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In this study, Caglag_xNd,(SiO4)4(PO4),0, (x = 0, 1, 2, 3, 4, 5, and 6) apatites were explored for nuclear
waste immobilization, and Nd** ions were used as the surrogate of radionuclides (such as Am®*, Cm>",
and Pu®*). The synthesized samples conform to the P6s/m (176) symmetry in the hexagonal system
according to the characterizations by means of X-ray diffraction, Raman spectra, and Fourier-transform
infrared spectra. Rietveld analyses indicate that both Ca* and Ln®* (La, Nd) cations are located at the My
and Mg, sites, which is different from earlier studies. The Mgy, sites prefer to be occupied by Ln** (La, Nd)
cations with higher valence. Besides, the content of the impurity phase Caz(PO4), reduces from
2.815 wt% to O with the incorporation of Nd** ions. These results demonstrate that apatites possess
excellent ability to accommodate radionuclides with various valences and radii at the My and Mg, sites.
Moreover, we investigated the thermal expansion behavior by high-temperature X-ray diffraction. There is
no phase transformation in the range of 298-1173 K, and the CazlLag_xNd,(SiO4)4(PO,4),0, apatites exhibit
lower thermal expansion coefficients than other candidates that have been extensively studied.
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1. Introduction

Today, the inventory of high-level nuclear waste, which is destined
for long-term storage and eventual geologic disposal, has accumu-
lated in large quantities."* Although borosilicate and phosphate
glassy matrices have been accepted as first-generation waste
forms,>” there is a potential need for more appropriate and
durable waste forms, such as crystalline ceramics. Therefore, many
researchers have focused on various ceramic materials. In particu-
lar, these compounds containing lanthanides and actinides exist
in nature for millions of years, such as pyrochlore, zircon, garnet,
zirconolite, perovskite, monazite, and apatite.>*® Among them,
apatites have been studied in this work due to their relatively
complex structure, which is a necessity for ideal waste-form
phases.”
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Electronic supplementary information (ESI) available: Raman spectra, local graph
of powder XRD patterns, and FI-IR spectra of Ca,Lae_Nd,(Si0,)4(PO,),0,; Rietveld
fitting pattern and details of crystal structure about CaLag_Nd(Si04)4(PO4),0, (x =
1, 2, 3, 4, 5, 6); SEM image of Ca,Nd4(Si0,)4(PO4),0, sample prepared at 1600 °C;
high-temperature powder XRD patterns, crystal data, thermal expansion coeffi-
cients, and anisotropic parameters (aa/ac) of CasLazNd;(Si04)4(PO4),0, (x = 0, 3, 6)
apatite between 298 and 1173 K. See DOI: 10.1039/c9dt04915k
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ions. All the results suggest that apatites are promising candidates for nuclear waste immobilization.

In addition, earlier studies have shown that apatites exhibit
high radiation resistance.>'® The most important factor, which
has attracted the interests of researchers, is that natural apatite
minerals involving significant actinides can persist in a natural
nuclear reactor (Oklo) for two billion years."'™ Hence, many
investigations on apatites have been reported for nuclear waste
immobilization.**"'*™® For example, Vance’s and Metcalfe’s
groups validated that radionuclides (Pu®*, Pu**, U*", and Am*")
can be incorporated in the synthesized apatites.*'* Further, even
U®" can be immobilized in apatite according to John’s work."®
With regard to matrices required for immobilizing radionuclides,
thermal stability is important because of the decay heat and
geotherm. In earlier studies, Ravikumar and Rakovan investigated
the thermal expansion behaviors of Gd,Zr,0, pyrochlore and
Cay Sro.1Pbg 1Laz 4Ceo 1 Pro 1Ndo 1Sy 1Gdo.1Y0.1(Si04);0  apatite.
Their results exhibited a larger thermal expansion coefficient,'”'®
which conflicts with the demand of ideal waste-form phases.
Therefore, it is necessary to seek a crystalline phase that has a
lower thermal expansion coefficient.

Most apatites with the general formula (My¢)4(Men)s(BO4)sZs
belong to the P6;/m (176) space group in a hexagonal system.
Here, M represents the monovalent (Li‘, Na', etc.), divalent
(Ca>*, sr**, Pb**, Cd*", etc.), trivalent (Y**, La*", etc.), and tetrava-
lent (U**, Th*, etc.) cations; the BO, group can be SiO,*,
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Fig. 1 (a) Schematic representation of the (My;)4(Men)e(BO4)sZs apatite structure; (b) the [(M4¢)4(BO4)g]l framework encloses a one-dimensional

tunnel containing the Mg,Zs component along the [001] direction.

PO,*", VO,*7, AsO,*", etc.; and Z is usually halogens, hydroxyl,
or oxygen.'”™" In the apatite structure (Fig. 1a), there are two
cationic sites (M,r and Mgp,). The My sites with the C; symmetry
are surrounded by nine oxygen atoms, while Mg, sites with the
Cs symmetry are coordinated with six oxygen atoms and one Z
anion."” According to earlier studies,*>* the apatite structure
in the [(Myf)s(BO,)s] framework (Fig. 1b), which comprise
columns of face-sharing M,O, distorted trigonal prism corners
connected to the BO, tetrahedron, enclose one-dimensional
tunnels containing the Mg, Zs component along the [001] direc-
tion. Interestingly, the tunnels are appropriate to immobilize
the volatile '*°1.>>*® Moreover, the BO, groups, which may
evolve into BO; or BOs units by the removal or insertion of
oxygen,'®** can immobilize the migratory **Tc (TcO,).>"®
Indeed, the BO, groups are also helpful for radiation resistance.
Molecular dynamics simulations on Cas(PO,4);F revealed that
both calcium metaprisms (Ca site) and tunnels (F site) are rela-
tively unperturbed by forming PO, chains even though these
positions accumulate numerous defects.>® Furthermore, the
value of “5” is flexible, such as Lag,Sr, ,(Si04)¢0s4r» and
Lao_xSig0s615, """ which is very useful to maintain the charge
balance considering the various decay products.

Therefore, this work was aimed to synthesize apatites with
different accommodations of radionuclides and investigate the
thermal expansion behavior in nuclear waste immobilization.
To achieve these goals, neodymium (Nd) was used as a surro-
gate of radioactive actinides (such as Am**, Cm®*, and Pu®") in
view of the similar valences and ionic radii.”'***

2. Experimental methods

2.1 Sample preparation

The CayLag_yNd,(Si04)4(PO4),0, (x = 0, 1, 2, 3, 4, 5, 6) samples
were synthesized by a conventional high-temperature solid-
state method. CaCO; (99.99%), La,O; (99.99%), Nd,Os

This journal is © The Royal Society of Chemistry 2020

(99.99%), NH,H,PO, (99.99%), and SiO, (99.99%) were mixed
in an appropriate stoichiometric proportion and thoroughly
ground for 1 h by mechanical milling. Subsequently, these
homogeneous mixtures were sintered at 1000 °C for 4 h. Then,
the mixtures were pressed into pellets after being ground for
another 1 h. All the pellets were sintered at 1400 °C for 18 h
and allowed to naturally cool down to room temperature.

2.2 Sample characterization

All the compounds were cautiously characterized by powder
X-ray diffraction (XRD) (X'Pert PRO) using Cu-Ka radiation oper-
ated at 40 mA and 40 kV at room temperature. The data were
recorded from 5° to 120° at a step size of 0.02° and time per
step of 1 s. The crystal structures of Ca,Las_,Nd,(Si04)4(PO,),0,
were determined by Rietveld refinement using the GSAS
program.”? To determine the vibrational modes, both Raman
spectra (LabRAM HR 800 instrument) excited at 532 nm and
Fourier-transform infrared (FT-IR) spectra (NEXUS 670 instru-
ment) for the powders were collected at room temperature. A
scanning electron microscope (SEM) with the Apreo S instru-
ment was used to observe the morphology of the samples.

High-temperature powder XRD studies were performed
using an Empyrean instrument at a heating rate of 10 °C min™"
from 298 to 1173 K. The data were recorded between 7° and 90°
for a step size of 0.02° and a scanning rate of 4° min .
According to previous methodology,'”***> we calculated the
thermal expansion coefficient of the prepared samples using
the unit cell parameters at different temperatures.

3. Results and discussion

3.1 Phase formation and symmetry determination

The powder XRD patterns of CayLas_,Nd,(SiO4),(PO4),0, are
shown in Fig. 2. As shown in Fig. 2a, except for the marginal
peak of impurity (ICDD no.: 97-015-8736; Caz(PO,),) marked with
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(@) Powder XRD patterns of CasLag(SiO4)4(PO4),0, as compared to the earlier model (ICDD no.: 04-006-0453; CasLag(SiO4)4(PO,4),05); (b)

powder XRD patterns of Cazlag_xNd,(SiO4)4(PO4),0, (x =0, 1, 2, 3, 4, 5, 6).

the symbol, almost all the peaks are identical as those in the
earlier model (ICDD no.: 04-006-0453; Ca,Lag(Si0,)4(PO,4),0,) in
the P63/m (176) space group. There are no significant changes in
the XRD patterns with an increase in the content of Nd** ions
(Fig. 2b), which indicates that all the compounds conform to the
apatite phase. Moreover, a slight shift in the peaks can be
observed in a local graph, as shown in Fig. S1.f This phenom-
enon can be attributed to the smaller radius of Nd*" ions than
La’* ions, which is consistent with Vegard’s law.>®

Nevertheless, the possibility of apatites with the P6; (173)
symmetry, which has slight symmetry breaking on mygoq; to
remove the inversion symmetry of the My¢ site,>”*® could not
be convincingly excluded only by XRD.?” It is still necessary to
determine the correct space group symmetry when La** ions
were gradually substituted by Nd** ions. Moreover, there is a
need to understand whether the CO;>~ groups from raw
materials can be incorporated into the BO, sites or tunnels to
form carbonized apatite, such as CagNag 5(PO,),.5(CO3);.5(OH),
and Ca;o-x(PO4)s—+(CO3)x(OH),—r—5)(CO3),.°>*" Therefore, the
Raman spectra and FT-IR spectra were recorded at room
temperature.

According to the factor analyses of apatites in the P6s/m
(176) space group,*"** the vibration modes could be described
as follows:

I = 12Ag + 8Eyg + 13Epg + 9By + 9A, + 12Byy + 13Eqy + 8Ezy

(1)

Only A, Eqq, and E,, modes are Raman-active, while A, and
E;, modes are IR-active. In the case of the P6; (173) space
group, the number of modes will increase due to lower sym-
metry, which results in the appearance of new vibration bands
in the range of the internal modes (v, for symmetric stretch-
ing; v, for symmetric bending; v; for asymmetric stretching;
and v, for asymmetric bending).*”
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Fig. 3 Raman spectra of the CasLag(SiO4)4(PO4),0, specimen.

The Raman spectra of the Ca,Lag(Si0,)4(PO,4),0, apatite
with the P6s/m (176) symmetry is shown in Fig. 3. Similar to the
data in previous reports on the P6s/m (176) space group, the
Raman spectra between 100 and 1200 cm™" can be divided into
two regions. The bands above 350 ecm™" are attributed to the
internal modes of the BO, tetrahedron, while the bands below
350 cm™! are interpreted to the complex external modes invol-
ving the translation and vibration modes of BO, and MO,
polyhedra.*** The modes of PO; and SiO, tetrahedra are
respectively marked according to earlier studies (Fig. 3).**7*°
There is an overlap between the v; (PO,) and v; (SiO,) bands,
which is consistent with earlier works.*”™*° Similarly, v, (PO,)
may be assigned to ~453 em™" in view of previous works and
the asymmetry band from 350 to 490 cm™". The Raman spectra
of other samples are shown in Fig. S2,T and the new vibration

This journal is © The Royal Society of Chemistry 2020
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bands are not observed in the ranges of vy, v,, v3, and v, modes.
This means that the CasLag_,Nd,(SiO,)4(PO4),0, samples
conform to the P6;/m (176) symmetry even though the La*" ions
are partly or completely substituted by Nd** ions. Moreover, the
intensity of the external modes involving the vibrations of
M**0, polyhedron slightly increase with the incorporation of
Nd’** ions possessing different polarizability toward La*" ions.
In addition, it should be noted that the possibility of carbonized
apatite cannot be completely excluded by the Raman spectra
alone because of the overlap between the v; (CO;*7) and v,
(PO,) bands in the range of 1000-1100 cm™" for the apatite
structure.*>>°

The FT-IR spectra, which is sensitive to polar groups (such
as CO5>7), is shown in Fig. 4. No features of the CO;>~ groups
are observed in the range of 1400-1500 cm ™", which precludes
the incorporation of CO;*~ groups in the BO, sites or
tunnels.”’ ™ According to the published studies,'”?**73475¢
the characteristic bands of PO, detected at 1059.8 and
962.3 em™" correspond to v; and v; P-O stretching modes,
respectively. The v, and v, bending modes of O-P-O separately
appear at 600.5, 499.5, and 471.3 cm™'. The bands at 928.8
and 868 cm™! are attributed to the v; and v; Si-O stretching
modes and the v, and v, bending modes are detected at 413.7
and 549.9 cm ™, respectively. The transmittance at 499.5 cm™"

Ca,Lag(Si0,),4(P0,),0,
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Fig. 4 FT-IR spectra of the CasLag(SiO4)4(PO4),0, sample.
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gradually decreases in the FT-IR spectra (Fig. S3t), which is
difficult to exactly explain because of many factors affecting
the intensity. For example, the change in dipole moment may
be influenced by the distortion of the unit cell with an increase
in the concentration of Nd** ions. Moreover, this phenomenon
may be ascribed to the slight content of the impurity phase
(Caz(PO,),) detected in the similar vibration band at around
497 em™.*” In addition, the bands considerably shift to higher
wavenumbers (Table 1), which means that more energy is
needed for the vibration of Si0,/PO, groups. This shift may be
caused by the inductive effect or the change of bond length
(Si04/PO,) due to the different radii of La®>" and Nd*" ions.

As discussed above, the XRD patterns are identical with the
earlier model of the P6;/m (176) space group (Fig. 2b).
Furthermore, new vibration bands owing to lower symmetry
are not observed in the Raman and FT-IR spectra in the range
of internal modes. These results demonstrate that the syn-
thesized Ca,Lag_xNd,(Si04)(PO,),0, (x = 0, 1, 2, 3, 4, 5, 6)
samples are also consistent with the P6;/m (176) symmetry.

3.2 Crystal structure analysis

The powder XRD patterns of Ca,Lag_Nd,(Si0,)(PO,),0,
exhibit slight differences in the relative intensities when com-
pared with those of the earlier model (Fig. 2a and b), such as
the (1 0 0), (11 0), (002),(102),and (1 2 1) lattice planes.
Considering the X-ray diffraction theory as well as the literature
on apatite structures,'®>**® the difference in intensities can be
attributed to the mixed arrangements of Ca®>" and Ln** (Ln =
La, Nd) ions between the My and Mgy, sites. For X-ray diffrac-
tion, the structure factor, |F(kkl)|?, involving the structural
information of the crystal could be expressed as follows:®

F(hkl)|*= {zn:gd'ﬂ'(s)ff'(s) exp2mi(h -2 +k-y +1- zJ)]}
Jj=1
(2)

where n represents the number of atoms in the unit cell; S =
sin O(hkl)/2; ¢ is the temperature factor; and f and g refer to
the atomic scattering factor and occupation factor of the j
atom, respectively. Moreover, the diffraction intensity was pro-
portional to the structure factor. It is obvious that the intensity
can be affected by the occupation factor. To clearly understand
this, the diffraction patterns with different occupations at the

Table 1 Assignment of the FT-IR vibration bands (cm™) for the Caslag_xNd(Si04)4(PO4),0, samples; “*" denotes the indistinguishable position due

to overlapping

PO,*~ Sio,*”

X 121 123 U3 Uy Uy Uy V3 Vg

0 962.3 471.3 499.5 1059.8 600.5 868.0 413.7 928.8 549.9
1 964.3 474.7 501.4 1060.7 601.1 869.4 413.3 930.2 550.8
2 965.2 478.1 * 1060.9 601.5 868.7 414.9 930.8 551.4
3 966.5 481.1 * 1061.5 602.3 867.9 415.5 931.3 552.1
4 968.0 482.8 * 1061.5 602.4 868.0 417.3 933.7 553.2
5 968.8 483.9 * 1062.5 603.0 872.2 418.6 934.6 553.6
6 970.1 476.2 505.4 1060.7 603.3 880.0 419.3 934.0 555.2

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 XRD patterns of CasLag(SiO4)4(PO,4),0, with different occupations
between the M4 and Mg, sites simulated using the Vesta software, and
other parameters (coordination, lattice parameter) were cited from the
earlier model (ICDD no.: 04-006-0453; CasLag(SiO4)4(PO,4),0,).

two sites were simulated by the Vesta software (Fig. 5).>° The dis-
crepancy in intensities can be remarkably observed with
different occupations at the two sites. As studied in the earlier
model (ICDD no.: 04-006-0453; CaLag(Si0,)4(P0O,),0,), the Ca>*
and La’" ions are located at the My and Mgy, sites, respectively.
However, the possibility that both divalent and trivalent cations
are located at the M and Mg, sites was also reported.'®>*

To determine the detailed crystal structure involving the
distributions of Ca** and Ln®" (Ln = La, Nd) ions between the
Mys and Mg, sites, Rietveld refinement was performed by
using the GSAS program with a pseudo-Voigt /FCJ Asym peak
shape profile in the P6s/m (176) space group. For each data
series, unit cell parameters, zero error, background, and peak
profile were refined, where the temperature displacement para-
meters and occupation factors were maintained constant (Ca**
and Ln’" ions were located at the My and Mg, sites, respect-
ively). After several cycles, the occupations of Ca®" and Ln**
were allowed to vary between the My and Mg, sites. Here, the
occupation factors of the My and Mg, sites were indepen-
dently constrained to 1. Moreover, the multipliers of
occupancy on the My and Me;, sites were set to 2 and 3,
respectively, for the conservation of mass. Subsequently, the
positions for all the atoms were refined. Finally, the isotropic
temperature displacement parameters were released during
the refinement process. Excellent matching to the data
(Ca,Lag(510,4)4(P0O,4),0,) was obtained, as shown in Fig. 6, and
the data for the other samples are shown in Fig. S4-S9.}
Details regarding the crystal structure such as the atomic posi-
tions, occupations, temperature displacement parameters,
selected bond lengths, and bond valence sums (BVS) are pro-
vided in Tables S1 and S2.7 The small discrepancy between the
ideal valence state (Ca**, La®", Nd**) and the calculated BVS
values was acceptable. The discrepancy gradually decreased
with an increase in the content of Nd*' ions, which demon-
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Fig. 6 Rietveld fitting pattern for the CasLag(SiO4)4(PO4),0, sample;
lines and dots denote the observed and calculated profile intensities,
respectively. Short vertical bars represent the Bragg reflection positions.
The difference (observed — calculated) is plotted below.

strated that a change in bond length is reasonable during the
refinement process. The Ca** cations of around 75% were
found to reside at the M, sites, which is similar to those
observed in earlier works where the cations with lower valence
were unfavorable to occupy the Mg, sites.®*"®> Moreover,
theoretical works have shown that the free energy of system is
considerably lower if the Ln*" (Ln = La, Nd) and Cs" cations
are located at the Mg, and My sites, respectively.®> " This is
because Oy, called “free oxygen”, does not belong to any BO,
tetrahedron, and the sum of the electrostatic bond strengths of
the cations toward O, is considerably less than 2 as required
by Pauling’s electrostatic valence rule even in the case of triva-
lent lanthanide ions.®® Hence, the Mgy, sites are preferred by
cations with higher valences. In this work, the Ln*" (La and
Nd) and Ca®>" cations tend to occupy the Mg, and My sites,
respectively.

Fig. 7a shows the refined cell parameters and the decreased
tendency conform to the slight shift in the diffraction peaks
(Fig. S17). Moreover, the average Si/P-O bond distance tends to
slightly decrease with an increase in the content of Nd*" ions
(Fig. 7b), which conforms to the shifted bands of the FT-IR
spectra (Table 1). The change in the energy of the IR-active
vibrations is consistent with the “harmonic oscillator
model”.>® That is, the bands would shift to higher wavenum-
bers with an increase in the bond strengths (or decrease in the
bond distances). However, the decreasing average Si/P-O bond
lengths (Table S2) were close to the average value of 1.5933 A
as calculated from the Si-O (1.61 A) and P-O (1.56 A) values,
which also demonstrate that the refinement results are reason-
able. Furthermore, the inductive effect has an impact on the
energy of IR-active vibrations. The electron densities of O ions
connected to the Ca/La/Nd (at the Mgy, site) and Si/P atoms are
influenced by the higher bond strengths to Mgy, sites, which

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Variations in cell parameters (a) a and ¢ and (b) unit cell volume with the degree of Nd substitution x in the CasLag_xNd,(SiO4)4(PO4),0, (x =
0,1, 2, 3, 4,5, 6) samples; the average bond distances of <Si/P—O> and <Mg,—O> are shown in (c) and (d), respectively.

increase the wavenumber due to a higher inductive effect. The
average bond distances of <Mg,-O> gradually decrease
(Table S21), and the enhanced bond strength would increase
the energy of IR-active vibrations, too. Therefore, the shifting
of the bands to higher wavenumbers is the result of this induc-
tive effect as well as the decreased average Si/P-O distance.
Interestingly, Rietveld analysis shows that the content of
Caz(PO,), impurity reduces from 2.815 wt% to 0 as the con-
centration of Nd*" ions (used as a surrogate of radioactive
actinides) increases (Fig. 8). This result shows that the
CayLag_yNd,(Si04)4(PO,),0, apatites possess an excellent
ability to accommodate radionuclides.

3.3 Morphology and crystal grain analysis

The SEM image of the Ca,Lag(Si0,)4(P0O,4),0, ceramic sample
is shown in Fig. 9. The crystalline grains are rod-like, which is
consistent with earlier reports on apatites.""®” Moreover, crys-
talline grains obviously contract with the accommodation of
Nd*" ions (Fig. 10). With regard to the CasNd4(Si04)4(PO,),0,
ceramic sample, it seems to only crystallize and not grow to
rod-like crystalline grains under such preparation conditions.
Generally, the grain growth can be expressed by the following
empirical equation:®®®°

G" — Gy =t x ko exp <F>(<\)T) (3)
where G and G, represent the average grain sizes before and
after annealing, respectively; T and ¢ refer to the temperature
and time, respectively; Kg is the Boltzmann constant; n is a
mechanism-dependent parameter; and Q is the activation
energy that governs grain growth. In this work, the smaller
crystalline grains indicate that the CayNdg(SiO4)4(PO,4),0,
sample needs higher activation energy. That is, the crystalline
grain of CayNdg(Si0,)4(PO,),0, will grow into a rod-like
shape at higher temperatures. The SEM image of the
CayNde(Si0,)4(PO,),0, sample at 1600 °C also proves this

This journal is © The Royal Society of Chemistry 2020

16065 —e— apatite Pure phase+

g 8
(=] w
" L L

Wt.Frac (%)

=3

g0

o
L

| Ca4l.a6_xN dx(S|04]4{ P04) 202

7.0 L———v—-—-v—v—

Fig. 8 Contents of apatite phase in sensitized samples with the degree
of Nd substitution x in the Caslag_xNd,(SiO4)4(PO4),0, (x = 0, 1, 2, 3, 4,
5, 6) samples.

Fig. 9 SEM images of the CasLag(SiO4)4(PO,4),0, ceramic samples.
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Fig. 10 SEM images of the Cazlag_xNd,(SiO4)4(PO4),0, ceramic samples for (@) x = 0, (b) x = 2, (c) x = 4, and (d) x = 6.

(Fig. S107). Therefore, the incorporation of Nd may enhance
the melting point.

Furthermore, the tendency of contracting grains is also indi-
cated in the XRD patterns of the ceramic samples as compared
to powders (Fig. 2b and 11). For the Ca,Lag(Si0,)4(PO,),0, speci-
men, the related intensities of the peaks, such as the (2 0 0), (2 1
0), (3 0 0), and (1 3 0) lattice planes, are considerably different
for detecting in ceramics and powders. This phenomenon can
be ascribed to the preferred orientation of the XRD patterns
rather than the different structural factors as mentioned above.
Generally, the theory of powder diffraction is based on comple-
tely random distributions of the orientations of the crystallites
such that every lattice plane has the same probability for diffrac-
tion.”® In practice, the external shape of the crystallites plays an
important role in achieving randomness of their orientations.
The anisotropic shapes, such as rod-like, needle-like, and plate-
let-like, give rise to distinctly nonrandom crystallite orientations,
which cause distortions in intensities.”® In this work, the distor-
tions in intensities between ceramic and powder gradually
weaken, since the smaller grains (rod-shaped shortening) can
positively affect the achievement of randomness in their
orientations.

4. Thermal expansion behavior

The thermal expansion behavior of Ca,Lag_,Nd,(Si04)4(PO,),0,
(x = 0, 3, 6) compounds were studied using high-temperature
powder XRD from 298 to 1173 K, as shown in Fig. S11-S13.}
Notably, a new phase was not observed in this temperature
range, which reveals that the Ca,Las_,Nd,(Si0,),(PO,),0, apa-

2584 | Dalton Trans., 2020, 49, 2578-2588
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Fig. 11 Comparison of the XRD patterns of the
Caglag_xNd,(SiO4)4(PO4),0, (x = 0, 1, 2, 3, 4, 5, 6) ceramic samples.

tites possess good thermal stability. The lattice parameters,
which gradually increase with the temperature (Fig. 12), are well
fitted using the following second-order polynomial:
For the x = 0 specimen,
a(T) = 9.56899 + (9.56484 x 10™°)T — (1.53004 x 10~ %)7>
R? =0.99985
o(T) = 7.07086 + (5.42648 x 10™°)T — (7.93347 x 10~ °)T*
R* =0.99926
For the x = 3 specimen,
a(T) = 9.51532 + (8.68899 x 10™°)T — (1.1098 x 10~%)7>
R*=0.99975

This journal is © The Royal Society of Chemistry 2020
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Fig. 12 Variations in the cell parameters as a function of temperature in
the range of 298-1173 K for the (a) Caslag(SiO4)4(PO4),0,, (b)
Ca4La3Nd3(SiO4)4(PO4)202, and (c) Ca4Nd6(SiO4)4(PO4)202 specimens.

o(T) = 7.01552 + (5.23168 x 107°)T - (6.36549 x 10~°)1*
R* =0.99963
For the x = 6 specimen,
a(T) = 9.47509 + (9.46563 x 107°)T — (1.9291 x 107%)
T R*>=0.99893
o(T) = 6.98436 + (5.28433 x 107°)T — (1.04365 x 10~7)
> R*=0.99837

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

As studied before,>*’° the line thermal expansion coeffi-
cient (a) and average line thermal expansion coefficient (a')
are defined by the following equations, respectively:

o(T) :Aioxél—“; (4)
,_ 1 (A-4A)
a —A—0><7(T_T0)

(5)

where A, and A represent the values of cell paraments at 298 K
(To) and other temperatures (7). For the three compounds, the
calculated line thermal expansion coefficients (a, and a)
dependent on temperature are shown in Fig. 13. Moreover, the
volume thermal expansion coefficients and anisotropic para-
meters (a./a.) are provided in Tables S3-S5.f The thermal
expansion coefficients of CajLag_yNd,(Si04)4(PO4),0, com-
pounds gradually decrease with an increase in temperature,
which is different than that observed in most
materials."”***>71"7 However, a few studies on the apatite
structure have also given similar results.”*”® This phenom-
enon indicates that the degree of thermal expansion becomes
weak in the same temperature range, which may result from
the stable and complex structure constraining the cells to sus-
tainable growth.

Moreover, the calculated average thermal expansion coeffi-
cients as a function of composition are shown in Fig. 14.
Evidently, o'y, @'c, and ', tend to decrease with an increase in
the concentration of Nd*" ions. In general, materials with
lower average thermal expansion coefficients possess a higher
melting point according to the empirical relationship.”””®
This relationship confirms our assumption from the SEM
results. To clearly understand the thermal expansion behavior,
the lattice energy, which is an inverse of the thermal expansion
coefficient of the material,””®® should also be taken into
account. In fact, the lattice energy gradually increased with a
decrease in the cell volume.®' Therefore, the decreased
thermal expansion coefficient can be attributed to the
enhanced lattice energy. In the comparative analysis of the
thermal expansion behavior to the other candidates, particu-
larly for the extensively studied pyrochlores, Gd,_,Nd,Zr,0,
(a3 =11.91 - 11.16 x 107° K™),"® Gd,Ce,Zr,_,0, (a'y = 11.6 —
13.8 x 107° K™),%* and (RE,.S¢.1),Zr,05 (RE = La, Sm, Dy, Er)
(s > 9.8 x 107° K"),** the CayLag_,Nd,(Si0,)4(P0O,),0, apa-
tites exhibit lower expansion coefficients (o', = 7.66 — 7.16
107° K™% o'c = 6.06 — 5.53 x 10~ K™ ). Therefore, this apatite
with a lower thermal expansion coefficient may be a better can-
didate for immobilizing high-level waste.

5. Conclusion

In summary, CasLag_Nd,(Si0,),(PO,),0, (x =0, 1, 2, 3, 4, 5, 6)
apatites were synthesized by a high-temperature solid-state
method and characterized by XRD, FT-IR, Raman, and SEM. All
the compounds possess the apatite structure in the P6;/m (176)
space group. Different to earlier studies, Rietveld analyses
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Fig. 13 Variations in the thermal expansion coefficients as a function of
temperature in the range of 298-1173 K for the (a)
Ca,Lag(Si04)4(PO4)202, (b)  CaslazNdsz(SiO4)4(PO,)202, and (c)
CaygNdg(Si04)4(PO,4),0, specimens.

demonstrated that both Ca®>" and Ln*' (La, Nd) cations were
located at the M,¢ and Mg, positions. Moreover, the Mg, site pre-
ferred to be occupied by Ln** (La, Nd) cations with higher
valences. This result indicates that both M,¢ and Mg, sites of the
apatite can be used to immobilize radionuclides. Similarly, the
decreased content of the impurity phase (Cas(PO,),; from

2586 | Dalton Trans., 2020, 49, 2578-2588
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Fig. 14 Changes in the average expansion coefficient (a5, a'c, and «',)
with the composition in the Cazlag_,Nd,(SiO4)4(PO,4),0; series.

2.815 wt% to 0) and the enhanced melting point suggest that
the apatite system possesses higher chemical stability due to the
incorporation of Nd** ions (a surrogate of Am*", Cm®", and
Pu*). In addition, these Cajlag_,Nd,(SiO4)4(PO,),0, com-
pounds exhibit lower thermal expansion coefficients as com-
pared to most candidates wused for nuclear waste
immobilization."”'®>*%>% Furthermore, the thermal expansion
coefficient of the apatite gradually decreases with the accommo-
dation of Nd** ions, which is induced by the enhanced lattice
energy. All these results imply that apatites with better thermal
and chemical stabilities are promising candidates for nuclear
waste immobilization.
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