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Phase transformation of mixed lanthanide oxides in an aqueous solution
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Binary and ternary mixed lanthanide oxides including (La,Nd),0s, (La,Eu),0;, (Eu,Tm),0;, (La,Nd,Eu),0;, and
(La,Eu,Tm),0; were synthesized at 1000 °C for 4 h, followed by characterization using X-ray diffraction (XRD)
techniques before and after contact with an aqueous solution at neutral pH and 60 °C for 4 weeks. The XRD pat-
terns of the mixed oxides confirmed a tendency to form oxide or hydroxide solid solutions depending on their
mixing ratios. A complete solid solution of (La,Nd),0; underwent transformation to (La,Nd)(OH);, while the
separated La,O; + Nd,O; were converted to La(OH); + Nd(OH);. A similar trend was observed for (La,Eu),0;,
while (Eu,Tm),0; resulted in separate Eu(OH); and Tm,Os after contact with an aqueous solution because of the
resistance of Tm,0; to the hydration reaction. The formation of ternary oxide solid solutions and their transfor-
mation in an aqueous solution could be satisfactorily explained by the trends observed for binary mixed lan-

thanides.

1. Introduction

The thermodynamic properties of actinide and lanthanide
elements play important roles in the context of nuclear tech-
nology. In particular, lanthanide fission products are known to
accumulate in the nuclear fuel and exist as oxides that may
form a solid solution with a UO, matrix.!> For safe treatment
and subsequent disposal of spent nuclear fuel, the solubility of
such UO,-based oxide solid solutions is a key factor to reliably
predict the migration behavior of radionuclides under disposal
conditions. Although a number of studies have investigated
the structure, stability, and solubility behavior of these multi-
component solid phases, we focused on exploring the thermo-
dynamic properties of single-, binary-, and ternary-component
solid phases to better understand those of multi-component
solid phases. Since decay heat of the radioactive waste is
transferred to groundwater aquifers through surrounding engi-
neered and geological barrier systems in the repositories,™ the
present study investigated binary and ternary mixed lantha-
nide oxides of the (L;,L,),05 and (L;,L,,L;),0; type after aging
at an elevated temperature to define their structures and stabil-
ities in aqueous systems.

Numerous studies have been conducted that examined the
structure, stability, and solubility behavior of pure lanthanide
oxides, as described in comprehensive reviews of literature
data.>® Moreover, many reports detailed the synthetic meth-
ods for the preparation of binary mixed lanthanide oxides,
including their solid solutions, and investigated their struc-
tures for the development of functional materials.”'® The ionic
radius of lanthanides plays an important role in the formation
of mixed lanthanide oxides. Heiba et al. synthesized (Er;.,
Gd,),0; powder samples with various mixing proportions of
Gd and Er and confirmed the formation of complete solid solu-
tions for all mixing ratios.” On the other hand, Hirsch et al.
showed the formation of separated solid solutions for
Nd,0;:Lu,0; synthesized at 1350—1500 °C, namely, a Lu- and
Nd-dominated solid solution with a cubic (Lu,, Nd,O;) and
hexagonal (Nd,.,Lu,0s) structure, respectively.” In contrast to
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the abundant knowledge on the structures of synthetic mixed
lanthanide oxides, no studies have investigated their solid
phase transformation occurring upon contacting aqueous solu-
tions. For a comprehensive model of the radionuclide migra-
tion behavior during radioactive waste management, the
thermodynamic properties of lanthanides in aqueous systems
need to be clarified.™*

Recently, we’ve examined pure oxides of light, medium,
and heavy lanthanides (La,0;, Eu,0s, and Tm,0s) after being
in contact with aqueous sample solutions, and revealed that
La,0; was converted to La(OH); under neutral to alkaline pH
conditions at 25 °C." On the other hand, Eu,0; remained sta-
ble at 25 °C and underwent transformation to Eu(OH); only
after aging at 90 °C, while Tm,0O; was stable even after aging
at 90 °C." This study deals with binary and ternary mixed
lanthanide oxides before and after contact with an aqueous
solution. Since the solid phase transformation tendency upon
contacting aqueous solutions differs from lighter to heavier
lanthanides, binary [(La,Nd),0;, (La,Eu),0;, and (Eu,Tm),0;]
and ternary [(La,Nd,Eu),0; and (La,Eu,Tm),0;] systems were
selected and synthesized at various mixing ratios. The mixed
oxides were then immersed in an aqueous solution within the
neutral pH region at 60 °C for 4 weeks. The aging tempera-
ture of 60 °C was used as a moderate elevated temperature
condition in the repository due to the decay heat emission
from the radioactive waste.” The solid phases were examined
before and after immersion by powder X-ray diffraction
(XRD), and the phase transformation of mixed lanthanide
oxides was analyzed with the aid of the obtained lattice param-
eters.

2. Experimental

2.1 Materials. Reagent grade sodium perchlorate monohy-
drate (NaClO, H,0, 98%), nitric acid (HNO;, 60 %), perchlo-
ric acid (HCIO,, 60%), sodium hydroxide (NaOH, 97%), and
polyvinyl alcohol (PVA, 3,500, 78% hydrolyzed) were pur-
chased from Wako Pure Chem. HEPES (CgH;3sN,0,S, 99.0%,
Dojindo) was used to adjust the pH of the sample solutions to a
neutral pH region. Lanthanum oxide (La,0s, 99.99%), neo-
dymium oxide (Nd,0s, 99.9%), europium oxide (Eu,Os;,
99.9%), and thulium oxide (Tm,0s, 99.9%) were purchased
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from Wako Pure Chem. Deionized purified water (Milli-Q,
Millipore) was used to prepare all the solutions. The synthesis
of the solid phases and preparation of the sample solutions
were performed under atmospheric pressure at 25 °C. The pH,
values of the sample solutions were measured using a pH
meter (D-72, Horiba Ltd.) with a combined glass electrode
(9615-10D, Horiba Ltd.). The reference electrode was filled
with 3.6 M NaCl and 0.41 M NaClO, (Wako Pure Chem.)
instead of 3.3 M KCI to prevent precipitation of KCIO, at the
junction of the electrode and sample solutions. The electrode
was calibrated against standard HC10, and NaOH solutions
(pH. 1, 2, 3, 11, 12, and 13; Wako Pure Chem.) at /=0.1 M
using NaClO, at 25 °C to correct the experimentally measured
pH.,, to the pH, values.

2.2 Synthesis of binary and ternary mixed oxide. Three
types of binary mixed oxides, i.e., (La,Nd),0s, (La,Eu),0s, and
(Eu,Tm),0s;, and two types of ternary mixed oxides, i.e.,
(La,Nd,Eu),0; and (La,Eu,Tm),0;, were synthesized by using
a polymeric steric entrapment method.?**' An appropriate
amount of PVA was dissolved in Milli-Q water to obtain a 5
wt% PVA stock solution. Ln (Ln = La, Nd, Eu, and Tm)
nitrate stock solutions with a concentration of [Ln] = 0.3 M
were prepared by dissolving La,0;, Nd,0;, Eu,0;, or
Tm,0s(cr) in nitric acid. For the preparation of (La,Nd),0;,
aliquots of La and Nd stock solutions were mixed at molar
ratios of La:Nd = 1:9, 3.7, 4:6, 5:5, 7:3, and 9:1, and an equiva-
lent molar amount of PVA stock solution was then added to the
mixed Ln solutions. The resulting solutions were stirred for 1
h using a magnetic stirrer and heated at 200 °C for approxi-
mately 2 h. After drying, the solids were crushed in a mortar,
and further heated at 1000 °C for 4 h using a muffle furnace
(FO-100, Yamato Scientific Co.). Mixed oxides (La,Eu),04
and (Eu,Tm),0; were prepared in a similar manner. As refer-
ence, oxide mixtures including La,0;+Nd,0;, La,0;+Eu,0;,
and Eu,0;+Tm,0; were prepared without heating by mixing
each oxide at the same weight ratio and grinding for 10 min.

For the preparation of (La,Nd,Eu),0s, aliquots of La, Nd,
and Eu stock solutions were mixed at molar ratios of La:Nd:Eu
=4775:475:0.5, 4.5:4.5:1.0, and 3.5:3.5:3.0. An equivalent molar
amount of PVA stock solution was then added to the mixed
solutions, and the ternary mixed oxides were obtained using a
similar procedure as that used for the synthesis of binary
mixed oxides. For the preparation of (La,Eu,Tm),0;, the molar
ratios of La, Eu, and Tm stock solutions were 0.5:4.75:4.75,
1.0:4.5:4:5, 3.0:3.5:3.5, and 4.5:4.5:1.0. For comparison, mix-
tures of pure oxides such as La,0;+Nd,0;+Eu,0; and
La,0;+Eu,0;+Tm,0; were also prepared without heating.

The synthesized mixed oxides and prepared mixtures of
pure oxides were analyzed using XRD (Miniflex, RIGAKU)
with Cu-Ka (A = 0.154 nm) in the scattering angle range of 20
= 10—-60° at a scan rate of 5°/min. To determine the chemical
composition of the solid phases, small portions of the selected
solid phases were completely dissolved in concentrated nitric
acid, and the Ln concentration was determined by ICP-MS
(ELAN DRC II, PerkinElmer) to calculate the molar ratio of
Ln included in each solid phase. The chemical composition of
the solid phases agreed well with the mixing ratio of the stock
solutions used for sample preparation.

2.3 Immersion experiment. For the immersion experi-
ment, 80 mL of a 0.1 M NaClO, solution containing 0.01 M
HEPES as pH buffer was prepared in sample bottles, and the
pH. was adjusted to pH = 8.2 using 0.1 M HC1O, and 0.1 M
NaOH. As an initial solid phase, approximately each 130 mg
of synthesized oxide solid solution or mixture of pure oxides
was then placed in the sample bottles. The maximum Ln con-
centration would reach about 0.01 M in each bottle if the added
solid phase was completely dissolved. Subsequently, the caps
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of the sample bottles were tightly closed, and the sample bot-
tles were placed in a temperature chamber (ETTAS E0450B,
AS ONE co.) at the controlled aging temperature (7,.) of
60 °C. The bottles were occasionally shaken by hand for a few
minutes during aging up to 4 weeks. After aging at 60 °C, the
sample bottles were removed from the temperature chamber
and cooled to 25 °C for a few days. The pH. of the sample
solutions was within the 8.2 + 0.3 range, and the solid phases
were separated by centrifugation at 5,000 rpm (H-103N,
Kokusan) for 5 min and dried in a vacuum desiccator. The
diffraction patterns of the solid phases were recorded by XRD.

3. Results and discussion

3.1 Characterization of the synthesized binary and ter-
nary mixed oxides. Figure 1 shows the XRD patterns of the
synthesized (La,Nd),0; mixed oxides at different mixing
ratios of La and Nd stock solutions ranging from La:Nd = 9:1
to 1:9 during sample preparation, together with those of pure
La,0; and Nd,0;. As observed in the XRD patterns, the peaks
corresponding to La,0s slightly shifted towards the right side
with increasing mixing ratio of Nd to pure Nd,O;. It is note
that the observed peak positions of Nd,O; were slightly higher
than those of the reference (Nd,Os: ICSD No. 26867). The
XRD pattern of the 5:5 mixture of pure La,O; and Nd,O; with-
out any treatment is also presented in Figure 1. Separated
peaks were observed for La,0; and Nd,O;, indicating that the
resolution of the present measurement was sufficient to distin-
guish the peaks of two different pure oxides. Therefore, it was
assumed that complete solid solutions of (La,Nd),0; were
formed using the polymeric steric entrapment method at
1000 °C.

Figure 2 shows the XRD patterns of the synthesized
(La,Eu),0; at different mixing ratios of La and Eu stock solu-
tions ranging from La:Eu = 9:1 to 1:9, together with those of
pure La,0s, Eu,0s, and their mixture without heating. In con-
trast to (La,Nd),0s, the peaks corresponding to both cubic and
monoclinic Eu,0; disappeared only at an La:Eu mixing ratio
of 9:1, and separately appeared at an La:Eu mixing ratio of 7:3
to pure Eu,0;, suggesting that the solid solution limit of Eu to
La,0; was between 10 and 30% in molar ratio under the inves-
tigated conditions. On the other hand, the solid solution limit
of La to Eu,O; was considered to be less than 10% in molar
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Figure 1. XRD patterns of the synthesized (La,Nd),0; at different
mixing ratios ranging from La:Nd =9:1 to 1:9, along with that of a
mixture of La,0; and Nd,O; without heating. XRD patterns of pure
La,0; and Nd,O; and their reference peak positions (e: La,0;: ICSD
No. 1010278, m: Nd,O;: ICSD No. 26867) are also presented for com-
parison.
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Figure 2. XRD patterns of the synthesized (La,Eu),0; at different
mixing ratios ranging from La:Eu = 9:1 to 1:9, along with that of a
mixture of La,O; and Eu,0; without heating. XRD patterns of pure
La,0;5 and Eu,0; and their reference peak positions (e: La,05: ICSD
No. 1010278, ¢: Eu,0; (cubic): ICSD No. 27997, V¥: Eu,0; (mono-
clinic): ICSD No. 8066) are also presented for comparison.

ratio, as a small peak at 29.8° corresponding to La,0; was
already found in (La,Eu),0; at a La:Eu mixing ratio of 1:9.

It was reported that Eu,0; exhibits a stable cubic phase up
to approximately 620 °C that transforms into a monoclinic
phase.”>” The cubic phase observed in the XRD pattern of
pure Eu,0; in the present study may have been formed during
furnace cooling after heating at 1000 °C. It is interesting to
note that diffraction peaks corresponding to monoclinic Eu,0;
were observed in the solid phases with La:Eu mixing ratios of
3.7, 4:6, and 5:5. In previous studies, the inclusion of another
rare earth oxide such as Y,0; to Eu,0; was observed to affect
the phase change temperature.” The appearance of the mono-
clinic phase for (La,Eu),0; at certain mixing ratios shown in
Figure 2 can be attributed to the inclusion of La in the Eu,0;
phase.

The XRD patterns of the synthesized (Eu,Tm),0; at differ-
ent mixing ratios of Eu and Tm stock solutions ranging from
EuwTm = 9:1 to 1:9 are shown in Figure 3, together with those
of pure Eu,03;, Tm,03, and their mixture without heating. At
an Eu:Tm mixing ratio of 9:1, the peaks corresponding to
Tm,0O; were not observed in the corresponding XRD pattern,
suggesting the formation of a (Eu,Tm),0; solid solution, while
a small shoulder peak was observed for Eu:Tm = 7:3. In con-
trast, the peaks of Eu,0; did not appear at Eu:Tm = 1:9 and 3:7,
while the peaks corresponding to Tm,0O; slightly shifted
towards the left side, indicating that the solid solution limit of
Eu to Tm,0; was higher than that of Tm to Eu,0;. At Eu:Tm
ratios of 5:5 to 7:3, separated peaks corresponding to both
cubic Eu,0; and Tm,0; were observed in the diffraction pat-
terns. As described above, the cubic phase of Eu,0; was con-
sidered to derive from its monoclinic phase during furnace
cooling, while the cubic phase of Tm,0; was stable up to
approximately 2000 °C.** This may be the reason for the sepa-
ration of the diffraction peaks of the Eu,0; and Tm,0; cubic
phases.

Figure 4 shows the XRD patterns of the synthesized
(La,Nd,Eu),0; at different La:Nd:Eu mixing ratios of
4.75:4.75:0.5, 4.5:4.5:1.0, and 3.5:3.5:3.0, along with a mixture
of pure oxides (La,0;+Nd,0;+Eu,0;) without any heat treat-
ment. For the binary systems, the synthesized (La,Nd),O; was
a complete solid solution, while (La,Eu),0; showed trigonal,
cubic, and monoclinic phases depending on the La and Eu
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Figure 3. XRD patterns of the synthesized (Eu,Tm),0; at different
mixing ratios ranging from Eu:Tm = 9:1 to 1:9, along with that of a
mixture of Eu,0; and Tm,0; without heating. XRD patterns of pure
Eu,0; and Tm,0; and their reference peak positions (¢: Eu,O0;: ICSD
No. 27997, A: Tm,0;: ICSD No. 33657) are also presented for com-
parison.
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Figure 4. XRD patterns of the synthesized (La,Nd,Eu),0s at differ-
ent mixing ratios as La:Nd:Eu = 4.75:4.75:0.5, 4.5:4.5:1.0 and
3.5:3.5:3.0 along with that of a mixture of La,0s;, Nd,O;, and Eu,0;
without heating. The reference peak positions (e: La,0;: ICSD No.
1010278, m: Nd,O;: ICSD No. 26867, ¢:Eu,05: ICSD No. 27997,V:
Eu,0;: ICSD No. 8056) are presented for comparison.

mixing ratios. In the case of ternary systems with a low Eu
mixing ratio such as La:Nd:Eu = 4.75:4.75:0.5 and 4.5:4.5:1.0, a
single phase corresponding to the trigonal phase was observed.
The intermediate peak positions between those of pure La,O;
and Nd,O; suggested the formation of a solid solution, which
agrees with the observation for the (La,Nd),0; binary system.
As shown in Figure 2 for (La,Eu),0; binary systems, the
inclusion of 30% Eu resulted in the appearance of Eu,O; with
cubic and monoclinic phases, which was also found in the
XRD patterns of the ternary system with La:Nd:Eu =
3.5:3.5:3.0.

Figure 5 shows the XRD patterns of the synthesized
(La,Eu,Tm),0; at different mixing ratios including La:Eu:Tm =
0.5:4.75:4.75, 1.0:4.5:4:5, 3.0:3.5:3.5, and 4.5:4.5:1.0, along with
a mixture of pure oxides (La,0;+Eu,0;+Tm,05) without any
heat treatment. For the (Eu,Tm),0; binary system, separated
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cubic phases occurred at a Eu:Tm mixing ratio of 5:5.
Similarly, peaks corresponding to cubic Eu,0; and Tm,0;
were observed separately at all mixing ratios for the investi-
gated ternary systems. The peaks corresponding to trigonal
La,0O; were not confirmed for lower La inclusions at La:Eu:Tm
mixing ratios of 0.5:4.75:4.75 and 1.0:4.5:4:5 as well as those
appearing at La:Eu:Tm = 3.0:3.5:3.5 and 4.5:4.5:1.0, although
these peaks were observed for 10% La inclusion in the binary
(La,Eu),0; systems. At La:Euw:Tm = 3.0:3.5:3.5 and 4.5:4.5:1.0,
peaks corresponding to monoclinic Eu,0; were found, which
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Figure 5. XRD patterns of the synthesized (La,Eu,Tm),0s at differ-
ent mixing ratios as La:Eu:Tm = 0.5:4.75:4.75, 1.0:4.5:4.5, 3.0:3.5:3.5
and 4.5:4.5:1.0 along with that of a mixture of La,0;, Eu,0;, and
Tm,0; without heating. The reference peak positions (e: La,0;:
ICSD No. 1010278, ¢: Eu,0;: ICSD No. 27997, V¥: Eu,0; ICSD No.
8056, A: Tm,0s: ICSD No. 33657) are presented for comparison.
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agreed with the observations for the (La,Eu),0; binary system
at La:Eu = 5:5. Thus, the trends of the XRD patterns for the
(La,Nd,Eu),0; and (La,Eu,Tm),0; ternary solid phases could
be suitably explained based on the combination of those of the
binary systems.

For further analysis, the lattice parameters of the synthe-
sized solid solutions were obtained from Rietveld refinement,
as summarized in Tables A1-AS in the Appendix. Figure 6a
illustrates the obtained lattice parameter a and weight fraction
of the trigonal phase found in the binary and ternary systems
as a function of the La mixing ratio. As pure La,0; and Nd,0;
possess the same crystal structure of the trigonal phase with a
(P-3m1) space group, the replacement of Nd with La continu-
ously increased the lattice parameter a, which could be attrib-
uted to the smaller radius of the Nd ion compared with that of
the La ion. The lattice parameter of the trigonal phase found
in (La,Eu),0; slightly decreased compared to that of pure
La,0; with decreasing La mixing ratios. The low values
observed at La ratios of 0.3, 0.4, and 0.5 are possibly due to the
appearance of the Eu,0; monoclinic phase (C2/m) under these
conditions. As shown in Figure 6b, La hardly incorporated
into the Eu,0O; cubic phase (Ia-3), but it did into the monoclinic
phase. The La ratio of the (La,Eu),0; trigonal phase can there-
fore be expected to be lower than that of the mixing La ratio
during sample preparation. The lattice parameters of
(La,Nd,Eu),0; plotted in Figure 6a agreed well with the trend
observed for (La,Nd),0;, which was likely due to the limited
amount of Eu. In the case of the ternary (La,Eu,Tm),0; sys-
tem, Eu incorporated into Tm,0Os, as shown in Figure 6b; con-
sequently, the Eu ratio decreased, while the La ratio increased
in the (La,Eu),0; trigonal phase. This may compensate for the
decrease in the La ratio due to the appearance of the mono-
clinic phase.

The lattice parameter of the cubic phase (Ia-3) of (La,Eu),0;
shown in Figure 6b was slightly larger than that of pure Eu,0;
at an Eu ratio of 0.9, while being almost constant at a lower Eu
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Figure 6. Lattice parameter a (upper) and weight fraction (lower) of the synthesized (a) trigonal phase (b) cubic phase, and (c) monoclinic phase
of the binary and ternary systems as a function of the molar mixing ratio. Broken lines in the figures represent the eye guides to show the trend

for the binary systems.
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ratio. As observed in the XRD patterns, the inclusion of 10%
La exceeded the solid solution limit of La into Eu,0s, support-
ing the observed trend of the lattice parameters. For
(Eu,Tm),0;, two cubic phases, i.c., an Eu,0;- and Tm,0;-based
solid solution, were observed. As shown in Figure 6b, the lat-
tice parameters for both Eu,0;- and Tm,0;-based cubic phases
slightly increased with increasing Eu ratios. Upon heating at
1000 °C, Eu,0; can exist as a monoclinic phase and be con-
verted to the cubic phase upon furnace cooling. In contrast to
La, the co-existing Tm seemed to have no significant effect on
maintaining the monoclinic phase, while potentially causing
some scattering in the increasing lattice parameter trend. The
lattice parameters of the Eu,0;-based cubic phase of ternary
(La,Eu,Tm),0; were plotted between those of (La,Eu),0; and
(Eu,Tm),0s, while those of the Tm,0;-based cubic phase were
rather close to those of (Eu,Tm),0;. As shown in Figure 6¢, La
seemed to be easily incorporated into the Eu,O; monoclinic
phase, which was converted to the Eu,0; cubic phase. This
could be why the lattice parameters of the Eu,0;-based cubic
phase of (La,Eu,Tm),0; showed higher values than those of
(Eu,Tm),0;.

The lattice parameter a and weight fraction of the mono-
clinic phase (C2/m) are shown in Figugre 6c, respectively. As
discussed above, the lattice parameters of the binary and ter-
nary systems were larger than those of the pure Eu,O; mono-
clinic phase, suggesting a relatively good incorporation of La
into the Eu,0; monoclinic phase.

3.2 Characterization of the solid phases after contact
with an aqueous solution. The XRD patterns of the solid
phases after contact of the synthesized (La,Nd),0; with an
aqueous sample solution at 60 °C for 4 weeks are presented in
Figure 7. The peaks corresponding to the (La,Nd),0; solid
solution shown in Figure 1 disappeared, and new peaks con-
tinuously shifted rightward in correspondence of mixing ratios
of La and Nd stock solutions varying from La:Nd = 9:1 to 1:9.
In the previous studies, it was described that pure La,0; and
Nd,0; are converted to La(OH); and Nd(OH); upon contact
with aqueous sample solutions.'™'*** By comparing the peak
positions in Figure 7 to those for La(OH); and Nd(OH);, it was
assumed that the complete solid solution of (La,Nd),0; was
transformed into a complete solid solution of (La,Nd)(OH);.
However, it is interesting to note that the mixture of La,O; and
Nd,O; without any heat treatment resulted in the formation of
La(OH); and Nd(OH);, respectively, as shown in Figure 7.

Figure 8 shows the XRD patterns of the solid phases after
contact of the synthesized (La,Eu),0; with an aqueous solu-
tion. Depending on the mixing ratios of the La and Eu stock
solutions, the synthesized (La,Eu),0; was found to occur as a
mixture of an La,0;- and Eu,05-based solid solution before
contacting aqueous phase as shown in Figure 2. However,
after aging in the sample solutions, the peaks corresponding to
both oxide-based solid solutions disappeared, and new peaks
continuously shifted rightward with the La:Eu ratio varying
from 9:1 to 1:9. It was therefore assumed that for the synthe-
sized (La,Eu),0;, the mixture of the two oxide-based solid
solutions was transformed to a complete solid solution of
(La,Eu)(OH);. In the pure system, Eu,0; remained stable in
aqueous solution at 25 °C and was converted to Eu(OH); after
aging in aqueous solution at 90 °C.” Figure 8 shows that the
mixture of La,0; and Eu,0; without any heat treatment
resulted in the formation of La(OH); and Eu(OH); after aging
at 60 °C. As some of the main peak positions of Eu,0; over-
lapped those of La(OH); and Eu(OH);, the amount of remain-
ing Eu,0; was determined in the Rietveld refinement and
shown in the Table A2. The results suggested that Eu,0; was
partly transformed to Eu(OH); after aging at 60 °C. Based on
the reported thermodynamic constants, the solubility product
of Eu(OH); was calculated to be slightly lower than that of
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Figure 7. XRD patterns of (La,Nd),0Os after contacting the aqueous
sample solution at 60 °C for 4 weeks at different mixing ratios rang-
ing from La:Nd = 9:1 to 1:9, along with that of a mixture of La,0;
and Nd,0;. The reference peak positions o: La(OH); (ICSD No.
31584) and o: Nd(OH); (ICSD No. 398) are presented for compari-
son. The mixture of oxides was identified as La(OH);+ Nd(OH);
after the aging period.
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Figure 8. XRD patterns of (La,Eu),0; after contacting the aqueous
sample solution at 60°C for 4 weeks at different mixing ratios rang-
ing from La:Eu = 9:1 to 1:9, along with that of a mixture of La,0;
and Eu,0;. The reference peak positions o: La(OH); ( ICSD No.
31584) , 0: Eu(OH); (ICSD No. 200488) and ¢: Eu,0; (ICSD No.
27997) are presented as references. The mixture of oxides was iden-
tified as La(OH);+Eu,0;+Eu(OH); after the aging period.

Eu,0; at 25 to 90 °C,**'®!? indicating the transformation of
Eu,0; to Eu(OH); proceeds thermodynamically via dissolution
and reprecipitation. However, in the present study we
observed that the solid phases after contact of (La,Eu),0; and
La,05+ Eu,0; with the aqueous solution were different from
each other as shown in Figure 8. Therefore, the temperature
dependences of the transformation of Eu,0; to Eu(OH); may
not be related in the dissolution and reprecipitation processes.
Figure 9 shows the XRD patterns of the solid phases after
contact of the synthesized (Eu,Tm),0; with an aqueous solu-
tion. The Tm,0O;-based solid solution remained stable at
Eu:Tm ratios varying from 1:9 to 4:6, after aging in an aqueous
sample solution at 60 °C, and no peak due to Eu,0; or Eu(OH),
was observed. The peaks corresponding to Eu(OH); appeared
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Figure 9. XRD patterns of (Eu,Tm),0; after contacting the aqueous
sample solution at 60°C for 4 weeks at different mixing ratios rang-
ing from Euw:Tm = 9:1 to 1:9, along with that of a mixture of Eu,0;
and Tm,0;. The reference peak positions ¢: Eu(OH); (ICSD No.
200488), ¢: Eu,0; (ICSD No. 27997), and A: Tm,0; (ICSD No.
33657) are presented for comparison. The mixture of oxides was
identified as Eu,O;+Eu(OH);+Tm,0; after the aging period.
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Figure 10. XRD patterns of (La,Nd,Eu),0; after contacting the
aqueous sample solution at 60 °C for 4 weeks at different mixing
ratios as La:Nd:Eu = 4.75:4.75:0.5, 4.5:4.5:1.0 and 3.5:3.5:3.0 along
with that of a mixture of La,0;, Nd,O;, and Eu,0; without heating.
XRD pattern for reference peak positions o: La(OH); (ICSD No.
31584), o: Nd(OH); (ICSD No. 398), ¢: Eu(OH); (ICSD No. 200488),
and ¢: Eu,0; (ICSD No. 27997) are presented for comparison. The
mixture of oxides was identified as La(OH);+Nd(OH)s;+
Eu(OH);+Eu,0; after the aging period.

at Eu:Tm = 5:5 to 9:1, supporting the transformation of Eu,0;
to Eu(OH);. At a mixing ratio of Eu:Tm = 9:1, only the peaks
of Eu(OH); were observed, suggesting that the incorporation
of Tm into Eu(OH); took place. In Figure 9, the XRD pattern
of the solid phase after contact with a mixture of Eu,0; and
Tm,0; revealed that Eu,0; partly transformed to Eu(OH);,
while Tm,O; remained stable.

The XRD patterns of the solid phases after contact of the
synthesized (La,Nd,Eu),0; with an aqueous sample solution at
60 °C for 4 weeks are presented in Figure 10. Although the
peaks corresponding to Eu,0; were separately observed at a
30% Eu mixing ratio before contact with an aqueous solution,
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Figure 11. XRD patterns of (La,Eu,Tm),0; after contacting the
aqueous sample solution at 60 °C for 4 weeks at different mixing
ratios as La:Eu:Tm = 0.5:4.75:4.75, 1.0:4.5:4.5, 3.0:3.5:3.5 and
4.5:4.5:1.0, along with that of a mixture of La,0; Eu,0;and Tm,0;
without heating. XRD pattern for reference peak positions o:
La(OH); (ICSD No. 31584), ¢: Eu(OH); (ICSD No. 200488), ¢: Eu,0;
(ICSD No. 27997), and A: Tm,0; (ICSD No. 33657) are presented
for comparison. The mixture of oxides was identified as
La(OH);+Eu,0;+Tm,0; after the aging period.

these peaks disappeared after contact with the aqueous solu-
tion. Newly observed peaks with small rightward shifts, i.e.
higher 26 values, depending on the mixing ratios suggested
the formation of a single (La,Nd,Eu)(OH); solid solution at all
mixing ratios. A similar behavior was observed for the binary
systems, where (La,Nd),0; and (La,Eu),0; were transformed
to complete solid solutions of (La,Nd)(OH); and (La,Eu)(OH);
after contact with an aqueous solution at 60 °C. The mixture
of pure La,0;, Nd,0;, and Eu,0; without heat treatment
resulted in the formation of separate hydroxides, i.e., La(OH);,
Nd(OH);, Eu(OH);, and Eu,0; after contact with an aqueous
solution as shown in Table A4.

Figure 11 shows the XRD patterns of the solid phases after
contact of the synthesized (La,Eu,Tm),0; with an aqueous
solution at 60 °C for 4 weeks. At an La:Eu:Tm mixing ratio of
0.5:4.75:4.75, the peaks corresponding to the Eu,0O; cubic phase
disappeared, while those of the Tm,0; cubic phase remained.
The newly observed peaks were assigned to the hexagonal
phase of Eu(OH);. As no separated peaks for the La(OH); hex-
agonal phase were confirmed, it was assumed that La was
incorporated into the Eu(OH); phase to form a solid solution,
as observed for the La-Eu binary system. The peaks corre-
sponding to the (La,Eu)(OH); hexagonal phase continuously
shifted leftward, i.e. lower 20 values, with increasing La mix-
ing ratios for the ternary system. As observed for the
(Eu,Tm),0; binary system after contact with an aqueous solu-
tion, the solid solution limit of Tm to Eu(OH); fall between 10
and 30%. The peaks of Tm,0; disappeared at an La:Eu:Tm
mixing ratio of 4.5:4.5:1.0, indicating that Tm was incorpo-
rated into the (La,Eu)(OH); hexagonal phase. It is also inter-
esting to note that the mixture of La,O;+Eu,0;+Tm,0; after
contact with an aqueous phase showed a consistent behavior,
undergoing transformation into a mixture of La(OH);, Eu,0;,
and Tm,0O; as shown in Table AS. Since the lattice parameters
of Eu(OH); were not determined in reasonable ranges due to
their limited contributions, Eu(OH); was excluded in the anal-
ysis.

The lattice parameters for the solid phases after contact of
the sample solutions are summarized in Tables A1-A5 and
plotted in Figure 12 as a function of the mixing ratio. Figure
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Figure 12. Lattice parameter a (upper) and weight fraction (lower) of the synthesized (a) hexagonal phase and (b) cubic phase of the binary and
ternary systems as a function of the molar mixing ratios. Broken lines in the figures represent the eye guides to show the trend of the binary system.

TABLE 1: Summary of the solid phase samples before and after the immersion experiment.

Svstem Subsystem Mixing molar ratio Crystal phase”

Y (La:Nd, La:Eu, Eu:Tm) Before immersion After immersion
(La,Nd),04 La:Nd =9:1~1:9 trigonal (P-3ml) single SS lggxagonal (P63/m), single
La,0;+Nd,0; La:Nd =5:5 two separated trigonal (P-3m1) two separated hexagonal

(P63/m)
(La,Eu),0, La:Eu=9:1~1:9 gé%?;l:éo(g;iiﬂ()clsgs/;n?)lbslg (Ia-3) hexagonal (P63/m) single SS
Binary
T <. . . cubic (Ia-3), two separated
La,0;+Eu,04 La:Eu=5:5 trigonal (P-3ml), cubic (Ia-3) hexagonal (P63/m)
(Eu,Tm),0; EuTm = 9:1~1:9 two separated cubic (Ia-3) SS 1(1;; )igsg(éréal (P63/m) SS, cubic
S . hexagonal (P63/m), two sep-
Eu,05+Tm,04 EuTm =5:5 two separated cubic (Ia-3) arated cubic (Ia-3)
La:Nd:Eu = trigonal (P-3m1) SS, cubic (Ia-3) .
(La,Nd,Eu),0; 475:475:05-3.53.53.0  SS, monoclinic (C12/ml) SS hexagonal (P63/m) single SS
La,0;+Nd,0, N — 2.2 two separated trigonal (P-3ml), | three separated hexagonal
TEw,0, La:Nd:Eu =5:5:5 cubic (1a-3) (P63/m), cubic (Ia-3)
Ternary
a:EuTm = trigonal (P-3m , cubic (la- exagona m) SS, cubic
(La,Eu.Tm),0 La:Eu:T i 1 (P-3m1) SS, cubic (Ia-3) | h 1 (P63/m) SS, cubi
P2 0.5:4.75:4.75~4.5:4.5:1 SS, monoclinic (C12/m1) SS (Ta-3) SS
La,0:+Ew,044Tm,0; | La:EuTm = 5:5:5 trigonal (P-3m1), two separated = hexagonal (P63/m), two sep-

cubic (Ia-3)

arated cubic (Ia-3)

a) SS in the table stands for solid solution.
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12a shows the lattice parameter a and weight fraction of the
hexagonal phase (P63/m) as a function of the La ratio. For
both (La,Nd)(OH); and (La,Eu)(OH);, the lattice parameter
gradually increased compared to those of pure Nd(OH); and
Eu(OH); with increasing La ratios, supporting the formation of
a complete solid solution of (La,Nd)(OH); and (La,Eu)(OH);.
The ternary system (La,Nd,Eu),0; also resulted in the forma-
tion of a complete solid solution of the hexagonal (La,Nd,Eu)
(OH); phase. The lattice parameter determined for La:Nd:Eu
=4.75:4.75:0.5 was found to follow the trend of binary (La,Nd)
(OH); and approach that of (La,Eu)(OH);, as the Eu ratio
increased up to La:Nd:Eu = 3.5:3.5:3.0. The lattice parameter
of the hexagonal phase for (La,Eu,Tm)(OH); was rather scat-
tered; however, it seemed to be along that of the binary (La,Eu)
(OH);. As discussed in the previous section, the low value of
La:Eu:Tm = 4.5:4.5:1.0 may be due to the incorporation of Tm
into the hexagonal phase.

Figure 12b shows the lattice parameter @ and weight frac-
tion of the Tm,0;-based cubic phase (Ia-3) as a function of the
Eu ratio. By comparing the lattice parameters to those before
contact with an aqueous solution in Figure 6b, hardly any
change in values was noticed after aging at 60 °C for 4 weeks.
Therefore, the Tm,0s-based cubic phase was considered to be
stable, and no significant change appeared to occur in its bulk
phase.

It should be noted that the lattice parameters for the solid
phases after contact of La,0; + Nd,O; with an aqueous solu-
tion matched well those of pure La(OH); and Nd(OH);, as
shown in Figure 12a. This confirmed that only the (La,
Nd),0; solid solution was transformed into the (La, Nd)(OH),
solid solution, while the separated La,0; + Nd,O; was trans-
formed to separated La(OH); + Nd(OH);. Therefore, it was
suggested that the transformation of La,0; or Nd,O; to
La(OH); or Nd(OH); under the investigated conditions pro-
ceeded via solid phase reactions, such as the incorporation of
H,O from the surface, that led to the conversion of the oxides
to hydroxides. The low La and Nd solubilities within the neu-
tral pH region might lead to a limited pathway of dissolution/
reprecipitation to form a solid solution.

The determined lattice parameters were in good agreement
with those obtained for the La-Eu binary system. These
results indicate that the solid phases of the investigated ternary
systems can be suitably explained based on a combination of
binary systems.

Table 1 summarizes the obtained solid phases before and
after contacting the aqueous phase.

4. Conclusion

Binary and ternary mixed lanthanide oxides in various pro-
portions were synthesized and studied before and after contact
with an aqueous solution using powder XRD. The XRD pat-
terns of (La,Nd),0; confirmed the formation of single com-
plete solid solutions with a trigonal phase at all mixing ratios,
whereas (La,Eu),0; and (Eu,Tm),0; consisted of mixtures of
different solid solutions. The formation of ternary oxides such
as (La,Nd,Eu),0; and (La,Eu,Tm),0; could be well explained
based on the combination of binary (La,Nd),0;, (La,Eu),0;,
and (Eu,Tm),0; phases. After contact with an aqueous phase
at neutral pH and 60 °C for 4 weeks, it was found that
(La,Nd),0; and (La,Eu),0; were transformed into complete
solid solutions of (La,Nd)(OH); and (La,Eu)(OH);.
Interestingly, a mixture of La,0; and Nd,O; without any heat
treatment was transformed to separate La(OH); and Nd(OH);.
After contact with an aqueous phase, the ternary
(La,Nd,Eu),0; solid solution was completely transformed into
a single solid solution of (La,Nd,Eu)(OH);. (La,Eu,Tm),04
was also converted to (La,Eu,Tm)(OH);. The trend of the solid
phase transformation of the ternary phases, including the lat-
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tice parameters tendency, was well interpreted using a combi-
nation of binary systems. Since the safety assessment of
radioactive waste disposal requires a reliable prediction of
radionuclides solubilities, it is important to characterize the
solubility-controlling solid phase in aqueous systems. The
present study on the transformation of binary and ternary lan-
thanide oxides in an aqueous solution after aging at an ele-
vated temperature would be a basis for the characterization of
polyvalent actinide oxide solid phases, and subsequently more
complexed multicomponent solid phases in aqueous systems
relevant to the radioactive waste disposal.
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TABLE Al. Summary of the Rietveld analysis of the La-Nd binary solid phases before and after contact with the sample solution.

Mixing ratio Weight fraction Lattice parameter R-factor
Sample ———— —— Crystal phase
La/La+Nd of crystal phase a(A) bA) c(A) Rwp Rp S
before the solubility experiment
La,0, 1 1.00 3.93997(9) = 3.93997(9) @ 6.13380(14) = 0.165 = 0.106 = 2.183
LN91 0.9 1.00 3.93374(13) | 3.93374(13)  6.1282(2) = 0.232 | 0.163 = 3.160
LN73 0.7 1.00 3.91685(17)  3.91685(17)  6.1065(3) = 0.163 | 0.118 = 2.327
LNS55 0.5 1.00 3.89332(19) ' 3.89332(19) | 6.0764(4) = 0.166 = 0.121 = 2.548
LN46 0.4 Trigonal 1.00 3.8839(3) = 3.8839(3) = 6.0640(6) = 0.184 = 0.137  2.881
LN37 0.3 P-3ml1(164) 1.00 3.8529(3) | 3.8529(3) | 6.0226(5) @ 0.179 | 0.130 = 2.833
LN19 0.1 1.00 3.83675(15) | 3.83675(15) = 6.0049(3) = 0.184 | 0.127 = 3.067
Nd,0;, 0 1.00 3.83310(6) = 3.83310(6) | 6.00381(10)  0.130 = 0.089 = 2.139
La,0; + 05 0.49 3.93909(4)  3.93909(4) = 6.13361(7) 00654 | 0.0488 | 1037
Nd,0; 0.51 3.83220(4) = 3.83220(4) = 6.00089(7)
after the solubility experiment
LN91 0.9 1.00 6.5333(7) = 6.5333(7) = 3.8492(4) = 0258 = 0.195 | 3.183
LN73 0.7 1.00 6.4904(2) = 6.4904(2) | 3.81315(15) 0.114 = 0.090 @ 1.756
LN55 0.5 1.00 6.4749(6) = 6.4749(6) | 3.7940(4) = 0171 = 0.131 = 2277
LN46 0.4 Hexagonal 1.00 6.4564(10) = 6.4564(10) = 3.7793(6) | 0.181 = 0.136 = 2.384
LN37 0.3 P63/m(176) 1.00 6.4406(7) | 6.4406(7) = 3.7614(5) | 0.188 | 0.135 & 2.888
LN19 0.1 1.00 6.42609(17) | 6.42609(17) = 3.74253(13) = 0.101 = 0.075 = 1.439
La,0, + 05 1.00 6.5216(6) = 6.5216(6) | 3.8494(4) o110 | 0083 | 1545
Nd,0; 1.00 6.4152(6) = 6.4152(6) | 3.7315(4)
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TABLE A2. Summary of the Rietveld analysis of the La-Eu binary solid phases before and after contact with the sample solution.

Mixing ratio Weight fraction Lattice parameter R-factor
Sample ————— Crystal phase
La/La+Eu of crystal phase  a(A) b(A) c(d) Rwp | Rp S
before the solubility experiment
Trigonal
La,0, 1 P-3mI(164) 1.00 3.93997(9) = 3.93997(9) | 6.13380(14) 0.165 = 0.106 = 2.183
Trigonal
LE91 0.9 P3mI(164) 1.00 3.92971(14) | 3.92971(14)  6.1225(3) = 0.178 = 0.120 @ 2771
Trigonal
0.79 3.9272(4 3.9272(4 6.1184(7
LE73 0.7 P-3ml1(164) @ @ @ 0.132 | 0.089 | 2.448
Cubic Ia-3(206) 0.21 10.924(4) = 10.924(4) = 10.924(4)
Trigonal
P-3mI(164) 0.31 3.8678(5) = 3.8678(5) = 6.0540(9)
LE55 0.5 Cubic Ia-3(206) 0.06 10.884(2) = 10.884(2) = 10.884(2) | 0.056 = 0.039 = 1.137
Monoclinic
C12/ml(12) 0.63 14373(2) = 3.6989(5) = 8.9968(13)
Trigonal
P3mi(164) 0.17 3.8688(13) = 3.8688(13)  6.060(2)
LE46 0.4 Cubic Ia-3(206) 0.20 10.883(2)  10.883(2) = 10.883(2) = 0.055 @ 0.037 = 1.191
Monoclinic
Cl2/m1(12) 0.64 14.354(3) = 3.6893(8) | 8.9785(18)
Trigonal
P3mi(164) 0.20 3.8691(11) = 3.8691(11) = 6.062(3)
LE37 0.3 Cubic Ia-3(206) 0.26 10.895(3) = 10.895(3) = 10.895(3)  0.121 @ 0.092 = 2.471
Monoclinic
C12/ml(12) 0.54 14.310(6) | 3.6668(16) = 8.939(4)
Trigonal (P- 0.23 3.930608)  3.9306(8) | 6.1184(16)
3ml(164)) ' ' : '
LE19 0.1 Cubic Ia-3(206) 0.39 10.8915(14) = 10.8915(14) = 10.8915(14) = 0.111 | 0.077 = 2.392
Monoclinic
Cl2/ml(12) 0.38 14.171(12) |~ 3.700(3) 8.947(9)
Eu,0, 1 Cubic Ia-3(206) 1.00 10.8755(2) = 10.8755(2) = 10.8755(2) = 0.074 = 0.047 = 2.011
Trigonal (P-
0.45 3.94036(12)  3.94036(12)  6.1357(2
L§12105+ 0.5 3mi(164)) (2 1 @ 0088 0051 1801
s Cubic [a-3(206) 0.55 10.8761(4) = 10.8761(4) = 10.8761(4)
after the solubility experiment
LE91 0.9 1.00 6.5143(5) = 6.5143(5) = 3.83793) = 0.182 0.133 = 2.538
LE73 0.7 1.00 6.4937(6) = 6.4937(6) = 3.8236(4) = 0.102  0.080 @ 1.752
LE55 0.5 Hexagonal 1.00 6.4260(7) = 6.4260(7) = 37427(4) = 0.094 0069 1792
LE46 0.4 P63/m(176) 1.00 6.4334(5) | 6.4334(5) 373913) | 0.049 @ 0.037 1.131
LE37 0.3 1.00 6.4028(5) = 6.4028(5) = 3.7097(3) = 0.046 = 0.036 = 1.096
LEI19 0.1 1.00 6.3762(12) = 6.3762(12) = 3.6827(7) = 0.073 = 0.053 = 1.524
Hexagonal 0.54 6.5372(7) = 6.5372(7) = 3.8573(5)
La203+
oo 0.5 P63/m(176) 0.11 6.361(3) 6.361(3) | 3.6615(16) | 0.074 | 0.057 | 1.455
23

Cubic [a-3(206) 035 11.333(7) | 11333(7) | 11.333(7)
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TABLe A3. Summary of the Rietveld analysis of the Eu-Tm binary solid phases before and after contact with the sample solution.

Mixing ratio Weight fraction Lattice parameter R-factor
Sample ———— - Crystal phase
Eu/Eu+Tm of crystal phase a(A) b(A) cd) Rwp | Rp S
before the solubility experiment
Eu,0; 1 Cubic Ia-3(206) 1.00 10.8755(2) 10.8755(2) 10.8755(2) | 0.074 = 0.047 @ 2.011
ET91 0.9 Cubic 1a-3(206) 1.00 10.8495(4) 10.8495(4) 10.8495(4)  0.067 H 0.041 & 1.699
Cubic Ia-3(206) 0.62 10.8346(11) = 10.8346(11) = 10.8346(11)
ET73 0.7 . 0.051  0.034  1.182
Cubic 1a-3(206) 0.38 10.6453(10) | 10.6453(10) = 10.6453(10)
Cubic Ia-3(206) 0.49 10.8297(8) 10.8297(8) 10.8297(8)
ET55 0.5 . 0.063 | 0.043  1.425
Cubic 1a-3(206) 0.51 10.5819(5) 10.5819(5) 10.5819(5)
Cubic Ia-3(206) 0.20 10.768(3) 10.768(3) 10.768(3)
ET46 0.4 . 0.078 | 0.056 = 1.529
Cubic 1a-3(206) 0.80 10.5891(10) = 10.5891(10) | 10.5891(10)
Cubic Ia-3(206) 0.34 10.7093(15) | 10.7093(15) = 10.7093(15)
ET37 0.3 . 0.085 | 0.058 1.772
Cubic 1a-3(206) 0.66 10.6054(14) | 10.6054(14) = 10.6054(14)
ET19 0.1 Cubic Ia-3(206) 1.00 10.5296(4) 10.5296(4) 10.5296(4) | 0.080 | 0.058 @ 1.830
Tm,0s 0 Cubic 1a-3(206) 1.00 10.49207(17) | 10.49207(17) | 10.49207(17) | 0.052 = 0.039 @ 1.637
ic a-3(2 . 10. 10. 10.
Eu,0; + 0.5 Cub%c a-3(206) 0.39 0.8777(3) 0.8777(3) 0.8777(3) 0.052 | 0.037 | 1.485
Tm,0; Cubic 1a-3(206) 0.61 10.49316(14) | 10.49316(14) = 10.49316(14)
after the solubility experiment
Hexagonal
ET91 0.9 P63/m(176) 1.00 6.3452(3) 6.3452(3) | 3.63678(19) @ 0.045 | 0.034  1.122
Hexagonal
0.38 6.3478(6 6.3478(6 3.6308(5
ET73 0.7 P63/m(176) © © ©) 0053 0039 1447
Cubic 1a-3(206) 0.62 10.6695(11) = 10.6695(11) | 10.6695(11)
Hexagonal
0.13 6.319(3 6.319(3 3.674(2
ETS55 0.5 P63/m(176) @ @ @ 0047 0035 1168
Cubic Ia-3(206) 0.87 10.5641(10) = 10.5641(10) = 10.5641(10)
ET46 0.4 Cubic 1a-3(206) 1.00 10.5675(8) 10.5675(8) 10.5675(8) |« 0.064 ' 0.046 = 1.211
ET37 0.3 Cubic Ia-3(206) 1.00 10.5469(7) | 10.5469(7) = 10.5469(7) @ 0.054 | 0.041 | 1.295
ET19 0.1 Cubic 1a-3(206) 1.00 10.5383(6) 10.5383(6) 10.5383(6) @ 0.106 @ 0.078 | 2.419
Hexagonal 0.23 6.336(7) 6.336(7) 3.299(6)
Bu0s 05 £63/m(176) 0.058  0.045 1639
Tm,0; ) Cubic Ia-3(206) 0.45 10.944(6) 10.944(6) 10.944(6) ' ’ ’
Cubic 1a-3(206) 0.32 10.4988(4) 10.4988(4) 10.4988(4)
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TABLE A4. Summary of the Rietveld analysis of the La-Nd-Eu ternary solid phases before and after contact with the sample

solution.
S L Mixing ratio Crvstal oh Weight fraction Lattice parameter R-factor
ample rystal phase
P La | Nd Eu ysiatp of crystal phase a(A) b(A) c(A) Rwp Rp | S
before the solubility experiment
Trigonal
LNE-1 0475 0475 0.05 P3ml(164) 1.00 3.88810(17) ' 3.88810(17)  6.0758(3) 1 0.137 0.096 1.906
Trigonal
0.99 3.87403(17) | 3.87403(17 6.0561(3
LNE-2 045 045 0.1 P-3ml(164) @ " ® 0084 0061 1.246
Cubic Ta-3(206) 0.01 11.308(10) | 11.308(10) | 11.308(10)
Trigonal
P3m1(164) 0.46 3.8543(3) 3.8543(3) 6.0359(6)
LNE-3 | 0.35 035 0.3 | Cubicla-3(206) 0.03 10.974(4) 10.974(4) 10.974(4) 1 0.055 0.041 0.974
Monoclinic
C12/mI(12) 0.51 14.3294(15) = 3.6894(4) | 8.9723(10)
Trigonal
0.32 3.93890(13) | 3.93890(13 6.1337(3
La,0, + P-3m1(164) 13) (13) )
Nd,O;+  0.33  0.33 033 Trigonal 0.129 0.089 2.517
Eu,0, P3ml(164) 0.27 3.83288(18) ' 3.83288(18)  6.0020(3)
Cubic [a-3(206) 0.41 10.8705(2) = 10.8705(2) | 10.8705(2)
after the solubility experiment
Hexagonal
LNE-1 | 0.475/0.475 0.05 P63/m(176) 1.00 6.4687(3) 6.4687(3) | 3.78469(17) | 0.119 0.090 1.795
Hexagonal
LNE-2 | 045 045 0.1 P63/m(176) 1.00 6.4585(2) 6.4585(2) | 3.77479(14) 0.099 0.076 1.629
Hexagonal
LNE-3 | 035035 03 P63/m(176) 1.00 6.4280(3) 6.4280(3) 3.7401(2) | 0.100 0.072 1.717
Hexagonal
P63/m(176) 0.35 6.5344(8) 6.5344(8) 3.8622(5)
La,0, + Hexagonal 0.23 64335(11) | 64335(11) | 3.7468(8
Nd,O;+  0.33  0.33 033 P63/m(176) i i (a i (1 ) ® 0.231 0.260 1.062
Eu,04 Hexagonal
P63/m(176) 0.21 6.424(2) 6.424(2) 3.6813(13)
Cubic Ia-3(206) 0.22 10.83(3) 10.83(3) 10.83(3)
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TABLE AS5. Summary of the Rietveld analysis of the La-Eu-Tm ternary solid phases before and after contact with the sample
solution.

S L Mixing ratio Crvstal oh Weight fraction Lattice parameter R-factor
amplie rysta ase
P Eu @ Tm ystalp of crystal phase a(A) b(A) c(A) Rwp Rp S
before the solubility experiment
Cubic Ia-3(206) 0.62 10.8312(15) | 10.8312(15) = 10.8312(15)
LET-1 | 0.05 0.475 0475 : 0.0520.033 1.264
Cubic 1a-3(206) 0.38 10.6367(11) = 10.6367(11) | 10.6367(11)
Cubic Ia-3(206) 0.56 10.8455(13) ' 10.8455(13) = 10.8455(13)
LET-2 | 0.1 045 045 : 0.047 0.033 1.111
Cubic 1a-3(206) 0.44 10.6111(12) = 10.6111(12) = 10.6111(12)
Trigonal
0.30 3.9027(15)  3.9027(15 6.113(3
LET3 | 03 | 035 | 035 P-3ml(164) {15) (15) ®) 0.105 0.073 2.282
i : : ' Cubic Ia-3(206) 0.16 10.8672) = 10.867(2) = 10.867(2)
Cubic 1a-3(206) 0.54 10.6322) = 10.632(2) = 10.632(2)
Trigonal
P3ml(164) 0.14 3.9016(11) = 3.9016(11) = 6.095(2)
: 0.103 0.066 1.847
LET-4 045 045 0. | Cubic Ia-3(206) 0.19 10.8132) = 10.813(2) = 10.813(2)
Monoclinic
Cl2/ml(12) 0.67 14.377(6) = 3.6821(13) = 8.976(4)
La,0, + P_ngnrfl"(‘;gz) 0.26 3.94100(13) | 3.94100(13) = 6.1367(2)
ET“élog 0331033 1033 0 hic 1a-3(206) 0.34 10.8782(4) = 10.8782(4) = 10.8782(4) 0.0990.0592.293
e Cubic [a-3(206) 0.40 10.4994(2) = 10.4994(2) = 10.4994(2)
after the solubility experiment
Hexagonal
0.23 6.396(4 6.396(4 3.582(2
LET-1 | 0.05 0.475 0475  P63/m(176) @ @ @ 0.062 0.045 0.984
Cubic 1a-3(206) 0.77 10.6182) = 10.618(2) = 10.618(2)
Hexagonal
0.35 6.3443(8 6.3443(8 3.6280(5
LET2 | 01 045 045  P63/m(176) ® ® ©) 0,043 0.034 1060
Cubic Ia-3(206) 0.65 10.5832(12) | 10.5832(12) = 10.5832(12)
Hexagonal
0.38 6.444(2 6.444(2 3.7175(15
LET-3 | 03 | 035 035 P63/m(176) @ @ (15) 0.118 10.083 2.554
Cubic 1a-3(206) 0.62 10.575(2) | 10.57522) | 10.575(2)
Hexagonal
0.98 6.4199(7 6.4199(7 372114
LET-4 | 045 045 0.1 P63/m(176) 7 ™ @ 0.063 0.048 1.457
Cubic Ia-3(206) 0.02 10.552(3) = 10.552(3) = 10.552(3)
Hexagonal
La,0s + P63/ mg(1 76) 0.37 6.5306(5) = 6.5306(5) @ 3.8572(4)
EuO+ 10331033033 Cubic [a-3(206) 0.16 10.8750(15) ' 10.8750(15) ' 10.8750(15) 0.0960.0702.207

Tm,O
a Cubic [a-3(206) 0.48 10.4857(2) | 10.4857(2) = 10.4857(2)
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