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A hitherto unknown type of aqueous complex, ternary Ca—M"—OH complexes (M = Zr and Th), causes unexpectedly
high solubilities of zirconium(IV) and thorium(1V) hydrous oxides in alkaline CaCl, solutions (pH. = 10-12, [CaCl,]
> 0.05 mol-L ™%, and pH, = 11-12, [CaCl;] > 0.5 mol-L™1, respectively). The dominant aqueous species are identified
as Cag[Zr(OH)g]** and Cay[Th(OH)g]** and characterized by extended X-ray absorption fine structure (EXAFS)
spectroscopy. The number of OH™ ligands in the first coordination sphere detected by EXAFS, No = 6 (6.6 + 1.2)
for Zr and No = 8 (8.6 £ 1.2) for Th, are consistent with the observed slopes of 2 and 4 in the solubility curves
log [Mwt VS pHc. The presence of polynuclear hydrolysis species and the formation of chloride complexes can be
excluded. EXAFS spectra clearly show a second coordination shell of calcium ions. The [Zr(OH)s]>~ and [Th(OH)g]*~
complexes with an unusually large number of OH™ ligands are stabilized by the formation of associates or ion
pairs with Ca®* ions. The number of neighboring Ca?* ions around the [Zr(OH)e]*~ and [Th(OH)g]*~ units is determined
to be N, = 3 (2.7 + 0.6) at a distance of Ry—ca = 3.38 £ 0.02 A and Nc, = 4 (3.8 + 0.5) at a distance of Rry_ca
=3.98 +0.02 A. The Cag[Zr(OH)e}** and Cay[Th(OH)g]** complexes have first (M—0) and second (M—Ca) coordination
spheres with the Ca®* ions bound to coordination polyhedra edges.

1. Introduction solubilities measured after ultrafiltration (pore size 125
nm) or ultracentrifugation in carbonate-free solutions at pH
5—13 are very low and at a constant concentration level
(log [Th] = —8.54+ 0.6}*and log [Zr]= —7.4+ 0.65%0r
—7.8 &£ 0.6°). These concentrations are usually described
by equilibria between M@xH,O(s) or M(OH)(s) and
neutral aqueous complexes M(Qk8iq) or M,(OH)n(aq).

An increase of the solubility due to the formation of
Zr(OH)s™ or Zr(OH)?~ has been observed only at very high
hydroxide concentrations, e.g., irr10 M NaOH357:8

The solubility and aqueous speciation of zirconium and
thorium in chloride solutions is of particular interest for the
storage of nuclear waste in underground salt mines, e.g., in
the Waste Isolation Pilot Plant in New Mexico or the Asse
salt mine in Germany. Because the corrosion of cementitious
waste forms can lead to alkaline CaGblutions, we study
the solubility of zirconium(1V) and thorium(lV) oxyhydrox-
ide precipitates, which may be called either hydrous oxide,
MO,-xH,0(s), or hydroxide, M(OHYs), as a function of pH

at different NaCl and Caglkoncentrations. Because of the
formation of solid calcium hydroxide or hydroxychlorides,
the pH range in 0.£4.5 M CaC} solutions is limited to
values below 12. Numerous solubility studies with 21O
xH,0(s), ThQ-xH,O(s), and the hydrous oxides of other
tetravalent actinides in NaENaOH, NaClQ—NaOH, LiOH,
KOH, or NaOH solutions up to pH 14 show no indication
of the formation of anionic hydroxide complexes M(Qf)
with n > 4 (cf. discussions in recent reviewd. The
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EXAFS Study of Aqueous 2Y and ThY Complexes

Contrary to these results, the solubilities measured in our Table 1. Summary of EXAFS Samples

extensive_ studies with zirconium_(IV) and thoriL_Jm(IV) hy- D sample description

drous oxides a_lt pH= 10-12 in CaC} soluthns are 7ra 8.3x 10 M ZrV in 0.5 M CaCh, pHo = 12.0

unexpectedly high.The Z#V and THY concentrations are Zr-b 1.5x 103M Zr"V in 1.0 M CaC}, pH, = 11.9

above 10° mol-L~* and hence sufficiently high to investigate %f-g é-gx igz m gr:z in 3-8 m gagt p:c = E-g
. . - r- 9x rVin 2. aCh, pH. = 12.

the saturated solutions by extended X-ray absorption fine Thee 43% 10-3M ThV in 4.5 M CaCh, pHe = 12.2

structure (EXAFS) spectroscopy. The stoichiometries of the

dominant agueous complexes can also be derived from thetype ROSS, Orion) calibrated against CaSlandard solutions
dependencies of the solubility data on pH and GaCl containing 0.0040.1 M HCI. Details are given in a previous paper
concentration. Possible structures of these complexes ardor analogous pH measurements in NaCl and Mg&@lutionst®
derived and compared with previous EXAFS data for 2.2. EXAFS MeasurementsLiquid samples prepared for the
the aqua ion TH(aq), crystalline oxides Zrgcr) and EXAFS measurements are taken from the Ga6lutions saturated
ThO,(cr), and polymeric/colloidal oxyhydroxide species of Wwith ZrOx:xH;0(s) or Th@-xH,O(s). Filtered aliquots are filled in
ZrV and THY.4¢-13 The present paper is primarily focused 2 n_1L po!yethylene vials. A summary of the investigated samples
on the results and discussion of our EXAFS measurements S listed in Table 1.

with hydrous oxides of 2¥, ThY, and P¥ in dilute to ResearcH at the Angstimquelle Karlsruhe (ANKA), Forschungs-

concentrated Caglsolutions (and for comparison also in zentrum Karlsruhe, Karlsruhe, Germany, with the storage ring

. . . . operating at 2.5 GeV and electron currents ranging from 180 to
NaCl an_d Ca(Cl@, solutions) wil be publ|shed |_n a 100 mA. The X-ray double-crystal monochromator is equipped with
forthcoming papef. Part of our solubility data is briefly

. a pair of Ge(422) crystals (2= 2.304 A). Suppression of higher
discussed as background to the EXAFS study. harmonics is achieved by the rhodium-coated mirrors in the INE-

Beamline optics. Constant incoming intensity in each scan is
achieved by detuning the second crystal from the parallel alignment
2.1. Solubility Studies.Solid precipitates of Zr@xH,O(s) and to 60% maximum beam intensity using a MOSTAB piezoactuator,
ThO,xH,0(s) are prepared by the slow addition of 0.1 M NaOH equipped with a feedback control loop to keep the intensity in the
(carbonate-free, Baker) to approximate 0.02 M solutions of first ionization chamber constant. Spectra are recorded in fluores-
Th(NOs)s-6H,0 (Merck) and ZrOGkxH,O (Aldrich). The precipi- cenpe_ mode by reg_lsterlng the Zilkz or Th Loy » quore_scence
tates are washed several times with water and stored for about 2adiation at approximately 15.7 or 12.9 keV, respectively, as a
weeks. The TH precipitate is X-ray amorphous, while the powder function of the incident photon energy using a S-pixel energy-
diffraction pattern of the 2Y precipitate shows the most intense dlspgr3|ve solid-state germanium detector (Canberra LEGe). Five
peaks of monoclinic Zrglcr) as weak broad bands. Appropriate (© €ight spectra are recorded and averaged for each sample to
amounts of the zirconium(IV) or thorium(IV) hydrous oxides are MProve the signal-to-noise ratio. The spectrum of a zirconium foil
suspended in 1650 mL of the matrix solution (see below) and is recorded simultaneously for energy calibration, setting the first
equilibrated for 14-198 days in polyethylene vials. The experiments derivative in its XANES to 17.998 keV.
are performed at 22 2 °C in an argon glovebox. EXAFS data analysis is based on standard least-square-fitting
The matrix solutions for the different series of solubility —technique¥ using the UWXAFS suite of program$ Within the
experiments in 0.1, 0.2, 0.5, 1.0, 2.0, and 4.5 M Ga@é prepared autobk program, the atomic backgroung(E) is optimized with

with CaCh-2H,0 (p.a., Merck) and ultrapure water purged with "€SPect to spurious contributiohs in tHé-weighted Fourier-
argon. Matrix solutions at maximum pH are obtained by equilibra- transformed data below 1 A, which corresponds to about half of

tion with solid Ca(OH) (p.a., Merck) for about 1 week and the nearest-neighbor distance. The maximum of the most intense
subsequent ultrafiltration. In 4.5 M CaClthe solid calcium absorption feature, the so-called white line, is set to the ionization
hydroxide transforms into calcium hydroxychlorides,@H):Cl,* energy Eo, which serves as the origin for generatingalues. The
13H,0(cr) and/or C&OH),Cl,-H,0(cr)* within a few days. The EXAFS functl_ons,x_(k), are k_3-we|ghted and I_:ourler-transformed
zirconium and thorium concentrations are determined after 10 kD USing & Hanning window witiAk = 0.2 At sills. In the case of

(ca. 1.5 nm) ultrafiltration or ultracentrifugation (Beckman XL- the zirconium spectra, & range of 2.4-13.5 At is Fourier-

90; mean relative centrifugal force approximately 5x 10°g) by transformed; & range of 2.7-14 A"t is used for the thorium
ICP-MS (ELAN 6100, Perkin-Elmer). The molarttoncentrations sample. Fitting of the metric parameters, coordination numigrs

(—log [H*] = pH.) are determined with combined pH electrodes distances to the neighboring atoiRs and mean-square displace-
ments or DebyeWaller factorsoi?, is performed inR space over

(8) Adair, J. H.; Denkewicz, R. P.; Arriagada, F. J.; Osseo-Assare, K. & range Of_ 1.+3.4 A for the zirconium data anO_' 8.9 A for
Ceram. Trans1987 1, 135-145. thorium using the FEFFIT program. Backscattering amplitude and

(9) Moll, H.; Denecke, M. A.; Jalilehvand, F.; SandstroM.; Grenthe, phase shift functions are calculated with help of the FEFF8.2
I. Inorg. Chem.1999 38, 1795-1799.

(10) Rothe, J.; Denecke, M. A.; Neck, V.; Mer, R.; Kim, J. . Inorg.

2. Experimental Section

Chem.2002 41, 249-258. (15) Altmaier, M.; Metz, V.; Neck, V.; Mler, R.; Fangfiael, Th.Geochim.
(11) Cho, H. R.; Walther, C.; Rothe, J.; Neck, V.; Denecke, M. A; Cosmochim. Act2003 67, 3595-3601.
Dardenne, K.; Fandimel, Th.Anal. Bioanal. Chem2005 383 28— (16) Denecke, M. A.; Rothe, J.; Dardenne, K.; Blank, H.; HormeBhys.
40. Scr.2005 T115 1001-1003.
(12) Walther, C.; Rothe, J.; Fuss, M.; &wner, S.; Koltsov, S.; Bergmann,  (17) Bearden, J. A,; Burr, A. FRev. Mod. Phys.1967, 39, 125-142.
T. Anal. Bioanal. Chem2007, 388 409-431. (18) Koningsberger, D. C.; Prins, RX-ray Absorption: Principles
(13) Hagfeldt, C.; Kessler, V.; PerssonPalton Trans.2004 14, 2142- Applications Techniques of EXAESEXAFS and XANESohn Wiley
2151. & Sons: New York, 1988.
(14) Harvie, C. F.; Mgller, N.; Weare, J. Keeochim. Cosmochim. Acta (19) Stern, E. A.; Newville, M.; Ravel, B.; Yacoby, Y.; Haskel, Physica
1984 48, 723-751. B 1995 208-209, 117-120.
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Figure 1. Solubility of ZrOxH2O(s) in NaClQ, NaCl, and CaGl Figure 2. Solubility of ThOyxH20(s) in NaClQ, NaCl, and CagGl
solutions at 26-25 °C. The solid lines calculated for alkaline Ca€blutions solutions at 1725 °C. The experimental data in NaGj@nd NaCl media

are based on lo°s6-3 = 0.7 & 0.3; the SIT is used for ionic strength  5nd the corresponding calculation are taken from ref 4 and references cited
corrections. Dashed lines represent upper and lower limits. Shadowed grayinereinz3-28 The solid lines calculated for alkaline Ca@blutions are based

areas are regions of constant zirconium concentration. on logK°®sg 4 = 1.8 + 0.5; the SIT is used for ionic strength corrections.
Dashed lines represent upper and lower limits. Shadowed gray areas indicate

progran?® The amplitude reduction facto&?2* is held constant regions of constant thorium concentration.

at unity in all fits. Shifts of the ionization potentialE,, are allowed o . .

to vary independently for each shell, as suggested in the FEFFIT ClO4™ anion is generally considered noncomplexing, but the

ducomentation2 zirconium concentrations measured after 14 and 27 days in
0.2 and 1.0 M Ca(Clg),® are close to the solubilities
3. Results and Discussion observed in 0.2 and 1.0 M CaCl

3.1. Solubility of Zirconium(lV) Hydrous Oxide. Figure 3'2'_ _Solublhty of Thorium(IV) Hydrpus Oxide. The
1 shows solubility data measured with zirconium(lV) hydrous solubility of thor_lum(l_\/) hydrous oxide in 0'.&0‘5 M NaCl
oxide in 1.0 M NaCI@ and in 0.5 and 1.0 M NaCl over or NaClg SOIUt'C_mS IS shown as Crosses in Figure 2. Th_e
the entire pH range studied. The differences between '[hecalCljl"’lted solubility and uncer.tglnty range for the experi-
curves are typical for differences in the degree of crystallinity meAntaI data u_nder these conditions is taken from Neck et
or particle size due to somewhat different preparation and al.;* the experimental data are taken from the same paper

aging conditions. These effects are usually larger than the @nd the references cited theré#z® In neutral and alkaline
differences due to the different ionic media and ionic Selution (PR = 6—14), the solubility remains constant at

strengths in these studies. In the range $+8—13 in NaCl log [Th] = —8.5 = 0_'6' The expenmenta_\l data in 0.2 M
or NaClQ, media, the zirconium concentration is at a constant CaCl and t_hose ‘r?lt higher Ca@oncentranon_s and ph
level. The scatter of the data at these low concentra‘tionsl_1 fall also into t_h's range. However, the thor_|um concentra-
arises from analytical difficulties, insufficient separation of tions measured in 0.5, 1.0, 2.0, and 4.5 M GaG the range
colloidal species, and/or sorption effects during phase

pH. = 11-12 show a steep increase and a systematic
separation. At pH> 13, the solubility curves (log [Z1] vs dependence on the CaCbncentration. Because the thorium
pH:) show a distinct increase with a slope of 2 due to the

concentrations measured after a few days are not markedly
formation of the complex Zr(OHJ~.2 In a CaC} solution,

different from those measured after8 months, the initial
this solubility increase with slope 2 is more pronounced and Th(OH)(am) is the solubility-controlling solid phase in these
already observed at significantly lower pMalues in the

experiments. (The occurrence of a solid transformation would

range 16-12. The solubility in 0.5 and 1.0 M NaCl/NaOH cause a decrease in solubility with time.) Accordingly, the
solutions is not markedly different from that in 1.0 M observed dependence on qlope 4 for log [Th] vs pl)

NaClOy/NaOH but orders of magnitude lower than those in in_dica_tes the fo_rmation of_a Fhorium(IV) hydroxide complex
CaCl solutions with similar chloride concentrations. This with eight OH" ligands. This is an unexpected result because

indicates that the solubility increase is not caused by complexlt_rt]ﬁ. ava|la(l:j)ltta ;jata Itnha} NaCl e}nd l;l}a((j;l@ql(;;tmn la?d n
formation with chloride ions but by strong interaction with Ithium and tetramethylammonium hydroxide solutions up
Cat as a re_sult of enh_er ion association or 10N-pair 53y pyan 3. L.; Rai, Dinorg. Chem.1987, 26, 4140-4142.

formation. This assumption is further corroborated by (24) Nabivanets, B. I.; Kudritskaya, L. NUkr. Khim. Zh.1964 30, 891—

additional solubility experiments in perchlorate media. The (25) Moon, H. C.Bull. Korean Chem. Sod989 10, 270-272.

(26) Felmy, A. R.; Rai, D.; Mason, M. Radiochim. Actd 991, 55, 177—

(20) Ankudinov, A. L.; Ravel, B.; Rehr, J. J.; Conradson, SPhys. Re. 185.

B 1998 58, 7565-7576. (27) Gsthols, E.; Bruno, J.; Grenthe, Geochim. Cosmochim. Acféd94
(21) Lee, P. A;; Citrin, P. H.; Eisenberger, P.; Kincaid, B. Riv. Mod. 58, 613-623.

Phys.1981, 53, 769-806. (28) Rai, D.; Moore, D. A.; Oakes, C. S.; Yui, NRadiochim. Act200Q
(22) Newville, M. FEFFIT Documentatiopavailable online. 88, 297—306.
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Table 2. lon Interaction (SIT) Coefficients;;, Used

i j € (kg'mol )
H* cl- 0.12+ 0.0
Na* cl- 0.03+ 0.0
ca* cl- 0.14+ 0.0
OH- Na* 0.04+ 0.02
OH- ca* —0.45+ 0.03
Zr(OH)2 Na* 0.04+ 0.08
Ca[Zr(OH)e]** cl- 0.48+0.12
Ca[Th(OH)g]** cl- ~0.01+ 0.10°

aNEA-TDB.2 b Present work (see text) Derived from logyon- in 0—5

M CaClk (based on the widely accepted set of Pitzer parameters reported .

by Harvie et al4).

to pH 14 show no solubility increase at high pH; no
indication for the formation of anionic thorium(IV) hydroxide
complexes with five or six OH ligands is observetf We
conclude, as in the case of'Zrthat the complex formed in
an alkaline CaGl solution must also be stabilized by
interaction with C&" ions. The thorium concentrations

measured after 14 and 27 days in selected samples in 2.0 M

Ca(ClQy),® are also comparable to those in 2.0 M CaCl
Note that the highest Thconcentration at pkH= 12.2 in
4.5 M CaC} (this sample is prepared particularly for EXAFS
analysis) is measured after only 1 day of equilibration
because the matrix solution is metastable at this high pH
Within the time of investigation, calcium hydroxychloride
does not precipitate in this sample. The matrix solution is
prepared by equilibration of 4.5 M CaGhkith Ca(OH})(cr)
for 2 h. The solid Ca(OHjcr) is removed before it starts
to transform into less soluble calcium hydroxychloride
(Cay(OH)6Clo*13H,0(cr) and/or CgOH).Cl,*H,O(cr)), which
would lead to a lower pklvalue. At pH = 11.8 (in a matrix
solution equilibrated for about 1 week), the solubility of
ThO,-xH,O(s) is about 1.6 log units lower than that atpH
12.2. This is a thorium concentration that is not sufficient
for EXAFS measurement. The'ttoncentrations measured
in 0.1-4.5 M CacC} solutions in equilibrium with Ca(OH)

with log K°s¢ = —5.5 + 0.2 ande(Zr(OH)s>",Nat) = 0.04

+ 0.08 kgmol™. The concentration of the complex Zr(QH)

in 0.5 M NaCl ( = mg = 0.5 motkg™?) is about 4 orders

of magnitude lower than the zirconium concentrations at the
same pHvalue in 0.2 M CaClwith similar ionic strength
and chloride concentratiod & 0.6 motkg™; mq = 0.4
mol-kg~1). Such a large difference at relatively low ionic
strength cannot be explained by differences in the interaction
parameters(Zr(OH)s>~,Na") and ¢(Zr(OH)s*>~,Ca&*). The
experimental data can only be described by equilibria
involving C&" ions and the formation of ternary complexes
Ca|[Zr(OH)e]>2. An attempt to describe the experimental
solubility data with the assumption that one*C#n (n =

1) is coordinated to [Zr(OH)?~ fails. When we assume

= 2 to describe the data, the solubility data in 2.0 M GaCl
must be excluded to obtain a reasonable fit. The calculation
for n = 3 (in agreement witiNc, = 3 determined by EXAFS;

cf. section 3.4)

Zr(OH),(s) + 20H™ + 3C&" — CaZr(OH)g*"

yields logK®°s -3 = 0.7 4= 0.3 ande(Ca[Zr(OH)g]*",CI") =
0.48 + 0.12 kgmol™* and describes all experimental
solubility data in 0.1, 0.2, 0.5, 1.0, and 2.0 M CaCl
reasonably well (solid lines in Figure 1; the data in 0.1 and
1.0 M CaC} are omitted for clarity).

Similarly, the solubility data for thorium(IV) hydrous oxide
is well described if the number of €aions associated with
[Th(OH)g]* is assumed to be 4 or 5. Because the formation
of a complex CgTh(OH)g]®" seems unrealistic for reasons
of symmetry and high charge, the value b,
determined by EXAFS (cf. section 3.5) is adopted. The
increase of the solubility in alkaline CaColutions is then
described by the reaction

Th(OH),(am)+ 40H + 4C&" < Ca,[Th(OH)g*"

(cr) agree well with the values calculated for these conditions With 10g K° g4 = 1.8+ 0.5 ande(Ca[Th(OH)g]**,CI") =
using the widely accepted thermodynamic data and param-—0.01 £ 0.10 kgmol™'. We emphasize that these values

eters reported by Harvie et Hl.
3.3. Thermodynamic Model for the Solubility of Zr'v
and Th" in Alkaline CaCl, Solutions. The following

for the thorium complex, in particular the interaction
coefficient, depend strongly on the data in 4.5 M GaiG.,
atl = 15.8 motkg™, which is far above the validity range

section gives a brief summary of the thermodynamic model of SIT. The calculated thorium concentrations are shown as

for the solubility of Z# and THY in alkaline solutions. In
order to obtain standard-state equilibrium constahts 0,
25 °C), the specific ion interaction theory (SIT) recom-
mended in the NEA-TDB revieWs8is used for ionic strength
corrections. The SIT describes activity coefficientsof
aqueous speciédy a Debye-Huckel term D = 0.509,%%
(1+ 1.5,%?) at 25°C, wherel, is the molal ionic strength]
and specific interaction coefficientg for pairs of oppositely

solid lines in Figure 2. Further solubility data and a more
detailed discussion of the thermodynamic model will be
published elsewher®e.

3.4. EXAFS Study of ZrV in Alkaline CacCl, Solutions.
The k-weighted EXAFSy(K) functions of the zirconium
samples and their corresponding Fourier transforms (FTs)
are shown in Figure 3. The FT spectra exhibit a strong first
peak at around 1.7 A, corresponding to a phase-corrected

charged ions. The SIT coefficients used in the present studyValue of approximately 2.2 A, which originates from the first

are listed in Table 2.

The solubility data at pkH> 13 in 1.0 M NaClQ—NaOH,
in 0.5, 1.0, and 3.0 M NaGiNaOH, and in pure 0:510 M
NaOH can be described by the dissolution reaction

Zr(OH),(s) + 20H™ = Zr(OH),*~

oxygen coordination shell surrounding the absorbinty Zr
atoms. All four FT spectra show a second-shell contribution
at around 2.9 A, corresponding to a 3.4 A phase-corrected
distance. The pronounced second backscattering shell is also
evident in they(K) functions, which appears as the superposi-
tion of two dampened sinusoidal waves. The higher fre-
quency contribution is clearly visible fror= 7 A~ upward.

Inorganic Chemistry, Vol. 46, No. 16, 2007 6807
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Figure 3. k3-weightedy(k) Zr K-EXAFS of ZrV in alkaline CaCJ solutions
(left panel) and corresponding FT magnitude spectra (right panel). See Table
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Table 3. Metrical Parameters Extracted by Least-Squares Fit Analysis
of the Zirconium Samples EXAFS Spectra Shown in Figure 4

ID shell R(A) N 02 (A?) AE(eV)  Rfactor
Zra O 2.21(2) 6.8(8) 0.008(1) —8.5(2.8) 0.017
Ca 3.39(1) 2.6(4) 0.002(1) 6.4(1.4)

Zrb O 2.22(1) 7.2(9) 0.008(1) —8.5(3.0)  0.027
Ca 3.37(1) 2.4(5) 0.002(1) 5.1(1.9)

Zrc O 2.20(1) 6.5(6) 0.007(1) -85(3.0) 0.016
Ca 3.39(1) 2.7(4) 0.003(1) 6.2(1.3)

Zrd O 2.18(2) 5.8(9) 0.005(1) —10.6(4.1)  0.036
Ca 3.38(1) 3.1(8) 0.004(2) 5.3(2.1)

aTheR factor describes the overall goodness of fit, whicl4slivided
by the degrees of freedom. A value that equals 0.03 means that theory and
data agree within 3%.

single oxygen shell of 5:87.2 atoms at 2.182.22 A. Taking

into account the approximate 20% uncertainty in EXAFS
analysis for coordination numbers, these values are inter-
preted to reflect the presence of six OHgands. The H
atoms are not detected by EXAFS because of their low
backscattering ability. The Debyd&Valler factor values
(0.005-0.008 A&) indicate variation in the ZrO distances.
Attempts to apply a model of two separate oxygen shells do
not improve the fit results.

Evaluation of the second-shell feature deserves more
detailed discussion. A second shell attributed to azr
distance in polynuclear zirconium(lV) hydroxide complexes
present in acidic aqueous 'Zrsolutions is reported in our
previous study by Cho et &t.In that investigation, refer-
ence spectra of solid monoclinic Zg@r) and an aqueous
sample containing microcrystalline ZyQH,O colloids,
ZrOy(coll,aq), whose structure is described to consist of
tetrameric [Z§(OH)g(H20)16]8" units, are presented. The
spectra are reproduced in Figure 4. Further samples that we
can consider as references with-Zr distances are reported
by Hagfeldt et al. withR,,—z, = 3.588(2) A in the solvated
tetrameric [Z5(OH)g(H20)1¢]®" aqueous complék and by
Walther et al. withRz,—z > 3.7 A in a series of 1.5 1073
M Zr"V in hydrochloric acid at 0< pH, < 1.2} The FT
magnitudes of reference EXAFS spectra exhibit two main
FT peaks, similar to the spectra of samples Zr-a through Zr-d
shown in Figure 3. However, the second FT shell in the
reference FT spectra is shifted to longer interatomic distances,
and the imaginary part of their FT differs from those of our
Zr'V in alkaline Cad] solutions. This difference in the
imaginary part indicates that the second FT peak is associated
with different photoelectron phase shifts, i.e., with different
atom types in these two systems. The FT imaginary part of
the first FT peak is similar in all spectra shown in Figure 3,
including reference spectra, because this peak is associated
with oxygen backscattering atoms in all cases. The FT
imaginary part of the second shell peaks at the RwA
flank of the FT magnitude maximum in our alkaline Ca€l
Zr'V solution spectra. The FT imaginary part of the second
FT peak for the two reference spectra shows a different
pattern, showing that it is associated with backscattering

Fits to the FT spectra and their corresponding back- atoms of different types. It is therefore not surprising that

transformedy(k) functions are depicted in Figure 4. Metrical

all attempts to fit the solution data in Figure 3 using a model

parameters obtained in the fits are summarized in Table 3.of zirconium as the backscattering atom type for the second
The first-shell contribution in all samples is modeled by a coordination shell do not lead to reliable fit results; either
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coordination numbers become negative or, wheis held 12 8
constant in the fit routine, distances obtained are too small s— 8
to make any physical sense. Therefore, we can rule out with <. 4
confidence the presence of polynulcear colloidal hydrolysis =
species. This is in accordance with the solubility data as a=>
function of the total metal concentration. No change in the
solubility curve slope (log [Zr] vs pk is observed with 2 4 6 8

increasing calcium concentration. This is in contrast to what k[A] R-A [A]

one would expect from the associated shift in the polynuclear Figure 5. k3-weightedy(k) Th L3-EXAFS of 3x 103M ThV in 4.5 M
species equilibrium concentration. The curves are simply CaCk at pH = 12.2 (left panel) and corresponding FT magnitude spectra
shifted to higher values with increasing calcium concentra- (right panel).

tion, while retaining their slope of 2. This means that the
dominant solution species is a distinct mononuclear complex;
no polynuclear hydrolysis species or polymeric species with

Th-e

AN

10 12 14 1 2 3 4

IS

FT k% (K)

AN A
VY

o

bridging Ca or Zr atoms are present. Fits assuming Cl atoms 4

as backscattering atoms in the second shell are also attempted A ﬁ A ﬁT:injf)
without success. There are no chloride ligands present in e 7 Y ;Lj XZ VW
the zirconium complexes. o = 4 '

We can successfully model the second coordination spheref; SR T“OZ“;;;& i ﬁ Mﬂ
for sample Zr-a through Zr-d spectra using solely Ca as 0 'AV V? V.v %f i A
backscattering atoms. Fits using Ca atoms yield distances 4 ‘ WW

4

of 3.37-3.39 A and coordination numbers of 2:3.1, i.e.,
three Ca atoms considering the fit accuracy and rounding to

AﬂﬁﬂﬁX@

o

bbhorobbopro b o s bbosro

. A V VAV AY
the next integer. The Debya&Naller factors of the second 4 U U /

shell are small (0.0020.004 A) compared to values of 2 4 6 8 10 12 14
0.005-0.012 & associated with ZtZr distances reported k[A"]

for colloidal zirconium(IV) hydroxide speci€d.This is an Figl:(re 6. fFit redSléltS ir(lR ﬁpace (Il)eftf r@%lg)aandl for the I?(OrIrESpOInd:ng
sl ~at _ . ; ack-transformed data (right panel) of t mple in an alkaline Cag
mdlc_atlon that V_Ve” defined _SpeCIeS _are presen_t, as Opp(_)sectolution. Data are depicted as solid lines and fit curves as open circles.
to mixtures of different species. We interpret this as the first analysis of a microcrystalline ThexH,0(s) sample and crystalline
indication of C&" ions being bound to edges of the zirconium anhydrous Thelcr) in ref 10 and TA" in an acidic agueous solution
coordination polyhedron because this coordination mode is Présented in ref 9 is shown for comparison.

more rigid and would therefore likely have a small EXAFS r(Ti*:No=6) = 0.61 A andr(Zr**;No=6) = 0.72 A% we

Debye-Waller facltor.. . would expectRz—_on = 2.07 A for a rutile-like structure.
The number of ligating hydroxyligroups derived both from  Thjs is more than 0.1 A shorter than the obserRedon =
the pH dependence of the solubility (slope 2 for log {£r] ~ 2.20+ 0.02 A and indicates that our complex might have a

vs pH) and from EXAFS analysis for the aqueous ternary coordination number dflo = 7—8; i.e., the complex might
Ca—Zr'V—OH complex is six; the number of calcium ions  include one or two KD ligands.

associated with the complex is determined from the EXAFS 3.5 EXAFS Study of THY in Alkaline CaCl, Solutions.
analysis to be three. In our development of a structural modelThe I3-weighted EXAFSy(K) function sample Th-e and its
for the Ca[Zr(OH)e]** solution complex, we first assume  corresponding FT are shown in Figure 5. The FT spectrum
an octahedral geometry for the 6-fold-coordinatet Zon. is dominated by a strong first oxygen shell contribution at
This is the expected geometry based on the minimization of 1 g A [phase-correcte®(O) ~ 2.5 A] and a second-shell
ligand repulsion forces. We further assume that th& @ms contribution at around 3.7 A~4 A phase corrected). A
are bound to the edges of the octahedron. We stress hergyalitative comparison of this FT spectrum with that for the
that we are describing an idealized structure and distortion Th*+(aq) iorf91° clearly shows the presence of a different
from this idealized representation presumably occurs. If we species in our solution. The magnitude of the sample Th-e
calculate the ZrO—Ca bond angle in the GZr(OH)e]** second shell is significantly greater than those reported for
complex using the ZrO and Zr-Ca interatomic distances  mjcrocrystalline Th@xH,O(s) and polynuclear thorium(1V)
obtained from EXAFS analysisRf—on = 2.20+ 0.02 A hydroxide colloids in an acidic NaCl solution but lower than
andRz—ca= 3.38+ 0.02 A), we obtain 100 This angle is  that for crystalline anhydrous Th(ar) 10

the same as that for the chains of edge'“nked octahedra F|tS to the experimenta' FT Spectrum and the Correspond_
present in the rutile structuf@However, the Z+0O distance ing back-transformeg (k) function are shown in Figure 6.

in the complex is longer than one would expect for a rutile- petrical parameters obtained in theoretical fits to the data
like structured complex. Using the FO distance in the  gre listed in Table 4. The first FT peak is well fit by a single
TiO(cr) rutile structure Rri-o = 1.96 A) and taking into  oxygen shell. The coordination number of 8&6L.2 oxygen
account the differing cation radii of Ti and Zf* ions,  atoms at 2.47 A is consistent with a model of eight OH

(29) Gonschorek, WZ. Kristallogr. 1982 160, 187—203. (30) Shannon, R. DActa Crystallogr., Sect. A976 32, 751-767.
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Table 4. Metrical Parameters Extracted by Least-Squares Fit Analysis complex is most likely distorted. Taking into account the

of the Thorium Sample (Th-e) EXAFS Spectrum in Figure 6 uncertainty inNo = 8.6+ 1.2 and the fact that the observed

ID  shell R(A) N 0?(R?)  AE(eV) Rfactor distanceRr,—o = 2.47 & 0.03 is about 0.05 A longer than

Th-e O  247(3) 86(12) 0.007(1) 4.03.0) 0019 thatin ThQ(cr) but close to the that of 10-fold-coordinated
Ca 3.98(2) 3.8(5) 0.005(1) 12.0(2.4) Thét+ aquo ion§ (RTh—o =245+ 0.01 A) and Th(C@56_

) - ~ solution speci€®3 (Ri_o = 2.50 4+ 0.02 A), we cannot
ligands expected from the observed solubility dependenciesgyc|ude that our complex has a coordination numbeX®f
on pH and CaGlconcentration. Similar to 2t in alkaline = 9-10, with one or two additional ¥ ligands.

CaClb solution samples, the second-shell contribution is

clearly different from the previously reported experimental 4. Concluding Remarks

data of microcrystalline Th@xH,O(s), crystalline anhydrous

i ifi vV _
ThOy(cr), and TH' in 1.5 M HCIO*®*°and is well modeled We have identified a new type of ternary €™ ~OH

. . . complex, where anionic metal(lV) hydroxide complexes are
with calcium as the backscattering atom. Good agreementy ;7o g by the association/ion-pair formation with?Ca

between the data and model is optamed Wigh = 3.8, €., ions, and characterized them by EXAFS. The complex
four Ca atoms in the second coordination sphere, at a d'StanC%toichiometries of GfZr(OH)g** and Ca[Th(OH)g]** ob-

ofs.t98 A ina thori backscatteri ¢ | tained by EXAFS are consistent with the observed depend-
IS assuming thorium as backscatlering atoms areé alsoqog of 7z and TH' solubiliies on pH and Cagl

;r:)nerfonrir:efd Iars a citrossr-ch(te)?ki,nblét r:/?;thelr St?r? Izrgorrshé/s:c?hl Iyconcentration. The only types of similar complexes reported
€aningiul results are obtained. Ve aso tned 1o model €y, e jiterature are ternary CaYU-CO; complexes,

second-shell EXAFS using chloride ions, again without Ca[UO{COy)3J?~ and CalUO,(COy):]° which have been

obtaining meaningful results. We can saf_ely _exclude the studied in NaCl@and NaHC@ solutions containing 16—
presence of any polynuclear hydrolysis species, in accordancel(r2 M Ca2+ mainly by time-resolved laser-induced fluo-

with solubility data, as well as the presence of any coordinat- rescence spectroscapy?” but also by EXAFSS3Possibly,

mgTrc]:hIondeéc_)nst.- b d interatomic dist the stabilization of anionic hydroxide and carbonate com-
d rived(i‘?or:] Itnha |c|)5r;(::én ﬁrsl a;nf rmtr?ra om|cOH |34:imces plexes by C#&" ions is a more general phenomenon that
erived 1ro c analysis for the £BN(OH)| deserves further investigation. The presence of such species

leplrext m?;]catte ;h?:l th% ciirdln?rtlors ?f t?r;s Cromtpllﬁ)r(n 'S can have a significant impact on the solubility and aqueous
simiiar 1o _that ot the Tuorite  structure crystatiine speciation of actinide ions.

ThOx(cr). The distanceRm-—on = 2.47 + 0.03 A in our
aqueous complex is 0.05 A longer thRa,—o in ThOx(cr) IC070318T
(EXAFS102.41+ 0.02 A; XRD3! 2.42 A). However, the :
Rrhca= 3.98+ 0.02 A distance in CﬁTh(OH)g 4+ g equal (32) Felmy, A. R.; Rai, D.; Sterner, S. M.; Mason, M. J.; Hess, N. J.;

Conradson, S. DJ. Solution Chem1997, 26, 233-248.
to Rrn—th in ThOy(cr) (EXAFS20 3.98 + 0.02 A; XRD3! (33) Altmaier, M.; Neck, V.; Denecke, M. A.; Yin, R.; Fanghel, Th.

3.96 A). This observation is consistent with the similar ionic Radiochim. Act&2006 94, 495-500.
o ; 34) Bernhard, G.; Geipel, G.; Brendler, V.; Nitsche, Rdiochim. Act
radii of the C&" and TH* ions, r(Ca&";No=6) = 1.00 A 34) 1552 7a£ 87_91_e'pe rendier freche.adiochim. Acta

and I’(Th4+;No=8) = 1.05 A30 The |arge02 values for the (35) Bernhard, G.; Geipel, G.; Reich, T.; Brendler, V.; Amayri, S.; Nitsche,
_ . H. Radiochim. Act&2001, 89, 511-518.
Th—O shell suggest that the polyhedron of this aqueous (36) Kalmykov, S. N.. Choppin, G. RRadiochim. Acts200Q 88, 603~

606.
(31) Magini, M.; Cabrini, A.; Scibona, G.; Johansson, G.; Saridstid. (37) Kelly, S. D.; Kemner, K. M.; Brooks, S. GGeochim. Cosmochim.
Acta Chem. Scand. A976 30, 437—447. Acta 2007, 71, 821—-834.
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