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X-ray absorption fine structure (XAFS) spectroscopy at the Th L3 edge is applied for the characterization of crystalline,
anhydrous ThO(cr), microcrystalline ThO,+xH,0(s), amorphous ThO,(OH)4—z,-xH,0(am), aqueous Th(IV) solutions,
and colloidal suspensions up to pH 3.7. The microcrystalline, possibly hydrated thorium dioxide, is formed at p.H
1.5-2.5 by precipitation from suspensions of 16—23 nm thorium dioxide colloids. The solubility data determined for
this solid is several orders of magnitude lower than the values for amorphous Th(IV) hydroxide or hydrous oxide.
The EXAFS spectrum of the isolated microcrystalline particles shows that their structure is different from that of
anhydrous crystalline ThO,(cr) and amorphous ThO,(OH);—2,-xH,O(am) precipitated at higher pH and dried at
room temperature. The solubility measured for the amorphous Th(IV) precipitate is comparable to that previously
reported for a solid prepared in a similar manner. In other solubility studies with amorphous Th(IV) hydroxide or
hydrous oxide, considerably higher thorium concentrations are measured at p;H 3.5-5. The agueous speciation is
made by EXAFS for solutions prepared by careful coulometric titration under comparable conditions (p,H and
thorium concentration). The spectra of these solutions demonstrate the presence of a large amount of Th(IV)
polynuclear species or colloids of small size, having a highly asymmetric Th—O coordination. The EXAFS spectrum
of these colloids is similar to that of the amorphous solid.

Introduction species are proposed in the literature on the basis of iterative

Systematic XAFS (X-ray absorption fine structure) inves- fittgwg: cgf_l_the dtitration da(tjaf. h h -
tigation of different Th(IV) oxide/hydroxide solids and Th- olubility data reported for amorphous Th(IV) precipitates,

(IV) solutions at varying pH values allows characterization/ ca!ljed e1i_tr:1er i'mco)rphousﬁ ydroxidg(js Tht()?(}?.n) or hydgi%lgs
identification of the predominant species present. However, oxides QxH0(am), show considerable ISCrepancies.
no systematic XAFS study of Th(IV) solutions, other than This may be due to the fact that.the reported solubilities do
strongly acidié or high in carbonate concentratidrnave not refer to a well-defined solid phase but to hydrated

yet been published. The THaq) ion can be found as the oxyhydroxide ThQ(OH)a—axH,0(am) with 0= n = 2,
predominant aqueous species only atpB. Potentiometric depending on the preparation method, pretreatment, alter-

i 15
titration in the pH range of 2:54 with thorium concentra- ation, and temperatufe Furthermore, the presence of

tions of 10%—10"2 mol/L demonstrates the formation of colloids can also explain the widely scattered Th(IV)
polynuclear or colloidal speciés? Different oligomeric concentrations measured in the various solubility stutfies.
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Recently, Bundschuh et &linvestigated the solubility and
colloid formation of Th(lV) at pH 1.52.5. Coulometric pH

titration was combined with laser induced breakdown detec-

tion (LIBD) to determine the initial colloid formation as a
function of pH (p.H = —log[H*]) in a series of 3x 1072—
9 x 10°° M Th(IV) solutions in 0.5 M HCI/NaCl. Consider-
ing colloids as small solid particles, their formation indicates
that the solubility is just exceeded during the titration. The
solubility product of logK°s, = —52.8 + 0.3 evaluated by
this method refers to the freshly formed small particles with
a mean diameter in the range of-183 nm. According to
the particle-size effect described by Schindfghe solubility
product of the colloidal particles is expected to be about1.0
1.4 log units higher than that of the bulk solid. The value
obtained is in good agreement with 1&s(ThOx(cr)) =
—54.2 + 1.3 calculated from thermochemical data for
crystalline ThQ(cr).!® Hence, the freshly formed colloidal
thorium particles in this pH range are believed to have a
crystalline thorium dioxide structuré.

This work is a continuation and an extension of the study
by Bundschuh et &’ The solubility is determined for a
microcrystalline Th@xH,O(s) precipitate formed in these

Rothe et al.

at 3.66 A. The second shell is tentatively ascribed to a Th-
(IV) —clay interaction. In contrast, Th(IV) in the tempered
sample is described as a Thiike polynuclear species. The
FT spectrum of this sample exhibits an additional peak at
3.93 A, best represented as a-Tth interaction. In the
EXAFS investigation of aqueous Th(IV) carbonato species
at different carbonate concentrations by Felmy et #he
enhanced amplitude of the distal oxygen due to the focusing
effect of the collinear carbon atom is used to determine the
number of complexing C& ligands. This methodology is
similar to that used by Allen et & for Pu(IV) nitrato
complexes. EXAFS analysis of the “fifaq) ion in acidic
solution (1.5 M HCIQ) obtained by Moll et al. shows a
hydration number of 911 with a Th-O bond distance of
2.45 A. These results are in contrast to previous large-angle
X-ray scattering report&,which claim Th(IV) coordination
by only 8 water molecules. The local atomic structure in
polycrystalline ThQ@ (thorianite) and ThSi@(thorite) was
analyzed by Wu et af5 with emphasis on the thermally
induced structural change upon heating from room temper-
ature to 150CC.

The remainder of this paper is organized as follows: The

colloidal suspensions. Solubility is also determined for an next section outlines the sample preparation and experimental
amorphous precipitate of Th(IV) hydroxide or hydrous oxide procedure of XAFS data collection and analysis. This is
for comparison. Structural information from XAFS investi- followed by a summary of the solubility determination and
gation is made for crystalline and amorphous solids, aqueousthe results from EXAFS and XANES measurements. These
species, and colloidal suspensions formed at different pH. results are then discussed. The proceeding summary of the

Both EXAFS (extended X-ray absorption fine structure) and

XAFS investigation of Pu(IV) colloid® and studies of the

XANES (X-ray absorption near-edge structure) results are Th L3 edgé22122253provides the background for discussion

presented.

Reports of XAFS studies on the formation of actinide
oxide/hydroxide “eigen-colloids” and Th L-edge XAFS
investigations are sparse. Conrad8atescribes an XAFS
investigation of Pu(lV) oxyhydroxide colloids, reporting
observation of multiple, distinct PtO bonds due to the
presence of different PtO moieties. @thols et ab
investigated the adsorption of Th(IV) on amorphous silica.
They exclude the observation of any-¥ih interaction for

of our results. Finally, conclusions are presented in the last
section.

Experimental Section

Sample Preparation and Solubility MeasurementsTh(NOs),
4.5H,0 (pa), NaCl (pa), and HCI (ultrapure) are purchased from
Merck. For further purification, NaCl is recrystallized twice. The
solutions are prepared with ultrapure water from a water purification
apparatus (Milli-Q-academic, Millipore). The solubility is measured

their sorption samples loaded up to 230% surface coveragebatchwise in 1620 mL PFA or glass vials. Under the present
and for a reference thorium hydroxide sample due to the experimental conditions no significant sorption effect is observed.

spread of Th-Th distances in the disordered materials.
Giaquinta et af? compared the speciation of U(VI) and Th-
(IV) sorbed onto bentonite clay under ambient and hydro-

thermal conditions. The authors state that, in nontempered

clay samples, Th(IV) displays a first shell coordination

expected for hydrated atoms and an additional oxygen shell

(14) Grenthe, I.; Fuger, J.; Konings, R. J. M.; Lemire, R. J.; Muller, A. B.;
Nguyen-Trung, C.; Wanner, HChemical Thermodynamics Vol. 1.
Chemical Thermodynamics of UraniuEisevier (OECD, NEA-TDB),
North-Holland: Amsterdam, 1992.
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(19) Rai, D.; Swanson, J. L.; Ryan, J. Radiochim. Actal987, 42, 35—
41.

(20) Conradson, S. DAppl. Spectrosc1998 52 (7), 252-279.

(21) Gsthols, E.; Manceau, A.; Farges, F.; Laurent)JQColloid Interface
Sci. 1997 194, 10-21.

(22) Giaquinta, D. M.; Soderholm, L.; Yuchs, S. E.; Wasserman, S. R.
Alloys Compound1997, 249, 142—145.
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The Th(IV) concentration is determined photometrically by the
arsenazo methé8land by ICP-AES analysis.

A combination pH electrode (type ROSS, Orion Co.) is used to
determine the ¢ in 0.5 M NacCl solution. For this purpose it is
calibrated against standard solution® HCI/(0.5 — x) M NaCl,
with x in the range 0.0020.1.

The coulometric titration combined with colloid detection by
LIBD is performed with the equipment described elsewHére.

A summary of the samples investigated by XAFS spectroscopy
is found in Table 1. The description of the sample preparation is
grouped in solids and liquids as given below.

Th(IV) Solids. Sample A [Crystalline Thorium Dioxide, ThO -
(cr)]. Crystalline, anhydrous Th{99.99%) is obtained from Alfa

(23) Allen, P. G.; Veirs, D. K.; Conradson, S. D.; Smith, C. A.; Marsh, S.
F. Inorg. Chem.1996 35, 2841-2845.

(24) Johansson, G.; Magini, M.; Ohtaki, H. Solution Chem1991 20
(8), 775-792.

(25) Wu, Z.; Farges, FPhysica B1999 266, 282-289.

(26) Gsthols, E.; Bruno, J.; Grenthe,Geochim. Cosmochim. Acfiéd94
58, 613-623.



XAFS Inyestigation of Th(IV) in Aqueous Solutions

Table 1. Summary of Samples Examined in This Study

ID sample description

A ThO(cr)

B microcrystalline Th@xH20(s)

C Th(OHu(am)/ThQ(OH)4—2,-xH20(am)

D 5.5x 1072M Th**(aq) in 1.5 M HCIQ

E 2.2x 1072M Th(NO3)4in 0.5 M NaCl, pH = 1.38
F 2.8 x 102M Th(NOs)4in 0.5 M NaCl, pH = 1.66
G 5.0 x 1073M Th(NOg)4in 0.5 M NaCl, pH = 3.02
H 4.3 x 1073M Th(NOg)4 in 0.5 M NaCl, pH = 3.50
| 2.2x 1072M Th(NOs)4in 0.5 M NaCl, pH = 3.67
J 5.8 x 1073 M Th(NOg3)4in 0.5 M NaCl, pH = 3.62

(filtered sample 1)

Aesar and additionally heated at 75C for 8 h. The X-ray
diffraction pattern shows the typical Th@r) reflections as sharp
peaks.

Sample B [Microcrystalline Thorium Dioxide, ThO ,-xH,0-
(s)]. In some of the colloidal suspensions obtained in the pH
titration—LIBD experiment of Bundschuh et df ,the formation
of a small amount of precipitate (approximately 1 mg) is observed
after 1-4 weeks. The amount of solid is not sufficient for
characterization by classical X-ray diffraction. The equilibrium Th-

(IV) concentrations in these solutions are measured from oversatu-

ration after 100 and 160 days. Because a solubility of more than 6
orders of magnitude lower than that for amorphous Th(IV) solids
is observed, the data cannot refer to amorphous solid and mu
refer to crystalline thorium dioxide. However, even after ag-
glomeration of 20 nm colloids and subsequent precipitation, the

crystallite size is expected in the submicrometer range and should

precipitates as microcrystalline TR®H,O(s). To prepare the XAFS
sample, the solid material is separated by ultrafiltration and collected
on a cellulose triacetate membrane microfilter (Sartorius 20kD,
Centrisart C-4, area 28 nfirpore sizex~ 1.8 nm). The filter with
the wet solid is covered with a thin polyethlyene (PE) film-disk
and stoppered with epoxy resin glue.

Sample C [Amorphous ThO,xH,O(am) or Th(OH) 4(am)].
The amorphous precipitate of Th(lV) hydrous oxide or hydroxide
is prepared under argon atmosphere by slow titration of a thorium
nitrate solution with carbonate-free NaOH (Baker). The precipitate
is washed with water and dried at room temperature for 1 week in
a vacuum desiccator. The X-ray powder diffraction pattern of the
precipitate does not show any characteristic peaks or broadene
bands. Assuming the chemical composition as Fk,0O(am), the
water content ok = 2.4 is determined by gravimetric analysis after
drying the sample overnight at 80C. In the solubility study with
this solid from undersaturation, constant Th(IV) concentration is
obtained after 80 days. The Th(IV) precipitate prepared in a similar
manner by Dzimitrowicz et & was found to be X-ray amorphous
but included small Thefcr) crystallites €3—8 nm), as shown by

transmission electron microscopy. Such a precipitate has a non-

uniqgue composition and consists of hydrated oxyhydroxide,

ThOL(OH)4—2n-xH,0(am). In contact with aqueous solution, the

solubility is finally controlled by a surface layer of Th(OKgm)16
The solid sampleé andC are prepared as PE tablets for XAFS

measurements. Enough solid sample to attain an edge jump across

the Th L3 absorption edge of 2.3 is dispersed in PE by grinding
and then pressed as tablets.

Aqueous Th(IV) Solution Samples. Sample D [Th"(aq)
Species]SampleD is 5.5 x 102 M Th**(aq) in HCIQ,, prepared
by dissolving amorphous Th(lV) hydroxide in 1.5 M HCJO

(27) Dzimitrowicz, D. J.; Wiseman, P. J.; Cherns,DColloid Interface
Sci.1985 103 170-177.

st

Samples E-I. Th(lV) solutions at different g4 are prepared
by dissolving Th(NQ)44.5H0 in 0.5 M HCI/NaCl solution and
adjusting pH by coulometric titration. SamplE also contains the
Th**(aq) ion (2.2x 1072 M), as does sampl®, but prepared
without prior removal of nitrate, with adjustment of ionic strength
(0.5 M NacCl), at pH 1.38. This pH is below the onset of
hydrolysis. According to the calculated aqueous speciation and
LIBD measurement¥:1” sampleF consists of both the PH(aq)
ion and a small amount of microcrystalline ThgH,O(s) colloids.

Samples | and J.In sample!l (2.2 x 102 M Th*"(aq)
at pH 3.67), polynuclear species and amorphous colloids
(Thy(OH),*™¥(aq) + Th(OH)(am)) are present. The presence of
colloids in samplel is confirmed by LIBD. Removal of these
colloids by 1 kD filtration (Filtron, pore size ca. 1.2 nm) is not
successful. LIBD shows that immediately after filtration colloids
of >5 nm are regenerated. In the filtered sampl.8 x 103 M
Th**(aq) at pH 3.62), the Th(IV) concentration decreased by a
factor of 3.8.

Agueous solutions are sealed in 4 mL PE vials having 13 mm
diameter for XAFS measurements. None of the solutions contain
visible precipitates.

XAFS Measurements. X-ray absorption spectra at the Th
L3-edge (16.3 keV) are recorded in the range of 161227
keV, using synchrotron radiation at the Hamburger Synchrotron-
strahlungslabor, HASYLAB, Al-endstation (DESY). The DORIS
1l storage ring is operated at a positron energy of 4.44 GeV, at
beam currents in the range of £580 mA. All samples, with the
exception ofB, G, andH, are measured in transmission mode at
room temperature. Argon-filled ionization chambers are used at

SGmbient pressure for the detection of primary and transmitted beam

intensities. A third ionization chamber is used in all cases for
simultaneous detection of the transmission signakoY foil
(4 um) as reference for calibration of the monochromator energy
scale. This is calibrated to the Y 1s ionization energy of 17.038
keV, which is assigned to the first inflection point in the first
derivative of the Y reference foil spectrum. The XAFS spectra of
samplesG, H, and B are recorded using a 5-pixel low-energy
germanium solid-state detector (Canberra-Packard Ultra-LEGe) for
energy-dispersive collection of Thol »fluorescence radiation
(12.97 and 12.81 keV).

The X-ray monochromator is equipped with a channel-cut

dSiELllIZIcrystaI (@ = 6.271 A), with the exception of sampl@,

which is previously measured with al$1 1 crystal pairt The ratio

of the first ionization chamber signal and the DORIS 11l ring current
(l/loorig) is held constant during each measurement, and harmonic
reduction is achieved by detuning the parallel alignment of the
monochromator to 5670% of the maximum beam intensity using

a MOSTAB driven piezo-actuator.

Spectra are recorded with a step width as follows: a 10 eV step
width for the 16.12-16.18 keV rangea 5 eVstep width for 16.18
16.29 keV; a 0.4 eV step width for 16.296.325 keV. For the
EXAFS region, from 16.325 to 17.32 keV, the increment is chosen
equidistant ink-space, with a 0.03 A step width. Up to seven
scans are averaged to improve the signal-to-noise ratio of the
measurements.

XAFS Data Analysis.EXAFS data analysis is based on standard
least-squares fitting techniq@ésusing the UWXAFS program
package? developed by Newville et al. from the University of

(28) Sayers, D. E.; Bunker, B. A. IX-ray Absorption: Techniques of
EXAFS, SEXAFS and XANB$oningsberger, D. C., Prins, R., Eds.;
J. Wiley & Sons: New York, 1988; pp 211253.

(29) stern, E. A.; Newville, M.; Ravel, B.; Yacoby, Y.; Haskel, Physica
B 1995 208 209, 117-120.
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Table 2. Data Range and Metric Parameters Extracted by XAFS sample solutions
Least-Squares Fitting Analysis of EXAFS Spettra EF G HIJ
fit range (A) o2 AE R |1 | || , . .

ID (R—A) shell R(A) N (A»  (ev) Rdfactor I h}\ l lfg Th(OH)4(am)J

A  147-466 Ol 241(242) 80 00054 23 0.0241 2 2 L] a®
Th 3.98(3.96) 12 00042 4.7 i o Wi = 0.5 MNaCIO. (Moon)
02 4.63(4.64) 24 0.0064 6.4 | Y o ¥ 0.6 MNaCl, KCt (Rai et al)

B 147-454 01 244 11.0 0.0096 2.4 0.0259 -3 § vL®  ¥B ¥ 0.5 M NaClO« (Osthols et at.)
02 3.69 2.2 0.0022 2.0 I AL . ® (.5 M NaCl {present work)
Th 4.2 1.0 0.0032 11.0 - -4 o v i», 1

C 147-442 01 246 6.6 0.0166 6.7 0.0029 Z b\a kS -
02 313 44 0.0109 158 £ st - 4
Th 3.96 1.5 0.0065 8.9 = g vy

D 147258 O 245 12.7 0.0072 4.1 0.0135 g \ RN

E 147270 O 245 12.4 0.0078 4.2 0.0117 61 Vv 1

F 147270 01 246 12.7 0.0081 42 0.0178 I © ThOy(colf) Tov wefn .

[3.56] 02 3.64 3.8 0.0063 3.6 7F 05MNaCl(Bundschuhetal) ™ 5 v

G 159270 O 246 11.6 0.0074 3.9 0.0268 R

H 159270 O 251 106 00121 7.5 0.0167 gl " ThOa(s) S o ol

I 1.47-405 O1 250 9.4 0.0140 6.9 0.0072 0.5 M NaCl (present work) e
02 3.09 1.2 0.0007 6.9 I . . o]
Th 3.99 0.7 0.0032 11.0 -9 — :

J 159258 O 251 105 00103 7.5 0.0102 ! 2 8 4 5 6 !

- log [H*]

aErrors are discussed in the text. In the case of sample F, [3.56] refers _ . . . o
to extension of fitting range when including the more distant feature marked Figure 1. Solubility data for microcrystalline ThgxH,O(s) precipitates
by an arrow (left panel of Figure 3%2 = 0.82. Parentheses indicate  (Presentwork) and colloids (LIBD study of Bundschuh etat 25°C in

theoretical values from XRD resut&? Fixed values¢ With inharmonic 0.5 M NaCl and for amorphous Th(IV) precipitates (MCbRai et al.}1*2
correction. Osthols et al?® and present work) dt= 0.5-0.6 M and 18-25 °C. The

calculated dashed curves for amorphous Th(IV) hydroxide represent upper

. . and lower limits; the region between these curves represents the predomi-
Washington, Seattle, WA. The region to about 700 eV above the pance region of polynuclear and colloidal Th(IV) species. Arrows indicate

Th L3-edge k ~ 13.5 A 1) is investigated. The atomic background the H" and Th(IV) concentrations of the solutions investigated with XAFS,
function o(E)) is optimized with respect to spurious contributions ~ referring to sample ID’s listed in Table 1.
below 1 A in the kl-weighted Fourier transform of the data using
the autobk utility. The ionization energy Hy), the origin for
calculation of they(k)-function, is fixed at the maximum of the
most intense absorption feature, the white line (WL) in the
individual spectra. To extract metric parameters (neighboring atomic
distancesR), mean square radial displacements or EXAFS Debye
Waller factors ¢?), coordination numbersN)) from the EXAFS,
model backscattering amplitude and phase shift functions for single
and double scattering paths are calculated using FEFF&nd
optimized as implemented in tHeffit code. Prior to analysis, the
k3-weighted EXAFS spectra are Fourier transformed ovespace
range of~2.7-13 A1 using symmetric square windows with
Ak = 0.1 A-1“Hanning sills”. All fitting operations are performed
in R-space over the individual radial distance ranges given in Table
2. Special care is taken to avoid overinterpretation of the data Regylts
beyond the limits defined by the number of independent p&ts.
The amplitude reduction facto&@)3 is fixed at 0.82. This value Solubility of Microcrystalline ThO 2:xH.0(s) Particles.
reproduces the theoretical coordination number for the first oxygen Th(IV) concentrations determined from oversaturation, 100
neighbors Kos) of 8 in the ThQ fluorite structure (fit parameter:  and 160 days after precipitation in the titration solution, are
No1S? = 6.5). 0.4 log units lower (see Figure 1) than the data determined
The feffit code evaluates randomly distributed fit uncertainties by Bundschuh et &, for the 16-23 nm particles. This is
as the amount by which a given parameter changes, when valuegonsistent with the somewhat larger particle size, when
for all other paramt_aters remain fixed, while maintaining the sum qjoidal particles agglomerate to form a visible precipitate.
of squares of the difference between data and modbglow a At pH < 2.5, where Th(IV) hydrolysis is negligible, the

certain limit (as suggested by T&p This procedure yields first . - . C
oxygen neighbor distancié,) uncertainty values oARo; < 0.01 experimental solubility data for both colloidal and precipi

A andANo; < 1—-1.5 for sampled\, B, andD—G and of ARoy < tated ThQ@-xH,O(s) decreases with.d at a slope of—4.

nation of parameters for the more distant thorium backscatterers
yields ARr, < 0.04 A andAN, < 1.2 for samplesB, C, and|.
Uncertainties associated with double scattering paths are signifi-
cantly higher, amounting to more than 2% R and 150% for

AN for oxygen double scattering paths in the fit to sampland

| spectra. The overall goodness of the fit evaluateteffit is given

as the R-factor” (listed in the last column in Table 2), whichy$
scaled by the magnitude of d&aR = 0.02 signifies that theory
and data agree within 2%.

XANES spectra for sampleB, C, E, and| are isolated from
single XAFS scans following subtraction of the background
absorption, approximated as a linear function, and normalization
of the edge jump to unity at 16.425 keV.

0.06 A andANos. 1.4-2.7 for sample<, 1, H, andJ. Determi- This indicates that the data actually refer to the equilibrium
between Th@xH,O(s) and TH" (aq).
(30) Ankudinov, A. L.; Ravel, B.; Rehr, J. J.; Conradson, SPBys. Re. Our solubility measurements in Figure 1 are comparable
- illf‘a(? 58, 7A56Er?§7r?. 1 Phve. Re. B 1997 56 1712 with those obtained by Baes etZ%aht 95 °C, who added
nkKuadinov, A. L.; renr, J. Jnys. re. A 3 . . [ H .

(32) Teo, B-K.EXAFS: Basic PrinZiples and Data AnalysBpringer- crystalline ThQ(cr) to oversaturated acidic Th(IV) solutions
Verlag: Heidelberg, Germany, 1988.

(33) Lee, P. A.; Citrin, P. H.; Eisenberger, P.; Kincaid, B. Riv. Mod. (34) Newville, M.FEFFIT-Using FEFF to model XAFS datBepartment
Phys.1981, 53, 769-806. of Physics, FM-15, University of Washington: Seattle, WA, 1995.
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in 1 M NaClQO,. Recently, Rai et aF reported similar 8
solubilities for ThQ(cr) at 90°C and pH 1.53in 0.1 M AV/\V/I‘L'V/\VAV[\VAUAUAU 4 A
NaCl. Under these conditions, an initially amorphous solid

is converted into a crystalline phase. Their X-ray diffraction
pattern showed broad bands at diffraction angles expected
for bulk ThOy(cr).

Solubility of Amorphous Th(lV) Precipitates. The
solubility study with the amorphous Th(IV) precipitate is
performed from undersaturation in 0.5 M NaCl solutions.
The steady-state concentrations measured after an equilibra-

howvw how hoo bowm boom hhowm how bhow how don

)]

tion time of 80 days are shown in Figure 1 in comparison to = /\\//\\/\v/\v/\v"‘w’” .é 4 g
literature data at similar ionic strength= 0.5-0.6 M). The b ‘E?' 0 -
present results are comparable with those sthOls et afé /\/\\/\v’\v’\'v“v‘“‘ E ¢
in 0.5 M NaCIQ at 25 °C. These authors used a solid 0
prepared in an analogous manner. The X-ray powder AVAWQW&)M# s G
diffraction pattern of their precipitate indicated a low degree o
of crystallinity, and assuming the composition Tjx,0- A At . H
(am), the water content of their solid was determified N
bex = 2.5. N . .

A number of other authots!3 performed their solubility T A
study with amorphous precipitates, which were not dried but N J
only washed with water. Their results are in reasonable AVAVQ'VW”W}“ 4
agreement. However, they measureéd3orders of magni- a6 8 10 %2 %7 % 3 4
tude higher thorium concentrations in thélpange of 3.55 k[A™ R-a [A]
(cf. Figure 1). Those of Modtand Rai et at**?atl = 0.5~ Figure 2. k3-weightedy(k) functions of the samples listed in Table 1, as

0.6 M are typical examples. In both studies, the thorium extracted byautobk (left panel), and corresponding Fourier transform
- : ’ ; magnitudes (right panel). Arrows mark onset of high-frequency contribution

c_oncentratlon was determ_ln_ed after f_||trqt|on through a POre e to Th-Th interaction.

size of about 2 nm to minimize contributions from colloids.

The aim of our XAFS study is the agueous speciation at c|cylation using a 45 atom cluster with cartesean coordinates

thorium and H' concentrations comparable to those in the from the ThQ fluorite structure yields a theoretical energy-

solubility studies (cf. Figure 1) to help elucidate the reason gependency ofi, with discontinuities, evidence for multi-

for the discrepancy between solubility data. electron excitationd Despite its continual presence, inclu-
EXAFS Measurements.The k*-weighted EXAFS func-  sjon or omission of this lowR feature by broadening or

tions, x(k), extracted usingutobkare shown in Figure 2 at  nparrowing the R-space fit range does not significantly
left and the corresponding Fourier transform (FT) magnitudes influence the metrical parameters obtained.

at the right-hand side. All spectra exhibit an intense FT peak Eit results of the spectra to the EXAFS equation are
at1.9 A, corresponding to a phase-corrected value of aboutsymmarized in Table 2. The metrical parameters obtained,
2.4-2.5 A. This peak represents oxygen atoms comprising principle component analysis (PCA), and visual inspection
_the first coordination sphere of the central absorbing Th(IV) of the spectra allow grouping of the samples into three
in all of the samples. A pronounced feature between about gitferent sets. Figures 3, 4, and 6 show the fit results, grouped
1 and 1.5 A, representing a low-frequency contribution t0 according to the three sample sets. The first group (aqueous
the EXAFS, is present in all spectra, even in spectra go|ytions at gH < 3; samplesD—G) exhibit spectra
measured during different beam times and with different gominated by a single sinusoidal contribution originating
monochromator setups. This feature is apparently not ans.om backscattering on a single shell of oxygen atoms.
artifact of theuo spline function subtraction, because it is Uniqueness test of the solution spectrat g 3 with PCA®
persistent in the FT spectra, except for cases whergdhe  gpows that they are similar. Sampe the crystalline Th@
subtraction is so extreme as to intolerably remove intensity reference, as well as solid sampBsC, and the colloidal

of the Th-O peak alR — A = 1.9 A. Other Th L3 edge  gyspension exhibit a more complex absorption fine structure
EXAFS presenteéj in the literature also show a Rfeature  and form the second group. The more complex fine structure
in the FT spectrd” A Th—O distance of less tie2 A makes  jncludes the appearance of a high-frequency EXAFS con-
no physical sense (the sum of ionic radii is 2.34 Afor 6-fold yipytion, indicated by arrows in the left panel of Figure 2,
coordinatior®), so that we expect these features to be due yhjch is found in the fit procedure to be associated with a

to atomic contributions or to multielectron excitations in theé  Th_T interaction. Reproduction of the EXAFS for these
EXAFS regime®” Supporting the latter hypothesis, the FEFF8

(37) Wang, W.-C.; Yu, CPhys. Status Solidi 4998 168 351-357.

(35) Denecke, M. A.; Bublitz, D.; Kim, J. I.; Moll, H.; Farkes, 0. (38) Rehr, J. J.; Zabinsky, S. I.; Ankudinov, A.; Albers, R.Rhysica B
Synchrotron Radiatl999 6, 394—396. 1995 208 209 23-26.

(36) Greenwood, N. N.; Earnshaw, &hemistry of the Element¥CH (39) Wassermann, S. R.; Allen, P. G.; Shuh, D. K.; Bucher, J. J.; Edelstein,
Verlagsgesell-schaft: Weinheim, Germany, 1988. N. M. J. Synchrotron Radiatl999 6, 284—286.
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Figure 3. R-space fit results for solutions athh < 3 (sampleD—G). Left panel: FT magnitude of EXAFS data (solid line); fit magnitude (open circles);
FT imaginary part (thin solid line) and fit imaginary part (open triangles). Right panel: corresponding Fourier-filtered data (solid line jvangesigble
2); back-transformed fit (open circles). The arrow in rBwnarks the feature due to a second oxygen distance at around 3.6 A (see text).

four samples is only possible when the PCA-derived species. The EXAFS analysis of this sample’s spectrum
component with primarily a ThTh oscillation is included.  yields essentially the same metrical parameters as for samples
Spectra and fit results for sampl&andH (aqueous solutions  D—F.
at pH 3.5 and 3.6) are similar and are placed into the third  |n addition to the lowR feature and the oxygen peak at
group. PCA uniqueness test of the spectra from these two1.9 A, the nitrate solution sampld&s—G exhibit a further
aqueous solutions show that they are similar to one anotherdistinct peak between 3 and 3.5 A. This further distant peak
and dissimilar to the spectra of solutions aHp< 3.The is not obvious in the FT of Tt(aq) in 1.5 M HCIQ (sample
following discussion of the results is structured according D). Three different multiple scattering paths can be envisaged
to these three different groups of sample sets. to potentially be responsible for this peak: a double
Samples D-G. The fits and experimental FT magnitudes scattering, triangular path between Th(lV) and two adjacent
for sampleD—G and the corresponding Fourier-filtered data oxygen atoms of the hydration/nitrate sphere, scattering on
are shown in Figure 3. The small features at around 2.5 A distal oxygen atoms of a bidentate coordinating nitrate,
are attributed to artifacts of the FT procedure (“side-lobes”). enhanced by the “focusing effect” of the collinear nitrogen
The EXAFS spectra for these four solutions in thid pange atom of the nitrate ligand, and scattering on the nitrogen atom
0—3 exhibit the signature of Pi(aq) species. They all have of a monodentate coordinating nitrate along the collinear
approximately the same metric parameters, +15.7 oxy- Th—O—N path. Testing the triangular multiple scattering
gen atoms at 2.452.46 A, with o2 = 0.007-0.008 (Table path shows that it entirely mismatches the experimental phase
2). However, the fit to the oxygen peak in tlkeregion and magnitude of the-3.3 A peak. We also rule out the
abovel11 A visibly worsens with increasingd, going from second possibility by comparing results for aqueous Pu(IV)
sampleD (in 1.5 M HCIO,) to F (p.H 1.66, above the  nitrate complexes reported by Allen et?&lConsidering the
solubility limit for microcrystalline ThGQ-xH,O(s)). This is larger ionic radius for Th(lV) compared to Pu(IV), one would
due to the increasing asymmetry of the oxygen peak, expect a FT peak more distaRi{-o > 4.15 A) than that
evidenced by an increase i from 0.0072 in sampl® to actually observed. Due to a complete mismatch in phase and
0.0081 in sampld-. SampleG is a Th(IV) solution at the magnitude, scattering on a nitrogen atom of a monodentate
onset of hydrolysis (@1 = 3.02). According to the hydrolysis  coordinating nitrate group, enhanced by the bonding oxygen
constants discussed in ref 14, the following aqueous specia-atom, can be excluded as well. Best fit results for sarkple
tion is calculated: 59% TH(aq); 31% Th(OHj*(aq); 1% when the fit range is extended to 3.56 A, are obtained using
Th(OH)?*(aq); 8% dimeric and 1% tetrameric hydrolysis a single scattering shell of about 4 oxygen atoms at 3.66 A
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Figure 4. R-space fit results for solid sampleA{C) and aqueous colloidal suspensiohs [eft panel: FT magnitude of EXAFS data (solid line); fit
magnitude (open circles); FT imaginary part (thin solid line) and fit imaginary part (open triangles). Right panel: corresponding Foudedditeisolid
line, ranges given in Table 2); back-transformed fit (open circles). Arrows matKfitinteraction in sample€, |, andB. Note the different ordinate scale
for sampleA.

(see arrow in left part of Figure 3). Fits performed in an the FT between 1.5 and 2.9 A using a single shell of oxygen
analogous manner, using single scattering from an additionalbackscatterers, even when including an additional asymmetry
oxygen shell, yield unsatisfactory results for sampes  term (3rd cumulant) to the fit. Addition of a second oxygen
andG. scattering path (O2) leads to a reasonable fit for sar@ple
Samples A-C and |. Results for solid samples—C and ~ With 6—7 oxygen atoms at 2.46 A (the same-T@ distance
the colloidal suspensioh and the corresponding Fourier- 0Observed for the aquo species) ane54further distant
filtered data are shown in Figure 4. The spectrum of the OXygen atoms at 3.13 A. The agreement between measure-
crystalline ThQ referenceA has been modeled using single Ment and fit is generally worse for the amorphous colloids
scattering paths of the first three shells of thorium neighbors (samplel). In this sample, the majority of oxygen atoms
(oxygen shell at 2.42 A, thorium at 3.96 A, and oxygen at (9—10) is located at a distance of 2.50 A, which is
4.63 A, Theoretical values expected for the fluorite Significantly longer than that observed for THar), the
structure are reproduced within the typical margins of a@morphous ThEOH)s-2,-xH,O(am) precipitate, and the
EXAFS uncertainties. There is a small fit mismatch in the Th*"(aq) ion with its hydrate sphere. The second oxygen
region of the side lobes between 2.3 and 3.2 A, reflected by path in this case yields a smaller contribution of about 1
the discrepancy in the area of the beat between the low-2atom at 3.09 A. The large asymmetry of the-T@ shell in

at~5.5-7.5 A-L. O-distance path, despite the addition of the 3rd cumulant

term in the fit. AE, for the two adjacent oxygen shells is
confined to the same value in the analysis of saniple
However, this procedure yields a negatMevalue for the
(92 shell for sampleC. Therefore AE, is allowed to vary

The spectra of the amorphous precipitate (samland
the aqueous suspension of amorphous colloids (sample
exhibit very similar structures. Above the spurious [Bw-
feature, the major oxygen FT peak appears dampened an -
asymmetrically broadened. Two additional peaks surmount- ggespheer;ldently, yielding a largst, value (15.8 eV) for the

ing the noise level are observed in both spectra between 2.9 ) ) )
and 3.5 A and 3.54 A. We did not succeed in modeling There is good agreement between FT imaginary part and
magnitude of the fit and the experimental features located

(40) Magini, M.; Cabrini, A.; Scibona, G.; Johansson, G.; Saridstid. between 3.5 ah 4 A (arrows) usmg a ThTh i_meraCtion
Acta Chem. Scand. 2976 30 (6), 437-447. for both sample€ andl. In sampleC, 1—-2 thorium atoms
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the Th-Th interaction in sampl8 (arrow in the right panel
of Figure 4) is more pronounced than observed for the
amorphous solids. However, the fit yields a-Thh distance
of 4.2 A which is significantly increased compared to the
bulk anhydrous Thelcr) value of 3.96 A.

Samples J and HSamples) andH exhibit similar spectra
(Figure 6). They have similar Th(IV) and*Honcentrations
but are prepared differently. Samples the 1 kD filtered

FT magnitude
R

N
h

05 10 15 20 25 3.0 samplel, and sampléd is obtained by coulometric titration
R-a [A] of a less Th(IV) concentrated solution. The EXAFS analysis
Figure 5. Comparison of the FT magnitudes of the*T¢aq) ion (sample yields almost identical metrical parameters for these samples
D, thin solid line), crystalline Th@(sampleA, thick solid line), micro- (Table 2)_ These samples exhibit a strongly distorted first

crystalline ThQ-xH»O(s) (sampleB, black triangles), and the amorphous

colloids (sampld, black dots). oxygen shell coordination, at an apparent—h bond

distance of 2.51 A. The fit converges by using a single

at 3.96 A are found; 1 thorium atom at 3.99 A is observed oxygen shell. The spectra of both samples show no evidence
in samplel. for a Th=Th interaction near 4 A. The features between

The remaining peaks in the FT spectra of samflesnd R-A=3 and 3.5 A are again best fit whep using a single
I, located betweeR — A = 3 and 3.5 A, are best fit using ~ Scattering oxygen path of about 3.8.9 A, similar to sample
a triangular double scattering path between Th(1V) and two F- However, the fit is not as exact in this case, so that any

adjacent oxygen atoms: a Fh O, — O, — Th pathway, multiple scattering contribution (as in sampl€sand I)
where the scattering amplitude is the greatest for near rightcannot be ruled out.

ang|es between the two Coordinating oxygen atornsam XANES Measurements.The XANES Spectra for Samples
Op) and the central thorium. B, C, E, andl are depicted in Figure 7. A significant change

in the intensity of XANES features is observed going across

particles initially formed in the acidic Th(IV) solution upon  the series, B, 1, to C. The change is predominant for the
; ; . TP T ; WL. The WL intensity decreases going from the*T{aq)
increasing gH (exceeding its solubility limit). Visual com-

parison of this sample’s spectrum with those of crystalline, 10N (E) to the amorphous THIOH)—zn'xH,O(am) precipi-
anhydrous Th@cr) (A) and amorphous colloidsl)( or tate (C); the amorphous Th(IV) colloids Y and microcrys-
ThOL(OH)a—znxH,0(am) precipitate@) indicates that this ta}lllne ThGQ-xH,O(s) B) exhibit an WL intensity interme-
sample’s near-neighbor structure deviates significantly from diate of these two.

both the crystalline and the amorphous structural conforma-
tions (Figures 2 and 4). The first H#O neighbor coordina-
tion in sampleB appears more ordered compared to the  The metric parameters obtained for the solution samples
amorphous compounds but less ordered than the anhydroug& and G fully agree with results obtained in the previous
ThO,(cr) (sampleA; cf. Figure 5). The fit for samplIB yields EXAFS investigations of the Ph(aq) ion! 10—12 water

N =11, R= 2.44 A, ando? = 0.0096 &, compared to molecules (depending on the uncertainty in & value)

N = 8, R = 2.41, ando? = 0.0054 R for the bulk ThQ- coordinate Th(lV) at 2.45 0.01 A Th-O bond distance.
(cr). No second oxygen shell or inharmonic contribution is There is no evidence for complexation by nitrate or chloride
required to obtain a reasonable fit. The FT peak representingligands under the present experimental conditions.

SampleB represents the microcrystalline Th&H,O(s)

Discussion

FT magnitude

a 6 8 10 12
k[A"]

Figure 6. R-space fit results for aqueous sampleandH at p.H 3.5 and 3.6. Left panel: FT magnitude of EXAFS data (solid line); fit magnitude (open
circles); FT imaginary part (thin solid line) and fit imaginary part (open triangles). Right panel: corresponding Fourier filtered data (sofiddeseas
given in Table 2); back-transformed fit (open circles).
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with Th—Th distances of 3.96 and 3.99 A for samples
andl, respectively.

A comparison of the fluorescence XAFS spectra of sample
B, microcrystalline Th@xH,O(s), and data presented in
Figures 2 and 4 shows that the structure of saniples
different from that of the other samples studied. Its spectrum
is definitely distinct from that of the amorphous species in
| as well as the amorphous sol@l It is also different than
the anhydrous Thgicr). The Th-O FT peak for micro-
crystalline ThQ-xH,O(s), ThQ(cr) , the amorphous solid,
and amorphous colloids is compared in Figure 5. Visual
0.0 . ' . T T T inspection indicates that the oxygen next-neighbor coordina-
16.20 16:29 16:30 16:35 16.40 tion in sampleB is most similar to Th@cr). The near

Energy [keV] . . .
, _ . neighbor arrangement in these two samples, however, is not
Figure 7. Th L3 edge XANES spectra for the THaq) ion (solid line), th Th trical t in the EXAES Vsi
microcrystalline Th@xH,O(s) (dotted line), the amorphous Th(IV) colloids € same. [he metrical parameters in the analysis

(dashed line), and the amorphous HHOH)s—2.-xH,O(am) precipitate yield a higherNo; value, a highew?, and a longer ThO
(crosses). bond distance for sampk& compared to Thegjcr) (A). The
) o ) “crystallinity” of this sample cannot be unambiguously

SampleF is expected to exhibit a spectrum of the colloidal  joquced from the spectra and the metric parameters given
ThO,-xH,0O(s) particles formed at the solubility threshold as i, Table 2. The ET peak representing the-TFh interaction
detected by LIBD. However, most Th(IV) is apparently 1o in the left panel of Figure 4) is more pronounced
present in the form of aquo ions. However, the slight {4y gpserved for the amorphous colloids. Whether the
mismatch between the experimental XAFS oscillations of jcreased ThTh distance of 4.2 A is an artifact of the high
the first oxygen shell and theory in therange above 11 4qymmetry of the bonding or if it has to be assigned to the
A~* (see Figure 3) for this sample may indicate distortion high degree of defect sites in the microcrystalline material,
of the Th(IV) hydra_te sphere due to the presence of colloidal leading also to a strong reduction of the apparentTh
ThO,"xH,O(s) particles. coordination number, is not yet clear.

The agreement of experimental data and fit for the  The colloids and polynuclear species left in sampédter
amorphous Th(IV) oxyhydroxide (samp® and the suspen- filtration of samplel still show the rather long ThO first
sion containing amorphous colloids atp3.67 (sampld) shell mean bond distance (2.51 A) as observed for sample
is satisfactory. A spread of FHO distances is present in |, However, these colloids are apparently much smaller than
these samples, as reflected by their highvalues and the  those dominating the spectrum of samplas the spread of
necessity to allow an additional inharmonic correction term distances is reduced and the FT peak due to theTFh
for the O1 path. Furthermore, EXAFS for these two samples interaction is absent. These Th(IV) species seem to be similar
exhibits a particle size effect. The increased structural strainto the “polynuclear” species in sampe the two samples
suffered by the smaller particles in the colloid sample  have nearly the same metric parameters and similar chemical
(larger surface-to-bulk ratio and, in turn, more surface composition.
dangling bonds) is seen in the greater asymmetric arrange- There are two possible explanations for the WL intensity
ment of its Th-O coordination sphere compared to sample variations observed on the XANES regime. One is an
C. Although the high asymmetry in these samples reflects extrinsic effect, resulting from charge transfer, and the other
the presence of different HO bond lengths from different  an intrinsic effect, resulting from the variation in crystallite
coordinating oxygen atoms-©O~, —OH, OH,), the metric size. The WL feature is associated with a dipole allowed
parameters obtained do not allow formulation of a precise transition from a 2p, core level into an empty 6d state, lying
structure model, as given by Conrad$®ihis is because  just above the continuum or Fermi levéld. In the one-
the bond length resolution in EXAFS is limited YR ~ electron approximation, perturbation of the core hole on the
7t/2kmax (0.12 A in this study), rendering it difficult, and for  d charge density is negligibfé.Change in the intensity of
some distances impossible, to separate contributions fromthe WL can result from variations in the occupancy of d
multiple, closely spaced backscatterers. Wu and F&tges states caused by a charge transfer between the central
describe the structural disorder in highly tempered #hO absorbing atom and its surrounding nearest neighbors, an
(cr) by applying a model based on a probability distribution extrinsic effect This is the basis of a method that has been
function rather than harmonic or cumulant expansion meth- used for estimating the amount of unoccupied d states from
ods in the EXAFS analysis. The authors propose using sucha relative change in WL areas (e.g., in refs 42 and 43). An
models for studying structurally complex Th-bearing oxides example of an intrinsic, particle size effect leading to

as well.
(41) Benfatto, M.; Bianconi, A.; Davoli, |.; Incoccia, LSolid State
In contrast to the amorphous reference sample reported’ ™ commun1983 46, 367.

in the study by ®thols et al2! the data for our amorphous  (42) gﬂsag%%té; 2A3;3l>1|.; Cook, J. W.; Jr., Sayers, D.JEPhys. Chenl984
ThOy(OH);—2rxH,0O(am) and amorphous colloids unambigu- (43) Lee, Y. S.; Whang, C. N.: Jeon, Y. Choi, B. S.; Han, T. J.: Woo, J.

ously show the presence of Th(IV) backscatterers in EXAFS J.; Croft, M.Nucl. Instr. Methods Phys. Res.1B97, 129, 387—391.
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variation in L3 XANES WL intensity has been reported for the average density should tend toward that of a band
spectra of Pt nanoparticlé$WL intensity variation, in this structure in the bulk system.

case, results from variation of the averaged density of state )

(DOS) for atomic clusters as a function of the number of Conclusions

atoms in the cluster (or ratio of surface atoms to atoms in  Thijs paper describes the first XAFS investigation of the
the bulk). structure of Th(IV) oxide/hydroxide “eigen-colloidsbeing

No significant variation in WL area, determined from least- the first ever to include XAFS measurements of actinide
squares fits to the data (not shown), is observed. From thisoxide/hydroxide colloids in the state of aqueous suspension.
we conclude that a transfer of charge from the surrounding The application of XAFS spectroscopy for providing internal
coordinating atoms to Th(IV) is not responsible for the structural information of nanosized particles in situ is
variation in the XANES WL intensity. If charge transfer is  promising for further investigations in this area.

excluded, the WL intensity variation is likely a particle size  The solubility data reported recently for thorium colloids
effect and reflects variation in the DOS between the samples.yjith a particle size 0f~20 nm in the pH range of 1.5
Presently, the theoretical understanding of X-ray absorption 2 517 and corresponding solid particles precipitated from these
WL's is not sophisticated enough to directly compare a DOS sojutions refer to a microcrystalline thorium dioxide ThO
calculation with experimental spectra. However, qualitative xH,0(s). They exhibit EXAFS spectra clearly different from
trends can be made on the basis of experimentally observecymorphous ThIOH),_2.-xH-O(am) and from that of bulk,
trends in the WL intensity. Of the four Th(IV) sample spectra anhydrous Thecr). Therefore, the structures of these
in Figure 7, the T (aq) ion has the most molecular orbital - microcrystalline particles must differ as well.

(MO)-like 6d final state. Because the s2p— 6d dipole- The EXAFS resullts for a solution consisting of botHTh
allowed transition probability is proportional to the density (aq) jons and small amounts of microcrystalline BhO
of thg §d state, thg_MO—Ilke, dense final state has the greatesi,0(s) colloids (sampl€) suggest distortion of the Th(IV)
transition probability of these samples and, hence, largesthydrate sphere due to formation of colloids above the
white line intensity. The 6d state of the condensed amorphousso|ypility limit.

ThG,(OH)s—an"xH.0O(am) precipitate is no longer MO-like  The high thorium concentration measured &t 3.5-5
and better described as a band. The density of the 6d-likejy numerous solubility studies with amorphous Th(IV)
final state is lower for the band or electron cloud description, pydroxide or hydrous oxide presumably include a large
and the transition probability for the promotion of a2p  amount of polynuclear species or amorphous Th(IV) colloids
electron to this state decreases. With it, the intensity of the of \itrasmall size. This is concluded from the EXAFS

WL is observed to be lower than for samgde The colloid spectrum for samplé solution at pH 3.67 in 0.5 M NaCl.
and the microcrystalline samples represent an intermediatep aqdition, the presence of colloids in this solution is

situation, and hence, their WL intensities are intermediate confirmed by LIBD measurements. Polynuclear or colloidal
between the other two spectra. Small-sized Th particles makespecies are also found immediately after ultrafiltration
a qualitative rationalization of the 6d-like final state inter- (sampleJ).

mediary between the MO picture used for the aquo species

and the band structure picture for the condensed, bulk system. Acknowledgment. This work is partially supported by
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