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ARTICLE INFO ABSTRACT
Editor: <Edward Burton> The structure of the uranyl aqua ion (UOZ") and a number of its inorganic complexes (specifically, UO,Cl",

U02c12, UOgSOﬂ, UOZ(SO4)§’, UOz(CO;;)g’ and UOg(OH)i’) have been characterised using X-Ray absorption
spectroscopy/extended X-Ray absorption fine structure (XAS/EXAFS) at temperatures ranging from 25 to 326 °C.
Results of ab initio molecular dynamics (MD) calculations are also reported for uranyl in chloride and sulfate-
bearing fluids from 25 to 400 °C and 600 bar to 20 kilobar (kb). These results are reported alongside a
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Hydrothermal geochemistry
Aqueous uranium complexes
Nuclear waste

Chemical thermodynamics comprehensive review of prior structural characterisation work with particular focus given to EXAFS works to
X-ray absorption spectroscopy provide a consistent and up-to-date view of the structure of these complexes under conditions relevant to U
EXAFS mobility in ore-forming systems and around high-grade nuclear waste repositories. Regarding reported EXAFS

results, average equatorial coordination was found to decrease in uranyl and its sulfate and chloride complexes as
temperature rose — the extent of this decrease differed between species and solution compositions but typically
resulted in an equatorial coordination number of ~3—4 at temperatures above 200 °C. The UOz(C03)‘3" complex
was observed at temperatures from 25 to 247 °C and exhibited no major structural changes over this temperature
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range. UOQ(OH)‘Z,’ exhibited only minor structural changes over a temperature range from 88 to 326 °C and was
suggested to manifest fivefold coordination with four hydroxyl molecules and one water molecule around its
equator. Average coordination values derived from fits of the reported EXAFS data were compared to average
coordination values calculated using the experimentally derived thermodynamic data for chloride complexes
reported by Dargent et al. (2013) and Migdisov et al. (2018b), and for sulfate complexes reported by Alcorn et al.
(2019) and Kalintsev et al. (2019). Sulfate EXAFS data were well described by available thermodynamic data,
and chloride EXAFS data were described well by the thermodynamic data of Migdisov et al. (2018b), but not by
the data of Dargent et al. (2013). The ab initio molecular dynamics calculations confirmed the trends in equa-
torial coordination observed with EXAFS and were also able to provide an insight into the effect of pressure in
equatorial water coordination - for a given temperature, higher pressures appear to lead to a greater number of
equatorially bound waters counteracting the temperature effect.

1. Introduction

Hydrothermal transport of uranium is a key process in the formation
of a wide range of uranium ore deposits [12,145,32] and is also a
concern when assessing the long-term environmental impact of
containment breaches in geological nuclear waste repositories. Both of
these environments form the bookends of the nuclear fuel cycle and as
such are very much worth considering in a world seeking to move away
from hydrocarbon-based energy infrastructure. Fluid temperatures in
these systems generally range from 150 to 400 °C. Although most re-
pository designs are not expected to reach local rock temperatures above
100 °C [103,130,65,80], models suggest that a few may exhibit local
rock temperatures in excess of 200 °C [107,168,23,54,64,65].

In hydrothermal systems uranium is at its most mobile in its hex-
avalent oxidation state — in this state U(VI) almost invariably covalently
bonds with two oxygen atoms forming the uranyl (UOZ") ion. The uranyl
ion in turn may form a large variety of complexes with both organic and
inorganic ligands, with chloride (Cl"), sulfate (SO "), carbonate (CO%")
and hydroxyl (OH') being among the most important in geological hy-
drothermal systems.

Thermodynamic modelling is an important tool for predicting the
mode and efficiency of aqueous metal transport and deposition in
complex ore-forming environments, or the magnitude of long-term
environmental risks associated with radioactive waste repositories
[130,138,31,66]. To model such systems accurately high-temperature
thermodynamic properties (Gibbs free energies, entropies, enthalpies
etc.) are required. Theoretically, these can be derived from extrapola-
tions of room temperature properties e.g. Plyasunov, Grenthe ($year$)
[128,141,142,150] but the accuracy of such extrapolations can be
questionable as explored in Kalintsev et al. [82] and Kalintsev et al. [81].
Experimentally derived, molal properties for uranyl sulfate and chloride
complexes have recently been reported for temperatures up to 250-350
°C [112,2,34,82]. While data for uranyl sulfate complexes appear to be
well constrained between [82] and [2], there exists significant
disagreement regarding values for uranyl chloride complexes [111,33,
34].

While recent advances have been made in experimentally deter-
mining above ambient temperature uranyl complex molal properties,
very little recent work has been conducted to characterise the structures
of these complexes at elevated temperatures. This is in stark contrast
with the vast swathe of data available for ambient conditions obtained
via numerous studies using a variety of analytical techniques such as >C
and 170 Nuclear Magnetic Resonance (NMR), High Energy X-Ray Scat-
tering (HEXS), and X-Ray Absorption Spectroscopy (XAS) with XAS
being the most widely used. Numerous computational works (typically
Density functional theory (DFT) based) have also been conducted, often
in support of experiments and often to constrain complex geometry.
However, even among these computational efforts there is a generally
paucity of work dedicated to temperatures beyond ambient.

Such studies are important to conduct as changes in metal complex
structure can lead to somewhat unintuitive changes in speciation with
temperature. Example cases of such behaviour are the chloride com-

plexes of iron, manganese and cobalt where rising temperatures lead to
their tetrahedrally coordinated tri- or tetra-chloride species superseding
their octahedral monochloride species with the intermediate species
predominating only under very specific conditions [154,157,16,99].
Such a ‘skipping’ behaviour can be difficult to recognise with Raman or
UV-Vis potentially leading to erroneous elevated-temperature speciation
models. Furthermore, standard thermodynamic property extrapolation
models such as the Modified Ryzhenko Brzygalin (MRB) [133,143] or
Helgeson-Kirkham-Flowers (HKF) [67,142] models are contingent upon
the structural consistency of a given complex. A given complex will be
defined by a set number of ligands and inner-shell water molecules (e.g.
the uranyl ion UO2" at room temperature may be more completely
written as UO2(H20)2" hence accounting for its five inner-shell equa-
torially bound waters) but if the number or arrangement of these inner
shell molecules changes drastically enough then these extrapolation
models cannot be used with confidence. Instead, these different ‘iso-
ligand complexes’ have to be treated separately for the purposes of these
models which necessitates the derivation of separate properties for each,
which in turn presents experimental challenges.

Thus, when verifying molal properties derived for a particular
complex over a range of temperatures and given the mutability of
complex hydration with temperature it is wise to verify that no drastic
changes occur in hydration as temperature rises to provide assurance
that a given set of properties are valid for the temperature range they
were collected for.

Coordination changes can also underpin the solubility characteristics
of metals and their solids as in the case of the strongly retrograde sol-
ubility of zircon in fluoride-bearing fluids which is associated with a
shift from octahedral to tetrahedral coordination [16,113]. With in situ
experimental techniques such as XAS (coupled with appropriate spec-
troscopic cells) it is possible to clearly identify what species are con-
trolling metal solubility at elevated temperatures and thus verify/inform
the speciation models used by other techniques such as Raman or UV-Vis
which are less suited to metal complex identification and structural
characterisation. It should be noted that XAS has its weaknesses. The
process of fitting data generally results in large (~10-20%) un-
certainties in the number (coordination) of first shell atoms (i.e. the
atoms of bonded ligands) and there is always a further measure of un-
certainty in these values due to correlations between Debye Waller (DW)
factors (a measure of thermal and structural disorder) and coordination
numbers. However, this is why individual fitting parameter results are
not interpreted in a vacuum. Major coordination changes are generally
accompanied by significant bond length changes the precision of which
is typically very high (generally on the order of 0.01-0.03 A or ~<1%)
in XAS data fits. Large coordination changes are also often associated
with significant changes in the XANES region of XAS spectra. And
further, even though the precision of coordination values may be low the
trends identified as functions of temperature or solution composition are
still valid and provide useful information. XAS data interpretations may
further be augmented with computational work which all together help
to clarify what at first may seem an unclear picture presented by the low
precision of coordination numbers [83].
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Table 1

Summary of experimental investigations on the structure of the hydrated uranyl
ion. Debye Waller factors (62) are given for works using EXAFS. (f) denotes if
parameters were fixed during fitting. The number of axial oxygen atoms was
fixed in all fits to 2. All experiments were conducted at room temperature. The
confidence of reported uncertainties is typically not discussed at all but can
generally be assumed to be 1c unless otherwise stated (C.I. — confidence
interval).

Publication Technique Equatorial Distances Other notes
(s) used oxygen A), 62 (A%
coordination
Aberg et al. X-Ray 4.9-4.3 £ 0.2 AxO - Investigation
[1] Diffraction 1.702 conducted on
'H NMR 1.014, 2.222 and
+ 0.005 2.945 M
EqO - U0, (HCIO, ),
2.421 solutions.
+ 0.005
Allen et al. EXAFS 53+0.3 Ax0-1.76 Measurements
[4] (95% C.I.) conducted in 0.1 M
+0.006 e
B UO;" solutions
o prepared from solid
=0.0018 uranyl nitrate.
EQO-241 g 17185V
+0.012 Amplitude
o2 reduction factor
—00070  (5)=09.
(fixed) K-Space data range
1-13A1
Atypically large
AE values in their
fits (—9.6 to 12.3).
Wahlgren EXAFS 45+0.4 AxO-1.78 0.05 M UO? in
etal £ 0.005 0.1 M HCIO,.
[164] o2 Eo = 17185 eV.
= 0.0015 Sgs)p:c; .((i)e.lta range
EqO0-2.41 3135 AL
+0.01 Additionally report
2 theoretical
— 0.0062 quantum chemistry
results.
Sémon etal.  EXAFS HCIO4 AxO — 0.01 M UO3" in
[137] solutions 1.75-1.76 0.1-11.5M
42-49 +0.01 HCIOs/
4 10% - not o2 0.01 M UO3" in
systematic =0.0013 - 2;1:0 11\/;16;521?/31.1
CF3SOsH 0.0021 >
solutions EqO - (Sp) =1.0.
47-45+05 241242  K-Spacedatarange
_ weakly 2-13.0A™.
systematic +0.02 Solid uranyl
o? perchlorate
—=0.0013 — samples were fit
0.0021 with 2 EqQO

distances of 2.36
and 2.47. ¢® values
for these paths
were 0.003 and
0.004 respectively.
Report results from
quantum
mechanical
calculations of
uranyl perchlorate,
triflic and nitrate
complexes in gas
phase.

0.5 mol/kg water

Neuefeind X-Ray 5withasmall AxO -

etal. Scattering percentage of 1.766 UO%* in 1 molal
121 4
[121] 4 0.001 HClO,.
EqO -
2.420
+ 0.001
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Table 1 (continued)

Publication Technique Equatorial Distances Other notes
(s) used oxygen (f\), o2 (AZ)
coordination

Hennig EXAFS 5.2+ 0.78 AxO0-1.76 0.01M UO%‘ in
etal.[70] 40.02 0.1 M HClO4.E,

=17185eV.

o* (s2)=0.9

= 0.0014 K-OSpace .dz'lta range

EqO-2.41 <
3.2-12.7 A™.

+ 0.02

&2

= 0.0075

(fixed)

Soderholm HEXS 4.86 + 0.07 AxO - 0.5 molal U()%Jr in
etal. 1.766 dilute [sic] HCIO4.
[146] £ 0.001 Hyp-o-thﬁ‘zsise an

equilibrium

EqO - between 4 and 5

2420 coordinated uranyl

+0.001 ions with 5 oxygens
being favoured by
1.19 + 0.42 kcal/
mol (ratio of 5-4
coordinated
between 3.8 and
16).

Hennig EXAFS 5.2+0.78 AxO-1.76 0.01 M UO%‘ in
et al.[69] 4 0.02 0.1 M HCIO,.

5 Eo=17185eV.

o 2

— 0.0016 (Sp) = 1.0.

FqO - 2.41 K-Space dfﬁa range
3.2-16.7 A™.

+ 0.0071 Results from
quantum chemical
calculations are
also reported.

Ikeda-Ohno EXAFS 5.0+ 0.5 Ax0-1.77 0.04 M UO%’ in
etal.[74] 1001 1.0 M HClO;,.

2 Not Eo = 17185 eV.

e (83)=0.9.
specified

FqO0 K-Space d?ga range

— 240 2.0-20.0 A™.
Results from DFT

+ 0.01 calculations are

62 = Not also reported.

specified

Duvail et al. EXAFS, 5.34+0.5 AxO0-1.77 0.01M UO%‘ in
[43] SWAXS 4001 0.2 M HTcOy4.

5 Eo=17185eV.
° (s =1.0.
; (2)'0021 iZ K-OSpace data range
4= 2 1.7-16.9 A™.
+0.01 Results from

&2 molecular

=0.0080 dynamics
simulations are also
reported.

Uranyl and its complexes all share the same general structure. At
their core the uranium atom bonds covalently with two oxygen atoms
that reside at opposite poles along an axis, forming the linear uranyl
moiety. These axial oxygen atoms almost invariably maintain a distance
from the core uranium of about 1.77 A in all uranyl complexes. The main
exception to this may be found in monomeric uranyl hydroxyl com-
plexes (discussed in the relevant section below). Coordinating water
molecules or ligands bond around the equator of this uranyl molecule
typically forming a pentagonal or hexagonal bipyramid structure.
Bonding ligands typically substitute either one or two equatorial water
molecules. Presently available above-ambient-temperature data suggest
that as temperature increases the number of equatorial water molecules
tends to decrease [135,153]. In complexes that contain no equatorially
bound water (e.g. uranyl di-/tri-acetate or the uranyl citrate dimer),
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Fig. 1. A to-scale idealised depiction of the uranyl aqua ion. Uranium is blue,
oxygen red and hydrogen grey.

their structure appears to undergo almost no change from room tem-
perature to 250 °C [119,7,8].

The aim of this work was to conduct high temperature in situ XAS
measurements to a) characterise uranyl and its chloride, sulfate, car-
bonate and hydroxyl complexes over a wide range of temperatures and
identify trends in their coordination behaviour b) attempt to verify
recently published thermodynamic data [112,2,34,82] by comparing
measured and calculated solution speciation. XAS observations and data
interpretations were supplemented with MD calculations which
focussed on chloride and sulfate complexes up to temperatures of 400 °C
and pressures up to 20 kbar. This work is additionally supported by an
exhaustive review of prior studies on the structures of these complexes,
and a summary of what little high temperature structural data are
presently available for uranyl complexes in general. Focus has been
placed on EXAFS studies, but mention is made of studies using other
techniques when deemed particularly relevant. Brief summaries of prior
computational studies are also reported.

1.1. The Uranyl aqua ion

A summary of investigations into the structure of the uranyl ion is
presented in Table 1. All investigations reviewed were conducted at
ambient conditions. Thanks to this significant body of work the structure
of the uranyl ion has been well defined. Uranyl is typically studied in
acidic solutions containing perchloric or trifluoromethanesulfonic
(triflic) acid, both of which are incapable of forming complexes with
uranyl even at extremely high (~10 M) concentrations [137]. Thus,
these acids provide a means to create solutions that can dissolve con-
centrations of uranium measurable by XAS (concentrations above 5 mM
are measurable but those around and above 100 mM are preferable)
without risking the introduction of ligands such as chloride, sulfate or
carbonate.

Invariably, the uranyl aqua ion comprises two axial oxo bonds at
around 1.77 + 0.01 A and ~5 equatorially coordinated water molecules
with average U-O distances of ~2.41 + 0.01 A. The generally accepted
structure for the uranyl ion is shown in Fig. 1. To explain derived co-
ordination values below 5 it has been suggested that there may exist a
rapid equilibrium between 4 and 5 equatorial water molecules [146],
however the overall contribution of tetragonal uranyl is likely minimal
under ambient conditions.

The uranyl aqua ion has been the subject to a number of computa-
tional studies (e.g., [104,118,123,164,63]. Fivefold coordination has
invariably been determined to be the most stable arrangement for the
uranyl ion relative to four or six-fold structures, consistent with exper-
imental studies. Calculated bond distances vary somewhat based on the
specific technique used, but generally match experimental values within
+ 0.05 A. There has been at least one molecular dynamics study con-
ducted for temperatures above 25 °C [102]. Simulations were carried out
up to 200 °C and suggested that fivefold coordination is maintained up to
those temperatures with no significant change in bond distances. More

Journal of Hazardous Materials 452 (2023) 131309

Table 2

Summary of experimental investigations into the structure of uranyl chloride
complexes. All experiments were conducted at room temperature. NEqO refers
to the number of equatorial oxygen atoms, NCI the number of the equatorial
chloride atoms. Axial oxygen distances are not described here as they were
practically identical across all fits and works, 1.78 + 0.01 A. The confidence of
reported uncertainties is typically not discussed at all but can generally be

assumed to be 1o unless otherwise stated (C.I. — confidence interval).

Publication Technique Chloride Other notes
(s) used concentration-NEqO -
NCl // Respective
distances (A)
Allen et al. EXAFS 1MHCI-5.0-0.3//  Measurements conducted
[4] 2.41-271 on solutions containing
2MHCI-4.8-0.4// 0.1 M 02,
2.41-272 Eo =17185eV.
4MHClI-3.9-1.0//  Amplitude reduction
2.41-271 factor (S2) = 0.9.
6 MHCI-3.1-1.5// K-Space data range
2.44-2.73 1-13 AL
8 MHCl-2.7-1.8// Atypically large AEy
2.48-273 values in their fits (—9.6
10MHCI-250-20 5 _123).
//2.50 -2.73 Uncertainties in NEQO
12MLICI-2.2-22  4p4 NCl are + 0.3. (95%
//2.51-273 C.1.) Uncertainties in
14M1LiCl-1.9-26 distances for both are
// 2.52-2.73
+0.012.
Debye Waller factors o2
were fixed to 0.0070 for
EqO and 0.0050 for EqCL.
Hennig etal.  EXAFS 3MCI'-39-1.0//  0.01 MUO}" in0.1 MHCL
[70] 2.41 -2.73 with chloride added as
6MCl-1.7-23//  [LiClL
2.42-273 Eo = 17185 eV.
9MCl-1.4-27// (Sg) —0.9.
2.51-274 K-Space data range
3.2-12.7 A7

Soderholm HEXS

25mCl'-4.2-1.0//

Uncertainties in NEQO
and NCl are + 15%
(0.6-0.2).

Uncertainties in distances
for both are + 0.02.

The Debye Waller factors
o2 for EqO and EqCl were
fixed to 0.0075 and
0.0050 A? respectively.
Measurements conducted

etal.[147] 2,40 -2.72 on solutions containing
3.0mCl'-3.7-1.4//  0.5m UO3" with chloride
2.40-2.72 added as HCI.
3.5mClI'-3.5-1.5//  Uncertainties for both
2.40 -2.72 EqO and EqCl are =+ 0.02
40mCl'-2.9-1.8// for their distances and
241 -2.72
45mCl'-25-2.0// =+ 0.1 for their
2.41 - 2.72 coordination. The
5.0mCl'-2.2-2.1//  confidence interval for
2.41 -2.72 these uncertainties is 3-
5.5mCl’-2.0-2.3// sigma in both cases.
2.42-2.72
6.0mCl'-1.7-2.6 //
2.41-2.72
6.5mCl'-1.8-2.6//
2.41 -2.72

detailed reviews of theoretical work on the uranyl ion may be found in
Biihl et al. [20] and Lynes et al. [104].

1.2. Uranyl chloride complexes

The results from previous experimental studies on the structure of
uranyl chloride complexes are summarised in Table 2. All investigations
reviewed were conducted at ambient conditions. In uranyl chloride
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~241-252 A

Fig. 2. To-scale idealised depictions of uranyl chloride complexes. Structures are based on the DFT calculations of Biihl et al. [20]. Note that the dichloride complex
may contain either two or three equatorial water molecules, and both cis- and trans-configurations are expected to co-exist as they have very similar free energies.
Here we show an example of the tetragonally coordinated trans form. Uranium is blue, oxygen red, chlorine green and hydrogen grey.

complexes chloride ions substitute for equatorial water molecules and
remain on the equatorial plane. Axial oxygen distances remain at around
1.78 + 0.01 A regardless of the concentration of chloride in solution.
According to EXAFS studies equatorial oxygen distances appear to be
sensitive to solution chloride concentration with variation from 2.41 A
to 2.52 A as chloride concentrations increase and the average number of
bonded chloride ions changes from <1 to >2; however such variation
was not observed with HEXS (2.41 + 0.01 108; [147]) despite similar
chloride concentration ranges being explored with both techniques.
Both techniques however agree that regardless of chloride concentration
the uranyl-chloride bond distance remains at a constant 2.72 + 0.01 A
distance. Idealised structures for the monochloride (UO,Cl") and
dichloride (UOZClg) complexes are shown in Fig. 2.

All experimental work suggests that the monochloride complex
UO0,Cl" maintains fivefold coordination with the equator hosting four
water molecules and a single chloride ion. This fivefold configuration is
further supported by the computational work of Soderholm et al. [147].
It was noted in experimental work that as the average number of
equatorial chloride ions approached 2 the number of equatorially co-
ordinated waters approached 2-2.5 suggesting a mix of fivefold
(pentagonal bipyramid) and fourfold (tetragonal bipyramid) arrange-
ments are possible for the dichloride UOZClg complex. Based on trends
observed in these prior works it seems likely that the trichloride complex
UO,Cl; is fourfold coordinated though no study has managed to pro-
duce a solution solely predominant in this complex. The computational
work of Biihl et al. [20] suggests a tetragonal arrangement for both the
dichloride and trichloride complexes; it also suggests that the cis- and
trans-isomers of these two complexes have very similar free energies;
hence Fig. 2 shows the trans-form selected by Biihl et al. [20].

There is a discrepancy between the average chloride and oxygen
coordinations reported by Allen et al. [4] and those reported by Hennig
et al. [70] and Soderholm et al. [147]. This discrepancy is most obvious
at 6.0 M total chloride. The latter two studies both match each other
within uncertainty and suggest a predominance of UOZCI(Z) with a minor
contribution from UO,Cl;, whereas the older study suggests a 50/50

contribution of UO,Cl" and U02c13. We suggest that this discrepancy
may simply be due to inappropriate threshold energy choice (Eq) used
during fitting by Allen et al. [4]. This choice is suggested by the
reporting of anomalously large AE, values ranging from — 9.6 to — 12.3.
Such large values can lead to fits producing erroneous but still reason-
able appearing coordination values - this effect is discussed in detail by
Kelly and Ravel [85]. Regardless, the coordination reported for the pure
species by Allen et al. [4] align well with all subsequent experimental
and computational studies i.e. pentagonal for UO,Cl" and tetragonal for

U0, CLY.

1.3. Uranyl sulfate complexes

Key experimental studies on the structure of uranyl sulfate com-
plexes are summarised in Table 3. All investigations reviewed were
conducted at ambient conditions. The monosulfate U02802 and disul-

fate UO,(SO4)2~ complexes have been the main focus of structural
studies though, based on our speciation calculations, Hennig et al. [68]
may have partly characterised the trisulfate UOZ(SO4)‘3" complex in
their HEXS study. Sulfate ligands bond on the uranyl equatorial plane
and may substitute either one (as a monodentate bond) or two (biden-
tate) water molecules with computational work suggesting the bidentate
arrangement to be slightly (<20 kJ/mol) more energetically favourable
[161,30,69]. Computational and experimental work suggest that all
three major sulfate complexes maintain fivefold equatorial
coordination.

Axial oxygen distances remain similar to the pure uranyl ion
regardless of species at around 1.78 & 0.01 A. Equatorial oxygen dis-
tances vary depending on whether a single or two shell approach is used
during fitting. In single shell approaches U-EqO distances have been
found to be ~2.41 A — identical to pure uranyl. In two shell models U-
EqO distances may be split into two populations one at ~2.35 A and
another at ~2.48 A corresponding to water oxygens. These two distinct
oxygen distances are also observed in DFT models [161 ], however works
utilising HEXS were apparently unable to distinguish the two and only
report a single oxygen distance of ~2.41 A.

U-S distances vary between monodentate and bidentate bonding
arrangements. EXAFS work suggests that in monodentate arrangements
U-S distances are around 3.56 + 0.01 A with similar distances (~3.58

+0.01) being measured in synthetic potassium zippeite
(K(UO,),S04(0H),H,0) using both EXAFS and XRD [69,163]. HEXS
work however seems to suggest a greater distance of ~3.67-3.69 A. The
reason for this discrepancy between EXAFS and HEXS of aqueous
monodentate sulfate is not clear but interference from other atomic
paths (namely the three main multiple scattering U-O¢ax) paths which
have a mean path distance of ~3.55 A) and the fact that pure mono-
sulfate solutions were not measured by the works that identified mon-
odentate sulfate may together have led to the fitting of shorter bond
distances in the EXAFS-based studies.

For the bidentate sulfate complex, good agreement exists across all
works regardless of technique for the U-S distance, which has been
determined to be 3.11 + 0.01 A.

While there exists general agreement that the uranyl disulfate com-
plex UO,(SO,4)3™ contains two bidentate sulfate ions, the bonding
behaviour of sulfate in UOZSOS is somewhat less clear. Moll et al. [115]
provides the only investigation of a solution in which the monosulfate
complex is predominant (~82%), and was able to adequately describe
its EXAFS spectra using a model implying solely bidentate sulfate.
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Table 3

Summary of experimental investigations into the structure of uranyl sulfate
complexes. All experiments were conducted at room temperature. NEqO refers
to the number of equatorial oxygen atoms, NS the number of the equatorial
sulfur atoms (and by extension the number of bonding sulfate molecules). For
ease of presentation DW factors have been multiplied by 10°. (f) denotes a value
was fixed. Axial oxygen distances are not listed here as they were practically
identical across all fits and works, 1.78 - 0.01 A. The confidence of reported
uncertainties is typically not discussed at all but can generally be assumed to be
1o unless otherwise stated (C.I. — confidence interval).

Publication Technique Other notes

(s) used

Solution ID-NEqO - NS
// Respective distances
(10\) // respective Debye-
Waller factors (Az)

Moll et al. EXAFS
[115] 170 NMR

A-5.0-1(f) /7 2.41 -
3.11(f) // 8.4 -10.5
B-5.0-1(f) // 2.40 -
3.14//8.2-86
C-50-22//243-
3.11//10.7-7.5
D-50-21//243-
3.10//11.9-7.2

Measurements
conducted on solutions
containing 0.05 M
UO3". In samples A and
B sulfate was
introduced solely as
H>S04. In sample C and
D it was introduced
solely as Na;SO4. pH
was adjusted using
NaClO,, though NaOH
was added to sample D.
Ep =17185eV.
Amplitude reduction
factor (Sg) =0.9.
K-Space data range
2.5-17.8 A,

/\Eo was fixed to

— 7.0 eV, fixing this
value is somewhat
atypical. Its magnitude
is also somewhat high
though not entirely
unacceptable.
Uncertainties in NEQO
and NS are + 0.4 and

=+ 0.5 when not fixed.

Uncertainties in
distances for both are

+ 0.012.

Solution speciation was
provided by the paper:
A-0.5 M HS04//12%
UO%+ 82% U0,S09;

B - 10 M H,SO4 //50%
U0,50!, 50%
U05(S04)3;

C-0.5M NaySO4 pH
2.00 // 88%
U0,(S04)5;

D -1 M NaySO4 pH 5.25
— mix of hydroxyl
sulfate ternary species.
Measurements
conducted on a solution
containing 0.5 molal
UO3" with 0.5 m HySO,4
— our calculations
suggest a uranyl
speciation distribution
of 28% UO%', 46%
V0,809, 18%
UO5(S04)3".

Solutions comprised
0.05 M (B,C,D,E,G) or
0.5 M (F) U and varying
concentrations of
H>S04 and (NH4),S04.
Eo = 17185 eV.
Amplitude reduction

Neuefeind HEXS 2.42 A response
etal. identified as EqO.
[120] 3.67 A response

identified as
monodentate sulfate.

Hennigetal. EXAFS B-25/21-0.6//
[69] 2.35/2.47 - 3.09
C-24/22-1.6//
2.35/2.48 - 3.11
D-24/25-19//
2.35/2.49 - 3.12
E-25/24-20//

Table 3 (continued)
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Publication

Technique
(s) used

Solution ID-NEqO - NS
// Respective distances
(A) // respective Debye-
Waller factors (A%)

Other notes

Hennigetal.  HEXS
[68]

2.35/2.49 - 3.12

F -4.4/1.4-0.3/0.6 //
2.39/2.51 - 3.11/3.57
//7.3/7.3 - 6.0(£)/9.0
®

G -4.2/0.8-0.3/0.5 //
2.39/2.50 - 3.07/3.56
//7.6/7.6 — 6.0(£)/9.0
®

EqO - 2.41 A
S(Bidentate) - 3.12 A
S(monodentate) —
3.69 A

These values were
identical for both
solutions

factor (S2) = 1.0.
K-Space data range
3.2-16.7 A,
Uncertainties in N are

+ 15%, Distance

uncertainties are

+0.02 A. DW factors
for EQO and S were
fixed for compositions
B-E to 0.0055 and
0.0060 respectively.
Two equatorial oxygen
distances were used in
all fits. For
compositions F and G
two sulfate distances
were described.
Speciation was
provided by the paper:
B - 16% UO3" 27%
U0,S09 54%

U0, (S04)3™ 3%
U05(S04)3 5

C-3% UO3" 19%
U0,S09 75%

U0, (S04)3 2%
U05(S04)3;

D - 2% UO%" 21%
U0,S09 76%
U05(S04);";

E - 21% U080 76%
U0,(S04)5;

F - 38% UO%" 31%
U0,50§ 30%
UO0,(S04)37;

G - 43% UO3" 40%
U0,80% 16%
UO0,(S04)3™.

Two solution
compositions were
investigated; however,
the form of sulfate is
unclear, H,SO4 and
(NH4),S04 were both
mentioned as mean of
introducing it into
solution but the exact
quantities used are
unclear:

D-046MU, 0.49M
S037;

E-0.46 MU, 3.45M
803~

Solution speciation was
calculated by us as it
was not provided by the
original reference. It
was surmised that
uranyl was introduced
as UO3 and sulfate
solely via HySO4 for D
and a mix of 0.46 M
H,S04 and 3 M
(NH4),S04 for E.

D - 26% UO3" 50%
V0,804 17%
UO0,(S04)37;

(continued on next page)
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Table 3 (continued)

Publication Technique Solution ID-NEqO - NS
(s) used // Respective distances
(A) // respective Debye-
Waller factors (A%)

Other notes

E - 20% UOZ™ 17%
U0,S05 17%
U0»(S04)3™ 44%
U0,(S04)5.

~2.35-2.50 A

~3.56-3.69 A

~2.35-2.50 A
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Subsequent works however have only investigated solutions with a
maximum of ~50% UO0,SOY, making it difficult to determine whether
apparent bidentate responses are solely from co-present UOz(SO4)§’ or
if the solution contains a mix of monodentate and bidentate UOZSOQ.
The HEXS studies of Neuefeind et al. [120] and Hennig et al. [68] both
investigated solutions with practically identical speciation containing ~
50% U02$02. Yet, Neuefeind et al. [120] only identified a 3.67 A
monodentate response, while Hennig et al. [68] were able to identify
3.11 A and 3.67 A responses corresponding to both bidentate and

~2.35-2.50 A

~3.10-3.14A

Fig. 3. To-scale idealised depictions of uranyl sulfate complexes. Structures are based on the DFT calculations of Hennig et al. [69]. Note how the monosulfate
complex may contain either a monodentate or bidentate sulfate ion and how the U-S distance significantly differs between the two arrangements. Uranium is blue,

oxygen red, sulfur yellow and hydrogen grey.

Fig. 4. To-scale idealised depictions of uranyl carbonate complexes, UOZ(CO3)g’ on the left and (U02)3(CO3)27 on the right. Structures are based on those calculated
by [106]. Uranium is blue, oxygen red and carbon orange.

~2.22-2.28A

Fig. 5. Two likely structures of the 1,4 uranyl
hydroxyl complex. Structure for the pure 1,4 is
based on the calculated geometry of Ingram
et al. [76]. Structure for the fivefold coordi-
nated 1,4-H,O complex is based upon gas phase
calculations reported by Vallet et al. [162].
Note that bonded hydroxyls may occupy a
number of different orientations and permuta-
tions of such - the orientations shown here are
merely one example of many possibilities.
Uranium is blue, oxygen red and hydrogen
grey.

~2.35-2.50(2) A
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Table 4

Summary of experimental XAS structural studies on aqueous uranyl carbonate
complexes and some of their solid analogues. Axial oxygen distances are
consistently around 1.80 + 0.02 in all studies. Parameters are reported for 3
main bonds/scatter paths, U-O(carbonate), U-C(carbonate) and U-O(distal car-
bonate) in that order. Values are reported for coordination (N), distance/path
length (r(/c\)) and Debye-Waller (DW) factors (02(10\2 %x10%)). DW factors are
multiplied by 10° for ease of presentation. The confidence of reported un-
certainties is typically not discussed at all but can generally be assumed to be 1¢
unless otherwise stated.

Publication  Technique Path parameters. Other notes
(s) used Coordination (N),
Bond length (r, )]
and Debye-Waller
factors (x10% A?).
Uncertainties in
brackets where
reported.
Allen et al. EXAFS K4 [Uo2 (CO3),4 } (s) Measurements conducted on a
[3] NMR N-6-3-3 (All fixed) solid analogue equivalent of
XRD r-2.42-2.89-4.12 UO5(CO)s~ namely
Raman 6>-5.9-3.0-5.6 K4[U02(COs)5 ], a solution
(U02)3(C03)27 (aq) containing 0.2 M U at pH 5.7
N-6-3-3 (All fixed) comprising at least 99%
r-22.46—2.90—4‘17 (U02)3(C03)g’ and solid
07753956 [C(NHy); |, [(U02)s (COa) .
Derived distance parameters
were identical for the latter
two.
Eo value used during fits was
not provided.
Amplitude reduction factor
(Sg) was also not reported.
K-Space data range
2.5-12.5 A™.
Coordination numbers were
fixed for all fits.
Uncertainties for distances do
not seem to have been
reported.
Docrat EXAFS U0, (C03)§7N- Measurements conducted on a
etal.[37] 6-3-3 (All fixed) solution containing 10 mM U
r-2.43(2)— 2.89 and 1 M Na,COs at a pH of
(4)— 4.13(4) 11.95.
6214-7-13 Solution comprised of 99%
UO,(CO3)5.
Eo value used during fits was
not provided.
Amplitude reduction factor
(Sg) was also not reported.
K-Space data range 3-16 A™.
Coordination numbers were
fixed for all paths.
Ikeda et al. EXAFS U0, (Co3)‘3‘ N- Measurements conducted on a
[73] 6-3-3 (All fixed) solution containing 50 mM U
1-2.44-2.92-4.17 with 1.4 M Na,COs at pH
6°-5.9-3.0-3.0 11.9.
Eo =17185eV.
Amplitude reduction factor
(83 =0.9.
K-Space data range 2-20 A™.
Uncertainties in all distances
are + 0.01 A.
Coordination numbers were
fixed for all paths.
monodentate sulfate bonding patterns. Similarly confusing in-

terpretations are found in the EXAFS results of Hennig et al. [69]; two of
their solutions contained ~30% U0,S0J (though with differing pro-
portions of other species due to differing solution compositions), yet the
fit for one (Solution B) suggested the sole presence of bidentate sulfate
whereas the fit for the other (Solution F) suggested the presence of both
monodentate and bidentate sulfate. Little clarification may be found in
works utilising vibrational spectroscopy. The Raman spectroscopy study
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of Nguyen-Trung et al. [122] solely suggests bidentate coordination for
the monosulfate complex, whereas the infrared spectroscopy study of
Gal et al. [51] solely identifies monodentate coordination.

We suggest that the reason for this apparent lack of consistency is the
very small (<20 kJ/mol) difference in Free energy between the biden-
tate and monodentate coordination modes. A similarly small (~6 kJ/
mol) energy difference between mondentate and bidentate coordination
modes was calculated for the yttrium monosulfate (Y(SO4)™) complex
by Guan et al. [57]. Such a small energy difference likely makes equi-
libria between the two configurations highly sensitive to solvent effects
and perhaps even the analytical technique used — the high intensity
X-Rays used in XAS for instance are known to induce water radiolysis
and redox changes [108]. Given the variety of solution compositions
investigated and experimental techniques utilised, a sensitivity to such
factors could explain the corresponding variety in coordination mode
interpretations.(Fig. 3, Fig. 4 and Fig. 5).

1.4. Uranyl carbonate complexes

Uranyl may form a variety of ternary carbonate complexes particu-
larly with divalent alkaline earths (e.g. Mg, Ca, Sr) and hydroxyl anions
[15,160,38,39,55,59,60,77,78,84,86,95-97]. For the sake of brevity
and relevance to hydrothermal conditions (where ternary complexes are
regarded as generally less stable than simple binary complexes; [77,78],
we will solely focus upon binary uranyl carbonate complexes.

Major works on the structure of binary uranyl carbonate complexes
are reported in Table 4. All investigations reviewed were conducted at
ambient conditions. It is difficult to produce solutions solely predomi-

nant in the monocarbonate UOZCO(S) or dicarbonate UOg(COg)g’ com-
plexes, so all EXAFS studies to date have focussed on the tricarbonate
UO,(CO3)3~ and/or the trinuclear hexacarbonate (UO3)4(CO3)S™ com-
plexes, sometimes referred to as the triscarbonato or hexakiscarbonato
complexes respectively. We will refer to the two as the tricarbonate and
trimeric carbonate complexes respectively.

Experimental works suggest that carbonate bonds invariably in a
bidentate fashion around the uranyl equator. Hence the tricarbonate and
trimeric complexes have been suggested to manifest six-fold equatorial
coordination. However, it is worth noting that all prior EXAFS fits
reviewed here have explicitly fixed the number of equatorial oxygen
atoms to six, hence forcing three bidentate carbonate bonds. These fixed
models were supported by comparison with the structures of a number
of solid analogues; for example Allen et al. [3] wused
[C(NH2); |4 [(UO2)3(CO3)g |. Similar sixfold coordination is also found
in cejkaite ((Na4(UO2)(CO3),4) [127], agricolite (K4(UO2)(CO3)3) [144]
and rutherfordine (UO,CO3) [47].

The presence of six-fold coordination for the tricarbonate and
trimeric carbonate complexes is supported by an abundance of compu-
tational work [105,106,118,134,158,160,36,49,56,6,73,91]. Most of
these studies are based on static geometry optimisation in vacuum or in
dielectric media though the works of Tirler and Hofer [158], Marchenko
et al. [106] and Moreno Martinez et al. [118] employed molecular dy-
namics simulations and explicitly accounted for water molecules in the
solvent. The earlier two works suggested that fivefold coordination may
in fact be favoured with one carbonate ion bonding monodentately in
the tricarbonate complex however, the latter work supports the six-fold
coordination model.

The static geometry optimisation works of [36,105] suggest that
carbonate is solely bonded bidentately in both the monocarbonate
U0,COJ and dicarbonate UO»(CO3)3~ complexes. To our knowledge no
EXAFS or similar structural verification of these models has been
conducted.

Bonding distances in uranyl tricarbonate and the trimeric carbonate
complexes are well established experimentally. Equatorial U-O(car-
bonate) bond lengths are agreed to be ~2.43 + 0.02 A, only slightly
longer than the bonds lengths of equatorial waters in the uranyl aqua ion
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Table 5
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Summary of key structural investigations of uranyl hydroxyl complexes. Structural parameters are listed for both axial and equatorial oxygen bonds and appear in that
order. In the cases of [116] and [159], who studied solutions containing polynuclear hydroxyl complexes, parameters for the U-U scattering path are also listed.
Parameters that were fixed during fitting are denoted with (f). The confidence of reported uncertainties is typically not discussed at all but can generally be assumed to

be 16 unless otherwise stated.

Publication Technique (s) Parameters - Coordination (N), Bond length (r, A) Other notes
used and Debye-Waller factors (x10° A%)
Clarketal.[27]  EXAFS 3.5 M TMA-OH solution Measurements conducted on a 3.5 M tetramethylammonium hydroxide (TMA-OH).
N-2(H— 5.3(5) solution containing ~0.1 M U and a solid analogue of UO,(OH)?";
r-1.79(1)— 2.22(1) Co(NH3)g |, [UO2(OH), |,.
17X (CoNT ), [102(0R, ]

Solid [Co(NHs), |, [UO2(OH), | ;N-2(f)— 3.9(5)
r-1.81(1)— 2.21(1)
62-2.0-4.3

EXAFS 1 M TMA-OH

N-2(f)— 5.0(5)

r-1.82(1)— 2.24(1)

6%1.5-5.6

3 M TMA-OH

N-2(f)— 5.3(5)

r-1.82(1)— 2.24(1)

6%1.4-5.5

A - 0.05 M TMA-OH (pH 4.1)
N-2.2(3)— 5.5(6)— 1.4(4)
r-1.79(1)— 2.41(1)— 3.80(1)
6%1.2-11.4-5.7

C- 0.5M TMA-OH (pH 13.7)
N-1.8(3)— 4.2(6)

r-1.83(1)— 2.26(1)

6%1.0-4.6

D - 3.0 M TMA-OH (Re-evaluation of data from
Wahlgren et al.[164].
N-1.8(3)— 4.6(6)

r-1.83(1)— 2.24(1)

021.0-4.3

P1- pH 2.98

N-2(f)— 5.0(6)— 0.5(2)
r-1.770(2)— 2.412(7)— 3.88(2)
621.2-10-6(f)

P2 - pH 4.04

N-2(f)— 5.3(5)— 0.7(1)
r-1.771(1)— 2.408(6)— 3.82(1)
6%1.51-13-6(f)

P3 - pH 3.96

N-2(f)— 5.3(4)— 0.7(2)
r-1.766(1)— 2.407(5)— 3.83(1)
6%-1.46-10.7-6()

P4 - pH 4.22

N-2(f)— 4.6(4)— 0.5(2)
-1.769(2)— 2.410(5)— 3.83(2)
62-1.4-10-6(f)

N-2(f)— 4(f)

r-1.82(1)— 2.28(1)

6%1.4-4.2

Wahlgren et al.
[164]

Moll et al.
[116]

EXAFS
170 NMR

Tsushima et al.  EXAFS
[159] FTIR
UV-Vis

Moll et al.
[117]

EXAFS

Eo value used during fits was not provided.

Amplitude reduction factor (Sg) was set to 0.8.

K-Space data range 3.00-11.70 A,

Fourier transform of reported data shows only a single wide peak instead of the usual 2
distinct peaks visible in FT of non-complexed uranyl spectra.

Solution was interpreted to be predominant in UO,(OH)3 .

Measurements conducted on two solutions of 1 and 3 M TMA-OH. Both contained
0.055 M U.

Eo=17,185eV.

Amplitude reduction factor (Sé) was set to 1.0.

K-Space data range 3.8-15.1 A,

Authors suggest despite observed fivefold coordination the predominant species is
UO,(OH)3".

Measurements conducted on solutions containing 0.05 M U and varying concentrations
of TMA-OH

Eyo =17,185eV.

Amplitude reduction factor (S3) was set to 0.8.

K-Space data range 2.5-15/17 AL,

Solution speciation for solutions A and C were reported in the work. D was presumed to
be predominated by UOz(OH)i’ with a possible minor contribution of UOz(OH)g’.
A—10% UOZ", 30% (UO,),(OH)3", 60% (UO),(OH); .

C-100% UO,(OH)3 .

Measurements were conducted on solutions containing variable concentrations of U and
TMA-OH. U was introduced as Oz(NOs),.

Eo =17,185¢eV.

Amplitude reduction factor was not provided.

K-Space data range 3.1-14.7 A™! for P1-P3, 3,1-12.5 A for P4.

4 Solutions were studied:

P1-534mM U, 0.39 M TMA-OH - pH 2.98;

P2 - 47 mM U, 50 mM TMA-OH - pH 4.04;

P3 -17 mM U, 5 mM TMA-OH - pH 3.96;

P4 -4 mM U, 5 mM TMA-OH - pH 4.22.

Exact speciation was not provided but predominant species were given as:
P1 - (UO),(OH)3";

P2 - (UO2),(OH)3" + (UO2)4(OH)s + minor UOZ;

P3 - (UO,),(OH)3" + (UO3);(OH)3 + UO3*;

P4 - (UO3)3(OH); + minor UO3".

Measurements were conducted on solutions containing 50-100 mM U and 1.0-3.5 M
TMA-OH. Some solutions used methanol as a medium.

Eo not provided.

Amplitude reduction factor (Sg) not provided.

K-Space data range ~2.5-17 A,

Solution compositions were reported as below:

S1-50mM U - 1.0 M TMA-OH - Water;

S2 - 50 mM U - 3.0 M TMA-OH — Methanol;

S$3-50mM U - 3.5 M TMA-OH - Methanol;

S4 -100 mM U - 3.0 M TMA-OH - Water;

S5 - 50 mM U - 3.0 M TMA-OH -Methanol.

Despite the variety of solution compositions all derived bond properties were practically
identical. S1 was likely predominant in UOz(OH)?,’. The authors suggest that the other
solutions were predominant in UO3( OH)g’ and/or binary uranyl-methanol-hydroxyl
complexes.

(2.41 10\). U-C(carbonate) bond lengths lie around 2.89-2.92 A. Another
distance often measured is that between the core uranium and distal
carbonate oxygens — this is agreed to be around 4.13-4.17 A.

1.5. Uranyl hydroxyl complexes

Uranyl may form a wide variety of binary, ternary, polymeric,
polynuclear and polymetallic complexes with the hydroxyl ion. A
detailed review of this great variety is provided by Knope and Soder-
holm [89]. For expedience, uranyl hydroxyl complexes may be referred
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Table 6

A summary of prior XAS studies on the structure of the uranyl ion in nitrate
solutions conducted above 25 °C. Focus is placed on the change in equatorial
oxygen coordination with increasing temperature. (f) denotes a value was fixed
during fitting. Values from [16] are not reported here as they were originally
sourced from [153]. The confidence of reported uncertainties is typically not
discussed at all but can generally be assumed to be 1c unless otherwise stated.

Publication Temperatures investigated Other notes
(°C) and determined
equatorial oxygen
coordinations.
Schofield 25-4.5/4.2 Measurements conducted on 2
et al.[135] 70 -4.5/4.8 solutions both containing 0.1 M
115-4.9/4.4 UO>(NO3),-6H20. One contained
160 - 4.7/4.4 0.2 M NOj the other 1.0 M NO3
205 -3.7/3.0 with 0.8 M introduced as KNOs.
250 - 3.1/5(f) + 1(f) Eo value used during fits was not
Nitrogen provided.
Amplitude reduction factor (Sg)
was not provided.
K-Space data range 3-15 A,
Coordination numbers are
reported for both solutions, left
numbers for the 0.2 M nitrate
solutions, right numbers for the
1.0 M nitrate solution. The
spectrum measured for the 1.0 M
nitrate solution at 250 °C was
attributed to a pure solution of the
uranyl mononitrate complex.
Uncertainties were assumed to be
+ 10%.
Testemale 30-5.6(0.8) / 3.2(0.9)+ 2.2  Measurements conducted on a
[153] 0.4) solution made using 0.1 M
100 - 5.2(0.7) / 3.3(1.0)+ UO,(NOs3),-6H20.
1.9(0.5) Eo value used during fits was not
200 - 4.7(1.0) / 2.1(0.3)+ provided.
1.9(0.3) Amplitude reduction factor (S2)
300 - 3.6(0.6) / 1.5(0.4)+ =1.0.
2.7(0.8) K-Space data range 3-15 A,
350 - 2.7(0.5) / 1.2(0.3)+ Coordination numbers are
2.3(0.6) reported for the single and two
375 -1.5(1.2) / 1.3(0.7)+ shell equatorial oxygen models
3.4(1.1) reported.

to simply by the numbers of uranyl and hydroxyl ions they are composed
of, so (1,3) refers to UO,(OH)3, (3,4) to (UOz)g(OH)i+ and so on. Here
we review work conducted on a subset of uranyl hydroxyl species,
specifically those likely to be relevant at hydrothermal conditions. This
includes the mononuclear 1,1, 1,2, 1,3, 1,4 complexes and the poly-
nuclear 2,2 and 3,5 complexes. All investigations reviewed were con-
ducted at ambient conditions. Due to limitations in the sensitivity of
XAS, all prior experimental work discussed here has been limited to
acidic (<4) or highly basic (>13) pH conditions, where sufficient con-
centrations of uranyl can be dissolved in solution. This has restricted the
range of hydroxyl complexes that have been characterised using XAS: of
all the binary uranyl hydroxyl complexes only three complexes that are
recognised by the NEA [55] have been characterised, namely the
mononuclear 1,4 (UOZ(OH)i’) complex that predominates in highly
alkaline solutions, and the polynuclear 2,2 ((UO),(OH)3") and 3,5
((UO,),;(0OH)Z) complexes that predominate under moderately acidic
solutions. Some works have suggested the significant presence of the 1,5
(UOZ(OH)?{) [27] or trioxo (UO3(OH)§’) [117] complexes based on
derived equatorial oxygen coordinations and edge-shifts. However,
overall experimental support for the existence of the 1,5 complex is
mixed [116,164] and computational works universally suggest that the
1,5 complex is unstable [104,136,148,162,164,25,76]. While the trioxo
complex is possibly present as a transient form during 1,4 “-yl” oxygen
transfer [18,139], its predominance in highly alkaline solutions has yet
to be definitively proven. These two points of uncertainty are discussed
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Table 7
Summary of solution compositions. Solution speciation was calculated using the
thermodynamic model described in the supplementary material.

Solution Solution Composition Notes
D
A 0.056 m U033.86 m Predominated by UO3" at all temperatures.
HCIO,4 Temperature range: 25 — 222 °C.
B 0.081 m U032.77 m Predominant species changed from UO3" to
Hcl UO,Cl* to UO,CI) as temperature increased
- see supplementary materials for exact
species distributions.
Temperature range: 25 — 312 °C.
C 0.22m U030.22 m Predominated by UO,S0j at all
H,504 temperatures. 66% at 25 °C and > 80%
above 80 °C - see supplementary materials
for exact species distributions.
Temperature range 25-247 °C.
D 0.09 m U050.12m Predominated by U0, (SO4)%~ (>80%) at all
HCI1.01 m Na;SO4 temperatures.
Temperature range 25-266 °C.
E 0.005 m U050.32 m Contained a roughly equal mix of U0,SO
HCI0.50 m NaSO4 and UO, (SO4)§’ up to 150 °C above which
U0, (SO4)§’ become increasingly prevalent
- see supplementary materials for exact
species distributions.
Temperature range 25-222 °C.
F 0.018 m U030.93 m Predominated by U0 (CO3)4™ at room
NaHCOs temperature and probably at all higher
temperatures, however a lack of high
temperature, experimentally derived
thermodynamic data make this difficult to
verify.
Temperature range 25-247 °C.
G Solid U033.51 m Predominated by UO»(OH)3™ at all
NaOH

temperatures
Temperature range 88-326 °C.

in detail below.

In both mononuclear and polynuclear complexes hydroxyl ions bond
along the uranyl equator and may bridge constituent uranyl groups in
polynuclear complexes. Average U-O(eq) distances are very similar for
both the 2,2 and 3,5 complexes at around 2.41 + 0.01 A. This value
likely represents an average of the U-OH and U-H,O distances as the two
molecules tend to bond at significantly different distances from each
other. U-O(ax) distances for the 2,2 and 3,5 species also remain similar
to the pure uranyl ion at ~1.77 & 0.01 A. The 1,4 complex however, has
far shorter U-O(eq) distances that vary around 2.22 - 2.28 A. This is
coupled with a slight lengthening of the U-O(ax) distances to
~1.80-1.82 A. Very similar distances were observed in a solid analogue
([Co(NHs)4 |, [UO2(OH), |,) of the 1,4 complex by Clark et al. [27].

There has been some debate regarding the nature of uranyl specia-
tion under highly alkaline conditions. Clark et al. [27] investigated
uranyl in a 3.5M tetramethylammonium (TMA-OH) solution and
concluded that, under such conditions, uranyl speciation was dominated
by a fivefold-coordinated pentahydroxy species, UOZ(OH)g". This
assertion was based on the derivation of fivefold equatorial oxygen co-
ordination at a distance consistent with hydroxyl bonding as suggested
by their measurements of solid [Co(NHs)g |,[UO2(OH), |,. However,
the EXAFS work of Moll et al. [116] on a solution containing 0.5 M
TMA-OH clearly derived fourfold equatorial oxygen coordination for the
1,4 complex. Such a difference in apparent speciation might be ascribed
to the differences in alkalinity of the solutions studied by the two works.
Indeed, Wahlgren et al. [164] studied two highly alkaline solutions
containing 1.0 and 3.0 M TMA-OH and produced fits implying fivefold
equatorial oxygen coordination in both solutions.

However, Wahlgren et al. [164] rejected the presence of the 1,5
complex and asserted that the fourfold-coordinated 1,4 complex is
predominant under highly alkaline conditions using the following
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Table 8
Summary of fitting ranges used and path parameter data sources as well as
relevant notes on the fitting models used.

Solution Notes

D

k-Range
used for
FTs and
fitting

Solid analogue used for feff path
calculations

All three axial
oxygen MS
paths were
included in fits
with
parameters
fixed to

2 x that of the
fitted single
scatter axial
oxygen path.

A 2-13 UO,(ClO4),-5H,OFischer [48]

B 2-13
2-12.5
for 312
°C
spectrum
C 2-13

Li(H20),[(UO>),Cl3(0)(H20) |Bean
etal.[13]

Nayo [(UO2)(SO4), ] (SO4),-3H2OBurns
and Hayden[22]
Nayo [(UO2)(SO4), ] (SO4),-3H2OBurns
and Hayden[22]
Nayg [(UO2)(SO4), ] (SO4),-3H,OBurns
and Hayden[22]

Fluorescence
rather than
transmission
data were used
for fitting.

Fits were done
in k-space.

All three axial
oxygen MS
paths were
included in the

Nay (UO,)(COs),Plasil et al.[127]

same manner
as Sol A.
Fitting model
was based on
that reported
by[84].

E, value of
17177 eV was
used rather
than

17,182 eV.

G 2-12 UO,(OH), Taylor and Hurst [152]

arguments. (i) The solubility study of Yamamura et al. [165] only found
evidence for the 1,4 complex in similarly alkaline solutions (up to pH
13.75). (ii) Despite the equatorial coordination numbers of ~5, the bond
distances derived from the EXAFS analysis for equatorial oxygens were
almost identical to the unequivocally fourfold coordinated 1,4 solid
analogue ([Co(NHs), |, [UO2(OH), |,) studied by Clark et al. [27]. One
would expect the addition of another OH" group to increase the distance
of all equatorial oxygens — indeed, computational work universally
agrees that U-OH distances may differ by > 0.1 A between the 1,4 and 1,
5 complexes [148,162,164,19,76] — such a large difference should be
easily resolvable in EXAFS. (iii) Coordination numbers derived from
EXAFS are prone to wide uncertainty margins and are sensitive to
empirical parameters — particularly the amplitude reduction factor S2
and threshold energy (Ey) [83,85] which are typically fixed during
fitting. Given the high precision of bond distances measured by EXAFS
this makes them a potentially better metric for deducing coordination
than actually derived coordination numbers. (iv) Wahlgren et al. [164]
also noted that fixing equatorial coordination to four had little effect on
the quality of their fits. A re-evaluation of their data by Moll et al. [116]
suggested equatorial coordination in the 3.0 M TMA-OH solution to be
closer to four (4.6) rather than the originally derived 5.3.

DFT studies have suggested that the 1,4 complex has a fourfold co-
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ordinated/tetragonal bipyramid structure [104,136,148,162,164,25,
76] and that it is significantly more stable than the 1,5 complex. The
general instability of the 1,5 complex was further supported by the
Car-Parrinello molecular dynamics (CPMD) study of Buhl et al. [19]. In
addition, this work also noted that when surrounded by counterions
(ammonium (NH}) ions were used in their simulations) the 1,4 complex
coordinates with an additional water molecule alongside its 4 hydroxyl
ligands thus forming a pentagonal bipyramid. The DFT work of [162]
suggests that the U-OH bond lengths for such a fivefold complex may
only be slightly (~0.04 A) longer than those of its fourfold counterpart,
making this coordinated water potentially challenging to distinguish
from the 4 hydroxyl groups with EXAFS, especially if solutions con-
tained a mix of UOZ(OH)ff and UOZ(OH)i’ (H20) as possible suggested
by the Moll et al. [116] reinterpretation of the Wahlgren et al. [164]
3.0 M TMA-OH solution data.

Moll et al., ($year$) [117] suggest that in highly alkaline 3.0 M

TMA-OH solutions the uranyl trioxo (UO3(OH)§’) complex may be
favoured over the 1,4 or the 1,5 complexes. This assertion was based on
their own DFT calculations (in turn based on the prior computational
works of Shamov and Schreckenbach [139] and Biihl and Schreck-
enbach (2010)) that suggested the greater stability of the trioxo over the
1,5 complex and the observation of an edge shift (~ —0.5 eV) in the
measured spectrum of a methanol based 3.0 M TMA-OH solution rela-
tive to a water based 1.0 M TMA-OH solution. This edge shift was
compared to that observed for spectra of protactinium(V), in which a
~1 eV edge shift was attributed to the formation of an oxo bond [93]. It
is worth noting that Wahlgren et al. [164] investigated water-based
solutions with identical TMA-OH concentrations (1.0 and 3.0 M) yet
did not note any edge shifts. The formation of deprotonated
uranyl-methanol-hydroxyl complexes may serve as an explanation for
the observed edge shift meaning the presented evidence is not definitive
proof of the trioxo complex’s existence. Furthermore, calculated struc-
tures of the trioxo complex indicate it to manifest fourfold equatorial
coordination (1 oxo bond and 3 hydroxyl groups) meaning that its
presence cannot adequately explain prior EXAFS measurements under
similar pH conditions, whose fits suggest fivefold coordination. Thus, at
present, while the trioxo complex may appear as an ephemeral transi-
tionary compound during 1,4 “yl”-oxo transfer, present evidence does
not adequately support its predominance in highly alkaline solutions.

As it stands neither the 1,5 nor the UOg(OH)g’ complexes are rec-
ognised in the latest NEA review [55] and as far as we know, no ther-
modynamic data exist for either making quantitative descriptions of
their stabilities relative to the 1,4 complex difficult.

Considering the arguments of Wahlgren et al. [164], the solubility
study of Yamamura et al. [165], the fitting results of Moll et al. [116]
and the abundance of computational work discussed above we suggest
the following behavioural pattern for uranyl hydroxyl complexes under
highly alkaline conditions. At lower ionic strengths (I = ~1 M) the 1,4
complex predominates and manifests fourfold coordination [116]. As
ionic strength rises 1,4 coordinates with a water molecule becoming
fivefold coordinated; this structure is supported by the molecular dy-
namics work of [19] and explains the results of Clark et al. [27] and
Wabhlgren et al. [164] without having to invoke the presence of a 1,5
complex. The addition of a water molecule may also explain the inten-
sification of a 765 cm™ Raman band over a pH range of 13.34-14.38
observed in the work of Quiles et al. [129] that was attributed to the 1,5
complex. (Table. 5)

1.6. Uranyl aqua ion and uranyl complex structures under hydrothermal
conditions

All the experimental works described above were conducted at or
below 25 °C. XAS studies on uranyl complexation at elevated tempera-
tures are comparatively sparse. To our knowledge only the uranyl aqua
ion [135,153,16] along with its nitrate [135], carbonate [81], acetate
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[7,119], and citrate [8] complexes have been characterised at elevated
temperatures. Of the uranyl nitrate complexes, only the mononitrate
was observed and only in a single solution at a single temperature (250
°C) [135]. Characterisation of uranyl carbonate complexes has also been
very limited, with [81] only reporting qualitative results up to 125 °C
without any fitting results.

The pure uranyl ion has been investigated in nitrate solutions up to
375 °C and appears to undergo progressive dehydration with increasing
temperature. The exact temperature relation of this dehydration process
is somewhat poorly constrained at temperatures > 200 °C, with Teste-
male [153] suggesting equatorial coordination to be between 4 and 4.7
depending on the fitting model used (two or single shell of equatorial
waters), whereas Schofield et al. [135] suggest values around 3.0-3.7
with an apparent dependence upon the concentration of nitrate in so-
lution. These coordination changes are summarised in Table 6. Reported
U-O(ax) and U-O(eq) distances are similar to those determined at room
temperature (Table 1), and remain constant with temperature.

When using a two-shell model for equatorial O(water), increasing
temperature is associated with an increase in the number of equatorial
oxygens in the outer ~2.50 A shell and a decrease of those in the inner
~2.37 A shell. It is unclear if this is a real effect as the single shell models
of both Schofield et al. [135] and Testemale [153] do not seem to
indicate a systematic temperature-linked increase in the average equa-
torial oxygen bond length. However, this may be explained by
Debye-Waller (DW) factor obfuscation - the DW factors for single shell
oxygens are significantly higher than those for two shell oxygens indi-
cating greater bond length variance. Given the correlation between DW
factors and bond distances this could lead to fits accounting average
bond length changes as changes in the DW factor.

There has been at least one molecular dynamics study on the uranyl
ion conducted for elevated temperatures [102]. This work suggests that
uranyl retains fivefold coordination up to 200 °C which is roughly
consistent with available experimental results.

The effect of temperature on the coordination geometry of uranyl
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acetate complexes up to 250 °C is dependent upon the Ac/U ratio in
solution [7,119]. At higher Ac/U ratios, where the diacetate and triac-
etate complexes predominate, temperature appears to have little effect
on equatorial oxygen coordination. Conversely, in solutions with lower
Ac/U ratios where the monoacetate complex is more prevalent, equa-
torial oxygen coordination systematically decreases. This decrease in
coordination is likely a result of the loss of equatorial waters as observed
in the pure hydrated uranyl ion.

In citrate-bearing solutions, [8] found the (UOs), (cit)2~ dimer to be
predominant over the full investigate temperature range (25-200 °C)
with no significant change in coordination; this is consistent with the
fact that the dimer contains no coordinating water molecules. Bond
distances in both citrate and acetate complexes remain relatively con-
stant with temperature, with any changes observed likely being a result
of shifts between monodentate and bidentate bonding modes.

Overall, what little work is available suggests that uranyl complexes
generally retain their structure as temperature increases; however the
number of coordinating water molecules is mutable and systematically
decreases with rising temperature.

2. Methodology

Experiments were conducted on homogeneous aqueous solutions
prepared at room temperature and loaded into glassy carbon cells for in
situ XAS measurement at elevated temperature and pressure using the
mAESTRO autoclave system. Maximum temperatures were dictated by
solution composition (e.g. decomposition of HCIO, at temperatures
beyond 250 °C) or by solution behaviour at high temperature where
beam-induced redox effects typically led to photo-reduction and pre-
cipitation of uranium at which point measurements were terminated.
Precipitation was monitored using the absorbance step height in trans-
mission, which is proportional to uranium concentration. Solution
compositions were chosen to permit characterisation of UO2*, UO,Cl",
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Table 9

Derived fitting parameters for Solution A. AE was permitted to change at each
temperature but was constant across scattering paths. (f) indicates that the
parameter was fixed during fitting. R — bond length, N — Coordination, DW —
Debye-Waller factor, WAD - Weighted Average distance, weighted for coordi-
nation, TC - Total Coordination. All reported uncertainties correspond to a 1o
confidence interval.

Path T R (A) N DW (62, AE (eV)
C) A%
Solution A
U - O (axial) 25 1.77 2(f) 0.0023 -0.06
)
92 1.77 200 0.0024 -0.32
(€]
134 1.77 2(f) 0.0024 -0.31
(€]
177 1.77 2(f) 0.0024 -0.33
)
222 1.77 2(f) 0.0026 0.18
(€]
U-0 25 2.36 2.84 0.0026 WAD: 2.41(3)
(equatorial) 3) + 0.95
2.47 2.32 0.0026 TC: 5.16
2 +0.61 +1.56
92 2.36 2.77 0.0032 WAD: 2.41(3)
3) +0.92
2.48 2.32 0.0032 TC: 5.09
3) + 0.60 +1.52
134 2.36 2.71 0.0034 WAD: 2.42(2)
) +0.81
2.49 2.39 0.0034 TC: 5.1
(2) +0.54 +1.35
177 2.36 2.52 0.0030 WAD: 2.43(2)
() + 0.60
2.50 2.37 0.0030 TC: 4.89
@) +0.44 +1.04
222 2.36 2.10 0.0023 WAD: 2.44(2)
) + 0.50
2.51 2.45 0.0023 TC: 4.55
) +0.55 +1.05

UO,ClY, U0,S09, UO2(S04)%~, UO2(CO3)s~ and UO,(OH)3 ™. Method-
ological details are given below.

2.1. X-Ray Absorption Spectroscopy Experiments

2.1.1. Solution Chemistries

Uranium was introduced into every solution as solid UO3, which was
synthesised via thermal denitration of uranyl nitrate [126]. Briefly,
uranyl nitrate was heated to and maintained at 450 °C for 48 h then
measured with powder XRD to verify its total conversion to UOs. Pre-
cisely weighted amounts of UO3 were then dissolved in either perchloric
acid (HCIO,4), hydrochloric acid (HCl), sulfuric acid (H2SO4) or in a
sodium bicarbonate NaHCOs; solution. In the case of solution G
(Table 7), a solid ~1 mg pellet of UO3 was simply loaded into the
mAESTRO cell along with a 3.5 m NaOH solution, since UOs3 in poorly
soluble in this solution at room temperature. Perchloric acid was chosen
as the background acid for Solution A to permit a high concentration of
solubilised U without complexation — most prior room temperature
studies dedicated to uranyl have also used perchloric acid (see the
relevant section in the introduction). Detailed solution compositions and
speciation are reported in Table 7, further speciation details are reported
in the supplementary materials.

2.1.2. Apparatus design: The mAESTRO autoclave system

XAS experiments were performed using the mAESTRO hydrothermal
cell [100,155,156,45] at 25 — 313 °C and a pressure of 600 bar at the
XAS beamline at the Australian Synchrotron in Melbourne, Australia.
The mAESTRO cell consists of an external water-cooled high-pressure
vessel equipped with beryllium windows enabling the collection of
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transmission and fluorescence X-ray signals concurrently. The sample is
contained inside a glassy carbon tube with an internal diameter of 4 mm.
Pressure is applied to the sample by two glassy carbon pistons, using
helium as a pressure medium. The glassy carbon tube is placed inside a
small cylindrical resistive heater; the heater and tube are then installed
inside the high-pressure vessel.

2.1.3. Synchrotron data collection specifics

Extended X-ray Absorption Fine Structure (EXAFS) data were
collected at the uranium LIIl-edge (17,166 eV). The beam energy was
calibrated with a Zr foil, such that the maximum of the first derivative
was at 17,998 eV. The Australian Synchrotron is a 3 GeV ring and was
operated in top-up mode with a current of 200 mA. The XAS beam line
uses a Si(111) double-crystal monochromator (DCM), providing an en-
ergy resolution AE/E of ~1.5 x 10 eV. The FWHM (full width at half
maximum) beam size at the sample was 750 x 140 um?2 The incident
and transmitted beam intensities were measured with ion chambers,
with fluorescence XANES and EXAFS data collected concurrently with a
30 element Ge fluorescence detector (Canberra). Solutions were typi-
cally measured ~3 times at each temperature up to a k value of 15 —data
from these measurements were then averaged to improve the signal/
noise ratio. Over the course of multiple measurements each solution was
exposed to each temperature for ~2 h.

2.1.4. EXAFS data analysis procedure

EXAFS data were processed and fit using the Athena and Artemis
codes from the HORAE package [131]. Transmission data were used for
all solutions except solution E for which fluorescence data were used.
The edge energy value (Eq) used for background removal and normal-
isation was set to 17,182 eV for the spectra of all solutions except so-
lution G for which a value of 17177 eV was used. These values were
chosen in order to keep AE values relatively low (<5 eV) during fitting
following the recommendations of Kelly and Ravel [85]. Scattering path
phases and parameters were calculated using the feff6 code [166] from a
range of solid uranyl compounds. These compounds are listed in Table 8.
The amplitude reduction factor (S%) was fixed to 1.0 for all fits for all
solutions. AE was set to be common for each path at a given temperature
but was permitted to be different at each temperature. Data for all so-
lutions except solution F (which was fit in k-space) were fit in R-space
using three k weights of 1,2 and 3 which were fit simultaneously for each
spectrum. Axial oxygen multiple scattering paths (MS) were generally
omitted unless otherwise stated as their inclusion generally made no
discernible improvement to fit quality. For all temperatures and solu-
tions the coordination of axial oxygens was fixed to 2. Reported un-
certainties were calculated by the Artemis code. More detailed
discussions of how these uncertainties are calculated may be found in
[149,83,84].

2.1.5. Thermodynamic calculations of solution speciation at ambient and
elevated temperatures

To aid in fitting efforts and to verify recently derived high temper-
ature formation constants for uranyl chloride and sulfate complexes
thermodynamic calculations were conducted to model the expected
speciation of the studied solutions. Calculations were performed using
the GEMS Selektor program [92] utilising the Extended Debye-Hiickel
equation of state modified for solutions dominated in 1:1 electrolytes
[124,125,67] (e.g. NaCl, HCl, NaOH) (Eq. 4.1). Where A and B are the
Debye-Hiickel parameters, y;, Zi, I and a are the individual molal ac-
tivity coefficients, the ionic charge, a molarity to molality conversion
factor and ionic size of ion ‘i’. The effective ionic strength calculated
using the molal scale is I and b, is the extended-term parameter for the
chosen 1:1 background electrolyte.

2

AelZ] eVl :ﬁ+ I+b,1
1+Be a1

logy; = — 4.1)
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Table 10

Derived fitting parameters for Solution B. AE was permitted to change at each temperature but was constant across scattering paths. (f) indicates the parameter was
fixed during fitting. R — bond length, N — Coordination, DW — Debye-Waller factor. Expected chloride coordination based on thermodynamic calculations are presented
alongside coordination numbers derived from our fits. We report values calculated using both interpretations of the data of [34] — stepwise/absolute (see [111]). All

reported uncertainties correspond to a 16 confidence interval.

Path T (°C) R (A) N DW (¢, A% AE (eV)
Solution B
U - O (axial) 25 1.77(1) 2(f) 0.0022 -3.05
92 1.77(1) 2() 0.0024 -3.26
177 1.77(1) 2() 0.0026 -3.28
266 1.77(1) 2() 0.0029 -3.14
312 1.78(1) 2(f) 0.0030 -1.07
U - O (equatorial) 25 2.41(1) 4.33 £ 0.63 0.0067
92 2.43(2) 4.09 £ 0.75 0.0088
177 2.45(3) 3.57 £1.10 0.0126
266 2.47(4) 2.75+0.33 0.0159(f)
312 2.49(5) 2.69 + 0.46 0.0177(f)
Expected Coordination Expected Coordination
Migdisov et al. [112] Dargent et al. [34]
U-Cl 25 2.72(2) 0.46 + 0.38 0.0014 0.61 2.45/1.24
92 2.72(2) 0.83 + 0.47 0.0042 0.71 2.33/1.08
177 2.71(2) 1.51 +£0.63 0.0059 1.19 2.71/0.96
266 2.70(1) 2.27 £ 0.46 0.0067 1.79 2.97/0.96
312 2.70(1) 2.42 + 0.66 0.0071 1.92 2.99/0.97

In all thermodynamic calculations, we defined the experimental
system with the following aqueous species: H*, OH™, Cl~,HCI°, Na*,
NaCl’, NaOH®, SO2-, NaSO;, HSO,, ClO;, NaCO;, NaHCOS, HCO;,
CO%, COY, UOZ*, UO,CI', UO,CL), U0,S0], U0,(S04)3", UO,0H",
UO,(OH)), UO,(OH);, UO,(OH)?~, U0,COY, UO,(COs)3 ™, UO,(COs)i,
YUO3(er), NapUpO7(cry. Data were sourced from; [112,114,141,142,150,

151,2,34,55,79,82].
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2.2. Molecular dynamics calculations

Ab initio MD simulations were conducted with Car-Parrinello Mo-
lecular Dynamics (CPMD, version 3.1.17) [26]. Density functional the-
ory in CPMD is employed by the means of a plane-wave basis set of
atomic orbitals and pseudopotentials. BLYP pseudopotentials [14,94]
were used to depict interactions of valence electrons in combination
with local density approximation functional (LDA) [90]. The BLYP
functional has been proved to produce a good description of water [98].
However, previous studies [53] also show that the liquid simulated with
BLYP is somewhat overstructured at room temperature. The calculated
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melting temperature with BLYP is 323 K [42] and some studies had
successfully reproduced water at ambient condition by employing a
slightly higher temperature to system to avoid glassy behaviours (e.g.
Bankura et al. [11]); therefore, in this study, we conducted simulations
at 77 C to represent those solutions at room temperature. For uranium,
the same pseudopotential was employed as Biihl et al. [17]. A timestep
of 3a.u. (0.073 fs) and fictitious electron mass of 400 a.u. were
employed in the simulation. Periodic boundary conditions were applied
in order to minimize surface effects. The simulations were performed in
an NVT ensemble. Nose thermostat was used to control the temperatures
of ions and electrons. The pressure of the system is reflected by the
choice of the density of the system. The densities of the investigated
systems were chosen according to the equation of state of NaCl-bearing
solutions [40,41].

Simulations were performed with solutions containing 1 UO2" and a
total of 111 H,O molecules, with 2 SOi’ +2 Na' (box 1) and 4 CI’
+ 2H" (box 2). Simulations were conducted at 77 C (to approximate
room temperature), 150 ‘C, 300 C and 400 C with pressure varying from
600 bar to 20 kbar. Details of the simulation boxes are presented in the
Supplementary material (Table S1). To achieve good statistics, all cal-
culations were conducted for over 15 picoseconds (ps) with an equili-
bration of 1-2 ps. Ab initio MD requires large computational resources
and as such simulation times are limited to ranges on the order of tens of
picoseconds. Although classical MD enables much longer simulation
times and a larger box than ab initio MD [21], the accuracy of results
from classical MD relies on empirical force fields, which are fitted to
match experimental data, i.e., hydration, free energy [61]. The reli-
ability of the force fields depends on the experimental data and therefore
is case sensitive [35]. The nature of the complicated electron configu-
rations of the transition metals makes it hard for classical MD to present
reliable properties [140]. In ab initio MD, these atoms are described as
(pseudo-)potentials quantumly and we need not worry about inter-
atomic forces. Previous studies suggest that despite the short time
frames typical of ab initio MD simulations the structures derived are still
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reliably accurate [101,109,58]. The ion exchange of the first shell of
uranyl may not be observed due to the short simulation time of ab initio
MD. Several different initial configurations were chosen to test the
structure and the stability of different complexes (Table 17).
Time-averaged stoichiometric and geometric information was obtained
with VMD [72]. Bond distances and coordination number (CN) were
retrieved from radial distribution functions (RDF) and their integrals.
Debye-Waller factors were calculated following equations in section 2.3
in Campbell et al. [24].

3. Results and discussions

For each solution below, we report normalised and background-
corrected k® weighted EXAFS data, the magnitude of the Fourier trans-
forms (FTs) of these k® weighted EXAFS data, and modelled spectra
+ FTs produced by the shell-by-shell fitting. Chosen scattering paths and
the fitting parameters used to model them have also been tabulated
(Tables 4.9-4.15). It must be noted that the FT plots presented below
have not been phase corrected - as such while bond lengths/scattering
path distances will be referred to by their true values, features present in
FTs will be referred to by their non-phase corrected apparent plotted
distances, e.g. the typical true axial oxygen distance was around 1.78 A
in most solutions, however, in our plotted FTs the corresponding peak
may be found at ~1.3 A.

3.1. The Uranyl aqua ion — Solution A

At all temperatures (25 - 222 °C) the most likely predominant species
in solution A (0.056 m U and 3.86 m HClOy4; Table 7) is the hydrated
uranyl aqua ion, UO2*-nH,0 with n varying depending on temperature.
EXAFS spectra and the magnitude of their FTs along with modelled
spectra/FTs are shown in Fig. 6, and fitting parameters are listed in
Table 9. The FTs display typical features for uranyl with a large peak at
~1.3 A, which corresponds to the axial oxygen single-scattering path, a
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Table 11

Derived fitting parameters for Solution C. AE was permitted to change at each
temperature but was constant across scattering paths. (f) indicates the parameter
was fixed during fitting. R — bond length, N — Coordination, DW — Debye-Waller
factor, WAD - Weighted Average distance, weighted for coordination, TC — Total
Coordination. All reported uncertainties correspond to a 1c confidence interval.

Path T R (A) N DW (o2, AE (eV)
Q) A
Solution C
U - O (axial) 25 1.77 2(H) 0.0022 -0.93
1)
88 1.77 2() 0.0021 -0.99
(€]
166 1.77 2(f) 0.0023 -1.23
[€0)]
247 1.77 2() 0.0022 -0.85
(€]
326 1.78 2(f) 0.0032 0.93
(€]
U-0 25 2.35 2.32 0.0031 WAD: 2.41(2)
(equatorial) [¢D)] + 0.69
2.47 2.40 0.0031 TC: 4.72
3) +0.72 +1.41
88 2.35 1.99 0.0035 WAD: 2.41(3)
(2) +0.49
2.47 2.27 0.0035 TC: 4.26
3) +0.61 +1.10
166 2.35 2.07 0.0034 WAD: 2.41(3)
3) +0.51
2.47 2.34 0.0034 TC: 4.41
3) +0.66 +1.17
247 2.34 1.75 0.0022 WAD: 2.42(3)
3) +0.46
2.48 2.05 0.0022 TC: 3.80
3) +0.62 +1.08
326 2.34 1.40 0.0038 WAD: 2.42(f)
® +0.58
2.48 2.16 0.0038 TC: 3.56
® + 0.64 +1.22
U-S 25 3.19 1(6) 0.0083 C® =0.00148
2)
88 3.19 1(f) 0.0071 c® =0.00153
7)
166 3.18 1(f) 0.0061 C® =0.00139
(©)]
247 3.17 1(6) 0.0066 C3 =0.00124
(6)
326 3.13 1(f) 0.0078 C® = 0.00059
®

second major peak at ~1.8 A corresponding to water-linked equatorial
oxygens, and a peak/shoulder at ~2.25 A which we have interpreted to
correspond to a second equatorial water-linked oxygen shell. While the
axial oxygen peak changes little with temperature, the two equatorial
oxygen peaks both show notable changes with temperature. As tem-
perature increases the ~1.8 A peak decreases in magnitude while the
~2.25 A peak intensifies. These observations suggested temperature-
linked changes in equatorial coordination, which was confirmed by
our fits.

A two equatorial-water-oxygen shell model was used as it produced
higher quality fits particularly at higher temperatures where the
shoulder/peak at ~2.25 Ain R-space became increasingly more intense.
To minimise the number of free-floating parameters it was assumed that
the two equatorial oxygen scattering paths had the same Debye-Waller
(DW) factor.

Our results suggest that the coordination of equatorial oxygens
changes little from 25 to 134 °C; however, as temperature increases
further more drastic changes occur with a drop to a minimum of 4.55
oxygens at 222 °C. This relatively small dehydration is consistent with
the theoretical predictions of [102], whose calculations suggest that
fivefold coordination is maintained up to 200 °C. Relative to prior high
temperature results, we obtained slightly higher coordination numbers
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compared to [135] and to the two-shell model of [153], though our
values are very similar to the latter’s one-shell model (Table 6).

In addition, our two-shell fit suggests that as temperature increases
the diameter of the outer oxygen shell increases slightly from 2.47 to
2.51 A, and that coupled with this diameter increase the number of
oxygen atoms in the outer shell increases and eventually exceeds the
number of oxygen atoms in the inner shell.

3.2. Uranyl chloride complexes — Solution B

Thermodynamic calculations based off data reported by Migdisov
et al. [112] (see supplementary material for details) suggest that the
predominant species shifted from UO2" to UO,Cl" to UO,Cl) as tem-
perature increased from 25 to 312 °C in Solution B (0.081 m U and
2.77 m HCl; Table 8). EXAFS spectra and the magnitude of their FTs
along with modelled spectra/FTs are shown in Fig. 7, and fitting pa-
rameters are reported in Table 10. Typical axial and equatorial oxygen
features are visible in the un-phase-corrected FTs at ~1.3 A and ~1.8 A,
while the shoulder/peak at ~2.25 A has been attributed to the equato-
rial chlorine. The main change observed with temperature was a
decrease in the magnitude of the equatorial oxygen peak and an inten-
sification of the chloride peak. These changes in the FTs were attributed
to a change in solution speciation with temperature as suggested by
thermodynamic calculations.

Our model assumed one equatorial oxygen shell and one equatorial
chloride shell. A two equatorial oxygen shell model resulted in unac-
ceptably large uncertainty ranges for all parameters. DW factors for
equatorial oxygens at 266 and 312 °C had to be fixed; otherwise their
path length and coordination numbers had unreasonably large uncer-
tainty ranges. The chosen DW factors were based on linear extrapolation
of the values determined at 25, 92 and 177 °C.

Our fitting results suggest a strong decrease in the number of equa-
torial oxygen atoms with increasing temperature, from 4.33 at 25 °C to
2.69 at 312 °C, concurrently with an increase in the number of equatorial
chloride ions from 0.46 to 2.42 over the same temperature range. Our
derived coordination values suggest fivefold coordination for both
UO0,Cl™ and UO,Cl) which is consistent with prior room temperature
studies though a total coordination of 4.5 is generally suggested for
UO,ClS. Alongside our fitting parameters in Table 10 we have also re-
ported values for expected average chloride coordination calculated
using weighted averages based on thermodynamically calculated
speciation. These values have been calculated using formation constants
for the UO,CI* and UOzclg complexes derived by Migdisov et al. [112],
and values for the same complexes along with UO,Cl; reported by
Dargent et al. [34]. There has been some discussion [33,111] on values
reported by Dargent et al. [34] regarding whether their values were
reported as absolute or stepwise formation constants. For the sake of
completeness, we have taken the values reported in Table 2 in [34] and
interpreted them in two ways, either as absolute (according the format
of Eq. 4.2) or stepwise (according to the format of 4.3).

UO3™ + nCl*sUO0,CE™ (4.2)

UO,CE™ + Cl=U0,CLL Y

(4.3)

The average numbers of coordinated chlorides calculated using the
data of Migdisov et al. [112] are within uncertainty of our experimental
values. Discrepancies can be attributed to a few effects. Primarily,
Migdisov et al. [112] did not report formation constants for the UO,Cl;
complex — as such we could not model contributions from this complex
which readily explains discrepancies for higher temperatures where our
data suggest this species becomes more prevalent. It is also possible that
uranyl chloride complexes have 2 equatorial oxygen shells. In solution
A, the outer oxygen shell corresponds to a peak in the FTs that manifests
at a similar distance to the chloride peak in Solution B. As such it is
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Fig. 9. Plots of EXAFS data and fits for Solution D, containing predominated the UOZ(SO4)§’ uranyl complex. a) k®>-weighted EXAFS spectra. b) Magnitude of Fourier
transforms of k*>-weighted EXAFS spectra. ¢) Measured EXAFS spectra (solid lines) plotted alongside modelled spectra (dashed lines). d) Magnitude of Fourier
transforms of measured (solid lines) and modelled (dashed lines) EXAFS spectra. Fourier transforms have not been phase corrected.

possible that some of the 2.25 A peak amplitude, which in this fitting
model was attributed to chloride, may in fact contain some contribution
from second-shell equatorial oxygen, leading to chloride coordination
values that are slightly too high.

In contrast, average chloride coordination values calculated using
the data of Dargent et al. [34] do not describe our modelled coordination
values satisfactorily regardless of which interpretation of their forma-
tion constants is used. Hence, we recommend the use of thermodynamic
data reported by Migdisov et al. [112] rather than those reported by
Dargent et al. [34] when modelling uranyl chloride complexation.

3.3. Uranyl sulfate complexes — Solutions C, D and E

3.3.1. Solution C

Spectra and fit results for Solution C containing 0.22 m UO3 and
0.22 m H3S04 collected over a temperature range of 25 — 326 °C are
reported below. Thermodynamic calculations using data reported by
either Kalintsev et al. [82] or Alcorn et al. [2] suggest that UOZSOS is the
predominant uranyl complex in this solution, with only minor contri-
butions (<30% altogether) from UO2* and UO»(SO4)%~ at temperatures
< 100 °C. Detailed solution speciation are provided in the supplemen-
tary material. EXAFS spectra and the magnitude of their FTs along with
modelled spectra/FTs are shown in Fig. 8., and fitting parameters are
reported in Table 11. Typical axial and equatorial oxygen features are
visible in the FTs at ~1.3 A and ~1.8 A. As observed in Solution A the
equatorial oxygen region displays a main peak and a secondary shoulder
which intensifies as temperature increases. The small peak at ~2.6 A
was attributed to equatorial sulfur atoms. The apparent peak at ~3.0 A
was deemed to be a truncation feature on account of a similar feature
occurring in the FTs of Solution A. This is contrary to the interpretation
of [69] who attributed this feature to the sulfur atoms of monodentately
bound sulfate.

A two equatorial oxygen shell model was used with both shells being
assigned the same DW factor. In view of the predicted predominance of
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U0,S04, the coordination of equatorial sulfur was fixed to 1 at all
temperatures. In addition, fit quality was notably enhanced when a third
cumulant factor was added to the U-S single scattering path.

Our fitting results suggest a decrease in equatorial oxygen coordi-
nation with rising temperature with values that are ~0.5 atoms lower
than for the uranyl aqua ion at similar temperatures.

At all temperatures it appears that sulfate in UOZSOS favours a
bidentate bonding mode, though we report slightly longer U-S distances
(~3.18 f\) compared to the prior room-temperature studies of [115] and
[69] (~3.11 A). Unlike [69], we were unable to produce fits that sug-
gested significant monodentate sulfate bonding. Our longer U-S dis-
tances may be explained by a minor contribution of monodentate sulfate
or due to the inclusion of a 3rd cumulant parameter — the positive effect
this parameter had on fit quality suggests an asymmetric distribution of
sulfate bond lengths compared to other bond types.

3.3.2. Solution D

Thermodynamic calculations using data reported either by Kalintsev
etal. [82] or Alcorn et al. [2] suggest that uranyl speciation in Solution D
(0.09m UO3, 1.01 m NaySO4 and 0.12m HCl) was predominated
almost entirely (>80%) by the UOz(SO4)§7 complex with at all tem-
peratures investigated. EXAFS spectra and the magnitude of their FTs
along with modelled spectra/FTs are shown in Fig. 9, and fitting pa-
rameters are reported in Table 12, over the temperature range of 25 —
266 °C. The typical axial peak is visible in the FTs at ~1.3 A and three
peaks are visible between 1.5 A and 3.0 A. The first two peaks at ~1.8 A
and 2.1 A have been attributed to equatorial oxygens contributed by
sulfate and water. No distinction between distances and oxygen source
was made. The peak at ~2.6 A has been attributed to sulfur bound to
equatorial sulfate. This peak is noticeably more intense than in the FTs of
Solution C, qualitatively suggesting more bound sulfate molecules. The
absence of any peaks at greater distances suggests that most if not all
sulfate molecules are bound in a bidentate fashion.
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Table 12

Derived fitting parameters for Solution D. AE was permitted to change at each
temperature but was constant across scattering paths. (f) indicates the parameter
was fixed during fitting. R — bond length, N — Coordination, DW — Debye-Waller
factor, WAD - Weighted Average distance, weighted for coordination, TC — Total
Coordination. All reported uncertainties correspond to a 1c confidence interval.

Path T R (A) N DW (o2, AE (eV)
Q) A?)
Solution D
U - O (axial) 25 1.78 2(H) 0.0023 -0.84
@
92 1.78 2() 0.0023 -0.62
(€]
177 1.78 2(f) 0.0023 -0.09
[€0)]
266 1.79 2() 0.0031 1.10
(€]
U-o0 25 2.35 2.24 0.0028 WAD: 2.43(2)
(equatorial) 2) + 0.54
2.49 2.59 0.0028 TC: 4.83
() +0.57 +1.11
92 2.36 1.97 0.0030 WAD: 2.44(2)
2 +0.46
2.50 2.64 0.0030 TC: 4.61
(2) +0.66 +1.12
177 2.35 1.60 0.0020 WAD: 2.44(2)
3) +0.48
2.50 2.25 0.0020 TC: 3.85
2 +0.74 +1.22
266 2.35 1.37 0.0016 WAD: 2.44(2)
3) +0.38
2.50 1.82 0.0016 TC: 3.19
2 +0.51 +0.89
U-S 25 3.18 1.92 0.0083 C® = 0.00076
(4) +0.93
92 3.18 2.30 0.0066 c® = 0.00079
3) +0.83
177 3.19 1.96 0.0053 C® = 0.00096
3) +0.86
266 3.20 1.78 0.0062 C% =0.00116
3) +0.68

The fitting model was identical to that used for Solution C, except
that the coordination of sulfur was permitted to change rather than fixed
to one. As seen in Solutions A, B and C the total coordination of equa-
torial oxygens decreases with rising temperature, with the outer shell
being increasingly favoured with temperature. At temperatures above
100 °C, the total equatorial oxygen coordination appears to be slightly
lower (~0.5 atom difference) relative to the monosulfate predominated
Solution C. This suggests a trend where the addition of a sulfate mole-
cule reduces average equatorial oxygen coordination by 0.5 at elevated
temperatures. At 25 °C the uranyl ion and both sulfate complexes exhibit
similar equatorial oxygen coordination numbers. Little change is seen in
U-O(eq) distances with rising temperature.

The coordination of sulfur changes relatively little with temperature
generally remaining around 2 with minor deviations above and below
suggesting possible minor contributions from UO,SO§ and UOZ(SO4)§’.
Overall, these results broadly verify the experimentally derived ther-
modynamic data of [82] and [2]. Sulfur distances are again slightly
higher than that usually reported in the literature for bidentately bound
sulfate but this is likely due to the introduction of a 3rd cumulant factor
in our fitting model which permitted a more accurate replication of our
measured spectra and their FTs.

3.3.3. Solution E

Thermodynamic calculations suggest that UO2(SO4); is the pre-
dominant form of uranyl in solution E (0.005 m UOs, 0.50 m NaySO4
and 0.32 m HCI) at all temperatures (25-222 °C), coexisting with some
UOZSOR. Using the thermodynamic data from Kalintsev et al. [82], the

relative contributions of UOZSOQ and UOZ(SO4)§’ vary from 30/70 to
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close to 50/50. Calculations using the data of Alcorn et al. [2] suggest
that the contribution of UO,SO} never exceeds 30% and that at all
temperatures above ~75 °C the contribution of UO,(S04)3~ exceeded
80%. Speciation diagrams using both data sources are provided in the
supplementary materials.

EXAFS spectra and the magnitude of their FTs along with modelled
spectra/FTs are shown in Fig. 10, and fitting parameters in Table 13.
Data reported for Solution E are fluorescence data rather than trans-
mission data, hence the greater noise visible in the EXAFS spectra. The
same spectral features as observed in Solutions C and D are visible at the
same locations in R-space (compare Figs. 4.8 and 4.9).

The fitting model used was identical to that used for Solutions C and
D except that the coordination of sulfur was fixed at 25 °C to 1.5, since
otherwise the fitting model returned non-physical results. Again, the
subtle peak visible at 3.0 A was interpreted to be a truncation feature
rather than a scatter-related feature. The usual decrease in total equa-
torial oxygen coordination is visible with rising temperature. The total
coordination of equatorial oxygen (4.07) is somewhat lower at 25 °C
than determined for Solutions C (4.72) and D (4.83), though there is
significant overlap between the uncertainty ranges (~ + 1) of all these
values. Regardless, total equatorial oxygen coordination numbers
converge for all three solutions at temperatures around and above 177
°C. This suggests that the structure of uranyl sulfate complexes may in
part be controlled by such factors as absolute uranium concentrations
and U/SO?™ ratios — ratios studied here were 1:1, 1:10 and 1:100 for
solutions C, D and E respectively.

In a similar fashion to Solution B we have compared the average
coordination of sulfur determined by our fitting model to average co-
ordination from distribution of species calculations based on the ther-
modynamic properties of uranyl sulfate complexes reported by Kalintsev
et al. [82] and Alcorn et al. [2]. The calculated coordination values for
both sets of properties are reported in Table 13 alongside the results
from our fitting model. Coordination values calculated using either data
source generally overlap within error with the experimental values,
though those based on the data of Kalintsev et al. [82] are slightly more
accurate.

3.4. Uranyl carbonate complexes — Solution F

Spectra and fit results for Solution F containing 0.018 m UOs; and
0.93 m NaHCOs collected over a temperature range of 25 — 247 °C are
reported below. Presently, no experimentally derived thermodynamic
data for uranyl carbonate complexes exist for temperatures above 25 °C,
but the recent experimental work of Kalintsev et al. [81] suggests that at
200 and 250 °C and carbonate concentrations below 0.3 m uranyl car-
bonate complexes are unlikely to predominate, instead being superseded
by hydroxyl complexes. With this in mind, we used extrapolations of
room temperature data [62] made using the three-term approximation
technique and coefficients described by [71] as implemented by the
GEMS Selektor program [92] to identify possible stable species in so-
lution F. These calculations, suggested that UOZ(C03)§_ was the pre-
dominant species (>95% of total solubilised uranium) at all
temperatures with the most prevalent non-carbonate species being
UO,(OH)3 .

EXAFS spectra and the magnitude of their FTs along with modelled
spectra/FTs are shown in Fig. 11, and fitting parameters in Table 14.
Overall, the FTs were similar to those previously reported for
U02(C03)‘3" at room temperature, with the only temperature-related
change being a systematic decrease in the intensity of the equatorial
oxygen peak at ~1.9 A. The peak/shoulder at ~2.5 A was attributed to
the U-C single scattering path, that at ~3.0 was partly explained by U-O
(ax) multiple scattering paths, and the peak at ~3.5 A was attributed to
the single scattering U-O(distal-carbonate) path along with the U-C-O
(distal-carbonate) multiple scattering paths.

The fitting model used was nearly identical to that used by Kelly et al.
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Table 13

Derived fitting parameters for Solution E. AE was permitted to change at each temperature but was constant across scattering paths. (f) indicates the parameter was
fixed during fitting. R — bond length, N — Coordination, DW — Debye-Waller factor, WAD - Weighted Average distance, weighted for coordination, TC — Total Coor-
dination. Expected coordination values are reported using thermodynamic properties from [2,82]. All reported uncertainties correspond to a 16 confidence interval.

Path T (°C) R(A) N DW (%, A?) AE (eV)
Solution E
U - O (axial) 25 1.78(1) 2(H) 0.0019 -0.44
92 1.78(1) 2(H) 0.0021 -1.40
177 1.79(1) 2(H) 0.0021 -0.81
222 1.78(1) 2(H) 0.0026 -1.39
U - O (equatorial) 25 2.35(3) 1.85 £ 0.51 0.0007 WAD: 2.42(3)
2.48(3) 2.22 +0.65 0.0007 TC: 4.07 £ 1.15
92 2.33(6) 1.62 £ 0.59 0.0024 WAD: 2.42(5)
2.47(5) 2.51 £1.21 0.0024 TC: 4.13 +£1.80
177 2.34(4) 1.49 £+ 0.50 0.0019 WAD: 2.43(3)
2.49(3) 2.20 +0.87 0.0019 TC: 3.69 £ 1.37
222 2.34(f) 1.56 + 0.51 0.0028 WAD: 2.43(f)
2.49(f) 2.25 £+ 0.58 0.0028 TC: 3.81 £ 1.09
Expected Coordination
U-S§ 25 3.18(7) 1.5(0) 0.0095 1.53/1.61 C% = 0.00091
92 3.18(6) 1.15+ 0.86 0.0039 1.47/1.86 C% =0.00106
177 3.15(3) 1.80 +0.98 0.0060 1.61/1.95 C% = 0.00091
222 3.15(2) 1.61 £0.78 0.0046 1.73/1.96 C3 =0.00102

[84], sans the inclusion of Ca or Na scattering paths. Coordination
numbers for all scattering paths were fixed at all temperatures. Despite
the strict constraints used, our data were well explained by this model,
suggesting that if solution carbonate concentrations are high enough the
U0, (COg)g’ complex may be stable in solution at least for several hours.
The peak at 3.0 A was not fully replicated but as with other solutions
reported in this work, we attribute it to truncation - it is probably not a
physically linked feature but rather a FT artifact.

Overall, our data and fits suggest that uranyl carbonate complexes
may be stable at elevated temperatures in concentrated carbonate so-
lutions. Note that this does not necessarily invalidate the conclusions of
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Kalintsev et al. [81], whose solubility study concluded that such com-
plexes were unstable at temperatures above 100 °C. There are two points
that must be considered. Firstly, the solubility study only reports results
for solutions containing carbonate concentrations up to 0.3 m; this
EXAFS study measured a solution containing 0.93 m carbonate. It is
possible that we have simply identified a high-enough carbonate con-
centration to stabilise uranyl carbonate complexes at high temperature —
though from an environmental perspective this is an extreme value —
even 0.3 m may be considered extreme. Secondly, the destabilisation of
uranyl-carbonate complexes is associated with slow precipitation ki-
netics even at temperatures in excess of 100 °C — with equilibrium
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procedure. d) Magnitude of Fourier transforms of measured (solid lines) and modelled (dashed lines) EXAFS spectra. Fourier transforms have not been

phase corrected.

between solid and solution taking more than 24 h to be achieved (Alcorn
and Kalintsev pers. comm.). Thus, it is possible that we may simply be
observing metastable uranyl carbonate complexes as the solution
measured was only exposed to temperatures exceeding 100 °C for ~9 h
altogether.

3.5. Uranyl hydroxyl complexes — Solution G

EXAFS spectra and fit results for Solution G which comprised a solid
pellet of UO3 submerged in 3.51 m NaOH collected over a temperature
range of 88 — 326 °C are plotted in Fig. 12, and fitting parameters are
reported in Table 15. No spectra were collected at 25 °C due to slow
dissolution kinetics. Using the thermodynamic calculation model
described earlier it was determined that this solution was likely to be
predominated by UO,(OH)3™ at all temperatures. Spectra and FTs dis-
played little change with temperature suggesting the same species was
predominant over the entire investigated temperature range.

Spectra FTs at all temperatures manifest a single broad peak at
~1.6 A (Fig. 12b,d). A similar single peak was observed by Clark et al.
[27] for a 3.5 M TMA-OH solution measured up to a wavenumber of
12 A1, Where data over a wider K-range was available (e.g., Wahlgren
et al. [164], 15 [o\'l; and Moll et al. [116], 17 A'l), this broad peak is
resolvable as two peaks, one corresponding to axial oxygens and the
other to equatorial hydroxyl-linked oxygens. As our data are limited in
resolution due to the low concentration of dissolved uranium, we are
unable to explicitly resolve two peaks but this did not preclude fitting.

The fitting model incorporated two equatorial oxygen shells. One
shell was assigned to oxygen molecules associated with bound hydroxyl
molecules; the coordination number of this shell was optimised during
fitting. The second shell was assigned to a fixed number (1) of water
molecules at a fixed distance of 2.42 A with a fixed DW factor; these
fixed values were based on averages determined from fitting results for
Solution A as these provided the clearest possible parameters for
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equatorial water oxygens. These values needed to be fixed due to re-
strictions on the number of free-floating parameters permitted by the
limited resolution of our data.

Our fits suggest that four equatorial hydroxyl-linked oxygen atoms
are present at all temperatures except at 326 °C, where this number
appears to drop to ~3.5, potentially indicating the increasing prevalence
of UO,(OH); or fourfold coordinated UO,(OH)3". Thus, this model

suggests that it is possible for UOZ(OH)ﬁ’ to manifest overall fivefold
coordination with four hydroxyl molecules and one water molecule. In
turn this potentially reconciles prior computational work discussed in
the introduction which argued for the instability of the UOg(OH)g’ and
prior EXAFS work which for highly alkaline solutions repeatedly sug-
gested equatorial oxygen coordination numbers of ~4.5-5. This model
suggests that it is possible for UOZ(OH)i’ to manifest fivefold coordi-

nation and that the presence of UO»(OH)2™ need not be invoked. This
provides the first experimental validation of the molecular dynamics
results reported by Buhl et al. [19], who’s results suggested such a
4-OH™ 1-H,O structure.

3.6. Ab initio molecular dynamics results

Results of simulations of uranyl speciation in Cl" and SO3 -bearing
solutions are listed in Table 16 (box 1) and Table 17 (box 2). Fig. 13
shows calculated structures of different UOZ"-Cl/ SO3~ complexes.
Radial distribution functions (RDF) and the integral of RDF of simula-
tions under 600 bar are presented in Fig. 14. Fig. 15 shows U-S/Cl dis-
tances over simulation time of some individual simulations.

From room temperature to 400 C, all simulations suggest U-O(ax)
distances of 1.82-1.85 A in both boxes, which is consistent with the
previous simulations (1.77 — 1.85 A, [102,123,20,5]). U-O(eq) distances
showed significant variance with temperature with minimum values of
~2.44-2.46 A being calculated at 25-150 °C and maximum values of
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Table 14

Derived EXAFS fitting parameters for Solution F. Parameters for U — O(ax)
multiple scattering paths are presented together and are identical in all cases at
each temperature except the Debye-Waller factor for MS1, which was defined as
4 x rather than 2 x the Debye Waller factor of U - O (axial). The path lengths for
these scattering paths were defined as 2 x the U - O(ax) single scatter path
distance. Besides coordination (MS4 = 6, MS5 = 3), the parameters for both U —
C - O(dist) multiple scattering paths were identical to each other with the path
lengths and Debye Waller factor being defined as identical to the U — O(dist)
single scattering path. R — bond length, N — Coordination, DW — Debye-Waller
factor, (f) indicates the parameter was fixed during fitting. All reported un-
certainties correspond to a 16 confidence interval.

Path T RA N DW (c%, A%  AE
(49 (eV)
Solution F
U - O (axial) 25 1.81 2(f) 0.0023 -0.70
1)
88 1.81 2(f) 0.0023 -0.84
@
166 1.81 2(f) 0.0024 -0.80
(€8}
247 1.81 2(f) 0.0023 0.03
@
U - O (equatorial) 25 2.44 6(f) 0.0069
@
88 2.45 6(f) 0.0074
(€8}
166 2.45 6(f) 0.0085
@
247 2.45 6(f) 0.0104
2
U-C 25 2.90 3(H) 0.0030
(&3]
88 2.90 3(f) 0.0038
)
166 2.90 3(H 0.0044
2
247 2.90 3(f) 0.0044
3
U - O (carb-dist) 25 4.19 3(f) 0.0063
3)
88 4.18 3(H) 0.0063
3
166 4.18 3(f) 0.0075
3
247 4.20 3(f) 0.0065
(€]
MS1-U-0O(ax)-U-0 25 3.61 2() 0.0045/
(ax) (2) 0.0090
MS2 - U - O(axl) - O 88 3.61 2() 0.0047/
(ax2) (2 0.0094
MS3-U-0O(ax1)-U-0 166 3.61 2() 0.0048/
(ax2) (2) 0.0096
247 3.63 2() 0.0046/
) 0.0091
MS4 — U - C - O(dist) 25 4.19 6(H/3 0.0063
3 (63
MS5-U-C-0(dist) -C 88 4.18 6(f)/3 0.0063
3) ®
166 4.18 6(f)/3 0.0075
3 (63
247 4.20 6(f)/3 0.0065
()] (63]

~2.48-2.55 A being calculated at 300 — 400 °C. Lower end values were
consistent with prior theoretical studies [20,4,70] but are little higher
than the typical experimentally derived single-shell distance of ~2.41 A
determined at room temperature. Higher pressures lead to a systematic
shortening of U-O(eq) distances with minimum values of 2.40 — 2.42 A
being calculated at 400 °C 20 kb. It is worth noting that pressure had
little effect on the U-O(ax) distance.

3.6.1. Uranyl sulfate complexes
In the UO,- SO?[ (box 1) calculations, the [UOg(HgO)s]2+ complex
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remained stable for 15 ps at 150 C. At 300 C, the simulation was started
with a configuration of [UO3(H20)6(SO4)]. An additional SO?{ bonded
with UO2" and one water rapidly deprotonated leading to the configu-
ration of [UOZ(HZO)(SO4)(HSO4)(OH)]2’ until 12.7 ps after which the
structure stabilized as [UO2(H20)2(OH)(SO4)2] 3-. As shown in Fig. 15
(a), both SO‘zf molecules bonded with UO%+ in monodentate configu-
rations in the first 9.2 ps, then in 1 bi- and 1 mono- dentate configura-
tions with a very short period (~1ps) in a doubly bidentate
arrangement. U-S distances were 3.13 A when monodentate and 3.74
when bidentate, coinciding with values from previous DFT calculations -
3.11 - 3.12 A and 3.65 - 3.74 A [2,161]. At 400 C, one SO bonded
with UO3" at initiation and remained bonded during the whole simu-
lation. This SO2~ was bound monodentately for 44% and bidentately for
56% of the 15 ps simulation time with it evidently stabilising in the
bidentate configuration after ~8.5 ps (Fig. 15(b)). Deprotonation also
occurred at the start of the simulation creating a configuration of
[UO2(H20)1.9(SO4)(OH)T. The liberated hydrogen bonded with the free
SO2~ becoming HSOj at a far distance from UO2" in the box. The bond
distance of U-OH is 2.19 A, slightly shorter than that of U-OH,. As shown
in Fig. 14(a), the U-O RDF peaks of 300 ‘C and 400 C split into one at
2.19/2.23 A and one at 2.51/2.55 A, respectively. At high pressure (3
Kkbar, 5 kbar and 20 kbar) and 400°C, the UO3"-SO3 complexes remained
stable with a hydration number of 3 (includes 1 OH), 2.3 and 3.1 at 3
kbar, 5 kbar and 20 kbar, respectively. Evidently, higher pressures
encourage higher numbers of equatorially coordinated water molecules.

3.6.2. Uranyl chloride complexes

A number of different starting configurations were used in box 2
calculations - this was done to permit the observation of stable ar-
rangements for the hydrated uranyl ion along with its mono- and di-
chloride complexes. Results at 25 and 300 °C from jobs 2a and 2d1
suggest that equatorial water coordination of the hydrated uranyl aqua
ion drops slightly (5-4.9) over this temperature interval — such a subtle
change is consistent with the prior 25-200 °C MD calculations of [102]
but somewhat at odds with the experimental fits reported here (Section
4.1) and in prior literature [135,153] which suggest more drastic de-
creases in equatorial water coordination (around 3-4 expected at 250
°C).

Calculated structures for uranyl chloride complexes suggest a
decrease in coordinating water molecules as temperature increases with
the monochloride complex changing from 4 (at 150 and 300 °C jobs 2c,
2d2, and 2e) to 3.3 (at 400 °C job 2i1) and the dichloride complex
changing from 2.8 (300 °C job 2 f) to 2.2 (400 °C job 2 h). However, it
should be noted that calculated hydration for the dichloride complex at
400 °C appears to be dependent on the job’s initial configuration — jobs
2 h and 2i were both conducted at 400 °C but the former initiated with a
structure of [UO5(H20)5Cl] " and the latter with [UOZ(H20)5C12]0 — thus
while job 2 h suggests dichloride complex hydration to be 2.2 job 2i
suggests a hydration of 2.9. Evidently, longer simulation times may be
appropriate in future investigations. Regardless, the suggestion that the
number of equatorially coordinated waters decreases in uranyl chloride
complexes as temperature increases is consistent with our experimental
XAS observations (Section 4.2).

As in the box 1 sulfate calculations increasing pressure seems to
stabilise higher numbers of equatorially coordinated water molecules
though at no point was total coordination (waters and chlorides)
calculated to rise above 5. These MD results also suggest that for a given
concentration of chloride the dichloride complex supersedes the mon-
ochloride complex which again is completely in line with our experi-
mental observations.

4. Discussion

The results reported here serve to consolidate present understanding
or uranyl speciation at elevated temperatures by in situ characterisation
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Fig. 12. Plots of EXAFS data and fits for Solution G, probably predominated by UOZ(OH)i’. a) k3-weighted EXAFS spectra. b) Magnitude of Fourier transforms of k>-
weighted EXAFS spectra. ¢) Measured EXAFS spectra (solid lines) plotted alongside modelled spectra (dashed lines) derived from our fitting procedure. d) Magnitude
of Fourier transforms of measured (solid lines) and modelled (dashed lines) EXAFS spectra. Fourier transforms have not been phase corrected.

Table 15

Derived fitting parameters for Solution G. AE was permitted to change at each
temperature but was constant across scattering paths. U — O(water) parameters
were set to be identical at all temperatures. (f) indicates the parameter was fixed
during fitting. R — bond length, N — Coordination, DW — Debye-Waller factor. All
reported uncertainties correspond to a 16 confidence interval.

Path T (°C) RA) N DW (6%, A%  AE(eV)
Solution F
U - O (axial) 88 1.89 2(f) 0.0070 -0.46
(€5
166 1.88 2(f) 0.0088 0.68
(€))
247 1.87 2(f) 0.0071 1.14
m
285 1.86 2(f) 0.0069 1.07
(€D
326 1.84 2(f) 0.0080 0.56
o
U-0 (hydroxyl) 88 2.27 419 0.0043
€h) +0.84
166 2.27 3.97 0.0033
€)) +0.78
247 2.27 3.91 0.0042
€} +0.70
285 2.26 4.08 0.0053
€} +0.79
326 2.25 3.48 0.0026
€} +0.75
U - O (water) All 2.42(H)  1(H 0.0032(f)
Temps

of complexes present in solution and may help inform further compu-
tational efforts not only for uranyl but for other actinides as well.
Regarding the uranyl chloride and sulfate systems, the lack of any
drastic temperature-linked coordination changes coupled with good
general agreement between inferred speciation and calculated
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speciation determined using the data derived by Migdisov et al. [112],
Alcorn et al. [2] and Kalintsev et al. [82] validates the speciation models
used by these works as well as the thermodynamic properties that they
report. The large swathe of data reported here should also prove valu-
able in informing any further computational work focussed on the
speciation behaviour of aqueous actinides particularly those that are
difficult to conduct experiments with like neptunium and plutonium.

It should be noted that in many of the fitting models reported here
the Debye-Waller (DW) factor for the equatorial water-bound oxygen
and sulfur atoms seems to drop with temperature. Similar patterns were
observed by Schofield et al. [135] and Testemale [153]. This may seem
unusual given that the DW factor is generally understood as a measure of
thermal disorder and should steadily increase in temperature. Indeed,
for all the other bonding atoms (axial oxygens, equatorial ligands,
equatorial oxygens associated with carbonate atoms etc.) this is case.
However, the DW factor also accounts for general structural disorder as
well and thus will be affected by the structural arrangement of a given
atom type around a target [83]. As temperature increases the coordi-
nation of equatorial water oxygen decreases — this is likely to be
accompanied by a transition from a pentagonal bi-pyramid structure to a
tetragonal bi-pyramid leading to different electro-
static/structural/vibrational dynamics in turn leading to unusual
DW-temperature trends. Where the structure or arrangement of a bond
type does not really change as in the axial oxygen atoms then the
DW-temperature trend behaves as expected.

4.1. The effect of temperature on the structure of uranyl complexes

The effect of temperature on the structure of uranyl complexes ap-
pears to be common over most of the complexes characterised in this
study and those characterised in prior works [119,135,153,7,8]. Equa-
torial oxygen coordination decreased in nearly all cases with the most
significant changes occurring at temperatures above 200 °C. This is
consistent with the computational study of [102] who suggested that
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Table 16

Simulation details and results for box 1 calculations. Note that the number of water molecules in each ‘stable species’ is a weighted average using the time that a given integer number of coordinating waters was present as

the weighting factor.

U-O (SO4)

U-OH,/U-OH (*) U-S

:02

Stable species

Initial configuration

Time
(ps)

T (C), P (bar)

Job ID

CN o2 (A%

R (A)

R (A) CN o2 (A% R (A) CN 6% (A?)

o2 (A%

R (A)

0.0110
0.0305

5
1

2.46

0.001

1.82
1.84

[UO(H,0)5]%*

[UO,(H,0),1**

150, 600 15.8

300, 600

la

2.41

2

3.13/
3.74

2.23 *
2.51
2.54

0.0021

[UO,(H,0)(OH)(HS04)1*

[UO2(H20)6(S04)1°

0.7-12.7

1b

2.7

2.42
2.39

0.0200

[UO,(H20)2(0H)(S04)21*

12.7-27.7

15.3

300, 600

1.6

1

3.10/
3.67

1

219 *
2.55

0.0022

1.85

[UO2(H20)1.9(OH)(SO4)1

[UO2(H20)4(S0)1°

400, 600

1c

1.9
1

1.3

2.30/
241

1

3.10/
3.66

0.0072

2.19 *
2.50
2.50

0.0020

1.84

[U02(H20)2(0H)(SO)T

[UO2(H20)4(S0,)1°

15.8

400, 3k

1d

0.0207/
0.0258

0.0117/ 2.38/ 1.5
2.52

0.0289

1

3.16/
3.73

2.3

0.0020

[UO,(H0)5.5(S04)1° 1.85

16.89 [UO4(H20)6(S04)1°

400, 5k

le

1.6

2.4

1

3.15/
3.67

2.4 3.1

0.0022

1.83

[UO,(H20)31(S04)1°

18.97 [UO,(H,0)6]2*

400, 20k

lg
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equatorial coordination was near-constant up to 200 °C for the pure
uranyl ion.

The exception to this trend was the uranyl carbonate complex
U02(C03)g’ present in Solution F, which, similar to the citrate dimer
complex characterised by Bailey et al. [8] up to 200 °C, was accurately
modelled presuming no coordination changes at all with temperature —
this is consistent with both complexes containing no equatorially bound
water. All equatorial oxygens in both complexes are instead contributed
by bidentately bound equatorial complexes — carbonate or citrate.

The validity of a fixed coordination model for Solution F whose
dataset displays a systematic decrease in FT peak magnitude highlights a
particular issue of EXAFS fitting. In other solutions the assertion that
equatorial oxygen coordination systematically decreased with temper-
ature was linked to observations of the decrease in the magnitude of
relevant equatorial oxygen linked peaks (typically found at ~1.7-2.0 A)
in the FTs of solution spectra. However, despite a similar decrease in
peak magnitude observed for solution F a model with fixed equatorial
oxygen coordination was readily able to explain our measured data. This
was due to the correlation between peak magnitude, coordination and
DW factors during the fitting process — in the case of solution F, peak
magnitude decrease was accounted for in the model by an increasing
DW factor. This raises the question of whether the observed drops in
peak magnitudes of other solutions were truly due to changes in coor-
dination. To test this, we altered the fitting model of Solution A by fixing
equatorial oxygen coordination to 5 at all temperatures while still
permitting the DW factor to float. We found that such a model was
unable to adequately replicate our measured data with fits becoming
increasingly poor for higher temperature data. This in turn suggests that
despite the correlations between peak magnitude, coordination and DW
factors the fitting procedure used is probably robust enough to distin-
guish the effects of the DW factor and coordination on peak magnitude —
at least to some extent. Further, the linkage between peak magnitude
and coordination decrease is strengthened by ab initio molecular dy-
namics results reported in this work. Our simulations noted
temperature-linked drops in equatorial coordination consistent with our
EXAFS fitting results. It is through this multi-faceted approach that we
can, with some measure of confidence, state that the coordination values
generated by our EXAFS fits are reflective of the truth even if their
precision leaves something to be desired.

4.2. A proxy for the structures of neptunyl and plutonyl complexes at high
temperatures?

An additional benefit of the work described here is its potential
applicability to the complexation behaviour of plutonium and neptu-
nium aqueous complexes. These two radionuclides while generally
irrelevant in natural ore-forming systems are of concern when consid-
ering geological nuclear waste repositories as they are a component of
some high-level waste forms [46,110]. When mobile in groundwater
systems, neptunium is generally present in its pentavalent oxidation
state while plutonium may be present either in its pentavalent or hex-
avalent states [132]. In both pentavalent and hexavalent states the two
elements typically manifest as linear actinyl (Ac(V)0O3 /Ac(VI)OZ*") ions
with structures very similar to the uranyl ion. At ambient conditions
these ions can form a wide variety of inorganic complexes with stoi-
chiometries and structures nearly identical to their uranyl counterparts.
Allen et al., ($year$) [10,28,29,4,50,52,55,75,9]. Table 18 lists pres-
ently known neptunyl(V) and plutonyl(V/VI) chloride, sulfate, carbon-
ate and hydroxyl complexes with clear uranyl(VI) analogues [55].

A number of limitations and concerns render it difficult to apply the
same high temperature experimental techniques used in this work on the
plutonyl and neptunyl systems. But, given the commonality in the
structures of uranyl, neptunyl and plutonyl complexes at room tem-
perature, we can tentatively assert that as temperature increases up to
250-300 °C complexes of the latter two elements likely do not



A. Kadlintsev et al.

Journal of Hazardous Materials 452 (2023) 131309

Table 17
Simulation details and results for box 2 calculations.

Job ID T (C), P (bar) Time Initial configuration Stable species U=0, U-OH,/U-OH (*) U-Cl

(ps) RA) o*G» RGA N @A) RA N 6% (A%
2a 25,1 22.6 [UO,1** [UOZ(H20)5]2Jr 1.82 0.0009 2.44 5 0.0082
2b 150, 600 21.2 [UO4(H20)51%* [UO4(H20)5]1%* 1.82 0.0009 2.46 5 0.0107
2c 150, 600 18.8 [UOL(H,0)CI]* [UO,(H20)4Cl1 " 1.81 0.0011 2.45 4 0.0125 2.76 1 0.0114
2d1 300, 600 0-20.8 [UO,1%* [UO2(H0)4.0]%" 1.82 0.0016 2.49 49  0.0171
2d2 20.8-27.9 [UO,(H,0)4C11 " 1.82 0.0016 2.53 4 0.0244 2.75 1 0.0156
2e 300, 600 17.2 [UO,(H,0)CITH [UO,(H20)4Cl1 " 1.82 0.0130 2.53 4 0.0258 2.74 1 0.0152
2f 300, 600 17.2 [UO5(H,0).4Cl,]1° [UO2(H,0)5.5Cl,]1° 1.82 0.0016 2.51 2.8 2.77 2 0.0209
2g 400, 600 22.6 [UO5(H20)4] 2+ [UO4(H20)31(OH)]H 1.83 0.0017 2.15% 1 0.0053

2.48 3.1
2h 400, 600 17.5 [UO(H,0)sCl]™ [UO2(H20)2.5Cl5]° 1.82 0.0017 2.46 2.2 2.69 2 0.0120
2il 400, 600 0-12.4 [UOZ(H20)5C12]0 [UO»(H,0)35Cl1 " 1.81 0.0024 2.44 3.3 2.72 1 0.0151
2i2 12.4-17.5 [UO2(H50)4.9Cl51° 1.82 0.0016 2.5 2.9 2.69 2 0.0196
2j 400, 20k 24.2 [UO5(H,0)1%* [UO2(H20)5]1%" 1.83 0.0021 2.45 5
2k 400, 20k 26.1 [UO,(H,0)CI] T [UOZ(H20)2.9C12]0 1.82 0.0018 2.42 2.9 2.77 2 0.0218
21 400, 20k 27.0 [UO,Cl,]° [UO4(H20)4.6Cl5]1° 1.82 0.0021 2.42 2.9 2.76 2 0.0192
@ b ¢ ©
Q°
(-4
P,
o= \b
(d) (9

Fig. 13. structure of hydrated uranyl and UO2*-ClI'/SO?~ complexes. (a). UO2(H20)2"; (b). UO2(H20),(S04)3 ", with 1 SO?~ bonding as bidentate and 1 SO?~ as
monodentate; (c). UOZ(HZO)(SO4)2(OH)3’, with 2 SO~ bonding as monodentate; (d) and (e). UO,(H20),(SO4)(OH)~, with SO3~ bonding as bidentate and mon-

odentate, respectively; (f). UO2(H20)4ClT; (g). UO5(H20)4Cly.

experience any major structural or stoichiometric changes. Their com-
plexes likely follow a simple, intuitive progression to higher-ligand-
number species and trend towards reduced hydration. Exact shifts in
hydration will likely differ between uranyl, neptunyl and plutonyl and
the computational work of [102] suggests that U(V) hydration drops
more drastically with temperature relative to U(VI) — this is probably
also true of Np(V) and Pu(V).

4.3. Possibilities for future work

With all this in mind it would undoubtedly be instructive to conduct
similar hydrothermal experiments discussed here utilising different
structural characterisation techniques such as HEXS or NMR. To our
knowledge no experiments utilising these techniques have yet been
conducted for uranyl or its complexes at temperatures above ambient.

While we have reported high temperature structural data for a wide
variety of uranyl complexes in this work there still remain a number of
fruitful possibilities for future investigation. Our data suggest that the
UO,Cl; complex may become more prevalent at elevated temperatures
— however no reliable data (thermodynamic or structural) yet exist for
this complex at above-ambient temperatures. We were unable to
confidently experimentally identify the presence of monodentate uranyl
sulfate complexes. A closer investigation into the possible effect of so-
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lution ionic strength on the bonding behaviour of sulfate may elucidate
why. Additionally/alternatively, some other technique beyond EXAFS
might be utilised to this end as the single scatter peak of sulfur in
monodentately-bound sulfate is somewhat difficult to resolve with
EXAFS. Carbonate complexes bear closer scrutiny with particular care
being taken to ensure that true solid-aqueous equilibrium has been
achieved prior to measurements. It is likely this will necessitate prior
heat treatment of target solutions to avoid cutting into valuable beam-
time. If possible, the mono- and dicarbonate complexes along with their
relationship with the tricarbonate should also be investigated. The
investigation of hydroxyl complexes has been very limited in this work
only targeting their behaviour at very high pH. While more neutral pH
conditions may be difficult to study with XAS on account of uranium’s
low solubility at such conditions, sufficient uranium is soluble at
moderately acidic (~pH 4) conditions [159] that should permit study of
polynuclear hydroxyl complexes and their stability at elevated temper-
atures. Of particular interest would be direct observation of the transi-
tion from polynuclear to mononuclear hydroxyl complexes as
temperature rises, a phenomenon that has been inferred in prior
time-resolved laser fluorescence spectroscopy works [167,44,87,88].
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Fig. 14. Radial distribution functions (RDF, left axis, solid lines) and the integral of RDF (coordination number, CN, right axis, dashed line) of the simulations. (a). U-

0O and U-S of box1; (b) U-Cl of box 2; (¢) and (d). U-O of box 2.
5. Conclusions

In summary, the structures of uranyl and its chloride, sulfate, car-
bonate and hydroxyl complexes generally change relatively little be-
tween 25 °C and ~200 °C. At higher temperatures up to 326 °C the
number of equatorial water molecules around these complexes appears
to drastically decrease. Our results for the pure uranyl ion at high
temperature generally agree with prior high temperature works though
we suggest a more subtle trend of equatorial water loss with temperature
in line with prior computational work. Given their structural similarities
we also expect that similar temperature-dependent behaviour should be
observed for the environmentally relevant complexes of Np(V)O3,
Pu(V)0O5 and Pu(VI)O%"which is important to note given the practical
difficulties of studying them with EXAFS at high temperature. We have
observed temperature-linked speciation changes in the uranyl-chloride
system with UO,CI3 and possibly UO,Cl; becoming increasingly more
prevalent as temperature rises. In addition, we have made comparisons
between implied chloride speciation derived from our EXAFS data and
calculated speciation using data reported by Dargent et al. [34] and
Migdisov et al. [112]. We have found that data from the latter publi-
cation far better describe our data and recommend using it over the
former publication’s data. Regarding sulfate, both U0»SOj and

UOz(SO4)§7 have been well characterised however we were unable to
find convincing evidence for the presence of monodentate sulfate and
suggest that the monodentate-bidentate relationship may be sensitive to
solution ionic strength. We have also tested the predictive capacity of
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the thermodynamic data reported by Alcorn et al. [2] and Kalintsev et al.
[82] for the uranyl sulfate complexes and found that they both
adequately described speciation in the studied solutions. Uranyl tricar-
bonate (UO, (COg)g’) was identified over a range of temperatures and its
structure was found to be practically identical over all temperatures
likely due to the lack of any equatorially bound water molecules. We
have also characterised uranyl in a highly alkaline NaOH solution and

suggest that at such conditions it may manifest as the UOz(OH)ﬁ’
complex coupled with a single equatorial water molecule thus poten-
tially reconciling the results of previously contradictory experimental
and computational works. Results from MD supports the trends deter-
mined experimentally with XAS and have additionally noted that as
pressure rises equatorial coordination of water rises and U-O(ax)
bonding distances contract with U-O(ax) distances remain relatively
unchanged. Absolute values for coordination and bond distances
calculated by MD were however a little higher than those determined
experimentally. Altogether this work has served to consolidate and
enhance our present understanding of the high temperature aqueous
behaviour of uranium, neptunium and plutonium with applications to
both natural and artificial hydrothermal systems.
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Table 18
Binary hydroxyl, chloride, sulfate and carbonate Np(V), Pu(V) and Pu(VI)
complexes with analogues in the U(VI) system.

Np (V) Pu (V) Pu (VD)

NpO,OH? PuOj PuOZ* Pu0,S0§
NpO,(OH), PuO,0H? PuO,0H" Pu0,(S04)%~
Np0.SO; Pu0,S0; Pu0, (OH)) Pu0,CO3
NpO,CO; Pu0,CO; PuO,(OH); Pu0,(CO3)3~
NpO,(CO3)3~ Pu0,(CO3)3~ (PuO,),(OH)Z* Pu0,(CO3)3~
NpO2(C03)3~ Pu0,(CO3)5~ PuO,Cl* (Pu0,),3(CO3)s~
(NpO2)5(CO3)g PuO,Cl

Data Availability
Data will be made available on request.
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Environmental Implication

When high level nuclear waste is buried there is a risk that the
engineered barriers put in place to isolate it from the environment could
fail and thus permit it to interact with groundwater. While most waste
repository designs do not expect to realise local-rock temperatures
above 100 °C some designs may experience temperatures in excess of
200 °C with waste-surface temperatures reaching 300-400 °C. By un-
derstanding uranium’s complexation behaviour under such conditions,
we can accurately model the uranium solubility in heated groundwaters
and thus assess the degree of uranium migration away from buried waste
sites and into the environment.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jhazmat.2023.131309.
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