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Introduction

An investigation of the interactions of Eu** and
Am?>* with uranyl minerals: implications for the
storage of spent nuclear fuel}

Saptarshi Biswas,? Robin Steudtner,® Moritz Schmidt,” Cora McKenna,®
Luis Ledn Vintro,® Brendan Twamley? and Robert J. Baker*?

The reaction of a number of uranyl minerals of the (oxy)hydroxide, phosphate and carbonate types with
Eu(in), as a surrogate for Am(in), have been investigated. A photoluminescence study shows that Eu(i) can
interact with the uranyl minerals Cal(UO5)s(O)4(OH)gl-8H,0O (becquerelite) and A[UO,(CO3)z]-xH,O
(A/x = KzNa/l, grimselite; CaNay/6, andersonite; and Ca,/11, liebigite). For the minerals
[(UO5)g(0)2(OH)12]-12H,0 (schoepite), Ko[(UO2)(O)4(OH)gl-7H,O (compreignacite), A[(UO,)2(PO4),]-8H,O
(A = Ca, meta-autunite; Cu, meta-torbernite) and Cul(UO,),(SiOsOH),]-6H,0O (cuprosklodowskite) no
Eu(m) emission was observed, indicating no incorporation into, or sorption onto the structure. In the
examples with Eu®* incorporation, sensitized emission is seen and the lifetimes, hydration numbers and
quantum yields have been determined. Time Resolved Laser Induced Fluroescence Spectroscpoy (TRLFS)
at 10 K have also been measured and the resolution enhancements at these temperatures allow further
information to be derived on the sites of Eu(in) incorporation. Infrared and Raman spectra are recorded,
and SEM analysis show significant morphology changes and the substitution of particularly Ca®* by Eu®*
ions. Therefore, Eu®* can substitute Ca®* in the interlayers of becquerelite and liebigite and in the struc-
ture of andersonite, whilst in grimselite only sodium is exchanged. These results have guided an investi-
gation into the reactions with 2%Am on a tracer scale and results from gamma-spectrometry show that
becquerelite, andersonite, grimselite, liebigite and compreignacite can include americium in the structure.
Shifts in the U=0 and C-O Raman active bands are similar to that observed in the Eu(i) analogues and
Am(i) photoluminescence measurements are also reported on these phases; the Am>* ion quenches the
emission from the uranyl ion.

has been hampered by the difficulty in synthesising pure
material.> Under oxidizing conditions, UO, (the major com-

The safe storage of legacy, current and future spent nuclear
fuels (SNF) is one of society’s grand challenges. Current EU
policy is to store the highly radioactive materials over long
timescales (10° years) in suitable underground repositories."
A geological repository can possibly have both an oxidising
and reducing environment.”> Under reducing conditions urani-
nite (UO,.,) or coffinite (USiO,) are the dominant minerals
that would be formed, but a study of the chemistry of coffinite
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ponent of SNF) is thermodynamically unstable and will oxidise
to UO; via a number of phase transitions, some of which have
been experimentally characterised.” Interestingly, these phases
interact with other radionuclides via a number of mechanisms
and can inhibit or accelerate the mobility of these species. The
most studied radioisotope in this regard is neptunium as Np(v)
is very soluble in groundwater with low adsorption onto the
geomatrix’ which, combined with a high radiotoxicity, makes
it especially important to understand the underlying chem-
istry. The mechanism of incorporation is still uncertain, but a
charge balancing substitution of [NpO,]" and M" for [UO,]**
has been postulated for a number of minerals® whilst co-
precipitation of a distinct Np,O5 phase” or direct substitution®
of [UO,]** for [NpO,]** has also been observed.

Based on an analysis of the crystal chemistry of uranyl min-
erals, it was predicted that the substitution of An(ur) (An = Pu,
Am, Cm) may occur either at the interlayer sites or in the
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sheets of minerals,” as has been observed with Np. Whilst
americium is not a major principle component of SNF
(ca. 0.06 wt%), decay of >**Pu, which is a significant fraction of
irradiated fuel, means that **'Am is a grow-in product. Current
calculations suggest 594 g Am (as 503 g **'Am, 0.66 g ***™Am
and 90.6 g ***Am, or 64.5 TBq of radiation) per metric ton of
uranium will be present after 10 year decay.'® Therefore, the
build-up of Am becomes extremely significant for the later
timeframe. Comparatively little research has been published
upon how americium behaves under environmental con-
ditions, likely due to the high specific activity of this isotope,
but it is known that the +3 oxidation state dominates for Am
under environmental conditions."* Whilst Am(ur) sorption and
incorporation studies have been reported using minerals such
as calcite (CaCOs), aluminium or iron oxides and hydroxides
or clay materials,"* studies with uranyl minerals are almost
non-existent. We recently reported that studtite, [UO,(n*-O,)
(H,0),]-2H,0, does not incorporate >*'Am(m) on tracer
scales,"’ in keeping with earlier investigations of meta-studtite
on the surface of SNF."* Due to the radiological issues sur-
rounding the use of Am, the lanthanide europium has com-
monly been used as a surrogate, given that these 4f and 5f
ions generally display similar chemistry and the eight coordi-
nate ionic radii are comparable (Eu(u) = 107 pm; Am(m) = 109
pm)."> Moreover, the photophysical properties of Eu(m) lend
itself to a very useful spectroscopic probe for both site-sym-
metry determination and hydration numbers.'® For example,
the interaction of Eu(u) ions with the surface of a-uranophane
showed that the europium ion does bind to the surface via the
formation of an inner-sphere complex over a broad pH
range.”” Eu(m) and Nd(m) have been shown to insert into the
interlayer spaces of a synthetic uranyl vanadate whereby the Eu
ion is linked throughout the structure by V=O-Eu cation-
cation interactions, and uranyl sensitization of lanthanide
emission was not observed."® The use of Ce(iv) and Nd(um) as
surrogates for Pu(v) and Am(m) has shown that a significant
amount of these ions can be incorporated into both ianthinite
([U™(U0,)50,]-10H,0) and becquerelite (Ca[(UO,)s(0)s(OH)g]:
8H,0), via a charge coupled substitution of Nd** + 0>~ with
Ca* + OH; no emission data were described.'® In this report
we show that Eu(m) can interact with selected uranyl contain-
ing minerals, and have characterized the mechanism via the
use of emission spectroscopy. For some examples sensitized
europium emission is observed (i.e. excitation at a wavelength
typical for uranyl ion is followed by energy transfer to a Eu(m)
excited state and subsequent emission to the Eu(m) ground
state), which gives a valuable insight into the structures of
these complexes. Furthermore, emission spectroscopy con-
ducted at 10 K also sheds light onto the environment around
the europium and hence gives further structural information.
The phases have also been characterized by ICP-MS,
vibrational spectroscopy and scanning electron microscopy
with energy dispersive X-ray spectroscopy (SEM-EDX). The
europium experiments have guided us towards minerals that
might sorb americium and we have studied these interactions
on a tracer scale. Gamma-spectrometry has allowed us to quan-
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tify the extent of **'Am sorption and vibrational and photo-
luminescence spectroscopy is also presented.

Results and discussion

We have synthesized and characterized nine uranyl mineral
phases for this work. The photophysical properties of the min-
erals chosen have been reported previously, and the uranyl
emission spectra in our hands are included in the ESI
(Fig. S1t). Grimselite has not been previously characterized by
emission spectroscopy and the emission and excitation spectra
are shown in Fig. S2,T which is typical for a uranyl compound.
The emission spectra of other A,JUO,(CO;);] that feature group
1 or 2 cations, such as andersonite (A = Na,Ca),*® swartzite
(A =MgCa)>" or liebigite (A = Ca,)*” are essentially identical, as
might be expected based upon the similarity in structure. The
room temperature uranyl emission lifetime for grimselite is
80 + 8 ps, although it should be noted that this is of secondary
concern in uranyl minerals; for comparison andersonite has a
reported uranyl emission lifetime of 65 + 0.6 ps, swartzite
59.4 + 0.1 ps and liebigite the longest at 313 ps at room
temperature.

Europium(m) complexes

In order to model the chemistry of americium, we have
approached the photochemistry aspect of this work in two
ways: the reaction of prepared uranyl minerals with Eu(u)
(a contacting process) and by the synthesis of the minerals in
the presence of Eu(m) (a co-precipitation methodology).

Uranyl phosphates and silicates. Uranyl phosphate and
silicate minerals are formed under phosphate or silicate rich
environmental conditions and thus an important and wide-
spread source of insoluble uranium compounds in soils. meta-
Autunite (Ca[(UO,),(PO,),]-8H,0), meta-torbernite (Cu[(UO,),-
(PO,),]-8H,0) and cuprosklodowskite (Cu[(UO,),(SiO30H),]-
6H,0) show no change in the emission or vibrational spectra
under both experimental conditions, so we conclude that
Eu(m) does not sorb onto the surface or exchange with the
cations.

Uranyl (oxy)hydroxides. These compounds are known to
form during the initial oxidation! of UO, so we explored the
reactions of Eu(m) with schoepite, [(UO,)s0,(OH);,]-12H,0,
compreignacite, K,[(UO,)s04(OH)¢]-7H,O and becquerelite,
Ca[(UO,)s(0)4(OH))-8H,0, under both experimental conditions.
The structures of these species consist of layers of uranyl (oxy)
hydroxides with water (schoepite), potassium (compreignacite)
or calcium (becquerelite, Fig. S31) in the interlayers, and these
cations interact with the -yl oxygen, generally termed cation-
cation interactions (CCIs). No evidence of Eu(ui) incorporation
into the minerals via the contacting process was observed,
whilst co-precipitation of schoepite or compreignacite with
Eu(um) also afforded no Eu(um) incorporation. In contrast, the
powder isolated from the synthesis of becquerelite in the pres-
ence of Eu(u) showed only europium emission (Fig. 1a and
S4t displays the uranyl region), even when excited at wave-

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Solid-state emission spectra of Eu(i) incorporated in becquere-
lite. (a) Aex = 350 nm; T = 300 K; (b) Zex = 578.08 nm; T = 10 K; (C) Aex =
579.18 nm; T = 10 K; (d) dex = 579.53 nm; T = 10 K.

Table 1 Vibrational data for becquerelite and the corresponding Eu(in)
complexes including the Eu(i) lifetime data

1(U=0)  v3(U=0) =(RT) 7(10 K)
Mineral em™! em™! s us
Becquerelite 796 872 — —
829 908
p-Becquerelite 821 948 — —
872
806
Becquerelite + Eu 796 910 26, 63 A:182 +2
822 B: 203 + 8;
79 £28
C:146 £ 1
p-Becquerelite + Eu 826 906 26, 106
870
824

lengths (lex = 350 or 450 nm) that was specific to uranyl, ie.
sensitized emission, which has previously been observed in a
number of uranyl compounds.”® In addition the excitation
spectra show the presence of the U=0 charge transfer band at
ca. 430 nm (Fig. S51). This suggests close proximity of the two
ions to enable energy transfer to occur.

There are a number of features that are noteworthy: the
*Dy — ’F, transition (lem = 579 nm) is not observed and the
ratio I(°Dy — "F,)/I(°Dy — "Fy) = 2.70 which suggests low sym-
metry of the Eu ions. The lifetime of the emission at room
temperature (Table 1) shows a multi-exponential decay with a
short and long component to the lifetime, possibly indicating
more than one Eu(m) species is present. Finally the quantum
yield has been measured (& = 0.2%) and is much lower com-
pared to EuCl; (in our hands & = 1.35%), suggesting energy
transfer is not efficient.

In order to calculate the hydration number using the estab-
lished relationship to the lifetimes of the water and D,O co-
ordinated Eu(ur) compounds viz. ¢ = 1.05[1/7,0 — 1/7p,0),>" we
also prepared the deuterated analogue by synthesis of becquer-
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elite in D,O followed by the addition of EuCl; in D,O. The
vibrational data of deuterated becquerelite shows small differ-
ences (Fig. S6 and S71).>® The lifetime of this compound in
H,0 shows a short and long component. The short lifetime is
shorter than for a fully hydrated Eu®* ion, and this may point
to a non-radiative de-excitation mechanism via the uranyl ion;
similar effects on the Eu(m) lifetimes have been observed with
transition metals, for example iron>® or molybdate ions.>”
Alternatively, CCI's have been implicated in the short (500 ps)
lifetime  of the  structural characterized K,[(UO,)
Eu,(Ge,0,),].>** However, from the longer europium lifetimes
of these compounds with H,O and D,O coordinated to the
Eu(m) we were able to determine g = 6.4 + 0.5. This suggests
that the Eu(ur) has lost two water molecules from its hydration
sphere, as was previously observed in a-uranophane.'” By con-
sidering the structure of becquerelite (Fig. S37), this could
happen either on the mineral surface, or by Ca** substitution
in the cation inter-layer that link the layers of uranyl (oxy)
hydroxides.

To further investigate this mechanism, SEM-EDX measure-
ments were conducted. SEM images (Fig. S8t) show a large
morphology change upon addition of Eu(u), and EDX
(Fig. S91) showed no calcium in the product. As EDX is semi-
quantitative, we have also used ICP-MS techniques to quantify
the U/Eu ratio of the phase digested in nitric acid, which for
becquerelite is 12.0. Therefore, the spectroscopic data strongly
suggest that Eu’* can replace calcium ions in the interlayer
spaces of the uranyl (oxy)hydroxide. Given the small differ-
ences in ionic radii (Eu®*" = 109 pm; Ca®" = 114 pm with a six
fold coordination number)™ this is not unexpected, and has
been observed in other Ca containing minerals such as
calcite.”® Moreover, from the U:Eu ratio we can suggest that
the reaction that occurs (eqn (1)) is the same as the Nd reactiv-
ity previously postulated,'® although the replacement of 2Eu’*
for 3Ca®>" may also be possible.

2Ca[(U0,)s04(OH)|-8H,0 + H' + Euyq)**

> (1)
— Eu[(UO,),,07(0H) ;| -8H,0 + 2Cayq)>"

As the room temperature emission spectra of Eu(m) in-
corporated becquerelite was very broad and, as such, gives little
structural information, we next investigated the emission spec-
trum at 10 K. Careful examination of the excitation spectrum
(Fig. S10t) showed three distinct Eu(u) species present (dex =
578.08 nm; 579.18 nm; 579.53 nm) and their respective site
selective emission spectra are shown in Fig. 1(b)-(d). There is
an increase in the resolution of the spectra upon lowering the
temperature which allows us to comment upon the symmetry
of each emitting species, bearing in mind that the bands are
still rather broad. The lifetimes of each were also measured
and are shown in Fig. 1. There are two species, sites A and B
which show the same emission profile, and this suggests a D,
site symmetry, whilst site C has S, site symmetry.'®*® Using
the equation,””*® ¢ = 1.07(1/7u,0) 0.62, the hydration
numbers are for site A = 5.3 + 0.5, site B=12.9 + 0.5 and 4.6 +
0.5 and site C = 6.7 + 0.5; data for sites A and C suggest an

Dalton Trans., 2016, 45, 6383-6393 | 6385
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inner-sphere complexation of Eu(m) in the mineral. The short
lifetime for site B could again be ascribed to the sensitized
emission.

To corroborate the emission studies, the infrared and
Raman spectra were measured (Table 1 and Fig. S6, S77).
These spectra show a slight shift to lower wavenumbers of the
U=0 stretch. An empirical relationship between the stretching
frequency (cm™") and the bond length (r in pm) in uranyl min-
erals was first reported by Bartlett and Cooney:*' r = 10650-
[11(U=0)]"*? + 57.5 and r = 9141[v3(U=0]*" + 80.4, shows
that upon Eu** incorporation the U=0 bond length doesn’t
change. There may be two important factors influencing the
U=0 bond length, namely cation—cation interactions and
ligand-to-metal o- and n-donation from the equatorial
ligands.?* Given the vibrational data does not support a signifi-
cant change in the equatorial ligand coordination, a change
from Ca®" to Eu®" in the cation-cation interaction may be
expected to produce the only effect. The slight shifts in the
U=O0 stretch infers that the Eu(m) interacts with uranyl
oxygens. As the SEM images suggest a large change in mor-
phology upon addition of Eu(u) and the substitution of Ca**
for Eu*" in the interlayer cations a disruption to the hydrogen
bonding network would likely result; there are 8 symmetry dis-
tinct water molecules in the interlayers calcium ions from a
structural analysis*® but only 5-7 coordinated to Eu(m). Using
the known empirical formula for converting the O-H stretch-
ing frequency to an O--O bonding distance,>® we calculate
2.632 A (2906 cm™), 2.741 A (3291 em™"), 2.820 A (3426 cm™")
and 3.205 A (3583 cm™) in europium incorporated becquere-
lite, compared to 2.708, 2.721 and 2.989 A in becquerelite,
although the broadness of the infrared bands does suggest
these values should be used with caution.®® Therefore, the
spectroscopic data suggests that europium substitutes calcium
in the interlayers and the europium coordination sphere con-
sists of water molecules and cation-cation interactions to
uranyl -yl oxygens that link two sheets of uranyl polyhedra
together.

Uranyl carbonates. Given the fact that carbonate rocks and
cement-based components will be omnipresent in any nuclear
waste storage facility, we also examined three uranyl carbonate
minerals namely andersonite, grimselite and liebigite. These
compounds have different solid-state structures, so this
influence can be explored. Liebigite has a layer structure
(Fig. S11t), somewhat similar to becquerelite with hydrated
calcium ion in the interlayer spaces and no interactions with
the uranyl oxygen.*® Andersonite®” (Fig. S121) and grimselite*®
(Fig. S1371) have a three dimensional structure, reminiscent of
zeolites, with voids in the structures filled with water mole-
cules; however in grimselite all the group 1 metal ions interact
with the -yl oxygen via cation-cation interactions, but in
andersonite CCls are absent. It is worth noting that Eu*" in-
corporation into calcite (CaCO;z) has been well studied by
TRLFS methodologies.>®

When andersonite is contacted with Eu(m) the resulting
powder shows an emission spectrum that contains both uranyl
and europium emission (Fig. 2). If the powders are washed
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Intensity (a.u.)

Wavelength (nm)

Fig. 2 Solid-state emission spectra of andersonite contacted with Eu(ii)
(1ex = 380 nm; solid line) and treated with aqueous EDTA (dashed line).

with a 0.1 M aqueous EDTA solution the europium emission is
no longer present. The lifetime of the Eu®* emission (212 +
5 ps) suggests a water coordination number g = 4.4 + 0.5. The
Raman spectra show no changes in the U=0 and C-O bands
when Eu(m) is added. These results are consistent with a weak
inner sphere sorption of Eu(m) onto the surface.

Using the co-precipitation methodology of mixing uranyl
nitrate, calcium nitrate, sodium carbonate and europium(ur)
chloride in water, a yellow powder precipitated over the course
of 2 weeks. The room temperature emission spectrum of this
powder is shown in Fig. S4.f In contrast to the contacting
process only europium emission is observed, irrespective of
the excitation wavelength ie. sensitized emission. As in
Becquerelite, the absence of a D, — F, transition and the
I(°Dy = "F,)/I(°’Dy — "F;) ratio of 2.44 suggest a low symmetry
environment. At room temperature, splitting of the D, — 7F1,2
transitions are evident, whilst at low temperatures (Fig. 3) the
°D, — F, transition resolves into three peak; this is consistent
with D, site symmetry. Moreover only one Eu(m) species is
present according to the excitation spectrum (Fig. S10t). The
lifetime of the emission at room temperature shows a short
and long component, with the longer giving a hydration
number of 2.8 + 0.5. The quantum yield (@ = 0.73%) is again
lower than EuCl;. At low temperatures a single exponential
decay is observed (r = 580 + 8 us) corresponding to ¢ = 1.2 +
0.5. SEM (Fig. S14t) images again show a morphology change
upon addition of Eu(u), and EDX (Fig. S157) analysis shows
that no sodium or calcium is present - i.e. Eu** has substituted
both Na* and Ca”" in the structure. ICP-MS measurements of
the phase digested in nitric acid give a U/Eu ratio of 2.05 indi-
cating that a significant amount of Eu(mr) has been taken into
solid phase.

Vibrational spectroscopy is very useful in the carbonate
family of uranyl minerals, as the U=0 and CO;>~ bands are
diagnostic of differing coordination environments. The Raman
and infrared spectra of synthetic and natural andersonite have
been reported previously,”’”*® and our spectra are consistent
with these (Table 2); we have also prepared andersonite in D,O
and the deuterated spectra are shown in Fig. S16 and 17;f as
might be expected from the structure, where the water mole-

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 10 K solid-state emission spectra of Eu®* incorporated anderso-
nite (top, lex = 577.88 nm) and grimselite (bottom, lex = 579.18 nm).

cules are only coordinated to the Na™ and Ca** ions the uranyl
and carbonate bands are unaffected in the deuterated spectra.
Upon addition of Eu(m), the U=0 band in the Raman spectra
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changes from 816 to 833 cm™" indicating a shortening of the
U=0 bond length of 0.01 A using the Bartlet and Cooney for-
mulae (Fig. S16 and 177). The v5(CO) bands in the IR spectrum
also change, both in position and in the multiplicity,
suggesting an undistorted C,, symmetry around the bridging
carbonate ion. This is in contrast to andersonite where they
are non-equivalent, as expected from the structural analysis.
The infrared spectra of europium carbonates’® show the
v3(CO) bands above 1500 cm ™" indicating that the carbonate
remains bound to uranyl in a bidentate fashion (1372 and
1505 cm™).

Grimselite shows different behaviour to andersonite as
attempted synthesis in the presence of Eu(um) afforded only
single crystals of grimselite, with no Eu incorporation or sorp-
tion. We have conducted a number of experiments using Th(iv)
{as a surrogate for Pu(iv)} and some of the later lanthanides
{Tb(w), Er(m) and Yb(m)}, which only afford single crystals of
grimselite, as determined by single crystal X-ray diffraction. In
contrast, europium emission was observed from grimselite via
the contacting methodology. Unfortunately addition of euro-
pium to single crystals of grimselite in a number of solvents
via this method affords rapid degradation of the crystal and a
resultant powder was formed over the period of 1-2 hours. The
emission spectra of these powders were measured at room
temperature and, irrespective of the wavelength used for exci-
tation, only Eu(u) emission was observed (Fig. S47); although
the peaks were very broad, a similar emission profile to ander-
sonite was observed. However in this case a weak Dy, — ’Fq
transition was observed at d¢, = 577.9 nm.

Table 2 Vibrational data for andersonite, grimselite and liebigite and their corresponding Eu(i) complexes including the Eu(m) lifetime data

recorded at room temperature

1,(U=0) 13(U=0) 15(CO3) 7 (RT) 7(10K)
Mineral em™? em™? em™ us us
Andersonite 806 913 1375 — —
832 899 1347
1523
1558
1578
p-Andersonite 832 886 1374 — —
Andersonite + Eu 833 895 1372 51,155 580 + 8
1505
p-Andersonite + Eu 834 905 1376 72,262 —
1515
Grimselite 815 876 1337 — —
1538
p-Grimselite 812 874 1336 — —
1541
Grimselite + Eu 813 901 1372 34,171 315+5
1515
p-Grimselite + Eu 814 896 1372 17, 342 —
1512
Liebigite 829 870 1377 — —
906 1505
p-liebigite 831 901 1505 — —
871 1386
Liebigite + Eu 829 870 1380 14, 127 —
906 1516
p-Liebigite + Eu 823 871 1404 39 —
918 1500 244

This journal is © The Royal Society of Chemistry 2016
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The lifetimes of the Eu®* contacted grimselite and the deut-
erated analogues were used to calculate the hydration number
g = 3.1 £ 0.5 (Table 2). The quantum yield (@ = 0.67%) is again
lower than EuCl;. A low temperature photophysical investi-
gation was next undertaken in order to resolve the broad
bands and allow an assignment of the symmetry of the Eu**
ions (Fig. 3). The excitation spectra showed only one Eu’*
species (Fig. S10t) but spectral resolution of the emission was
not as enhanced as for the other compounds studied. Curve
fitting analysis (Fig. S181) showed a threefold splitting of the
D, — ’F; transition and a resolved fourfold splitting of the
°D, — ’F, transition. This suggests site symmetry of C,;
however in this case the “F, transition should be split fivefold
which is not resolvable in our case due to the broadness of the
bands, possibly because of the crystallinity of the system or the
rigidity of the lattice site. The low temperature europium life-
time (z = 315 + 5 ps) is mono-exponential and results in g = 2.8
+ 0.5. SEM (Fig. S19f) images again show a morphology
change upon addition of Eu®*, as might be expected from the
crystal degradation, and EDX (Fig. S207) shows no sodium is
present - i.e. Eu(m) has substituted only Na' and not K' in the
structure, in agreement with the respective difference in
ionic radii. The U/Eu ratio is 4.00 according to ICP-MS
measurements.

As in the previous examples, the vibrational spectra have
been examined. The vibrational data for grimselite has not
been previously reported (Table 2 and Fig. S21, 22}) but are in
keeping with the structure, i.e. one carbonate environment
and only one U=O bond stretch; interestingly, compared to
andersonite there is a shift to lower frequencies for the U=0
stretch that could be due to the CCIs in the structure. When
grimselite is synthesized in D,O only a powder is obtained, but
the vibrational spectra are identical. Upon Eu*" incorporation
there is a broadening of the Raman active U=O0 stretch and
the carbonate bands shift to higher wavenumbers, as was
observed in andersonite (Fig. 4).

Finally, we have examined liebigite to elucidate the influ-
ence of its different structure compared to the previous

v, U=0 v, C-O
A
T T T T T T 1
600 700 800 900 1000 1100 1200

Wavenumber (cm™)

Fig. 4 Raman spectra of deuterated grimselite (bottom), grimselite
(middle) and grimselite contacted with EuCls (top) (* = artefact in
measurement).
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carbonates on the uptake of Eu(m). Addition of Eu(m) affords a
powder that is only weakly luminescent under a UV lamp. In
keeping with this the quantum yield was too low to be accu-
rately measured. The room temperature emission spectrum is
shown in Fig. S231 and again shows sensitized Eu(u) emis-
sion. The emission spectra is very broad, but the lifetime (z =
126 + 27 ps) gives a hydration number ¢ = 7.9 + 0.5. EDX
measurements show Ca is still present (Fig. S221) and ICP-MS
measurements gives a U/Eu ratio of 4.00. The presence of sen-
sitized emission suggests that it is not a simple outer-sphere
complex formed on the surface. The vibrational data (Table 2
and Fig. $26, 277), shows little change from that of liebigite*'
and is consistent with the structural data where the Ca** ions
are fully hydrated and not engaged in CCIs.*® As in the case of
becquerelite, the hydrogen bonded network is also disrupted
and the O---O bond lengths change from 2.850 A (3455 cm™")
to 2.776 A (3361 cm™), 2.976 A (3541 cm™) and 3.075 A
(3568 cm™"). These data suggests that the Eu®* has exchanged
some of the calcium ions in the layers of the uranyl carbonate
sheets, which has a similar layered structure to becquerelite,
and the europium ions are fully hydrated and not involved in
any CCIs.

Whilst from our data it is not possible to suggest what
charge balancing mechanism is responsible for the substi-
tution of the cations in the carbonate minerals, nevertheless it
is an important observation that Eu(ui), and therefore by infer-
ence Am(m), can be included in the structure. We were also
interested in how readily the Eu(ur) ions can be removed from
the mineral phases as this will have important implications for
long term storage of SNF. In order to examine this we have
treated the four compounds described above with an aqueous
solution of 0.01 M EDTA and monitored the solid phases by
ICP-MS, after digestion in nitric acid. Interestingly for the case
of becquerelite, andersonite and liebigite the ratio of U:Eu
stays effectively constant, whilst for grimselite the europium
ions are almost totally removed. However europium incorpor-
ated grimselite is stable in water for at least 6 months, without
apparent leaching Eu(m) ions (as judged by emission
spectroscopy of the aqueous phase). This, in combination with
the andersonite results described above, suggest that when the
contacting methodology is used a rather weak inner-sphere
complex is formed and Eu(ui) can be removed, whereas when
the co-precipitation method is used the Eu(m) ions form an
incorporation complex.

Synthesis of a mixed metal uranyl nitrate

During the synthesis of andersonite in the presence of Eu(m),
we were able to isolate a small amount of crystalline material
that did not have the same diffraction data as andersonite.
Refinement of the structure shows an unexpected sodium
calcium-uranyl nitrate compound with an empirical formula
of CaseNy44NagyOg9,Ugs, Which assembles into a 3D frame-
work; the asymmetric unit is shown in Fig. 5 top and the
packing shown in Fig. 5 bottom. It should be noted that the
voids contain diffuse atoms that could not be satisfactorily
refined and removed using SQUEEZE. In addition no hydro-
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Fig. 5 Asymmetric unit (top) and packing diagram viewed down the
b-axis (bottom). Color code: U = pink; O = red; Ca = green, Na = purple,
N = blue.

gens were located or refined on the water molecules so
although the voids look empty they are likely filled with water
molecules; the solvent accessible volume = 14125 A%, Upon
isolation the crystalline material rapidly degrades to a powder,
suggesting that the solvent is important in the stability of the
framework. Some precedent exists for mixed metal carbonates
that have been isolated from the synthesis of andersonite,** or
the related Na[UO,(NO;);]*> which both have extended struc-
tures, whilst Uranium Organic Frameworks (UOFs) and hybrid
inorganic-organic uranyl frameworks are known.** The asym-
metric unit consists of uranyl ions coordinated to three nitrate
ions which also coordinate to Na* or Ca®>" ions, and a uranyl
trimer linked by a ps;- and a p,-oxo group. The bond lengths
for the U-O bonds of the p;-O fragment are 2.240(7), 2.253(7)
and 2.252(7) A, typical for this bond.*> The bond lengths for
the p,-oxo average 2.394 A. Two of the uranyl -yl oxygen atoms
interact with Cs ions, but the U=0 bond lengths are identical
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and typical for a uranyl ion (1.76-1.81 A), as are the U-O
bonds of the nitrate (2.409(9) to 2.448(7) A). The IR spectrum
of this complex (Fig. S287) shows a very broad band centred at
1345 cm™" due to the symmetric and asymmetric N-O stretch,
a band at 830 cm™" due to the §(N-0) and the v3(U=0) stretch
at 900 cm™". The v4(U=O0) stretch appears at 834 cm™" in the
Raman spectra (Fig. S291). EDX measurements confirmed the
presence of only uranium, calcium and sodium as the metal
components.

Americium tracer experiments

The Eu(m) experiments discussed above have shown that for
the mineral phases becquerelite, andersonite, grimselite and
liebigite we predict that **'Am(m) may interact with these and
thus retard migration under environmental conditions. Whilst
it was not possible for us to conduct experiments on a macro-
scopic scale, we have used tracer studies to explore this hypo-
thesis. Thus, reactions of a 200 Bq solution of ***AmCl, in dilute
acid with the mineral phases under the conditions of Eu(u)
incorporation, specifically a co-precipitation methodology for
becquerelite, andersonite and liebigite and a contact method-
ology for grimselite, we were able to quantify the amount of
americium the solid wusing gamma
spectroscopy (a typical spectra is shown in Fig. S30t). We also
included compreignacite in our study as this does incorporate
Np(v)** even though Eu(i) does not. The results of this investi-
gation are shown in Table 3. The distribution ratio, D, can be
defined as the ratio of the activity of **'Am in the solid com-
pared to the liquid, and these data are also given in Table 3.

associated with

From these measurements, and under our experimental con-
ditions, americium(m) is included in the structure but not to a
large extent. There does appear to be a qualitative correlation
between the amount of Eu*" and Am*" included, when com-
paring the ratio of the Eu to U concentrations measured from
ICP-MS analysis and the Am: U activity (Table 3). Thus bec-
querelite incorporates the least amount of Eu and Am, whist
the carbonate minerals and notably grimselite the most.
However the data does not allow us to draw any conclusions as
to the chemical environment of the americium or uranium.
Therefore we have measured the Raman and emission spectra
of these solid compounds. Raman spectroscopy (Table 3 and
Fig. S311) shows small shifts in the v4(U=0) bond stretching
frequency from the mineral, and are comparable to that

Table 3 Quantification of 2**Am from y-spectrometric, Raman and emission spectroscopic results from 2**Am(i) incorporation studies

Mineral **'Am(Bq)/mg of mineral Bq of **'Am/Bq of ***U*” D v,(U=0) em™" Aem (nm)
Compreignacite 0.91 0.08 Not determined 827 686

850
Andersonite 0.77 0.06 (0.42) 0.0868 828 686
Liebigite 1.83 0.23 (0.17) 2.186 830 688
Grimselite” 3.2 0.21 (0.69) 0.2592 810 687
Becquerelite 0.012 0.0026 (0.11) 6.95x107* 838 ¢

“Values in parentheses are the Eu: U ratio from the analogous reactions with Eu, as determined by ICP-MS. ? Vig a contact methodology. “ Below

the limit of detection for our spectrometer.

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Solid-state emission spectrum of 2**Am>* incorporated leibigite
at room temperature (lex = 504 nm).

observed in the Eu(m) compounds. Fluorescence spectroscopy
of Am(m1) has been utilised in sorption studies,*® although the
low quantum yield and short lifetimes means that Cm emis-
sion is a more favoured ion for such studies.?” Nevertheless,
the D, — ’F, transition at 685 nm is somewhat diagnostic.
For instance, in the aqua complex Ae;,, = 685 nm whilst for the
carbonate complex [Am(CO;);]>~ this maxima shifts to
693 nm.*® The solid state emission spectra of liebigite is
shown in Fig. 6 whilst for andersonite, grimselite and com-
preignacite these are shown in Fig. S32;t for becquerelite, the
mineral with the lowest amount of americium we observed no
emission spectra. In general the spectra are similar, which
show a broad peak with the maxima around 687 nm (Table 3).
This suggests that the americium ion keeps its hydration shell
to an extent, although we were not able to measure the life-
times to confirm this. Importantly however, there is no
evidence for the formation of americium carbonates. Interest-
ingly no uranyl emission is observed, even when excited at
bands specific to the uranyl ion. The excitation spectrum of
grimselite contacted with >*'Am*®" shows the presence of a
band assigned to the -yl MLCT transition (Fig. S3371). The
quenching effect of Am(m) on UO,>* has not been reported
previously, but may not be unexpected. Also of note is that the
concentrations of the Am in the solids are ca. 10~° M so emis-
sion spectroscopy could be more useful in speciation studies
than is typically used. Therefore, given the similarities in
spectroscopic data between the americium and europium
incorporated minerals we suggest that americium does in-
corporate into the minerals via ion exchange under the con-
ditions of our experiments.

Conclusions

In conclusion, the reaction of Eu(m) and Am(m) with a series
of environmentally relevant uranyl minerals has been reported
and summarized in Table 4. A photophysical investigation has
revealed that some uranyl minerals can incorporate Eu*" into
their structure and this leads to a sensitisation of the euro-
pium emission. Low temperature emission spectra show
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Table 4 Summary of Eu and Am interactions with selected minerals

Eu after Eu after Am

Mineral contact co-precipitation interaction
Schoepite - - Not predicted
Compreignacite - - +
Becquerelite - + +
Andersonite + + +

Grimselite + - +

Liebigite - + +
meta-Autunite - - Not predicted
meta-Torbernite - - Not predicted
Cuprosklodowskite - - Not predicted
Studtite - - -

sufficient spectral enhancements to allow the symmetry of the
Eu(u) environments to be deduced. Analysis of the IR and
Raman spectra, in combination with ICP-MS, SEM and EDX
techniques, gives further support to the conclusions. Thus, for
becquerelite and liebigite calcium is exchanged in the inter-
layer but for the carbonates grimselite and andersonite the
europium is incorporated into the structure with low hydration
numbers. The observation of sensitised emission suggests that
the uranyl and europium ions are in close proximity to each
other and vibrational data is consistent with presence of
cation-cation interactions in some of these. Importantly our
results suggest Am(m) could be incorporated into minerals and
experiments at a tracer level prove this, although the amount
of Am(ur) incorporation is quite low. From a point of view of
repository safety, our results suggest that these oxidative phase
changes on the surface of SNF could possibly mitigate, but not
completely retard the migration of americium into the near
field environment.

Experimental

Caution! Although depleted uranium was used during the
course of the experimental work, as well as the radiological
hazards uranium is a toxic metal and care should be taken
with all manipulations. **'Am is an o and y emitter, and all
experiments were carried out in a laboratory designated for the
use of radioactive isotopes. Experiments using radioactive
materials were carried out using pre-set radiological safety pre-
cautions in accordance with the local rules of Trinity College
Dublin and HZDR.

IR spectra were recorded on a Perkin Elmer Spectrum One
spectrometer with attenuated total reflectance (ATR) accessory.
Raman spectra were obtained using 785 nm excitation on a
Renishaw 1000 micro-Raman system. Room Temperature
steady-state photoluminescence spectra were recorded on a
Horiba-Jobin-Yvon Fluorolog-3 or Fluoromax spectrofluori-
meter. Luminescence lifetime data were recorded following
375 nm excitation, using time-correlated single-photon count-
ing (a PCS900 plug-in PC card for fast photon counting). Life-
times were obtained by tail fit on the data obtained, and the
quality of fit was judged by minimization of reduced

This journal is © The Royal Society of Chemistry 2016
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chi-squared and residuals squared. Quantum yield measure-
ments were recorded using a Horiba-Jobin-Yvon F-3018 PLQY
integrating sphere. For the **'Am experiments the spectra were
fitted to a Gaussian curve function using Origin software. Low
temperature time resolved luminescence measurements were
excited using a tuneable Radiant Dyes NarrowScanK dye laser,
collected by an optical fiber and transmitted into a spectro-
graph (Acton Research, USA). The resolved spectrum is
measured by an intensified charge-coupled device camera
system (Roper Scientific, USA). SEM microscopy were con-
ducted on a Tescan MIRA XMU Scanning Electron Microscope
(SEM) with a backscatter detector and imaged at 20 kV. The
EDX (energy dispersive X-ray analyzer) measurements were
recorded on an Oxford INCA XMAX. The samples were
mounted on carbon tabs and coated in carbon. ICP-MS was
collected on a Thermo (Thermo Fischer Scientific) iCapQc
ICP-QMS, using an ESI (Elemental Scientific, Inc.) brand
SC-2DX microFAST 1 sample introduction system fitted with a
1 ml loop; USGS standard W-2 was used as the calibration
standard. A known amount of sample was digested in triply
distilled 2% HNO; and 8 runs were collected per sample and
the average taken. Singe crystal X-ray diffraction data were
measured on a Bruker Apex diffractometer. Further details of
the crystal structure investigation can be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany (fax: (+49)7247-808-666; e-mail: crys-
data@fiz-karlsruhe.de) on quoting the depository number CSD
429820. The uranyl compounds schoepite,*® compreignacite,*’
becquerelite,*® andersonite,*® grimselite*® and meta-torberni-
te®” were prepared via literature methods, whilst meta-autunite,
hydrated lanthanide chlorides and carrier-free ***'AmCl; (Perla-
mar) were obtained commercially. The Am-241 measurements
were carried out by high-resolution gamma spectrometry using
an n-type high-purity germanium detector (EG&G Ortec model
GMX-15190) with a relative efficiency of 19% and a resolution
of 1.90 keV (FWHM) at 1.33 MeV; this gives a total error of
15% in the measurements. The activities calculated as
described in ref. 50.

Contact procedure. To a suspension of crystalline grimselite
(0.30 g) in milipure water (5 cm®) was added 1 cm® of a 1 M
solution of EuCl; in water and the mixture stirred for 24 hours.
The resulting powder was isolated by filtration and washed
with water (3 x 20 cm®) then air dried.

Synthesis of Eu + andersonite. To a solution of uranyl
nitrate (1.0 em® of a 2.0 M solution), calcium nitrate (1.0 cm?
of a 2.0 M solution) and sodium carbonate (3.0 cm® of a 2.0 M
solution) in 10 ml of water was added 1.0 ml of a 2.0 M solu-
tion of EuCl; in water and the mixture was stirred overnight,
then stood for 7 days to afford a yellow precipitate. After fil-
tration the solid was washed with copious water then dried in
vacuum desiccator containing anhydrous CaCl,. The mother
liquor was kept in an open flask and after approx. two weeks a
small amount of crystalline material (<10 mg) formed, which

This journal is © The Royal Society of Chemistry 2016
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was isolated and characterized by X-ray diffraction and
vibrational spectroscopy.

Synthesis of Eu + leibigite. To a solution of uranyl nitrate
(1.0 cm® of a 2.0 M solution), calcium nitrate (1.0 cm® of a
2.0 M solution) and sodium carbonate (3.0 cm® of a 2.0 M
solution) in 10 ml of water was added 1.0 ml of a 2.0 M solu-
tion of EuCl; in water and the mixture was stirred overnight,
then stood for 7 days to afford a yellow precipitate. After
filtration the solid was washed with copious water then dried
in vacuum desiccator containing anhydrous CaCl,.

Synthesis of Eu + becquerelite. A solution of uranyl acetate
(1.0 cm® of a 2.0 M solution), calcium nitrate (1.0 cm® of a
0.16 M solution) and EuCl; (1.0 ml of a 2.0 M solution) was
heated to 140 °C in a sealed Schleck containing a J. Young
attachment for 3 days.

Treatment of Eu phases with EDTA. To a suspension of
50 mg of the Eu containing phase in water (10 cm®) was added
a solution of EDTA (0.01 M in water). This was stirred for
12 hours and the solid isolated by filtration and dried. This
was then dissolved in triply distilled 2% HNO; and analysed
by ICP-MS.

Typical >*'Am reaction procedure. To a solution of uranyl
nitrate (1.0 em® of a 2.0 M solution), calcium nitrate (1.0 cm?
of a 2.0 M solution) and sodium carbonate (3.0 cm?® of a 2.0 M
solution) in 10 ml of water was added 1.0 ml of a 200 Bq solu-
tion of >**AmCl, in 0.1 M HCI and the mixture was stood for 7
days to afford a yellow precipitate. The supernatant was care-
fully removed using a pipette and the solid washed with water
and air dried.
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