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ABSTRACT

We have investigated chemical forms of molybdenum ion in nitric acid solution, using liquidphase X-ray absorption fine structure, ultraviolet-visible absorption spectroscopy and firstprinciples calculations, from a viewpoint of disposal of high-level radioactive nuclear liquid
wastes. The experimental and theoretical results indicated that Mo is a hexavalent ion and forms
a hexa-coordination binuclear-structured complex in the 2 M nitic acid solution. The
predominant chemical species of Mo complexes in the 2 M nitric acid solution (which is used for
HLLW) are assigned to be [Mo2O5(H2O)6]2+ and [Mo2O4(OH)(H2O)6]3+. These species may play
a crucial role of forming so-called yellow-phase in vitrified objects.
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1. Introduction
High-level radioactive liquid wastes (HLLW) in 2 M nitric acid solution, which are generated
in the reprocessing of spent nuclear fuels, have been vitrified by using a Joule-heating based
melter in Japan [1, 2]. Molybdenum (Mo), which is one of the major fission products of the spent
nuclear fuels, forms the compounds isolated in the vitrified object. These Mo compounds, so
called “yellow phase”, cause serious problems in the vitrification processes of HLLW: the
degradation of vitrified objects due to heterogenization [3]. To solve these issues, we have
proposed a process for efficient removal of Mo (as well as Platinum-group elements (Ruthenium,
Rhodium, Palladium) from HLLW prior to introducing into the glass melter, using metal
hexacyanoferrates (HCF) used as a sorbent [4-6]. In this process, chemical forms of Mo ion in
pure nitric acid solution are one of the important information for the clarification of sorption
mechanisms of Mo into HCF. In addition, this information will play a key role of designing a
high-performance sorbent for removal of Mo from HLLW.
Chemical forms of Mo ion in solution have been extensively studied in association with
polyoxomolybdates, which have drawn attention not only in the field of inorganic chemistry [79] but also in the industrial field [10,11]. In the previous studies, many chemical species of Mo
complexes in solution have been found. Especially, the predominant species such as [MoO4]2-,
[HMoO4]-, [Mo7O24]6-, [HMo7O24]5-, [H2Mo7O24]4-, and [Mo8O26]4- strongly depend on the ionic
strength, Mo concentration, and pH [7, 12-21]. However, there have been a few reports on Mo
complexes in strong acid solutions so far [7, 19]. In particular, a study for chemical forms of Mo
ion in pure nitric acid solution has been limited.

3

From the perspective of vitrification processing, the structural and thermodynamic properties
of the yellow phase in vitrified objects have been studied by X-ray absorption fine structure
(XAFS) [22-25] and isobaric heat capacity [26, 27] measurements. Since these works mainly
investigated the characteristics of Mo in the glass (solid phase), there has been little information
on chemical forms of Mo ion in nitric acid solution. Accordingly, it is important to clarify the
chemical forms for developing vitrification processes.
The aim of the present study is to clarify chemical forms of Mo ion in pure nitric acid
solution, using liquid-phase XAFS and UV-Vis spectroscopy in combination with first-principles
calculations.

2. Experimental methods.
Mo complexes in nitric acid solution and pure water were prepared by dissolving
Na2MoO4·2H2O (Wako, 99.0 %). UV-Vis absorption spectra of Mo complexes ( [Mo] = 210-2
M, [HNO3] = 0, 110-2, 110-1, 1 and 2 M) were recorded using JASCO UV-630 spectrometer.
Since the absorption of nitric acid itself in the UV region is very intense, these measurements
were performed using a cell with an optical path-length of 0.01 mm. The absorption signal form
the nitric acid was subtracted from the nitric acid solution in the same concentration as the
background. Mo K-edge XAFS spectra of the Mo complexes ( [Mo] = 110-1 M ) both in 2 M
nitric acid solution and in aqueous solution and of the reference materials such as MoO3 and
Na2MoO4·2H2O were measured in transmittance mode, using a synchrotron radiation (SR) light
source at AR-NW10A beam line of Photon Factory at the Institute of Materials Structure Science.
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3. Theoretical methods.
Geometry optimizations of Mo complexes were performed using the Gaussian09 [28] based
on DFT [29, 30]. The def2-TZVP basis set [31] was used for all atoms. In the case of Mo, innershell electrons were replaced with the effective core potential [32]. The exchange-correlation
potential was considered using the Coulomb-attenuating method (CAM-B3LYP) [33]. The
polarizable continuum model was employed to consider the solvent effects of water by using the
integral equation formalism variant (IEFPCM) [34]. The free-energy change (G) of the
condensation reactions was estimated by frequency calculations of the optimized structures at
298.15 K and 1 atm. Theoretical UV-Vis absorption spectra originating from the ligand to metal
charge transfer (LMCT) for the optimized structure of Mo complexes were obtained by TDDFT
method [35]. The basis set and exchange-correlation functional used were the same as for the
optimization calculations. The solvent effects of water were also considered in all TDDFT
calculations.
The K-edge X-ray absorption near edge structure (XANES) spectra and the corresponding
multiplet energy levels were calculated using the first-principles relativistic configuration
interaction (CI) method [36, 37]. In the present CI calculations, MoO42- and MoO64- model
clusters were employed as four and six coordinated Mo complex models, respectively. Fourcomponent relativistic molecular orbital (MO) spinors were obtained using relativistic DFT
calculations in which the four-component Dirac equation was solved directly [38]. The
relativistic formalism of the VWN exchange-correlation potential [39, 40] was considered. After
the one-electron relativistic DFT calculations, many-electron calculations were performed using
the relativistic MO spinors. The MOs mainly composed of Mo-1s, 4d, 5s and 5p orbitals were
explicitly treated as the active space of the CI calculations. Therefore, the active space of the CI
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calculations is composed of 2 electrons in 20 MO spinors, which correspond to the 190 Slater
determinants as the basis for CI calculations. The many-electron Dirac-Coulomb-Breit
Hamiltonian was employed throughout the present calculations. Details of the computational
procedures for the present CI method have been described in Ref. 37.

4. Results and discussion
The thermodynamic stability of individual Mo complexes has been reported comprehensively
by Duarte et al [41], and the synthesis path of [Mo8O26]4- full name (POMs) was well explained
by DFT calculations. However, when the actual HLLW is considered, it is necessary to calculate
the chemical species of Mo complexes under strongly acidic conditions. Therefore, we first
examined the thermodynamic stability of the four species, MoO3(H2O)3, [MoO2(OH)(H2O)3]+,
[Mo2O5(H2O)6]2+, [Mo2O4(OH)(H2O)6]3+, under strongly acidic conditions, which were reported
by Cruywagen [7]. As an initial Mo complex of the condensation reaction, we adopted [MoO4]2complex, which is easily considered to be formed by dissolving Na2MoO4 solid in the solution.
Figure 1 schematically illustrates the free energy diagram for individual condensation reactions
of the Mo complexes. The corresponding reaction formulas and the G values are listed in Table
1.
As shown in Fig. 1, the product of the mononuclear complexes in the condensation reactions
becomes stabilized as the reaction progresses [reactions (1) and (2)], whereas that of the
binuclear complex does slightly destabilized as the reaction progresses [reactions (3) and (4)].
Reaction (3), polynuclearization, strongly depends on the concentration of Mo ion, whereas
reaction (4) strongly depends on the pH of nitric acid solution [7]. Since it is difficult to
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reproduce these exact conditions using present theoretical calculations, it seems to influence the
G value. However, the G for reaction (3) and (4) was obtained to be small, 0.04 eV (3.77
kJ/mol) and 0.17 eV (16.06 kJ/mol), respectively. Since the actual HLLW is treated under strong
acid condition at ca. 80 °C, those reactions are expected to proceed easily under the actual
conditions. Hence, it can be concluded that the binuclear complexes, [Mo2O5(H2O)6]2+ and
[Mo2O4(OH)(H2O)6]3+, are thermodynamically stable in the actual HLLW.
Figure 2 shows the Mo K-edge XANES spectra for Mo complexes in 2 M nitric acid solution
(red) and in aqueous solution (blue) along with those of the reference materials such as
Mo(VI)O3 (green) and Na2Mo(IV)O4·2H2O (pink). Since the main absorption edges
corresponding to the 1s – 5p transitions (see arrow 1 in Fig. 2) for the XANES spectra of Mo
complexes in both aqueous and nitric acid solutions were observed at almost the same energy as
for Mo(VI)O3, Mo is a hexavalent ion in both the solutions. On the other hand, the pre-edge
peaks (see arrow 2 in Fig. 2) of Mo complexes in both aqueous and nitric acid solutions were
significantly different from each other, and the spectral shapes of Mo complexes in the aqueous
and nitric acid solutions were in good agreement with those of Na2Mo(IV)O4·2H2O and
Mo(VI)O3, respectively.
Why did the pre-edge peaks show the different behavior when compared to the main edge
ones? This is caused by the difference in their coordination environments. We next analyzed the
experimental XANES spectra of Fig. 2 by the first-principles CI calculations to reveal the reason
behind the difference. Figure 3 shows the theoretical Mo K-edge XANES spectra (top) and
multiplet energy levels with the corresponding transition components (bottom) for four- and sixcoordinated Mo complexes shown in inset. The four- and six-coordinated Mo complex models
were constructed from the crystalline structure of Na2MoO4·2H2O and MoO3, respectively. Each
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intense main-edge peak appearing around 20000 eV was found to originate mainly from the 1s5p transitions of Mo atom, and these have almost the same spectral shape as for both Mo
complexes. On the other hand, there is some significant difference in the spectral shape of the
pre-edge peak between the four- and six-coordinated Mo complex models. The pre-edge peaks
were both dominantly attributed to the 1s-4d transitions of Mo atom (though the 1s-5p transitions
are slightly mixed). In these transitions, the electric dipole transitions are inherently forbidden,
but those occur due to the 4d-5p hybridization. The magnitude of 4d-5p hybridization for the
four-coordinated Mo complex is greater than that for the six-coordinated one, because the 4d and
5p orbitals have the same symmetry (t2) for the former complex. In addition to the electric
quadrupole transitions to the Mo-4d orbitals, since the components of the electric dipole 1s-5p
transitions contribute more remarkably to the pre-edge peak for the four-coordinated complex,
the intensity of the pre-edge peak becomes strengthened compared to that for the six-coordinated
complex. Consequently, these factors cause the difference in the spectral shape of the pre-edge
peaks of Mo complexes in between aqueous and nitric acid solutions.
We next examined the fine structural information on Mo complexes in aqueous and nitric
acid solutions, using extended X-ray absorption fine structure (EXAFS) with consideration of the
phase correction. Figure 4 shows (a) the radial distribution functions (RDFs) of the Mo complex
in aqueous (blue) and 2 M nitric acid (red) solutions, Na2MoO4·2H2O (pink) and MoO3 (green)
which were obtained experimentally, and (b) the RDFs obtained using the FEFF [42, 43]
calculations of the [Mo2O5(H2O)6]2+ and [Mo2O4(OH)(H2O)6]3+ complex models. As shown in
Fig. 4 (a), the overall features of the RDFs for the Mo complex in aqueous (blue) and 2 M nitric
acid (red) solutions are basically in good agreement with those for the Na2Mo(IV)O4·2H2O
(pink) and Mo(VI)O3 (green), respectively. When the RDF of Mo complex is compared between
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in 2 M nitric acid solution (red) and in aqueous solution (blue), the scattering effects with the
first nearest-neighboring Mo atoms were observed in the range of 3.2–3.6 Å in the former
solution, whereas they were not observed in the latter one. On the other hand, the scattering
effects from the second nearest-neighboring Mo atoms were observed at ca. 5.2 Å for MoO3
(green), whereas they were not observed for Mo complex in 2 M nitric acid solution (red). This
suggests that Mo atom in 2 M nitric acid solution forms binuclear complexes and they separately
exist in the solution. In the case of Na2MoO4·2H2O, since each MoO4 is a relatively discrete unit
in the solid phase (the distance between adjacent Mo atoms is 4.42 Å), the RDFs between
[MoO4]2- units in aqueous solution (blue) were in a reasonable agreement with those for
Na2MoO4·2H2O solid phase (pink).
To understand the difference in the results of RDFs between aqueous and 2M nitric acid
solutions, we calculated the FEFF of RDFs for the [Mo2O5(H2O)6]2+ (top) and two
[Mo2O4(OH)(H2O)6]3+ complex models (I: middle, II: bottom) [Fig. 4 (b): each line represents
the oxygen and molybdenum components shown by the same corresponding color], and
schematically illustrated each model [Fig. 4(c)] that was optimized using DFT calculations. In
case of [Mo2O5(H2O)6]2+, two Mo atoms are in an equivalent environment with four types of
first-nearest neighboring oxygen atoms: one bridged between the two Mo atoms (O-Mo, red),
two terminal oxygens (O, black), and two types of oxygens for the H2O molecule (O-H21, 2,
green and blue). On the other hand, in case of [Mo2O4(OH)(H2O)6]3+ (model I and II), two Mo
atoms are in different environments. Model I has oxygen bridged between Mo atoms (O-Mo,
red), two terminal oxygens (O, black), and three types of oxygens for the H2O molecule (O-H21,
2, 3, green, blue and light blue), whereas model II has oxygen bridged between Mo atoms (O-Mo,
red), one terminal oxygen (O, black), two types of oxygens for the H2O molecule (O-H21, 2, blue
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and light blue), and one oxygen for OH (O-H, green). In addition to these oxygen species, the
scattering effects by the first-nearest neighboring Mo atoms were also taken into account (pink)
in all FEFF calculations. As shown in Fig. 4 (b), [Mo2O5(H2O)6]2+ and [Mo2O4(OH)(H2O)6]3+
complex models qualitatively reproduced the experimental RDF for the Mo complex in 2 M
nitric acid solution. The peak appearing in the range 1-2 Å [red in Fig. 4 (a)] is split and broad,
which are due to the difference in the first-nearest neighboring oxygen species, whereas the peak
observed in the range 3.2–3.6 Å was attributed to the scattering effects in between Mo atoms.
These results indicate that the Mo atoms in 2 M nitric acid solution form the hexa-coordination
binuclear complex.
We next examined UV-Vis absorption spectra of Mo complexes in aqueous and nitric acid
[0.01, 0.1, 1 and 2 M] solution, as shown in Fig. 5. It is noted that saturation of the absorption
spectra at wavelengths shorter than 250 nm for the Mo complex in 1 and 2 M nitric acid solution
is due to the strong absorption of nitric acid in the region. The absorption edge of the UV-Vis
spectra became shifted gradually to a longer wavelength with increasing the nitric acid
concentration from 0 to 2 M. This suggests that the predominant chemical species of the Mo
complex in solution were changed. Figure 6 shows the theoretical absorption spectra of [MoO4]2-,
[MoO2(OH)(H2O)3]+, [Mo2O5(H2O)6]2+, [Mo2O4(OH)(H2O)6]3+ models by using Time-dependent
DFT (TDDFT) method. The absorption edge of the Mo complexes was observed at a longer
wavelength as the condensation reaction progresses, which qualitatively explained the
dependence of the nitric acid concentration on the experimental spectra. As the concentration of
nitric acid increased, the chemical form of the Mo complex was changed from a tetracoordination structure to a hexa-coordination one, and finally formed a binuclear complex that
depends on the Mo concentration. This is consistent with the previous results [7].
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The present study found that the main component of Mo complex in nitric acid solution
strongly depends on the pH and Mo concentration, and the binuclear complex is formed in the
same environment as in HLLW. When we consider the proposed processes where Mo is
effectively removed from HLLW prior to being introduced into the glass melter by using metal
HCF used as a sorbent, the present findings leading to control the solution environment of the
Mo complex would be useful for an efficient removal of Mo from HLLW.

4. Conclusions
We have investigated the chemical form of Mo atom in nitric acid solution, using XAFS/UVVis spectroscopy and first-principles calculation methods. DFT calculations predicted that the
binuclear

complexes,

such

as

[Mo2O5(H2O)6]2+

and

[Mo2O4(OH)(H2O)6]3+,

are

thermodynamically stable in the HLLW environment (2 M nitric acid solution). Comparison
between XAFS/UV-Vis spectra and the first-principles relativistic CI and TDDFT calculated
results indicated that Mo atom in nitric acid solution is a hexavalent ion and forms a hexacoordinated binuclear structure, whereas a tetra-coordinated mononuclear structure in aqueous
solution. Judging from the experimental and theoretical results, it is reasonably concluded that
the

predominant

chemical

species

of

Mo

complex

are

[Mo2O5(H2O)6]2+

and

[Mo2O4(OH)(H2O)6]3+ in 2M nitric acid solution. These findings are important to develop the
vitrification processes for disposal of HLLW.
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Table 1. The free-energy change (G) of the condensation reactions for Mo complexes.
G (eV)

condensation reaction
(1) MoO42- + 2H3O+ → MoO3(H2O)3

-2.99

(2) MoO3(H2O)3 + H3O+ → MoO2(OH)(H2O)3+ + H2O

-1.21

(3) 2[MoO2(OH)(H2O)3+] → Mo2O5(H2O)62+ + H2O

0.04

(4) Mo2O5(H2O)62+ + H3O+ → Mo2O4(OH)(H2O)63+ + H2O

0.17
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Figure 1. Schematic energy diagram of the free-energy change (G) for the condensation
reaction of Mo complexes.
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Figure 2. Mo K-edge X-ray absorption near edge structure (XANES) spectra of Mo complexes in
aqueous (blue) and 2 M nitric acid (red) solution, along with those of Na2MoO4·2H2O (pink) and
MoO3 (green) as reference materials.
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Figure 3. Theoretical Mo K-edge XANES spectra and multiplet energy levels with the
corresponding transition components for four- and six-coordinated Mo complexes, which were
obtained by first-principles CI calculations. Models of the four- and six-coordinated Mo
complexes were constructed from the solid phase of Na2MoO4·2H2O and MoO3, respectively.
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Figure 4. (a) Radial distribution function of XAFS, obtained by extraction with EXAFS, for Mo
complex in aqueous solution, 2 M nitric acid solution, Na2MoO4·2H2O and MoO3, (b) the
calculated radial distribution function for [Mo2O5(H2O)6]2+ and [Mo2O4(OH)(H2O)6]3+ complex
models, using FEFF, where each line represents the oxygen and molybdenum components shown
by the same corresponding color, and (c) schematic illustration of each model structure.
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Figure 5. Evolution of experimental UV-Vis absorption spectra with respect to nitric acid
concentration for Mo complex.
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Figure 6. Theoretical UV-Vis absorption spectra of [MoO4]2-, [MoO2(OH)(H2O)3]+,
[Mo2O5(H2O)6]2+, [Mo2O4(OH)(H2O)6]3+ models by using TDDFT method.

24

