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Abstract

A series of alkaline uranyl carbonates, M[UO,(CO3);]- nH-,O (M =Mg,, Ca,, Sr,, Ba,, Na,Ca, and CaMg) was synthesized and
characterized by inductively coupled plasma mass spectrometry (ICP-MS) and atomic absorption spectrometry (AAS) after nitric
acid digestion, X-ray powder diffraction (XRD), and thermal analysis (TGA/DTA). The molecular structure of these compounds
was characterized by extended X-ray absorption fine-structure (EXAFS) spectroscopy and X-ray photoelectron spectroscopy (XPS).
Crystalline Ba;)[UO»(CO;)3]- 6H2O was obtained for the first time. The EXAFS analysis showed that this compound consists of
(UO,)(CO»); clusters similar to the other alkaline earth uranyl carbonates. The average U-Ba distance is 3.90 +0.02 A.Fluorescence
wavelengths and life times were measured using time-resolved laser-induced fluorescence spectroscopy (TRLFS). The U-O bond
distances determined by EXAFS, TRLFS, XPS, and Raman spectroscopy agree within the experimental uncertainties. The

spectroscopic signatures observed could be useful for identifying uranyl carbonate species adsorbed on mineral surfaces.

© 2004 Elsevier Inc. All rights reserved.

Keywords: Uranium; Alkaline earth; Carbonate; Synthesis; Structure; Spectroscopy; EXAFS; TRLFS; XPS

1. Introduction

A number of alkaline earth uranyl carbonates have
been found in nature, e.g., liebigite (CaUC), Ca,[UO,
(CO;);] . 10H20, bayleyite (MgUC), Mgz[UOQ(COz)g,] .
18H,0, andersonite (NaCaUC), Na,Ca[UO,(COs3);]-
6H,O, swartzite (CaMgUC), CaMg[UO,(CO3);]-
12H20, fontanite, Ca[(U02)3(CO3)202] . 6H20, meta-
zellerite, Ca[UO»(COs),] - 3H,0, and zellerite, Ca[UO,
(COs),] - SH>O [1]. Since actinide carbonates exist over a
wide range of environmental conditions [2], the last few
years have seen a renewed interest in the study of uranyl
carbonates in solid [3-6] and aqueous phases [7-9]. Uranyl
carbonates are important for understanding the mobility
of actinides in the environment. For example, recent
studies of seepage waters of a mine tailing pile and mine
waters of a uranium mine in Saxony, Germany, lead to
the discovery of the important aqueous species Ca,UO;
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(CO»)5(aq.) [10,11]. In addition, uranyl minerals are found
in soils contaminated by actinides, e.g., uranyl phosphate
(meta-autonite) at the site of a former uranium processing
plant at Fernald in Ohio, USA [12]. Uranyl minerals need
to be considered also as important alteration phases of
nuclear waste in a geological repository [13,14] or as
coatings on mineral surfaces [15]. The identification of
even minor amounts of such secondary uranium phases is
a necessity for a better understanding of the uranium
mobilization in the environment.

We report on the synthesis of the alkaline earth uranyl
carbonates MgUC, CaUC, barium uranyl carbonate
(BaUC), NaCaUC, and CaMgUC and their character-
ization by several spectroscopic techniques, i.e., time-
resolved laser-induced fluorescence spectroscopy
(TRLFS), extended X-ray absorption fine-structure
(EXAFS) spectroscopy, and X-ray photoelectron spec-
troscopy (XPS). These spectroscopic techniques are
non-destructive and sensitive to uranium(VI) in sample
areas of a few pm® (TRLFS [16], micro X-ray
absorption spectroscopy [17]), or allow the qualitative
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and quantitative analysis of surface layers with a
thickness of a few nm (XPS [18]). The spectroscopic
signatures of the alkaline earth uranyl carbonates
reported here could be useful for identifying uranyl
carbonate species adsorbed on mineral surfaces or
formed as alteration products of nuclear waste.

2. Experimental

2.1. Synthesis of alkaline earth uranyl carbonates,
M[UOZ(COg)gjnHZO

Many synthetic routes to alkaline earth uranyl
carbonates are reported [19-23]. In this work, two
methods—direct synthesis and metathesis reaction—
were used for the synthesis of these compounds.

Direct synthesis: Alkaline earth uranyl carbonates
were synthesized in aqueous solution by reacting
stoichiometric amounts of uranyl nitrate, alkaline metal
(in form of nitrate or chloride) and sodium hydrogen
carbonate/sodium carbonate according to the following
reaction:

UOQ(NO3)2 -nH,O + 2M(NO3)2 -nH,O + 3Na,CO;
— M, [UOQ(CO});] -nH,0 + 6NaNOs; + nH,O (1)

(M =divalent cation).

Metathesis reaction: The preparation of the alkaline
earth uranyl carbonates was based on the double
exchange reaction between magnesium, ammonium, or
sodium uranyl carbonate with the alkaline metal nitrate
or chloride. The weaker cation in the uranyl carbonate
was displaced by an alkaline earth metal according to
the following reaction:

(NH4),UO2(CO;); + 2M(NO;), - nH,O
s M3[UO,(CO5)s] - nH>0 + 4NH,NO; 2)

(M =divalent cation).

With these two methods, we were able to reproducibly
synthesize the alkaline earth uranyl carbonates with high
phase purity in relatively short time. Further details of
the synthesis can be found in [24-26].

2.2. Chemical composition

The air-dried synthetic compounds were dissolved in
10% HNO;3 (Suprapur, Merck). The uranium content
was determined using an inductively coupled plasma
(Ar-plasma) mass spectrometer (ICP-MS, Elan 500,
Perkin Elmer, Uberlingen, Germany), whereas alkaline
metal (Mg, Ca, Sr, Ba) and sodium contents were
determined using a flame atomic absorption spectro-
meter (AAS, AAS 4100, Perkin Elmer, Uberlingen,
Germany). The H>,O and CO, contents of the air-dried

samples were determined using thermogravimetric
analysis (TGA) and differential thermal analysis
(DTA). These two techniques were performed using a
thermoanalyzer (STA 92, Setaram, Lyon, France) with
the following parameters: temperature range from 20 to
1000 °C with a heating rate of 10 °C/min, oxygen flow of
3 L/h, and sample mass of about 30 mg in an aluminum
crucible. The buoyancy correction for the TGA was
done by measuring a blank. The reference sample for
DTA was A1203.

2.3. X-ray powder diffraction

The X-ray powder-diffraction of each crystalline
phase was recorded with the Universal-Rontgen-Dif-
fraktometer (URD 6, Freiberger Prézisionsmechanik,
Freiberg, Germany) using CukK,, (41=0.1542nm) at
40kV and 30mA. Silicon powder was used as an
external standard. The diffractometer was operated in
Bragg-Brentano geometry in step-mode with a step
width of 0.05°. The X-ray diffraction diagrams were
recorded in the 20 range from 5° to 60°. The Diffracplus
Evaluation program (Siemens) v. 2.2 [27] was used for
data collection and for reflection indexing and
refining. The lattice spacing ¢ and the lattice constants
a, b, and ¢ were calculated using the program
Win-Metric [28] after peak fitting of a measurement
with a silicon standard.

2.4. Time-resolved laser-induced fluorescence
spectroscopy

The laser pulses from a Nd-YAG laser (model DIVA
I1, Thales Laser, USA) were applied to the solid samples
of alkaline earth uranyl carbonates where the actual
laser power was monitored with an optical power meter
(model 1835C, Newport, USA) to allow for corrections
due to fluctuations in the laser power. The fluorescence
signal was focused into a fiber optic cable that was
coupled to the slit of a triple-grating spectrograph (M
1235, EG&G, USA). The fluorescence spectra were
measured by a multichannel gate diode array (M 1475,
EG&G) cooled to —30°C. The spectra were collected
with a controller (M 1471A, EG&G, USA). A more
detailed description of the experimental setup can be
found in [29]. The excitation wavelength was 266 nm.
The spectra were recorded in the range from 400 to
600 nm with delay times from 0.1 to 160pus after the
application of the laser pulse. The gate time was 0.2 ps.
The average laser power was 0.4mlJ. For every delay
time, the fluorescence signal was averaged by sampling
the single spectra over 100 laser shots. All functions
(time controlling, device settings, recording of the
spectra, data storage) of the spectrometer were
computer controlled. The computer software GRAMS/
386TM (Galactic Ind. Corp., USA) was used for the
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deconvolution of the spectra. The time dependencies of
the spectra were calculated with the Origin 6.1G Client
(Microcal Software Inc., USA) and Excel (Microsoft
Software Inc., USA) programs. The samples were
measured at room temperature and a relative humidity
of 60+2%.

2.5. Extended X-ray absorption fine-structure analysis

EXAFS measurements of solid alkaline earth uranyl
carbonates were performed at the Rossendorf beam line
(ROBL) at the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France [30,31]. At least
three spectra of each sample were recorded at room and
low temperatures (15-84 K) in transmission mode using
a water-cooled Si(1 1 1) double-crystal monochromator.
A yttrium foil was simultancously measured for
energy calibration of the spectra using the first inflection
point in the derivative spectrum of the Y K edge at
17038eV. The EXAFS oscillations were isolated
from the raw, averaged data by removal of the
pre-edge background, approximated by a first-order
polynomial, followed by wug-removal via spline-fitting
techniques and normalization using a Victoreen
function. The ionization energy of the uranium Ly
electron, E,, was arbitrarily defined as 17185¢V for all
averaged spectra. The EXAFS spectra were analyzed
according to standard procedures using the program
EXAFSPAK [32] and theoretical scattering phase and
amplitude functions calculated with the ab initio
program FEFF6 [33].

2.6. X-ray photoelectron spectroscopy

The uranyl carbonate samples were prepared for XPS
measurements from finely dispersed powders milled in
an agate mortar. A small amount of this powder was
pressed into an indium foil and transferred into the
spectrometer. The  photoelectron  spectra  were
measured at room temperature under a vacuum of
7x107° mbar using a custom-built XPS system
(SPECS GmbH, Berlin, Germany). The photoelectron
spectra were excited using the non-monochromatic K,
radiation from a high-intensity twin anode (Al/Mg) X-
ray source XR-50. Due to interference of the Na and O
KLL Auger lines with photoelectron lines, the
photoelectron spectra were recorded both with AlK,
(1486.6eV) and MgK, (1253.6eV) radiation. The
photoelectrons were recorded with constant analyzer
pass energy of 13eV using the hemispherical energy
analyzer PHOIBOS 100. The spectrometer resolution
measured as the full-width at half-maximum of the Ag
3ds;, line was 1.0eV. The error of the determined
binding energies was +0.1¢eV.

3. Results and discussion
3.1. Chemical composition

According to the generic formula M[UO,
(CO3);] - nH,O (M =Mg,, Ca,, CaMg, Na,Ca, Sr,, and
Ba,), the alkaline earth uranyl carbonate samples should
contain three carbonate groups, varying amounts of
hydrated water, and two alkaline earth cations or, in the
case of andersonite, two sodium cations and one calcium
cation per one uranium atom. The results of the ICP-
MS and AAS measurements showed that the atomic
ratio of U to M agrees within the experimental
uncertainties with the expected values (data not shown).
The amount of carbonate and hydrated water was
determined by thermal analysis (TGA/DTA). As shown
in Table 1, three moles of CO, were released by one
mole of sample during heating. This agrees with the
generic formula of the alkaline earth uranyl carbonates.
The number of water molecules in the synthetic uranyl
carbonates equals 18, 10, 8, and 6 for MgUC, CaUC,
SrUC, and BaUC, respectively (Table 1). These values
agree with those previously reported for MgUC [34] and
SrUC [23]. Our TGA/DTA measurements of CaUC
showed 10 and not 11 waters as determined by Mereiter
for the natural mineral liebigite [35] and agrees with
earlier work [36-38]. The analytical results indicate
that the synthesis of pure materials was successful.
The stoichiometric formula of BaUC is Ba,[UO,
(CO3)3]- 6H,0.

3.2. X-ray powder diffraction

Table 2 compares the lattice parameters of our
synthetic uranyl carbonate powders with those for single
crystals from the literature. The lattice parameters of the
powders agree within the experimental error with the
values reported for bayleyite [34], liebigite [35], stron-
tium uranyl carbonate [23], andersonite [39,40], and
swartzite [41]. The measured reflections of these samples
were identified by matching them with the known
powder diffractograms (PDF 85-970, 75-1705, 78-452,
76-2065, and 75-760).

Table 1

Results of thermogravimetric analysis (TGA) and differential thermal
analysis (DTA). Moles of water and CO, released during heating of the
synthesized samples

Formula Temperature ~ Water CO,

range (°C)
Mg,[UO»(CO3)5]- 18H,O  21-800 17.640.1 3.0540.06
Ca,[UO,(CO5)5]- 10H,O  22-800 10.1+£0.2 3.43+0.04
Sro[UO,(CO3)5] - 8H,O 22-1002 7.96+0.03  3.00£0.01
Ba,[UO,(CO3)5] - 6H,O 22-1000 59140.03 2.93+0.02
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Fig. 2. Left: Raw uranium Lj-edge k*-weighted EXAFS spectra of
solid alkaline earth uranyl carbonates: (A) MgUC (84 K), (B) CaUC
(26 K), (C) natural liebigite (room temperature), (D) StUC (16 K), (E)
BaUC (15K), (F) NaCaUC (30K), and (G) CaMgUC (30K). Right:
corresponding Fourier transform magnitudes without phase correc-
tion.

unknown, its EXAFS structural parameters can be
compared to the alkaline earth uranyl carbonates with
known crystal structures. The raw uranium Ljj-edge K-
weighted EXAFS spectra of all samples together with
the best fit to the data and their corresponding Fourier
transforms (FTs) are shown in Fig. 2. Note that the FTs
are uncorrected for scattering phase shifts (R+ A4)
causing peaks to appear at shorter distances. The
EXAFS spectra of all solids show similar oscillations
indicating similar uranium near-neighbor surroundings.
Some differences in the EXAFS pattern are reflected in
the FTs in the range of 3-4 A. The scattering interac-
tions with the distal oxygen atom, Og;, of the CO3™
group and the alkaline earth metal are expected in this
range.

The alkaline earth uranyl carbonates of this study
contain isolated clusters of the composition
(UO,)(CO»); [23,34,35,39—41] (Fig. 3). The atoms of
this cluster, i.e., axial and equatorial oxygens, O, and
Ocq, carbon and Ogis, give rise to the FT peaks centered
at approximately 1.3, 2.0, 2.8, and 3.7 A, respectively.
The intensity of the O,y and Oq peaks is the same for all
samples measured at low temperature. The influence of
the temperature on the FT peak intensity at 3.7 A can be
seen for CaUC. This compound was measured at room
temperature (natural liebigite, sample C in Fig. 2) and at
26 K (synthetic CaUC, sample B in Fig. 2). As one
would expect, the FT peak intensity increases due to a
reduced Debye—Waller factor caused by the temperature
decrease. The same temperature effect was observed for
MgUC and SrUC (data not shown). By comparing the
FT magnitudes around 3.7A of MgUC and CaUC
measured at low temperatures, i.e., spectra A and B in
Fig. 2, one can conclude that the higher intensity in case

Fig. 3. Ball-and-stick drawing illustrating the structural model used
for fitting the EXAFS spectra. Adapted from single-crystal XRD data
of liebigite [35].

of CaUC indicates the presence of calcium at this
distance. It is known from single-crystal XRD that
MgUC does not have any U or Mg atoms at distances
up to 5A [34]. Therefore, EXAFS spectrum A in Fig. 2
represents the isolated cluster (UO,)(COs);. The pre-
sence of Sr in SrUC leads to a significant increase and
slight shift toward higher R values of the FT peak
centered at 3.7 A (see D in Fig. 2) as compared to the
other uranyl carbonates. Also, spectra F and G of
NaCaUC and CaMgUC, respectively, show a larger FT
magnitude at approximately 3.7A indicating the pre-
sence of metal atoms. Surprisingly, the FT of BaUC at
15K does not show any significant intensity in the FT
range of the Og;s atom (see curve E in Fig. 2). The
EXAFS analysis described below revealed that the
U-Og;s multiple-scattering (MS) contribution interferes
destructively with the U-Ba single-scattering (SS)
contribution.

The calculation of the best theoretical fit to the raw
EXAFS data shown in Fig. 2 included two steps. In the
first step, we assumed the (UO,)(CO;); cluster as a
structural model (see Fig. 3) and fitted the raw EXAFS
data with the U-O,,, U-O,,, U-C SS, and U-O,, MS
paths. The U-O,, MS interaction was modeled without
introducing any additional adjustable parameters by the
three-legged MS path along the linear UO3" unit
according to [42]. The coordination numbers of the
Oux, Ocq. and C shells for all samples were 2.0+0.2,
6.5+0.6, and 3.440.5, respectively, and agree with the
formation of (UO,)(CO;); clusters. The second step
aimed at determining the structural parameters of the
Ogis and M shells. To be more sensitive in the fit to these
minor components, we isolated the Oy and M
scattering contributions from the raw data according
to the difference technique [43]. Briefly, the theoretical
fit obtained in the first step was subtracted from the raw
data followed by Fourier filtering of the residual in the R
range of 2.0-4.5 A. The residual EXAFS was modeled
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using the SS path U-M (M=Ca, Sr, Ba) and the
three-legged MS paths U-C-Oy;s and U-C-Oc,. For the
final fit to the raw data, the coordination numbers of all
shells were held constant at the values determined
during the previous two modeling steps. The results are
presented in Fig. 2 and summarized and compared to
single-crystal XRD data in Table 3. The average
distances between U and Oy, O¢q, and C atoms in all
alkaline earth uranyl carbonates are identical and
equal 1.79-1.80, 2.43-2.45, and 2.88-2.90 A, respec-
tively. For the more distant U-QOy;s shell, the range
of bond distances is somewhat larger, i.e., 4.15-4.21 A.
The oxygen and carbon distances agree well with
the XRD values (Table 3) for MgUC [34], CaUC
[35], SrUC [23], NaCaUC [39,40], and CaMgUC
[41]. The EXAFS metrical parameters of BaUC indi-
cate that this compound consists of (UO,)(CO3);
clusters similar to the other alkaline earth uranyl
carbonates.

As expected from the crystal structure, the EXAFS
analysis of MgUC did not show any evidence of Mg or
U. The low-temperature measurement of CaUC clearly
showed the presence of two Ca atoms at a distance of
4.05+0.02A. As we reported in our previous study of
the [UO,(CO5)5]*"(aq.) and Ca,UO,(CO5)5(aq.) species
and natural and synthetic liebigite, the detection of the
U-Ca interaction is less certain in case of room-
temperature measurements [9]. An equally good fit to
the EXAFS could be obtained without including the
U-Ca shell. The low-temperature EXAFS measure-
ments of NaCaUC and CaMgUC detected Ca atoms at
distances of 3.95+0.02 and 4.03+0.02 A. These values
agree with the corresponding U—Ca distances of 3.96
and 4.03 A calculated from the single-crystal XRD data
[40,41]. It should be noted that we did not attempt to
detect the position of Na atoms in NaCaUC since
Ca is a stronger scattering atom than Na and occurs at
nearly the same distance (see Table 3). Two Sr atoms
at a distance of 4.26i0.02A were detected in SrUC at
low temperature. In contrast to CaUC, the presence
of Sr in SrUC at 4.2810.021& was clearly detectable
in the EXAFS spectrum even at room temperature
(data not shown). The reason is the increase of
the scattering amplitude with increasing atomic number,
e.g., Ca, Sr, and Ba. In case of BaUC, the least-squares
fit of the EXAFS spectrum measured at 15K resulted
in 0.74+0.1 Ba atoms at a distance of 3.90+0.02 A.
This distance is significantly shorter compared to
the average U-M distances of 4.05+0.02 and 4.26+
0.02A in CaUC and SrUC, respectively (Table 3).
This, together with the detection of six water mole-
cules in BaUC, allows to conclude that the position of
the Ba cation relative to the (UO,)(CO3); cluster in
the BaUC crystal is different from the positions of Mg,
Ca, and Sr cations in MgUC, CaUC, and SrUC,
respectively.

Table 3

EXAFS structural parameters of solid alkaline earth uranyl carbonates and comparison with single-crystal XRD data

6 x (U-Ogq) 3 % (U-C) 3 x (U-Og) N x (U-M>™)

2% (U-Oqy)

Formula

Symbol

o (A%

R (A)

R (A) o’ (A?) R (A) o (A?) R (A) o (A?)

o (A?)

R(A)

N

0.004 2.90 0.003 4.20 0.003
2.89 4.13

2.45
2.44
243
243
243
243
243

0.002

80
1.79
1.80

1.
1.

Mg,[UO»(COs3)s] - 18H,O

XRD [34]

MgUC

0.002
0.014

4.05
4.04
4.07
4.26
4.23

2
2

0.005

4.15
4.17
4.11
4.16
4.10

0.001

2.88
2.88
2.86
2.90
2.87

0.003

0.002
0.002

Caz[UOZ(CO3)3] . 10H20

natural liebigite [9]

XRD [35]

CaUC

0.002

0.003

0.006

80

1.78
1.81

1.78

0.002

2

0.001 0.001

0.004

0.001

Srz[UOZ(CO3)3] . 8H20

XRD [23]

SruC

0.002
0.003

3.90
3.95
3.96

2.89 0.002 4.19 0.005 1
2.88 0.002 4.15 0.003 2
2.88 4.12 2Ca%™"

0.004
0.004

2.44
2.43
2.44

0.002
0.002

1.81
1.79
1.78

Baz[U()z(CO:;)}] . 6H20

NaCaUC NaZCa[UOZ(CO3)3] . 6H20
XRD [40]

BaUC

0.002

3.80
4.17
4.03

INa™

INa™
0.002 2.44 0.003 2.90 0.001 421 0.005 1
2.44 2.88 4.03

1.79
1.78

CaMgUC  CaMg[UO5(CO5)3]- 12H,0

4.03

1Ca%™"

XRD [41]

The coordination numbers N were held constant at the value obtained in a previous fit with variable parameters. Error in distance R equals +0.02 A. & Debye—Waller factor. The distances R
reported for single-crystal XRD were averaged. All samples were measured at low temperatures (15-84 K), except natural liebigite, which was measured at room temperature. The distances U-M

were calculated from the XRD data up to SA.
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3.4. Time-resolved laser-induced fluorescence
spectroscopy

We studied the fluorescence properties of the synthetic
uranyl carbonates to contribute toward a database of
secondary uranium phases that may form in areas
contaminated by uranium. The TRLFS data may
provide a link between the fluorescence properties of
minerals and possible unknown ternary uranium(VI)
complexes in environmental waters. There is little
spectral information on such species available in the
literature.

The data for the main fluorescence emissions of the
solid alkaline earth uranyl carbonates in comparison
with those of the aqueous uranyl ion [16] and the uranyl
triscarbonato species [10] are listed in Table 4. Fig. 4
shows the fluorescence spectra of all synthesized
compounds.

In contrast to the room temperature non-fluorescent
[UO,(CO5);3]*(aq.) species, all solid alkaline earth
uranyl carbonates show intensive fluorescence emission
bands (Fig. 4). We found a bathochromic shift up to
5.0nm in the fluorescence emissions between these solid
samples. The fluorescence lifetimes range from 16 to
145 ps. The fluorescence emissions bands at 465.4, 482.9,
502.7, 524.5, 545.4, and 571.5nm of synthetic CaUC
agree with fluorescence emissions of the mineral liebigite
from the Mineralogical Collection of the Technische
Universitdt Bergakademie Freiberg, Germany (Swarts-
walder Mine, Golden, CO, USA).

Six intensive fluorescence emission bands for the
natural andersonite sample (from Mineralogical Collec-
tion of the Technische Universitidt Bergakademie Frei-
berg, Germany; Honeybee No. 2 Mine, Cane Springs
Canyon, San Juan Co., UT, USA) at 468.4, 485.2, 504.8,
526.2, 549.6, and 575.4nm were detected, which agree
with the fluorescence emission bands of synthetic
andersonite. The respective lifetime of 33 +4 us, which
was calculated from the TRLFS spectra of the natural
andersonite sample, was slightly less than the one
obtained for the synthesized sample. This small dis-
crepancy in lifetime between the synthesized and the
natural andersonite sample could be attributed to a
minor contamination in the natural andersonite sample.
For example, minor amounts of Fe decrease the
fluorescence lifetime [44].

The maxima of the fluorescence emissions related to
the radiation emitting level corresponding to
20502cm~! for UO3™" in perchlorate medium [45] can
be used for calculating the vibrational frequencies of the
ground state [46]. Four maxima of the fluorescence
emission in the range of approximately 485-550 nm were
used to calculate the band spacings listed in Table 4. The
emission band to the highest exited state of the ground
state vibrational level (~570nm) was not included in
this calculation due to its low intensity (see Fig. 4). For

Table 4

Spectroscopic properties of the solid alkaline earth uranyl carbonates studied by TRLFS

Band spacing ~ U-O,, (pm)

(em™)

Lifetime (us)

Fluorescence emission bands (nm)

Formula

Symbol

182+6

18243
18243

789 +25
791453

17.940.5
313410

145+5

578.3
571.5

527.6 551.4
524.5 545.4

524.1

506.9
502.7

487.7
482.9
483.1

471.3
465.4

Cay[UO5(CO;3)3] - 10H,0

natural liebigite

Mg,[UO5(CO3);]- 18H,O0

MgUC
CaUC

18442

794 +28
777 £17¢

798 +6

571.9

545.9

502.7
502.8

466.9

18141
18241

792+7

77+1
16.3+0.4
65.24+0.6

569.2
570.5
573.9
575.4
578.9
585.5

545.4
552.2
549.6
549.6
554.7
559.4

522.9
487.7 507.3 528.9

488.8

482.5
469.9

Srz[U02(CO3)3] . 8H20
Ba,[UO,(CO3);]- 6H,O

SruC
BaUC

18141
180+ 1

805+ 4

526.7

505.4
504.8

486.1

470.6

-6H,0

NaCaUC  Na,Ca[UO5(CO3)5]

809+ 6

33+4
59.4+0.1

526.2
531.0

485.2

486.4

natural andersonite
CaMgUC CaMg[UO,(CO3);]- 12H,0

+ 175+ 1

859+6

1.84+0.8

488.9 509.2

488.9

472.3

5339

510.5

471.3

U03"(aq.), pH 1.0

No uranium fluorescence at 25 °C

[UO5(CO5)s]* (aq.)

Comparison with UO3 ™ [16] and [UO,(CO5);]*~ [10] ions in aqueous solutions. The experimental error in the fluorescence emission bands equals + 1 nm.

#Only three peaks considered (see text).
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SrUC, also the transition to the ground state (488.8 nm)
has a low intensity resulting in a larger error of the
maximum of the fluorescence emission band. Therefore,
the calculation of the band spacing in SrUC included
only the emission band maxima at 502.8, 522.9, and
545.4nm. As can be seen from Table 4, the vibrational
levels of the ground state, which are related to the
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CaMg[UO,(CO,)]-12H,0

Fig. 4. Fluorescence spectra of synthetic alkaline earth uranyl
carbonates (solid lines show the curve fit of the spectra using a
Gaussian line shape). The TRLFS spectra were recorded at room
temperature.

symmetric stretching vibration v; of UO3", are sepa-
rated by approximately 777-805cm™~'. We also used
Raman spectroscopy to measure the v; vibration. The
following values were obtained for MgUC, CaUC,
SrUC, and BaUC: 822, 826, 812, and 818+4cm™',
respectively [24]. Using the empirical relation between
the U-O,, bond length Ryo and v, [47]:

Ruo/(pm) = 10650[v; /(cm™")]7>/3 + 57.5, (3)

we obtained the following values using TRLFS
(Raman): MgUC 182 (179) pm, CaUC 182 (179) pm,
SrUC 184 (180)pm, BaUC 181 (179)pm, NaCaUC
182 pm, and CaMgUC 180 pm (Table 4). The error in
bond length determined by Raman spectroscopy equals
+0.4pm. For the error using TRLFS, refer to Table 4.
The U-O,, bond lengths of the alkaline earth uranyl
carbonates are in the range of 1.79-1.82 A. These values
agree with the results of our EXAFS measurements
(Table 3). The U-O,, bond length of the aqueous UO3 "
ion determined by TRLFS is significantly shorter, i.e.,
1.75A (Table 4). As shown in a previous study of
uranium(VI) minerals [16], TRLFS can be used for
determining U-O,, bond distances in solids.

3.5. X-ray photoelectron spectroscopy

We studied the electronic structure of the alkaline
earth uranyl carbonates by core-level and valance-level
XPS. Table 5 summarizes the measured electron binding
energies of the C ls, O 1s, U 4f levels together with the
most intense XPS peaks of the alkaline earth elements,
i.e., Mg 2p, Ca 2p, Sr 3p, and Ba 3d. Not all samples
showed a C ls signal due to adventitious carbon on the
surface that could be used as a reference to correct the
measured binding energies for electrostatic sample
charging. Therefore, we corrected for the sample
charging by setting the binding energy of C 1s electrons
of CO3~ equal to 289.6eV. The measured binding
energies are compared to those of K4UO,(COs3); [48]
and our results for MgCO; and CaCOj; (see Table 5).
The binding energies of O 1s, Na 1ls, U 4f and the

Table 5
Electron binding energies (eV) of synthetic alkaline earth uranyl carbonates and comparison with reference samples K4,UO,(CO3); [48], MgCO;, and
CaCO3
Symbol  Formula Ols Udf;p Udfsp, Mg2p Calpy, Calpyy Sr3pyy Sr3ps, Ba3dsy Ba3dy, Nals
MgUC Mg,[UO,(CO3)3] - 18H,0 531.7 3819 3928
CaUC Ca,[UO,(COs3)5] - 10H,O 531.8 381.8 3928 347.5 351.1
SruC Sro[UO,(CO3)3] - 8H,0 531.7 382.0 3929 279.8 269.4
BaUC Ba,[UO,(CO;);] - 6H,O 531.6 381.6  392.5 780.5 795.8
NaCaUC Na,Ca[UOy(CO3);3]- 6H,O 531.6 382.2  393.0 347.4 350.9 1071.7
MgCaUC CaMgUC[UOy(CO3;)3]-12H,O 531.7 381.7  392.6 347.4 351.0
K4UO,(CO3), 5314 382.1 3929
MgCO; 531.7
CaCO; 531.5 347.1 350.7

The binding energy of C s of the CO3~ group was taken as 289.6 eV to correct for sample charging. Error in electron binding energy equals +0.1 V.
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Intensity (arb. units)

410 405 400 395 390 385 380 375 370
Binding energy (eV)

Fig. 5. X-ray photoelectron spectrum of U 4f electrons of synthetic
Cay[UOy(CO3)3]- 10H,O. The spectra were corrected for Mgk,
satellites due to non-monochromatic excitation.

corresponding XPS lines of the alkaline earth metals in
the uranyl carbonates agree with those of the reference
samples. The comparison of these electron binding
energies indicates the presence of UO3" and CO3~
groups as well as of divalent alkaline earth metals at all
sample surfaces.

Fig. 5 shows the U 4f spectrum of synthetic CaUC,
which is representative for all uranyl carbonate samples.
The observed spin-orbit splitting between the U 4f7,
and 4f5, levels of 11.0eV is constant for the entire series
of alkaline earth uranyl carbonates (Table 5). In
addition, shake-up satellites with a relative intensity of
8—11% appear at 3.7eV toward higher binding energy of
the U 4f7,, and U 4f;), line, respectively (Fig. 5). These
observations are characteristic for U(VI). For example,
Teterin et al. reported for a series of uranyl compounds
that the shake-up satellites have a higher binding energy
of approximately 3-4eV compared to the main U 4f
lines [48]. The average U 4f spin-orbit splitting was
10.9eV. This agrees with our results.

The XPS spectra of the alkaline earth wuranyl
carbonates from 0-35¢V binding energy are shown in
Fig. 6. The most intense features are due to the valance
molecular orbitals (VMO) centered at approximately
5eV and the various alkaline earth metal lines (Ba 5p, Sr
4p, and Ca 3p). There are also some features with less
intensity that deserve special attention. All alkaline
earth uranyl carbonates show two distinct peaks at
approximately 9 and 12eV binding energy (see Fig. 6).
These peaks originate from the molecular orbitals of the
CO3™ group as it was shown in the XPS spectra of
Th(IV) compounds with ligands of D5, symmetry (NO3
and CO3") [48]. Two additional weak structures in the
region of 15-20¢eV can be seen in the spectra of MgUC,
NaCaUC, CaMgUC, and CaUC (Fig. 6). These features
are inner valence molecular orbitals (IVMO) related to
the U 6ps), electrons. In a [UO3 " 0g]"" cluster with the

Babp

BaUC|

Ca3p
= sug
S U 6p,,
o
o
:; cauc
‘D
&
=

Na2p CaMguC

zZ

| =
S
ol o}

T T
30 24 18 12 6 0
Binding energy (eV)

Fig. 6. X-ray photoelectron spectra of valence electrons of synthetic
alkaline earth uranyl carbonates. The spectra were corrected for Mgk,
satellites due to non-monochromatic excitation.

Dg,, point symmetry, these IVMO’s are assigned as 2as,,
and 2ey,. The energy difference AE between 2a,, and
2ey, is approximately 4.6eV. Using the relationship
between AE and the U-O,, and U-O.q bond distances
between uranium and its axial and equatorial oxygen
atoms, it is possible to calculate these bond distances
from the measured AFE value [49]. For AE equal 4.6¢eV,
the calculated U-O,x and U-O,, bond distances are 1.71
and 2.42A, respectively. Within the experimental
uncertainties of approximately 5%, these values agree
with the average bond distances of 1.80 and 2.43A
measured by EXAFS (see Table 3).

4. Conclusion

Crystalline Ba,[UO,(CO;);]-6H,O was synthesized
and characterized for the first time. Although the
crystallinity of our sample precluded the determination
of metrical parameters of the crystal lattice by powder
XRD, uranium Lj-edge EXAFS spectroscopy showed
that BaUC consists of (UO,)(COs3);3 clusters as known
for the other uranyl carbonates M[UQO,(COs);]-nH,O
(M=Mg,, Ca,, Sr,, Na,Ca, and CaMg). In addition,
approximately one Ba cation is located at a distance of
3.9010.021& from the center of this cluster. The
presence of M (M=Ca, Sr, and Ba) at a distance of
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approximately 4 A from uranium in the structure of the
uranyl carbonates could be identified due to their
electron-scattering characteristics using low-temperature
EXAFS spectroscopy.

TRLFS measurements revealed identical fluorescence
emission bands between the synthetic alkaline earth
uranyl carbonate and the corresponding natural sample.
Distinct differences either in the maxima of the
fluorescence emission band or the lifetimes between
different uranyl carbonates can be used to distinguish
them. In particular, TRLFS could be used for the
speciation of uranium(VI) secondary carbonate phases
formed on mineral surfaces or as a result of alterations
of nuclear waste. This analysis of solids could be
complemented by XPS, an element-specific, non-de-
structive, and direct probe for the first few nanometers
of a surface. The surface composition as determined by
XPS could assist the interpretation of the TRLFS or
other spectroscopic measurements. Finally, the well-
characterized substances can be used to determine their
up to now unknown solubility. The spectroscopic
properties reported in this study provide the basis for
identifying these compounds before and after solubility
studies using TRLFS, EXAFS, and XPS [50].
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