonal bipyramid§l3], although some structures containing pentavalent U in 8
fold [14] and distorted octahedral environments are rep$tted The U sites in UFefand

UCrQ, are octahedral with differing extents of distort[@n 9].

The high Xray photon flux and small speize achievable with modern microfocus synchrotron
X-ray beamline$15] allows the use of localised-dy absorption spectroscopy (XAS)

techniques to probe the oxidation state and chemical environment of elements in hot particles,
which may not be amenighto regular preparation or characterisation methods. The patrticle in
this study was recovered from soils contaminated as a result of depleted uibium

munitions test firind16]. The use of these techniques provides a direct measure of the uranium
oxidation state to resolve the ambiguity of U valence in UFat@ provide evidence on the
environmental behaviour of this compound. Coupled with refinement of micay Hiffraction

data, and elemental analysis by microfocusa)X fluorescence spectrosgophese techniques
provide an integrated methodology fasn-destructivechemical characterisation of hot

particles.
5.2 Experimental Methodology

5.2.1 Particle Collection
Particles containing DU were sampled from the UK Ministry of Defence Eskmeals firing range,
Cumbria, UK in November 2011 and separated using autoradiography and sample Eifitting

Soil sampling and preparation was described previdi8ly The partiok recovered for this
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study was from DU contaminated soil that has been exposed to ihenement for at least 25

years and comes frorsite 1 soils Figure 3.1)

5.2.2 Synchrotron X -ray Micro -Analysis

Particles were mounted on Kapton tape for microfocuayXcharacterisation experiments
performed at the microXAS (XLO5A) beamline at the Swiss Light Sdlisle The source spot
size was 2 um (v) x 5 um (h), and the samples were mounted cg-arstage at 25° to the
incident beam to allow localisation oifferent areas of interest in the beam. All data were
collected at ambient conditions:rdy fluorescence GXRF) spectra were collected using a

Si(Li) detector (KETEK instruments) placed at 90° to the incident beam.-2dy Miffraction
(XRD) patterns wer recorded using a PILATUS 100K hybrid pixel array detdd®} mounted

46 mm behind the sample with a tungsten beamstop in place -XR®|setup was calibrated
with respect to a silicon standard (NIST 640c), and the angular resolution was approximately

0. 1A 2d. | nci deiRFapduys RDnwasellgy5006rké&V (& = 0.708

5.2.3 Micro -XANES and MicroEXAFS

X-ray absorption near edge structure{(ANES) spectroscopy was performed in fluorescence
mode across an energy range of 16.900 to 1k8U0Energy calibration was performed with
respect to the ¥edge of yttrium foil (17.038 keV).-XANES spectra of uranium compounds of
different oxidation state were recorded to aid interpretation, including U, Uy sY 0.5Ti,Os

(U [14], U;0s (U>*%) [20] and UQ (U®"). Standards were prepared as 3 mm diameter pellets
of ceramic powders distributed in polyethylene glycol (PEG). The edge shift ffotn U**
standards was 3.2 eV and the energy resolution across the edge region was 0.1 eV jmesulting

an oxidation state uncertainty of approximately 3%.

Extended Xray absorption fine structurefgXAFS) spectroscopy was performed in
fluorescence mode at the uraniugeldge. Data were collected across an energy range of
16.900 keV to 18.000 keV. RawAS data were processed using the program Atfiztjao
remove the absorption edge background. EXAFS data weralsslfption corrected with an

idealised composition of only UFge@sing the Troger algorithm implemented in Ath§h,
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22]. Theoretical backscattering path phase and amplitude functions were calculated using FEFF
6 and fit to the data using the Artemis/IFEFFIT software packige23] Fits were performed
to Fourier transformed Rpace data with-weights of 1, 2 and 3 todece parameter

correlation.

5.2.4 Chemical Imaging

Rastering of a sample in therdy microbeam allows for maps of spatially resolved chemical
information to be constructed. Elemental distributions were mapped by monitoring regions of
the XRF spectrum eeesponding to emission lines of interest whilst the sample was moved in
the beam. Phase distributions were similarly mapped by monitoring the intensity of Bragg

reflections corresponding to phases of interest, using the software XA

The spatial distribution of uranium oxidation state was determined usifgfs&mapping
approach16, 25, 26] Maps of absorption eefficient were constructed from}RF maps at

two energies in the Ui XANES region (17.168 keV and 1IB5keV). The mapsvere divided

by the incident Xray intensity (§) to give distributions of Xay absorption. The maps were
normalised to absorption at a pestge energy (17.500 keV) where there is minimal contrast
between different chemical states. The oxidation stasecakulated from the pgixel

absorption coefficient with reference to a linear calibration relationship derived from uranium
standard spectra. Maps of oxidation state at both energies showed good agreement and were

averaged.

5.3 Results and Discussion

5.3.1 Synchrotron X -ray Chemical Imaging

X-ray chemical imaging was used to probe the distribution uranium species in a set of DU
particles recovered from contaminated soil on a UK firing rgh§p Areas containing uranium
were localised using XRF mappgiifFigure 5.1a), and the distribution of U species analysed by
oxidation state and XRD mapping (Figure 5.1c, 5.1d). In this study, a particle containing UFeO

was characterised after first being localised and identified by this chemical imaging approach.
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Figure 5.1d shows an approximately circular domain of UFe&ih a similar shaped region of
elevated fluorescence intensity observed in both uranium and iron elemental maps (Figure 5.1a,
5.1b). These distributions suggest a spherical particle, whichoimian morphology for
residues formed from the firing of DU munitions against hard targetgpanelting of metallic
uranium[17]. Such particles have been observed previously in soils from thjd jt&8]
Reflections mathing a mineral of the me&uunite groupwith monovalent interlayer cations
(X" (UO,)(PQ,)-3H,0) were also present in diffraction data, and this phase appears to be a
widespread alteration product formed from partial weathering of DU patrticles in the soil, as
described in Chapter 4 (Figure 5.1@%]. Previous work (Chapter 4) has shown this teibiger
metaankoleite (K(UQ)(PQ,)-3H,0) or chernikovite (HO(UO,)(PQy)-3H,0) by #XRD and
XRF.

Uranium Fluorescence Intensity Cou?ct: Iron Fluorescence Intensity ~ Counts x10°
X

Figure 5.17 U and Fe Xray fluorescence (a,b), uranium redox (c) and crystalline uranium
phase (d) chemical imaging of a DU particle containing UFeQ(X"(UO,)(PO,)-3H,0) is a
mineral of the meta-autunite group, where X is a monovalent cation.
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Mapping of uranium oxidation state provides information on U speciation in the sample. Areas
of U(VI) correspond well to the distribution tife meta autunitgroupphasein the sample,

whereas the central region has a reduced composition which correlates well with the distribution
of UFeQ,. The oxidation state varies in the range 5.554 in this domain, consistent with the

presence of pentavalent U in URed3 siggested by Bacmaret. al [10].

5.3.2 Microfocus X-ray Diffraction and X -ray Fluorescence Spectroscopy
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Figure 5.27 Le Bail fit (solid line) to X-ray powder diffraction data (points) from a DU
particle, with difference profile below (lower solidline). Tick marks show allowed
reflections for the refined UFeQ and meta-autunite group mineral (X*(UOy)(PO,)-3H,0),
which was initially modelled as metaankoleite (X" = K*). The raw 2D pattern shows

incomplete rings due to low numbers of randomly orieted crystallites, which prevents a

full analysis of the crystal structure.

109



Figure 5.2 shows powder diffraction data extracted from the DU particle in the centre of Figure
5.1a; the pattern was obtained by summinggbeel XRD data over the particle aeThese

data show that the main phase present in this particle is J®#® a minor contribution from

a secondary uranyl metaitunite phase, which was modelled as ragteleite[27].

U-Fe phases are thought to be produced by high temperature intesgdt~ 3000°F28])

which arise on impact of DU munitions with steels in armour plate. Laves phases such as UFe
have been observed in DU resid{@s and UFe@can form as a minority high temperature
oxidation product of this pha$29]. In this parttle, however, the lack of other Ufaxidation
products (such as U@r FeO[29]) suggests that UFg@rms as a primary species. The
presence of a UFeQarticle in these soils shows that this phase can persist in oxic, variably
moist surface environmenbnditions, which may be expected to promote oxidation of uranium

(V) phases to U(VI) species.

Quantitative analysis of powder diffraction data was performed using a Le Bail intensity

extraction metho@B0]. A low number of randomly oriented crystalliieshe particle was

evident as Ospotsd rather than full rings in the
angular position of reflections is unaffected, this limits a full structural analysis (e.g. by Rietveld

refinement) as the intensity téflections in the pattern is distorted. This has been previously

noted as a problem in the refinement eKRD data[31].

The Le Bail method removes the link between the model structure and peak intensities, and
allows unit cell parameters to be refingithout a structural model, independent of preferred
orientation effects. However for low symmetry systems this approach may incorrectly resolve
closely spaced peaks, as intensities are not constrained by a structurdl32jodel overcome

this, the reslis of Le Ball fitting are recommended to be compared with results from fitting to a
structural model, even if this is imperf¢82]. In this study good agreement betweerBad

refined unit cell parameters (Table 5.1) and a limited Rietveld analysésr{dashown) was

observed.
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Table 5.17 LeBail refined unit cell parameters for the two uranium phases identified by
powder diffraction. There is good agreement with the published unit cell values for
UFeQ;. Unit cell parameters for the unknown metaaunitite group mineral
(X*(UO,)(PO,)-3H,0) suggest that it is Chernikovite, (HO(UO,)(PO,)-3H,0).

Uncertainty in the last figure of refined parameters is displayed in brackets.

Fraction Volume
Phase 1 a(A) b (A) c (A)
(wt. %) (A3
UFeO4 Refined 95.91(4) 4.8930(5) 11.9065(8) 5.1086(5) 297.62(5)
UFeO4 Bacmann _ 4.888 11.937 5.11 298.15
et. al.[7]
Fraction Volume
Phase 2 a(A) b (A) c (A
(wt.%) (A?’)

(X*(UO,)(PO)-3H,0) Refined 4.10(5) 7.0265(6) 7.0265(6) 18.0275(4) 890.06(14)

Meta-ankoleite Fitch et. al - 6.994 6.994 17.784 869.87
[27]
Chernikovite Ross[33] - 7.020 7.020 18.086 891.29

The pattern was a=6el§ Bat127%yR =639 withcbnéributionss
from UFeQ as the majority phase (95.9 wt @)da minority presence of a secondary phase
(4.1 wt %) modellednitially as metaankoleite [27] The good agreement of the refined and
published unit cell values for UFe{J] gives quantitative identification of this species in the

particle, and allows ceelation of Xray spectroscopy data with the published structure.

Refined unit cell parameters (Table 5.1) for the secondary phase show good agreement with the
structure of chernikovite (#)(UO,)(PQy)-3H,0 [33], which has a larger unit cell thameta

ankoliete [27] Meta-autunite group minerals (RUO,)(PQ,)-3H,0) have layered uranyl and
phosphate polyhedral chains with interlayers of water and different catiGnsvXch allows
discrimination based on the unit cell size. The slight contraatitine c axis compared to the

published structuref chernikovitemay indicate a minority solid solution with medakoleite.
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As discussed ihapter 4, although the interlayer cation composition is different,-meta
ankoleite and chernikovite have simitiissolution characteristics, and their environmental
behaviour will be similar. The elmcation of minor amounts of chernikovite in this particle may
suggest weathering of the UFg@hase. However, the majority of the remaining particle (95.9
wt %) is stil composed of UFeg) indicating environmental stability over the > 25 year period

of exposure to the surface environment.

10° -
] Ula,
Fe K ﬂ
5 Ul_(l1
10 3 I Escape
Peak
§5| UM W
=2
© 10" -
) 3
CrK n
103-E
102 1 1 1 1

O 2 4 6 8 10 12 14 16 18
E nergy (keV)
Figure 5.371 Qualitative XRF spectrum of the particle from Figure 5.1 in which maximum
counts f(48x10) ladd,E2x1U c ompar e d(6.3xd06) Ddicat& U

that the U ternary oxide phase is UFeQrather than UCrO 4. The excitation energy was

17.500 keV.

Due to the structural similarity between UReadd UCrQ, qualitative XRF spectroscopy was
performed to confirm the identity of the primary U species. Figure 5.3 shows that the patrticle is

composed mainly of U and Fe, with only trace levels of Cr present. This result compares well
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with the refined unit cell pameters which are in good agreement with the presence of,UFeO

only.

This XRF data cannot be used to distinguish chernikovite from-amialiete by because of
interference between U M (U Mb = 3339.8 eV)
ideni fy the presence of K, the ratio of peak i
intensity ratios are higher for MU/ Mb emissi
XRF spectroscopy using beamline instrumentation is not sufficieestaive separate peaks in

the 307 3.5 keV range, which prevents confirmation of secondary phase identity.
5.3.3 X-ray Absorption Spectroscopy

5.3.3.1 XANES

XANES spectra of the DU particle and U oxide standards are shown in Figure 5.4. The sample
spectrum shows closest agreement with the U¥)sY 05Ti1,0¢) standardalthough self

absaption effects are evident, particularly in the dampening of white line aneedgst

oscillation intensitiesThe T' derivative of XANES spectra shows that the pigeemaximum

(A) is of similar magnitude and the inflection point (B) is of similar position to that of
UpsY05T1-0s, Which contains uranium in average oxidation state +5. A linear relationship
between edge inflection energy and oxidation state was established from standard spectra, and

interpolated to calculate a U oxidation state of +4.9 = 0.15 (3%) in the sample.

Although damped by sedfbsorption, near edge structure suggests a U chemical environment
distinct from that observed in Y@nd UQ (Figure 5.4). In particular, the multiple scattering
resonance at an energy-18 eV greater than the white line observethin UQ spectrum,

related to multiple scattering in the linear uranyl U(V/VI) structural unit (O=U0Owas not
observed in the sample spectr[84]. The strongest post edge oscillation occurs at a similar
energy (17230 eV) to that of the nraranyl U{) standard, and agrees well with other

published XANES spectra of U(V) compour{d4, 35] The use of XANES spectroscopy
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provides direct evidence for the presence of U(V) in Uf-e@porting earlier inferences of

Bacmanret. al.[10].
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Figure 5.47 U L;; XANES Spectrum of a UFeQ patrticle plotted with spectra of reference
compounds UQ, Uy Y 5Ti,0s and UQs. First inflection intensity (A) and edge inflection

point position (B) indicate the average U oxidation state is close to+5 in the sample.

XAS mapping (Figure 5.1c) provides a more rapid method than XANES analysis to determine
the spatial variation in oxidation state. Agreement between the oxidation state determined by
XANES (+4.9 £ 0.15) and XAS redox mapping (particle average +5.2 + 0.15) ieslizat
pentavalent U oxidation state throughout the particle. XAS mapping also reveals that the +5
oxidation state is homogeous in the particle (Figure 5.1c), and agrees well with the

distribution of UFeQdetermined by XRD phase mapping (Figure 5.1d).

5.3.3.2 u-EXAFS Analysis

Calculation of backscattering path amplitude and phase shift was based on the crystal structure

of UFeQ, determined by Bacmarjid]. The krange used for analysis was limited by energy

dependence of the microbeam posifi88] to 228 A* ( pk 3, &s af higher k movement of

the beam across tbncentratiorgradients in the sample introduces additional oscillations into

the data. The Fourier transform R space resolution for distinguishing individual scattering paths
isequivalenttd i ndependent dat B7].singthiscrifedonlidgfor = °~ /2 pk)

this data is equivalent to 0.262A, with a total of 9.73 independent data pajgtsn(the R
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rangeof1.23. 75 (R = 2.55 ) us ed rompherhikovite i ng .
were included in the fit as the contribution of this phase to the composition of the particle was

determined by XRD to be small (4.1%, Table 5.1).

Table 5.21 Structural parameters determined by EXAFS analysis, uncertainty from

fitting is shown in brackets. A total of 5 parameters were fit to 9.73 () independent

variables.

Shell Path N R(A) a° (A9 Global Parameters

1 021 6* 2.148(14)  0.0031 (11) | pB(eV) 2.1 (1.3)
S?A 0.95

2 Fel.1l 1 3.274(16)  0.0036(16)

2 0 1.2 2 3.288(16)  0.0036(16) | Goodness of Fit

2 023 2 3.667(18) 0.0036(16) |Re d & 6.72

2 Fe 1.3 6 3.735(19)  0.0036(16) | R (%) 1.45

*Co-ordination number increased from crystallographic value to account for averaging of
multiple indistinguishable paths.
Asy* fixed to 0.95

yAv e r afigfer alllsecond shell paths.

Figure 5.5 shows thée’ kveighted EXAFS spectra and fits for k and R space from the YFeO
particle, with the fit detailed in Table 5.2. The intensity i3gace is consistent with the

published sucture of UFeQ@ with an intense and broad second peak arising from a number of
scatterers in a complex second shell. Although the published structure of id&ie@tes U in a
distorted octahedral enrdination, the Rspace resolution offered by XAFS( R = 0. 26 2
analysis shows this as a single intense peak in at 1.55 A (Figure 5.5), corresponding to an
average WO distance of ~2.15 A with phase correction. This shell was fitted using

backscattering phase and amplitude terms calculated for the mpattiléength (R= 2.155A),

with the path degeneraci) fixed at 6 instead of 2. The EXAFS path length for this shell was

refined to 2.148 + 0.012 A (Table 1), representing an average of@ediktances in the
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distorted first shell geometry. This agreeasl with the mean crystallographic JRJ-O distance

calculated from the published structure of UF&®= 2.149 A)[7].

e Data — Fit — Fitting Window
2.0

R(A)

Figure 5.57 Uranium L, edge EXAFS spectra from a UFeQparticle. Left i background
subtracted k-weighted EXAFS spectrum.Righti Fourier transform magnitude (k>

weighted).

The second cordination shell in UFegis apparent as a broad peak in tREXAFS data in

the region 2.5 3.7 A. The crystal structure shows this is expected to comprise 2 distinct O

subshells and 3 Fe suledls. However, the close spatial relation of these paths and the limited

number of available independent data pointg,éN9.53) mean it is not possible to resolve

individual EXAFSpR)arfaome ttehresse( Gpat hs. EXJHr the secor
changes in path length were described with a single scaling factor multiplied by the path length,

and a single mean s q 0 aaseskd. phistwb patamategrhotel forthe i at i on (
second shell allows a reasonable fit to the data andotixin of useful chemical information

from the first shell, in particular the averageddistance as discussed above. This value can be

used to confirm the oxidation state of U in UR&® bond valence sum analysis.

5.3.4 Bond Valence Sums
The bond valence sum method can be used to calculate element oxidatif88thesed on
the principle that the bond length is a function of valence. The exponential parameterisation for

cation bopwaswsedt ence (3
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’ BAGEY Y 16,

where R; is the measured bond length, iRa reference bond length for unity valence and B is a
constant. Values fdR, (2.051 A) andB (0.57) were used from Burmes. al[13], derived
specificallyfor distinguishing valences of uranium. Using these paiensidond valence sums
for well characterised pentavalent uranium compounds fall in the range 6f 3.32[13]. In
UFeQ, the EXAFS refined bond length is 2.148 + 0.012 A, corresponding to a U valence of
4.96 + 0.13. This is in close agreement withuwakie determined by XANES analysis (4.97 £

0.15), consistent with U in the pentavalent oxidation state.

Bond valence sum analysis may also be applied to bond distances calculated from the published
crystal structure. The uranium first shell distortethhedral hag U-O bonds at 2.048 A, 2-U

O bonds at 2.183 A and 20 bonds at 2.217Avhichgive a bond valence sum of 5.00, in

excellent agreement with the oxidation state of U determined by XANES and EXAFS for this
particle. A corresponding Fe valenceynadso be calculated using the published strudtae

the oxidation state of uranium has been determined as U(V), bond valence parameters for
Fe(ll1)-O bonding were used R 1.759 A, B = 0.37)38]. The bond lengths are 2 ¥eat

1.992 A, 2 FeO at 2.63 A and 2 FeD 2.091 A, which results in an Fe valence sum in UFeO

of 2.78 These analyses give indication that the cation pair in LUs&@V)/Fe(lll).

5.4 Conclusions
The presence of ternary U oxides in DU particles is indicative of extemgeratures and
pressures on impact with a hard target, and the absence of other Fe and U oxide species in this

particle suggests a primary formation mechanism for UFeO

The oxidation state of uranium in UFg®as determined as U(V) byfacussynchrotron

chemical imaging, tXANES and HEXAFS spectroscopies. Unit cell parameters of UFeO
were refined by Le Bail fitting of powder XRD data, revealing values consistent with the
structure of UFeQdetermined by Bacmarat. al in 1967[7]. This streture was used as an

input to calculate EXAFS path amplitudes and phase shifts, which were found to fit well to the

117



data. Bond valence analysis of the EXFAS refine® Uond and of the U and Fe sites in the
original structure suggests a'lFe** couple, ad confirms early studies of UFe@ which

U(V) was inferred9, 10].

The occurrence of UFe@ environmentally aged particles demonstrates the medium term ( >
25 year) stability of this phase @&m oxic and variably moist surface environment. This is a
somewhat surprising result for species containing pentavalent uranium, and demonstrates that
this oxidation state can be stabilised over long terms in oxic environments. The environmental
stability of UFeQ s of interest in understanding the behaviouamainium materials formed

under extreme conditions, sucbriummelts formed imuclear power plant accidents.

This study demonstrates the utility of microbeama)X experiments to extract chemical
information from challenging samples by a range of cometgary analyses, which may be of
interest to characterisation of secondary minerals, alteration products and other materials for
which bulk samples are not available for conventional characterisation regimes. This approach
is particularly suitable for radactive hot particles as and ndastructive, thereby preserving

the limited sample for other analyses and allowing safe containment of the material.
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Chapter 6

Remediation of soils contaminated with particulate depleted

uranium by multi stage chemical extraction 3

6.1 Introduction

The development and deployment of armour piercing depleted uranium (DU) munitions has left
a legacy of contaminated land in conflict areas and at tesfHit&hese areas may require
long-term management and in some cases decontamination could be necessary to release the

land for further use, or minimise risks to public health and environmental quality.

When a DU penetrator strikes an armoured targeB520(maximum ~70%) of the mass is

convertedto aeros@]wi t h medi an aer odyn a3hiUaniunmimetaiet er of
used in DU munitions is pyrophoric and oxidation of fragments and aerosols occurs on impact,
typically producing U@and WOg as the donmiant speciepd-7]. These oxidised particles settle

in the surface environment close to DU impact sites, and have been observed in soils from

Kosovo and Kuwaif8, 9] as well as at test firing ranggq. DU is also introduced into the

environment as inta@enetrators which undergo corrosf@f], and in accidents such as fires

[6]. This study focuses on the remediation of soils contaminated with DU impact particles,

which due to their prevalence in the near surface represent the most likely routetefmear

exposure for populatiorjd1].

The effective remediation of land contaminated with DU particles is aoimg challenge. If
contamination is heavy, e.g. at US army firing rari@@$and some accident sites in Kuwait
[6], bulk soil is disposed of aadioactive waste. This involves considerable expense, and

methods to decontaminate bulk soils and separate DU contamination into a smaller volume are

% This chapter has been prepared as a manuscript andeté@ppublication in thdournal of

Hazardous Materialsand is reproduced here under the creative commons attribution licendgY(CC

The published article can be foundchétp://dx.doi.org/10.1016/j.jhazmat.2013.08.088 research work,
manuscript ad figure preparation was performed by the author of this thesiau@mrs Francis Livens

and Neil Hyatt are acknowledged for supervision and advisory input to the content and structure of the
manuscript, Martin Stennett, Camelia Borca and Daniel Grolihfionassistance with performing
synchrotron microanalysis experiments and Mustafa Sajih for assistance and discussions regarding
autoradiography and SEM experimental design.
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therefore attractive. Physical separation routes such as sieving have shown to be ineffective due
to redstribution of U from weathering processes and agglomeration of DU aefb2pls

Separation systems based on radioactivity are only useful for large fragments of penetrators due
to the low specific activity of D13, 14] Chemical extraction could overoe these

limitations for aerosol contamination by leaching DU phases from the soil. There are reports of
effective chemical leaching of DU munitions contaminafit®17]1 however, this has only

been applied to a small number of sites and more comprebatata on the effectiveness of
chemical extraction to DU dusts across a range of environments is required. In this study
chemical extraction is evaluated as a decontamination approach for two DU laden soils from a

UK firing range at Eskmealg, 18]

Dewntamination by soil leaching has its basis in extraction of U from ores, where sulfuric acid
or bicarbonate are common leaching agghis 19] Additionally, citric acid has been studied

due to its strong aqueous complexation of uranyl 0], low toxicity, low cost compared

to other organic extractan®l], and potential for controlled degradati@2, 23} Under

alkaline conditions, bicarbonate is modestly selective for uranium and causes less mobilization
of other metals (e.g. Fe, Zn, Mn) frails than under acidic conditiofis7, 22] Reported
efficiencies for carbonate extraction range fronm 2%% of total soil DU15, 24]depending

on the site, demonstrating that local geochemical conditions influence the leaching performance.
Site spedic DU extraction by citric acid has a comparably wide range in efficiency 9250

total soil U)[15, 22] and sulphuric acid has also shown to be effective across a small number of

sites[17].

In this study, the efficiency of chemical extraction fecdntamination of DU munitions

particulate at two sample sites from a UK firing range was evaluated. The aim was to use
microscopic techniques for particle characterisation alongside bulk scale extraction experiments
to provide a basis for improving thefiefency of extraction by process modifications. Particles
from these sites were characterised prior to treatment by scanning electron microscopy (SEM)

and sequential extraction to provide information on the initial geochemical disposition of U at
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these dies. Following batch extraction, remaining particles weredestructively

characterised by SEM and synchrotromay micrespectroscopy and micwdiffraction. These
techniques were used probe U behaviour in residues, and thus link residue particteeprope
with extraction efficiency. These data were then used to develop a more effective extraction

methodology.

6.2 Experimental Methodology

6.2.1. Site and Soil Sampling

° Site 1
N VJButt [[ ]
/
Site 2
®
Site 3 ® Firing
Direction
A/Prevaiﬁng
Wind Direction*
' 1 Firing
100m d] Point

Figure 6.17 Schematic of sampling locations within the VJ facility at MOD Eskmeals. The
target and firing point are on a concrete apron. *Prevailing wind direction adapted from

Oliver et al [18].

Eskmeals in Cumbria, NW England, is a UK Ministry of DefeMOD) firing range that was

used in the development and testing of DU weapons from the 1960s to 1995. The area around
the DU firing range (named the VJ facility) was exposed to fragments and aerosols from
impacts, and approximately 3 ha is designated @ontrolled Radiation Arga8]. Soils from

the site are useful for a remediation case study as contamination at the site has been well
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characterised, is relatively undisturbed due to the restricted access and results from a constant,

controlled firingdirection[7, 18, 25]

Samples of soils from within the VJ radiation control area at MOD Eskmeals were collected in
November 2011. Sampling was conducted in three areas (Figure 6.1); Site 1 is a storage area for
contaminated timbers used in the constarctf targets, Site 2 is adjacent to a concrete apron

area downwind from the target, and Site 3 comprises a spoil heap of disturkssil $tdm

post operational construction at the site. In all cases surface vegetation was removed and soil to
a depth 0D.15 m from an area of approximately 0.0%otal soil volume ~3 L) was sampled

into plastic bags, which were sealed for transfer to the laboratory.

All samples were air dried at 40 °C and sieved to remove particles above 2 mm. The remaining
soil was hanogenised by hand, divided into representative portions using the cone and quarter
method, and dry stored in sealed containers under ambient conditions. DU particles were
localised for spectroscopy and microscopy using a sample splitting technique and
autaadiography[7]. Soil pH was measured in 1.5 soil:water extracts shaken for 2 hours [18]

using a WTW pH 315i (Expotech).

6.2.2. Sequential Extraction

The sequential extraction procedure follows the BCR sclig@las it has been previously
applied to uraium speciation in soil25-27]. The BCR scheme has three steps in which the
speciation of the element of interest is defined as exchangeable, reducible and oxizii$able
The residual material is then analysed by total digestion or aggressive acidgdach

determine the mass balance.

Here the residual phase was evaluated by repeated digestion in hot nitric acid. Triglicate 1
samples of dried soil from site 1 and site 2 were studied for U partitioning (Table 6.1). After
each extraction step, tkample was centrifuged for #@ins at 4000, the supernatant taken to

dryness and then made up to 5ml in 2% HN®tal DU soil concentration was evaluated by
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subjecting triplicate 3y samples of fresh soil to step 4 only, as described previougg[[All

extraction phase U concentrations were determined BAESP.

Table 6.17 Sequential extraction reagents and conditions. For more detail, see the BCR

extraction scheme as described by Uret al. [26].

Step Extraction Procedure

17 Exchangeable 40 ml 0.11 mol/l acetic acid, b.

2 - Fe/Mn Bound 40ml 0.1 mol/l NHOHHCI acidified to pH = 2 with conc.
HNO;, 16h.

31 Oxidisible 10 ml 30% w/v HO,, 1 h at room temperature aridh at 85C.

Solution taken to dryness and repeated. Residue reacted
overnight with 50ml ammonium acetate, acidified to pH = 5
with conc. acetic acid.

47 Residual 10ml 8M HNGO; at 80C for 4h. Residue taken to dryness an

repeated.

6.2.3. Batch leaching

Dried soil was subsampled using the cone and quarter meth@dnaask of 3 taken for each
leaching experiment. Initial soil activity was determined by autoradiography. Triplicate 10ml
leaching experiments were prepared with solutions of 0.5MH@O®;, 0.1M citric acid and

0.1M H,SQ,, conducted in sealed Bl vials with an air headspace. Samples were left to react
for one week at ambient temperature with agitation on a shaker table. After reaction, the
supernatant was separated from bulk soil by filtration, followed by acidification to pH 2 with
concentrated nitric &t and analysis by IGRES. Residual soils were dried and remaining soil
activity was determined by autoradiography. For site 1 samples, the residue from batch

extraction was subject to step 4 (Residual) as described above.
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6.2.4. Solid and Liquid Uranium Concentration Analyses

Bulk soil activity was determined natestructively by autoradiographyglsoil samples were

spread onto 8 cm diameter filter papers and exposed to a phosphor storage screlendiod 21

the screen read using a phosphor imager (Typhoon Imager, GE Healthcare). The pixel intensity
across each sample was summed, along with an equivalent background region of the plate,
allowing estimation of total radioactivity. This process was repdaggore and after

remediation experiments. The decontamination factor, as used here, is defined as the amount of
radioactivity (determined by autoradiography) removed from soil divided by the initial activity,
and is equal to 1 for complete decontaminatand zero for no decontamination. The
decontamination factor was also calculated using extracted U mass in the leachate and residual
U mass by acid digestion (Step 4, Table 6.1) for site 1 samples. Good agreement between yields

measured by these two teitjues was observed.

Leachate uranium concentrations were analysed by inductively coupled plasma atomic emission
spectroscopy (ICRAES) on a PerkifElmer Optima 5300 dual view IGRES. Standards were
analysed at 0.1, 0.5, 1 and 10 ppm U, prepared byatilof a 1000 ppm standard solution

(Sigma Aldrich, UK). Matrix matched samples for each remediation experiment were analysed

at 1, 5 and 10ppm. Analysed U standards were within 3% of the expected value.

6.2.5. Environmental Scanning Electron Microscopy ( ESEM)

Scanning electron microscopy was used to investigate particle morphology and composition.
Samples were mounted on adhesive carbon pads and were not coated prior to analysis. The
ESEM (FEI XL30) was used in high vacuum with accelerating voltage &f @itk back

scattered electron (BSE) imaging to identify areas of high atomic number elements. The
composition of highZ particles identified by BSE imaging was investigated using Energy

Dispersive XRay (EDX) analysis.

6.2.6. p-XRF, #XRD and -XANES
Syrchrotron radiation microfocus-Kay analyses were conducted at the MicroXAS (XO5LA)

beamline at the Swiss Light Source (SLS). The photon energy ranjiei kKeV, and the
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beam line can deliver monochromatierys by means of a Si (1 1 1) double crystal
monochromator. In these experiments, the spot size was approximately 5 um (h) x 2 um (v).
Samples were mounted on a motorisedzstage which allows scanning in the beam for
mapping. The stage was positioned at a&2fgle to the incident beam. Samplesrevmounted

on carbon pads or Kapton tape.

X-ray fluorescence (XRF) was measured using a Si(Li) detector (KETEK) mountedtat 45

the sample stage. XRF spectra were monitored to localise particles containing U in the beam for

analysis. Xray diffraction(XRD) was measured using a PILATUS 100K hybrid pixel array

detector{29] mounted 46 mm behind the sample, with a tungsten beamstop in place. The

detector tilt and distance to the sample were calibrated by measurement of a silicon standard

(NIST 640c) Phaes were identified with reference to the ICSD EDdatabase records, and

the record numbers are given in the corresponding figures. The experimental setup was chosen

such that XRF and XRD measurements could be made concurrently, with a monochromatic

beamof energy 17. 300 keV,dg (E=10166/keé\vgXANES(X Ur ani um L
ray absorption near edge structure) spectra were recorded in fluorescence mode by recording the

U LU emission (13.614 keV) and tunl7.80gkeV.he monochr

Energy calibration was performed with respect to thedige of a yttrium foil (17.038 keV) and

fluorescence XANES spectra of standards ofUB0s and UQ were also recorded.

6.3. Results and Discussion

6.3.1. Soil Characterisation

6.3.1.1 Bulk Soil Properties

A soil sample from a nearby soil horizon was characterised for local bulk soil characteristics
including mass particle size distribution, cation exchange capacity, and total organic carbon

using standard techniques (Table 6.2) [E}ils from the area are characterised as raw dune
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sands [7,18]. Site 1 soil pH was 5.5, Site 2 was 7.6 and Site 3 was 6.5. These agree well with

previously published soil pH data in the range-5/@8 [18] for the Eskmeals site.

Table 6.21 Bulk soil particle size distribution and organic carbon for Eskmeals area soil.
The soil total bulk organic carbon was 0.2%, and cation exchange capacity (CEC) was

determined as 0.6 Meq / 100 g.

Size Fraction (um) % Mass Abundance % Organic Carbon
250-2000 2.1 15

125250 87.7 0.03

631 125 7.8 0.2

32-63 0.7 1.1

271 32 1.4 6.4

<2 0.2 10.6

6.3.1.2. Total Uranium

Soils from sample site 1 have the highest level of contamination (320 + 40 mg U/Kkg), with
approximately an order of magnitude greater uranium butdeansample site 2 (37 + 4 mg

U/kg). Background concentrations of U around the site are reported betwéeh Diag Ukg

[25], close to that measured at site 3 (2.2 £ 0.5 mg U/kg). The higher concentration in site 1
soils is probably linked to the stoegf heavily contaminated timbers from the target hutch,
whereas site 2, located downwind from the target, is more typical of DU contamination arising

from settling and scattering of impact partidek

Site 2 is in a si mil asrstudied previousi@w8h andthe i Pad Edge
concentration is of similar magnitude to the reported concentrations in the ran@er8h&)

U/kg [18, 25, 31] Higher concentrations and large variation reported in some sample sites close
to the firiardg ERI&@a82 B2 red)/Kg [fiL8) were not observed in this

study, which suggests that the pattern of contamination at the site is highly spatially

heterogeneous, spiot 80l ofalkil eevdt@loDU concentr
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6.3.1.3. Scanning Electron Micro scopy

Electron microscopy was used to study the morphology, microstructure and elemental
composition of DU aerosol particles in the soil samples. Features which appeared bright in
backscattered electron (BSE) imaging were examined for elemental compdisiteDX

analysis.
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Figure 6.27 Backscattered micrographs and EDX spectra of DU particles present in
Eskmeals soil from sample site 1 (a)land sample site 2 (c). DU rich patrticles appear
brightly in BSE imaging, and the presence of U in these areas was verified by spot EDX
analysis. The X in micrographs shows the position of the electron probe during EDX data

collection.
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Aerosol particleproduced by U impact often have a characteristic spherical primary
morphology linked to melting of metallic U during high temperature impact efgniBarticles

with this characteristic morphology were observed in soils from both sample sites (Figure 6.2
The size range, morphology and elemental composition of particles observed in this study are
broadly similar to those observed in live firing tggts32] and from conflict zonegb, 6, 33] In
addition, Urich areas with platy crystal habit were olvset in soils from site 1 (Figure 6.2b)
suggesting formation of secondary phases as a result of particle weathering, consistent with

characterisation of these soils in Chapter 4.

In some cases, large numbers of DU particles were observed adhered t@Gla@fepm)

siliconrrich particles, probably sand grains, the surface of which is shown in Figure 6.2c. This is
a complicating factor for remediation by physical separations such as siealthgugh DU

particles have a characteristic size range (<15[@th,adhesion processes make it impossible

to effectively separate these particles in soil fines fractions, which may explain the poor
reported performance of particle size based physical separation processes for DU

decontaminatiofil2].

6.3.1.4. Sequential Extraction

The fraction of U extracted in each step of the sequential BCR scheme is similar in both soils
(Figure 6.3), despite an order of magnitude difference in the total U concentration. This
indicates that at both sites the bulk geochemical bebawif the DU contamination is similar;

with most of the inventory partitioning into BCR defined oxidisable and residual phases. These
phases require aggressive extraction conditions for solubilisation, indicating that the majority

(~75%)of the U inventoy is chemically resistant to dissolution.

Although the BCR oxidisable soil fraction is normally interpreted as species bound to sulphides
or organic mattef26], this interpretation is not valid for samples containing U@¥ide
phases, which are reagd#olubilised by HO,[19]. As primary particle morphologies are

observed in both site soil samples (Figure 6.2), it would be expected that a substantial fraction
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of primary U(IV) phases persists in these soils, consistent with the abundance of oxidisable

uranium at both sample sites.
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Figure 6.37 U fractionation between operationally defined speciation classifications for
two soils at the Eskmeals site. Total U is 320 + 40 mg / kg for Site 1, and 37 £ 4 mg / kg for

Site 2. Error bars are one standard deiation of triplicate analyses.

The presence of U extracted in exchangeable and reducible fractions suggests that some U(VI)

alteration products are present, as U(IV) oxides exhibit low solubility irorihsing acids

such as acetic acid and wittducing agents such as p®H-HCI. U(VI) oxy-hydroxide species

are a typical corrosion product of DU(IV) phases in oxic surface moist environjg@éhesd

are readily solubilised by acetic a¢8b], and may account for the minor (6%) exchangeable

fraction of the U inventory. The reducible soil fraction accounts for U bound to poorly

crystalline Fe/Mn phases, and comprises approximately 20% of the total U at both sites.

Processes such as sorption anghieipitation of U(VI) with Fe(lll) hydrous oxideshich can

occur in U contaminated environments, would produ

in these soil$36]. Although there are uncertainties in the selectivity of BCR extraction
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reagents, the results for the exchangeable and reduciblefiegive a first order estimate of

the extent of labile U(VI) species as approximately 25%.

6.3.2. Remediation of Contaminated Soils by Chemical Extraction

6.3.2.1. Batch Extraction

Table 6.37 Remediation extraction data for DU in sample site 1 and samelsite 2 soils
exposed to 0.1M Citric Acid, 0.1M HSO, and 0.5M NHHCO;. The decontamination
factor is defined as the amount of net radioactivity (for autoradiography data) or uranium
mass (for ICP-AES data) removed as a fraction of the total net radioactity or uranium

mass. Error estimates are * 1 standard deviation of triplicate analyses.

Extraction Reagent

0.1M Citric Acid  0.1M H,SO, 0.5M NHHCO,
Decontamination
0.30+0.1 0.2+£0.05 04+0.1
Factof
U extracted (ug) 135 + 28 80+ 31 173 + 35
Sample Site 1
U remaining (ug) 172 £ 27 286 + 37 165 + 29
Decontamination
04+0.1 0.2+0.1 05+0.1
Factof
Decontamination
04+0.1 0.1+0.1 0.5+0.2
Sample Site 2 Factor®
U extracted (ug) 23+£3.9 75+28 29+12

ai Determined byautoradiography
b1 Determined by ICFAES measurement of the leachate

c1 Determined by nitric acid digestion of the residual soil.
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Batch remediation data for sample site 1 and sample site 2 are shown in Table 6.3. The mass of
U extracted from 1g soil saites is measured from the leachate U concentration, determined by
ICP-AES. The trend in U mass (ug) extracted agrees well with the autoradiography

decontamination factor.

The data indicate that ammonium bicarbonate is the most effective extractantid@xirac

citric acid is somewhat less effective (~20%), and dilute sulfuric acid has the lowest extraction
efficiency. Extraction efficiencies are similar across both sample sites, which is consistent with
similarities in sequential extraction data (Fig8jeReasonable agreement was also observed
between decontamination factor determined by autoradiography and dissolution of residual soils

(Table 6.3), with the same trend in extraction efficiencies observed in both data.

These data show that chemical aextion can remove substantial portions of munitions DU

from soils, but that additional optimisation would be required to achieve complete
decontamination. The amount of DU removed is comparable to similar extractions performed
on contaminated soils fromWsS military site, in which decontamination factors for citric acid
range from 0.35 to 0.6 and from 0.3 to 0.6 for bicarbonate, with ambient dissolved oxygen as
the oxidising agentl5]. The good agreement with previously reported extraction efficiency
suggests that this approach may be applicable to other instances of depleted uranium

contamination.

6.3.2.2. Residual particle analysis
The decontamination factor is determined-aestructively by autoradiography, allowing the
treated soil to be recovered fanalysis. In order to optimise and improve the process,

information on the U phases which remain after extraction is required.

A repeat set of dried bicarbonate treated soil samples from site 1 were examined by
autoradiography, which revealed that partte residues were still present. Particles from this
test were selected as bicarbonate offers the most effective U extraction, and site 1 had the

highest U concentration and lower decontamination factors than site 2. The separated particles
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were analyse by electron microscopy, microfocfkD and microfocusKANES at the UL,

edge.
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Figure 6.47 Backscattered electron micrographs (treated particle 1), XANES spectra and
XRD pattern with corresponding ICSD PDF-2 database numbers (treated particle 2) of
residual primary particles. The micrographs show morphology suggestive of a partially
leached oxide particle, including grain boundary etching. This is supported by XRD and

XANES analyses showing the presence o0;and U(IV) in some soil residues.
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Figure 6.571 Electron micrograph of particle showing acicular crystal habit (treated
particle 3) consistent with uranytcarbonate species, and powder XRD pattern with
corresponding ICSD PDF2 database numbers from a different particle (treated particle

4), shaving the presence of two uranyl carbonate phases.

Electron micrographs reveal two distinct particle morphologies, one group consistent with
primary aerosol particles (Figure 6.4), and a second group which has a structure suggestive of
secondary phase foation (Figure 6.5)indications of dissolution are observed in primary
particles, in particular preferential grain boundary dissolution evident in the etched grain
structure in Figure 6.4. This phenomenon is also observed in the oxidative dissolution of
unburnt civil nuclear fuel grade UdB7]. The modification of the particle microstructure

indicates that some dissolution occurs, but not to completion on the timescale of these batch
experiments. XRD data are also consistent with the presence of uniggd@mizg species, as U

is present as {0, which agrees well with comparable data from untreated particles at the

Eskmeals site [7].

Micro-XANES data show that the predominant oxidation state in the samples is U(IV), as
spectra edge shifts, white line pixmns and post edge oscillations are similar in character to the
UO, standard (Figure 6.4). This is consistent with XRD data showi@g,dnd previous

studies of DU particulate which show U to be present as U(IV) in untreated parti@gsi[be

consenation of primary oxide species and evidence of partially leached microstructure suggests
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that although these phases are amenable to carbonate extraction, they are dissolved slowly,

requiring longer than the experimental timescale for complete dissolution.

The second morphology is not observed in untreated materidth articles with an acicular
habit (Figure 6.5) are consistent with the formation of uraaybonate secondary pha§ég].
XRD analysis confirms the presence of uranyl carbomateate phases and ammonium uranyl
carbonate, the latter presumably due to the high concentration of ammonium in the 0.5M
NH4HCO; primary leaching solutioifhe formation of secondary phases may explain the
slightly reduced extraction efficiency in sitesails (Table 6.3), and it is probable that this

process will be an important control on extraction efficiency in highly contaminated soils.

6.3.3. Alternating Batch Extraction

The presence of secondary uranyl carbonate hydrate phases suggests trabatsingl

extraction is not the best approdohremoving as much DU as possible from Eskmeals soils,
and an alternating basic/acid washing procedure could improve extraction by rapidly dissolving

secondary phases.

The results of a threstep bicarbonateifcic acid/bicarbonate leaching process are presented in
Figure 6.6. The first step extraction in Il O; removes around 50% of the uranium inventory
at both sites, as expected from the single step bicarbonate leaching tests. For the second
extraction in OLM citric acid, additional uranium is removed from site 1 samples, but negligible
uranium is released from site 2 soils. This may reflect a larger mass of secondary uranyl

carbonate hydrate phases in site 1 samples, which are then dissolved by stigpc@ragiiibns.

An additional bicarbonate step was trialled to test the susceptibility of residual particles to
further leaching. In both sites, a second bicarbonate extraction resulted in the removal of
additional uranium from the soils. This suggests different fractions of the DU inventory are
accessible to different leaching reagents, and that bicarbonate extraction is more effective at

removing residual phases from both site soils. The total uranium removed as a percentage of the
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initial activity in the three step leaching process was 68 + 14% for site 1 and 87 + 7% for site 2,

which represents a substantial improvement on single step leaching.
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Figure 6.61 Net soil radioactivity and representative autoradiographs of soils extracted in

a three sep sequential batch extraction scheme.

Representative autoradiographs of soil samples from each site are presented in Figure 6.6. This
technique allows the dissolution of particles to be tracked across each extraction stage. The
autoradiographs of site bits show that large agglomerate particles are readily broken down

and slowly leached during mulitage extraction, whereas smaller particles in site 2 soil are
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dissolved more rapidly. The decreasing activity of the fragments in sample 1 between washes
suwggests that these particles would eventually be completely dissolved. These results
demonstrate that enhanced recovery of uranium from these firing range soils can be achieved in

batch systems by applying a midtage leaching approach.

6.4. Conclusions

Characterisation of depleted uranium in firing range soils through a combination of microscopic
and bulk chemical techniques demonstrates that much of the material persists in primary forms
which partition into chemically resistant soil fractions. Thesdifigs are consistent with other
studies of particles from DU munitions firing, and indicate that this site is a reasonable case

study for remediation of DU contaminated soils.

Single step batch extraction demonstrated that low cost, environmentallgtddmpeagents

such as ammonium bicarbonate and citric acid could be applied to eH8a%0

decontamination in small batches of firing range soils, although it remains to be seen if this
efficiency carries through to a larger scale. In some casesgxtiist of decontamination may

be sufficient to allow alternative, less costly management options for contaminated sites, and
hence the investigation of larger scales of operation will be of interest. However, this approach
still leaves residual particulateaterial behind and there is long term uncertainty over the

geochemical behaviour and fate of residual DU patrticles in soil.

Secondary phase formation was observed igHGD; extracted soils, and an extended batch
washing procedure was trialled involving alternate washes with bicarbonate and citric acid
reagents. This approach successfully removes additional DU from soils, leading to improved
(up to 87% removal) efficiency idecontamination. Additional repeat washing in this way

begins to approximate an alternating continuous flow system in which the contaminated soil is
continually treated with fresh extraction reagent. Such a system may prove more flexible for
engineering s@e application than alternate batch washing, and future work to improve DU

extraction efficiency should investigate continuous flow systems.

141



6.5 Acknowledgements
Paul Lythgoe (University of Manchester) is thanked for collection of NERB data. Tim Geer
(QinetiQ) and Catherine Toque (DSTL) are thanked for assistance with gaining site access to

Eskmeals and soil sampling.

6.6 References

[1] The Royal Society, The health hazards of depleted uranium munitBast 1: Policy

Document 6/012002

[2] N. Harley, E. Foulkes, L.H. Hilborne, A. Hudson, C.R. Anthony, A review of the scientific
literature as it pertains to gulf war illnesses: volume 7: depleted uranium, RAND Corporation,

1999

[3] Y.S. Cheng, J.L. Kenoyer, R.A. Guilmette, M.A. Parkhursthysicochmical
characterization of capstone depleted uranium aerosols Il. particle size distributions as a

function of time Health Phys2009 96, 266-275.

[4] KM. Krupka, M.A. Parkhurst, K. Gold, B.W. Arey, E.D. Jenson, R.A. Guilmette,
Physicochemical characteaition of capstone depleted uranium aerosols Ill: morphologic and

chemical oxide analyseldgealth Phys2009 96, 276-291.

[5] B. Salbu, K. Janssens, O.C. Lind, K. Proost, P.R. Danesi, Oxidation states of uranium in DU

particles from Kosova]. Environ.Radioact.2003 64, 167-173.

[6] B. Salbu, K. Janssens, O.C. Lind, K. Proost, L. Gijsels, P.R. Danesi, Oxidation states of

uranium in depleted uranium particles from KuwaitEnviron. Radioac2005 78 125135.

[7] M. Sajih, F.R. Livens, R. Alvarez, MMorgan, Physicochemical characterisation of depleted

uranium (DU) particles at a UK firing test ran@ei. Total. Environ201Q 408 59905996.

142



[8] O.C. Lind, B. Salbu, L. Skipperud, K. Janssens, J. Jaroszewicz, W. De Nolf, Solid state
speciation and potential bioavailability of depleted uranium particles from Kosovo and Kuwait,

J. Environ. Radioac2009 10Q 301-307.

[9] A. Bleise, P.R. Danes\WyV. Burkart, Properties, use and health effects of depleted uranium

(DU): a general overviewl. Environ. Radioact2003 64, 93-112.

[10] S. HandleySidhu, M.J. KeitlRoach, J.R. Lloyd, D.J. Vaughan, A review of the
environmental corrosion, fate and biadability of munitions grade depleted uraniufgci.

Total. Environ.201Q 408 56905700.

[11] W.E. Briner, The evolution of depleted uranium as an environmental risk factor: lessons

from other metaldnt. J. Environ. Res. Public HealtAp0g 3, 129-135.

[12] S. Larson, J. Ballard, V. Medina, M. Thompson, G. O'Connor, C. Griggs, C. Nestler,
Separation of Depleted Uranium From St Army Engineering Research and Development

Centre, Vicksburg MS Environmental LaB809

[13] M. Miller, B. Galloway, G. VanDerpoel, E. Johnson, J. Copland, M. Salazar, An
Alternative for CosEffective Remediation of Depleted Uranium (DU) at Certain

Environmental Restoration Sitddealth Phys200Q 78 S9-S12.

[14] C.P. Farr, T.J. Alecksen, R.S. Heronimus, M.H. Simonds, D.R. Farrar, M.L. Miller, K.R.

Baker, Recovery of Depleted Uranium Fragments from Belth Phys201Q 98, S6-S11

[15] C.C. Choy, G.P. Korfiatis, X.G. Meng, Removal of depleted uranium fromaminated

soils,J. Hazard. Mater2006 136 53-60.

[16] C.F.V. Mason, W. Turney, B.M. Thomson, N. Lu, P.A. Longmire, C.J. ChisholmBrause,
Carbonate leaching of uranium from contaminated dbitsjron. Sci. Technoll997, 31, 2707

2711.

143



[17] M.C. Duff, C.F.V. Mason, D.B. Hunter, Comparison of acid and base leach for the removal

of uranium from contaminated soil and catmx mediaCan. J. Soil Scil998 78 675-683.

[18] L.W. Oliver, M.C. Graham, A.B. MacKenzie, R.M. Ellam, J.G. Farmer, Assessing depleted
uranium (DU) contamination of soil, plants and earthworms at UK weapons testinglsites,

Environ. Monit.2007, 9,740-748.

[19] M. Gauvrilescu, L.V. Pavel, |. Cretasc Characterization and remediation of soils

contaminated with uraniund, Hazard. Mater2009 163 475510.

[20] J.J. Lenhart, S.E. Cabaniss, P. MacCarthy, B.D. Honeyman, Uranium(VI) complexation

with citric, humic and fulvic aciddfRadiochim. Act200Q 88, 345-353.

[21] N. Lu, K.S. Kung, C.F.V. Mason, I.R. Triay, C.R. Cotter, A.J. Pappas, M.E.G. Pappas,
Removal of plutoniur239 and americiur241 from rocky flats soil by leachingnviron. Sci.

Technol.199§ 32 370-374.

[22] A.J. Francis, C.J. Dodge erediation of soils and wastes contaminated with uranium and

toxic metalsEnviron. Sci. Technoll998 32, 39933998.

[23] C.W. Francis, M.E. Timpson, J.H. Wilson, Benemd pilotscale studies relating to the
removal of uranium from uranitgontaminatedoils using carbonate and citrate lixivianis,

Hazard. Mater1999 66, 67-87.

[24] E.J.P. Phillips, E.R. Landa, D.R. Lovley, Remediation of uranium contaminated soils with

bicarbonate extraction and microbial U(VI) reductidnindust. Microbiol1995 14, 203-207.

[25] I.W. Oliver, M.C. Graham, A.B. MacKenzie, R.M. Ellam, J.G. Farmer, Distribution and
partitioning of depleted uranium (DU) in soils at weapons test rarlggsstigations combining

the BCR extraction scheme and isotopic anal\@iemophere2008 72, 932-939.

[26] A.M. Ure, P. Quevauviller, H. Muntau, B. Griepink, Speciation of heaeyals in soils

and sediments an account of the improvement and harmonization of extraction techniques

144



undertaken under the auspices of the BCR of th&ssion of the European communitiés, J.

Environ. Anal. Cheni993 51, 135-151.

[27] S.E. Howe, C.M. Davidson, M. McCartney, Determination of uranium concentration and
isotopic composition by means of IGRFS in sequential extracts of sediment from the vicinity

of a uranium enrichment plar, Anal. At. Spectron2002 17, 497-501.

[28] C.C.L. Toque, A.C. Baker, MOD DU Programm&eport on the corrosion of depleted
uranium in the Solway FirthJK Defence Science and Technology Laboratory (DS8L)

August2005CR 11679 V2.0

[29] T. Taguchi, C. Broennimann, E.F. Eikenberry, Next gatimm X-ray detectors for in

house XRDPowder Diffr.2008 23, 101-105.
[30] S.E. Allen, Chemical analysis of ecolgocial materildey, 1974

[31] S.R. Brittain, A.G. Cox, A.D. Tomos, E. Paterson, A. Siripinyanond, C.W. McLeod,
Chemical speciation studies BiJ contaminated soils using flow field flow fractionation linked
to inductively coupled plasma mass spectrometry (FEERFEMS), J. Environ Monit. 2012

14, 782-790.

[32] V. Chazel, P. Gerasimo, V. Dabouis, P. Laroche, F. Paquet, Characterisation and
dissolution of depleted uranium aerosols produced during impacts of kinetic energy penetrators

against a tankRadiat. Prot. Dosim2003 105 163-166.

[33] P.R. Danesi, A. Markowicz, E. Chin€ano, W. Burkart, B. Salbu, D. Donohue, F.
Ruedenauer, M. Hedberg, S. Vogt, P. Zahradnik, A. Ciurapinski, Depleted uranium particles in

selected Kosovo samplek,Environ. Radioac2003 64, 143-154.

[34] S. HandleySidhu, P.J. Worsfold, F.R. Livens, D.J. Vaughan, J.R. Lloyd, C. Boothman, M.
Sajih, R. Alvarez, M.J. KeitfiRoach, Biogeochemical Controls on the Corrosion of Depleted

Uranium Alloy in Subsurface Soilgnviron. Sci. TechnoR009 43 61776182.

145



[35] W.H. Johnson, B.J. Buck, H. Brogonia, A.L. Brock, Variations in Depleted Uranium
Sorption and Solubility with Depth in Arid SoilsSoil and Sediment Contamination: An

International JournalR004 13 533-544.

[36] M.C. Duff, J.U. Coughlin, D.B. Hnter, Uranium cerecipitation with iron oxide minerals,

Geochim. Cosmochim. Ac28902 66, 35333547.

[37] D.J. Wronkiewicz, E.C. Buck, J.K. Bates, Grain boundary corrosion and alteration phase

formation during the oxidative dissolution of Wellets, MRS Proceeding$996,465.

[38] R. Vochten, M. Deliens, O. Medenbach, Oswaldpeetersite;)f00;(OH),-4H,0, a new
basic uranyl carbonate mineral from the jomac uranium mine, San Juan County, Utah, USA,

Can. Mineral.2001, 39 16851689.

146



Chapter 7

Engineering biogenic magnetite for sustained Cr(VI) remediation
in flow -through systems 4

7.1 Introduction

Chromium contamination of waters and sediments is a worldwide problem arising from its
widespread use in industrial processes including metal platioging, leather tanning, and

wood treatment. Chromium in the environment mainly exists in the Cr(lll) or Cr(VI) oxidation
states which exhibit different bioavailability, toxicity, and transport characteristics [1]. Trivalent
chromium is relatively nontac [2] and considered an essential trace nutrient [3], whereas
hexavalent chromium is a strong oxidizing agent, recognized as highly toxic and carcinogenic
[4]. The risk from Cr(VI) toxicity is increased due to its typical speciation as weakly sorbing
anionic chromate (Cr¢¥) or dichromate (GO;*), making it highly mobile in the environment

[1, 5]. In contrast, Cr(lll) is considered immobile due to the formation of insoluble
oxyhydroxides and strong sorption to mineral surfaces [1]. The reductionooficiin from

Cr(VI) to Cr(lll) is an important reaction in reducing risk to environmental quality and human

health posed by chromium contamination.

Iron(ll)-bearing minerals have been shown to be effective at reducing a range of contaminants
including Cr(V)) [5]. Magnetite [Fe(ll)Fe(11)O,4] is a common mineral in the geosphere which
has received significant attention as a natural reductant for chromilifdj.[Biogenic

magnetite can be synthesized by dissimilatory ironfducing bacteria (DIRB) respign

Fe(lll) minerals [11]. From a remediation perspective, a key feature of biologically produced

magnetite is its small particle size (20 to 30 nm) [12], which results in a large surface area for

“This chapter has been prepared as a manuscript and accepted for publieptiotedR(adapted) with
permission fronEnvironmental Science and Technol@§1246 (6), 33523359 Copyright2012

American Chemical Societyhe research work was performed and manuscript prepared by the author of
this thesis with caauthors Victoria Coke who assisted with column experiments, fitting XPS and

XMCD data, collection of STEM data and drafting of the manuscript, Gerrit Van der Laan, who
performed Cr Lz edge XAS calculations shown in Appendix 2 and Jonathan Lloyd, who supervised this
projectand provided advice to the structure and content of the manuscript.
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sorption and subsequent reduction of contaminants. Biogexgoetite can have greater than
stoichiometric amounts of Fe(ll) associated with a near surface layer [12, 13], and the amount of
Fe(ll) in magnetite greatly influences the rate and total amount of contaminant reduction [14,
15]. Harnessing biosynthetic nas for magnetite production has been considered more efficient
and economical than conventional chemical techniques and results in a more effective material

for reductive remediation than commercially available magnetite [16].

Recent developments in biage magnetite production have focused on optimizing the
reductive capacity of biogenic magnetite by selection of Fe(lll) starting mafé6aksnd
precipitating precious metal particles, e.g. palladium, onto the surface to create magnetic
nanocatalystfl2]. Biogenic magnetite is particularly attractive for functionalization due to the
presence of an organic layer which facilitates attachment [12]. Although magnetite has been
studied extensively as a remediation material [17], there have been linteqbist to

understand the effect of @mntaminants which influence solution pH, redox potential and ionic
strength. Chromate reduction by magnetite is governed by a sorption stage of Cr(VI) followed
by reductive transformation to Cr(lll) by Fe(ll) [7, 18)odelling results suggest that Cr(VI)

has intermediate affinity for oxide surfaces, and the influence of ionic strength will not be as
dramatic as for weaker anions [19]. Previous studies have also found the ability of magnetite to
remove Cr(VI) from soltion reduces with increasing pH, related to passivation of the mineral
surface [6, 18, 20]. In aerobic solutions the ability of magnetite to remove Cr(VI) from solution

is impaired by oxidation of Fe(ll) by dissolved oxygen [16].

Nitrate is a common coortaminant in industrial environments which has the potential to effect
chromate remediation both as an oxidizing species and competing oxyanion. The presence of
co-contaminants such as nitrate has been shown to impair the amount of Cr(VI) reduced by
zercvalent iron by approximately three orders of magnitude [21]. Palladium catalysed reduction
of nitrate has been shown to be minimal [22, 23], and the application of paltadium

functionalized magnetite could provide a route to nitragstant chromate treatmte The
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ability of palladium to promote oxidation of formate also allows potential recharging of

magnetite reactivity through the supply of additional electrons [24, 25].

Here we develop the application of biogenic magnetite for Cr(VI) remediation by gnivgm

batch experiments [16, 26] towards fir-eal wor
contaminants. We report continuous removal of chromate in column systems, comparing the
relative removal and retention abilities of magnetite and palladimagietite under oxic,

anoxic and nitratamended conditions. High resolution microscopy and spectroscopic analyses

of reacted magnetite allows understanding of the relevant reaction mechanisms to be developed

and comparisons made with previous data on chenealuction by magnetite [16].

7.2 Experimental Methodology

7.2.1 Magnetite Production

Biogenic magnetite was produced by reduction of a ferrihydrite suspension ¢(Fe(lll)
oxyhydroxide) using late log phase culture&abacter sulfurreducenmder a 80:20,-CO,
atmosphere, as described previously [16]. Stock 50 mmol/l Fe ferrihydrite suspensions were
prepared with 20 mM sodium acetate as an electron donor, 30 mM sodium hydrogen carbonate
and an electron shuttle to accelerate the reductive transformhtdn [¢ M :anti®aguinbne
2,6-disulfonate (AQDS)] [27]. Three times washed suspensions of célisaacter
sulfurreducen$100 ml) were prepared at a cell concentration of 0.6 mg/ml protein. Bottles

were incubated overnight at 30, and the resulting ngaetite washed three times in anaerobic
deionized water before storage anoxically as a slurry in the dark at ambient temperature until

required.

The magnetite surface was functionalized with Pd(0) by exposure of washed suspensions to a
2.5 mM NaPddCJ(Sigma Aldrich, CAS no. 138263-6) solution overnight to achieve a 5%
loading, as described previously [12]. Manipulations involving Pd compounds were performed

under an argon atmosphere.
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7.2.2 Column Reduction Experiments

Continuous CNI) removal experiments were performed in glass columns of 30 mm diameter,
300 mm length. Columns were filled widitid-purified sand(Sigma Aldrich, UK; CAS no.
6067686-0) on top of a cotton wool bung to a height of 3 cm. A 2.5 ml aliquot of 0.5 mol/l
magnetite slurry was transferred to the column to create a biogenic magnetite impregnated sand
layer. The remainder of the column was filled with sand leaving a 1 cm deep headspace to

collect effluent from. A sand only control column was also evaluatechfongate removal.

Solutions were supplied to the column using a peristaltic pump (Watson Marlow 205S) at a flow

rate of 0.13 criimin, creating an effective residence time of 6 h. In all columns the flow

direction was from bottom to top. Chromate wasaddeda n i nl et aqueous sol uti ol
K.CrO, with pH 7.4. Three solution redox conditions were investigated: anaerobic,-nitrate

amendednd aerobic. Anaerobic conditions were achieved by sparging inlet reservoirs,with N

nitrateamended conditions by thddition of 10 mM NaNQ@to an anaerobic reservoir and

aerobic conditions were maintained by sparging with air. Additions of sodium formate at a

concentration of 20 mM were made to three additional reservoirs under the redox conditions

described above. Columexperiments were ended when the effluent Cr(VI) concentration

equalled the influent value (3tM) and did not change over a period of one day, or after 340 h.

7.2.3 Liquid Phase Analyses

The concentration of chromate in column effluents was determitegl aispectrophotometric

assay after reactionwith 2¢bi phenyl car bazi de (DPC) [28]. Tripliceé
added to 1.4 ml of DPC solution and allowed to react for 10 min; absorbance at 540 nm was

then measured using a Camspec M501 single lseanming UV/visible spectrophotometer

(wRSD=50at1@6 M [ Cr (VI)]). Columns were run in duplica
presented and results were reproducible. Calibration curves of absorbance to concentration were

obtained daily byassay of stdcsolutions of known chromate concentrations. These déiigh

only measure Cr(V|were correlated with Cr IGRES analysis of column effluefCrro7).
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Redox potentials of chromate reservoirs were measured using an InLab redox micro (Mettler
Toledo) electrode that has a combination of a platinum ring indicator electrode and a
silver/silver chloride reference electrode. The electrolyte is 3M KCI. A standard solution with a

redox potential of 200 mV was used to ensure accurate measurements.

Effluent nitrate and formate concentrations were determined by ion chromatography (IC).
Formate analyses were performed on a Dionex DX120 system with a Dionex AS40 autosampler
using a conductivity detector with an injection loop of d0rhe mobile phase vgal mM

octane sulfonic acid (OSA) with a flow rate of 0.15 ml/min. The system backpressure was
typically 1,400 psi. A calibration standard of 1.0g/l formic acid was used with an accuracy of
~3% and minimum detection limit of 0.1 mg/l. Nitrate analyses werformed on a Metrohm

761 Compact IC with a Metrohm 813 autosampler using a conductivity detector, with an
injection loop of 100M. The mobile phase was 9 mM )0, with a flow rate of 1.4 ml/min

and chemical suppression was 100 mps@,. The system b&pressure was typically 17 MPa.

A calibration standard of 1.0 g/l sodium nitrate was used with an accuracy of ~3% and

minimum detection limit of 0.1 mg/l.

7.2.4 Solid Phase Analyses

Total iron concentration in the ferrihydrite slurry was determined bystiazein 0.5 M HCI and

0.25 M hydroxylamine hydrochloride followed by ferrozine assay of the resulting solution [29,
30]. The total concentration of Fe in the prepared biogenic magnetite was verified (0.45+2 mol/
Fe) by inductively coupled plasma atomiunission spectroscopy (IGRES) on a PerkitElmer
Optima 5300 dual view IGRES following microwave assisted digestion in concentrated nitric

acid.

Following column reduction experiments, the magnetite layer was collected and stored for
further analysis. Xay photoelectron spectroscopy (XPS) data were recorded using a VG
Escalab 250 instrument employing a monochromatiKaAX-ray source and an analyser pass

energy of 20 eV, resulting in a total energy resolution of ~0.9 eV. Uniform charge neutralization
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of the photoemitting surface was achieved by exposing the surface to low energy electrons
using a flood gun. The system base pressure was 8%it@r. All samples were dried in an
argon glove box and loaded into the spectrometer while it was flusheditritgen to

minimize air exposure. Photoelectron binding energies (BE) were referencedto C 1
adventitious contamination peaks at 285 eV BE. Fitting of XPS data was carried out by fitting
an appropriate (Shirley) background [31]. Components (70% Loeen8f% Gaussian) were
then assigned to the Fp 2gion based on multiplet splitting calculations for free Fe ions [32,
33]. The Fe p*? peak was fitted using three multiplet peaks to account for the Fe(ll)
contribution, and four multiplet peaks to accbfor the Fe(lll) contribution. Two further
components, a higBE surface peak and a |eBE prepeak, were required to improve the fit

(see Appendix 2 for details).

X-ray adsorption (XA) spectra were obtained on beamline 4.0.2 at the Advanced Light Source
(Berkeley, CA, U.S.A.), using the octopole magnet end station [34]. Samples of magnetite were
analysed at both the Cr and [Egredges. XA was monitored in totelectronyield (TEY)

mode, which gives an effective probing depth of ~4.5 nm. At successive photon energies the
XA was measured with circularly polarizedr&ys for the two opposite magnetization

directions by reversing the 0.6 T applied field with respethé helicity vector of the Xays.

The spectra for the two magnetization directions were normalized to the incident beam intensity
and subtracted to give therdy magnetic circular dichroism (XMCD) spectrum [35]. The
measured Fé&, -edgeXMCD was usedo obtain the site occupancies of the Fe cations in the

spinel structure of the biogenic magnetite precipitates3g6

Transmission electron microscopy (TEM) was conducted using a FEI Tecnai TF20 microscope
equipped with a field emission gun (FEG), hayigle annular dark field (HAADF) detector,
energy dispersive Xay analysis (EDX) system (Oxford Instruments INCA 3Dhm XMax
SDD detector) and a Gatan Orius SC600A CCD camera. TEM images reported are both bright

field and darkfield obtained using anperating beam voltage of 200 keV. A droplet of each
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sample was placed on a carbon grid (Agar Scientific, Stansted, UK) and allowed to dry before

imaging.

7.3 Results and Discussion

7.3.1 Chromate Reduction in Columns

Continuous r e mo v adhromafe wés @erferivked m ooluarssygstemawith a
biogenic magnetite barrier under anoxic, nitiateended and oxic conditions alongside a no
magnetite control col umn. Redox potentials o
standard hydrogen eleode (SHE) were measured as +108 mV for anaerobic, +149 mV nitrate
amended and +236 mV for the aerobic condition. Effluent Cr(VI) concentrations measured
using a colorimetric assay were used to construct breakthrough curves (AppeRdixr2

A2.1a), which were integrated to produce curves of cumulative Cr(VI) removal (Figure 7.1a).
The control column containing no magnetite removed a negligible quantity of Cr(VI) (average
~5.7%, Figure 7.1a), and the addition of a biogenic magnetite barrier layeeddaudt

substantial (2.8 6.0 times) increase in removal of Cr(VI) (Figure 7.1a). However, for all

solution redox conditions much less than 100% removal was evident, and the capacity of the
biogenic magnetite was exhausted after ~40 h, reaching a t¢td) &dmoval between 5.9 and

12 ¢ mé%% of theGotal Cr(VI) influent over this time period). The influence of redox
conditions was minor, although the pattern of total Cr(VI) removed in this system followed the
redox trend, with the largest quantitfy@r(VI) retained in a column with lowest redox

potential, whiletheais par ged fiaerobi co condition retaine
containing Pefunctionalized magnetite as the reactive barrier gave a similar removal capacity to
the unmodified magne# barriers (Appendix 2Figure A2.3), reaching Cr(VI) saturation in a
comparable period of time. Although fRehctionalization increases the near surface Fe(ll)
content of biomagnetite (Table 7[1]], this has no effect on reactivity. Again, there \iilie

difference between the retention ability of columns under the three different redox conditions.
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Figure 7.17 Cumulative Cr(VI) removed from solution in (a) magnetite loaded columns
and (b) Pdfunctionalized magnetite columns. Curves are formed by integration of column
outlet Cr(VI) concentrations (see Appendix 2 Figure A2.1), measured by colorimetric
assay. Supplementary pits of this data are available (Appendix 2 Figure A2.2 and

Figure A2.3).
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The addition of 20 mM formate to the influent for columns witkfirtttionalized magnetite
resulted in a substantial increase in the amount of chromate removed from solution, with
between 83 93% removal sustained for ~150 h under all redox conditions (Figure 7.1b).
Saturation of the reductive capacity after 300 hours was apparent for the nitrate and air treated
systems, whereas the anoxic column still maintained 80% Cr(VI) rerfwpéndix 2- Figure
A2.1b). A control column containing unmodified magnetite charged with a formate
supplemented influent under anoxic conditions (Figure 7.1a) had similar characteristics to both
the magnetite and Rdagnetite columns performed withoutrfzate. This result indicates that it

is the combination of Rthagnetite and formate that allows for an enhanced level of sustained
Cr(VI) removal, with total Cr(VI) removed from solution increased by over an order of
magnitude when compared to systems lriclv either formate or Pd is absent. Analysis of

effluent formate concentrations suggest 20 mM was added to excess, as an initial drop of ~20%
during the first 24 houithen stabilized to negligible consumption for the remainder of the
experiment (Appendi2 - Figure A2.4); suggestive of initial saturation of-Pdgnetite surface

with HA from heterolytic fission of formate

The cumulative removal of Cr(VI) (Figure 7.1) demonstrates that solution redox conditions
have limited effect on the capacity aif magnetite systems to remove Cr(VI). Although the
presence of oxidizing species such as nitrate or dissolved oxygen was sufficient to diminish the
total Cr removed from solution, in the best performing of these systems (combining Pd
magnetite with formie), around 70% of the equivalent anaerobic retention capacity was
maintained (Figure 7.1b). Effluent analysis of nitrate concentrations showed no significant
removal by any magnetite system (AppendidFgure A2.5), demonstrating the selectivity of

thisapproach for chromate reduction and remediation.

7.3.2 Characterization of post reaction magnetite
The reactive magnetite layer from columns treated with anoxic and nitrate solutions was
retained for analysis to investigate the mechanism of enhancél) &tention by Pd

magnetite systems with formate, and to assess for solid phase interaction with nitrate co
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Table 7.11 Summary of post reaction analyses on magnetite layer from anaerobically

treated columns supplemented with formate and nitrate.

Individual peaks

DPC Assay XAS XPS XPS XMCD XPS XMCD
XPS
Cumulative Fe*/ Fe*/
%Cr %Cr cf %Pd cf Pdmetal: Cr(lll):
Cr(VI), ‘ ‘ ‘ ‘ ‘ Fe Fe Tq: Ony
cf Fe Fe* Fe Pd oxide®  Cr(VI) # \
e md | totaly total*
Pd-Magnetite,
116.7 39.3 49.7 12.0 47:53 100:0 0.31 0.35 0.48
formate, anoxic
Pd-Magnetite,
80.3 374 39.0 6.2 44:56 100:0 0.32 0.34 0.49
formate, nitrate
Pd-Magnetite,
5.9 3.7 28.3 11.2 82:18 100:0 0.38 0.40 0.42
anoxic
Pd-Magnetite,
7.1 4.9 7.1 8.6 92:8 57:43 0.37 0.44 0.42
nitrate
Magnetite,
8.9 14.6 16.9 N/A N/A 49:51 0.51 0.35 0.45
formate, anoxic
Magnetite* 0.38 0.44
Pd-magnetite* 0.41 0.41

*from Coker et al. (2010) [12]  “error ~+5%  “error +10%  Verror +0.02

contaminatiorwhich may not be evident in column effluent data. Initial XPS and XAS (Table

7.1) analyses of the magnetite layers exposed to Cr(VI) in the columns reveal accumulation of
Cr in all samples. This is indicative of Cr retention by the reactive barrier thdresorption to

sand in the column or release back into solution as Cr(lll). Confirmation that Cr(Ill) was not
released to solution was obtained by {&8PS analyses of the effluent, which gave good
agreement with the concentration of Cr measured byiowtnic assay for Cr(VI) (data not

shown). These results are in agreement with previous data of Cr(VI) interactions with magnetite

[16], consistent with retention of Cr(lll) by the mineral.
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The quantity of Cr associated with the surface of the magnatitples was assessed using both
XPS and XAS. Both these techniques give surface rather than bulk values for materials,
however as these measurements are on nanoparticles (~Zeigure 7.2) with a high surface

to bulk ratio, there is a high proportiontbe nanoparticle examined, >83% and 100%
respectively, if an analytical probing depth of 4.5 nm (XAS/XMCD) aid sim (XPS) is
assumed [39]. From XPS relative peak height analysis there58%Xr relative to Fe
associated with Rthagnetite supplementedth formate (Table 7.1), which compares well with
relative peak heights from XAS that give values betweeB®% Cr compared to Fe for the
same samples (Figure 7.3a, Table 7.1). Analysis of material from columns not supplemented
with formate gave a mudbwer average value of 11% Cr relative to Fe associated with the

samples (Table 7.1), and all these data relate well to the trend of cumulative Cr removal from

the effluent.
(a) by (c)
& %M
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Figure 7.27 Transmission electron micrographs of magnetites from anoxic condégned
columns with (a) Pd treated magnetite exposed to formate, (b) Pd treated magnetite and

(c) untreated magnetite exposed to formate.

In magnetite samples both with and withoutfErdctionalization the shape of Cs redge XAS
spectra are typical @r(lll) when compared to calculated spectra for Cr(lll) and Cr37]
(Appendix 2- Figure A2.6, Figure 7.3a). For samples containing low concentrations of Cr the
presence of some Cr(VI) by XAS cannot be ruled out as the gigisd ratio is lowFitting of

Cr 20 XPS data (Appendix 2Figure A2.7) indicate Cr(lll) exclusively in Fidnctionalized

formate treated samples, in agreement with qualitative XAS analysis, however there is an
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indication of up to 50% Cr(VI) in samples which retained ondyrall quantity of Cr. (Table

7.1, Figure A2.7). These data demonstrate that magnetite systems remove chromate from

solution by a twestep process; first sorption of the oxyanionic Cr(VI) to the surface followed
by reduction to Cr(lll), but under more oxionditions (without the addition of formate and Pd)
there is incomplete reduction of Cr(VI). This has implications for Cr retention, as sorption of

oxyanionic Cr(VI) may be more easily reversed.

Figure 7.37 (a) Cr and FelL,sedge background subtracted XA spectra obtained by
normalizing the FeL; maximum to unity and scaling the CrL,sedge accordingly, (b) Cr
L, s edge XMCD spectra obtained after first normalizing the background subtracted XA
spectra to unity at theL; maximum and (c) Fel, s-edge XMCD spectra (solid line) and fit
(dotted line) for (i) Pd-magnetite with formate anoxic; (ii) Pdmagnetite with formate
anoxic and nitrate; (iii) Pd magnetite without formate anoxic and (iv) anoxic with nitrate;
(v) magnetite with formate under anoxic conditions, (vi) unreacted magnetite (Fe, 3 XAS

and XMCD only), from Coker et al. [12].

XMCD spectra at the Ar, »-edge were observed for all samples, indicating partial
incorporation of Cr(lll) into the spinel structure of magteetas sorbed Cr(lll) or Cr(VI) would

not give a fimagneti co Cr LgedgenraFigurd 783@)are The XMCD f o
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