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A novel concept of immobilization of light water nuclear reactor fuel reprocessing waste effluent
through interaction with sodium zirconium phosphate (NZP) has been established. It was found
that a large number of hazardous cations could be loaded in the NZP-based matrix without significant
change of three-dimensional framework structure. Starting from the raw powder diffraction data of
polycrystalline solid phases, crystal structure of substituted NZP phases has been investigated
using the General Structure Analysis System (GSAS) package. Cation(s) substituted NZP phases crys-
tallize in rhombohedral symmetry (space group R-3c and Z=6). Powder diffraction data have been
subjected to Rietveld refinement to reach satisfactory structural convergence of R-factors. Unit cell
parameters, inter atomic distances, bond angles, reflecting planes (4, &, 1), structure factors, polyhedral
(ZrOg and PO,) distortion, and particle size have been reported. PO, stretching and bending vibrations
in the Infra red (IR) region have been assigned. SEM and EDAX analysis provide analytical evidence

of fixation of cations in the matrix. © 2013 International Centre for Diffraction Data.
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I. INTRODUCTION

The general crystallochemical formula for sodium zirco-
nium phosphate (NZP) group of materials is described as
(M) (M5)3 {[L; (PO4)3] ™ }30 Where M; and M, are crystal-
lographic positions in the framework holes and L the positions
of the framework. The NZP core framework and the ions
placed into M| and M, sites behave as two parts of the struc-
ture playing different roles. Bonds between the atoms of the
framework are strongly covalent, whereas the inserted ions
to M; and M, interstitial sites are relatively weakly bonded.
The weakest one is for cations like Na having +1 oxidation
state. This combination of stability and flexibility of NZP
structure allows the existence of iso and heterovalent substi-
tutions at all non-oxygen lattice sites and gives rise to a
large number of compounds with identical connections
between their structural units (Petkov et al., 2001). Based on
the available coordination sites, the standard structural for-
mula for such compounds is described as [M'] [M”5] [AY']
[XY] Oy,. The octahedral site A" is normally occupied by
Zr** while the X'V site is tetrahedral and occupied by P>*.
In rhombohedral polycrystalline sodium zirconium phos-
phates, the PO, tetrahedra are linked with ZrOg octahedra
by corner sharing, hence forming a three-dimensional frame-
work with [Zr,(PO,4);]~ where each oxygen atom is bonded
to only one P and one Zr atom. The columns of three units
lie along the c-direction running in hexagonal unit cell parallel
to each other. These columns are inter-linked through PO,
tetrahedra in the direction perpendicular to the c-axis
to develop a framework of columns, which are capable of
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accommodating the larger alkali metal cations. The three-
dimensional NZP structure possesses two kinds of holes,
site T (M’) occurs in the column of Zr octahedra and the
other site II (M”,) is located between columns of Zr octahedra.
This M”, site can be populated by additional cations that
compensate the charge with polyvalent cations other than
zirconium in the three-dimensionally linked interstitial spaces.
The alkali atoms such as Na, K, Ca, Ba, Mg, and Sr etc. can be
located in the holes between ZrOg octahedra (Yoon et al.,
2001). Site I has distorted octahedral coordination, while
site II has trigonal prismatic coordination (Bhuvneshwari
and Varadaraju, 1999; Bois et al., 2001). Several divalent
cations substitute for two alkali ions, while rare earth elements
are assumed to occupy the Zr** site. The strongly bonded but
open NZP structure allows high mobility of alkali ions tunnel-
ing through the PO4,~ZrOg polyhedral chain. As a result, there
are a number of compounds containing 1-5 different cations,
belonging to this family (Rega et al., 1992; Varadaraju et al.,
1994; Petkov and Orlova, 2003). They are also well known for
their applications as catalyst supporters, fast ion conductors,
and host for immobilizing radioactive waste effluents
(Breval et al., 1998; Tantri et al., 2002). This communication
describes the synthesis and Rietveld refinement of crystal
structures of trivalent substituted NZP phases.

Il. EXPERIMENTAL

The stoichiometric amount of AR grade Na,CO;, ZrO,,
Sb,05/ Cr,05/Al1,05, and NH,H,PO, were mixed in a mortar
and pestle with an appropriate quantity of glycerol to make a
semisolid paste. The paste was gradually heated initially at
600 °C for 8 h to decompose Na,CO; and (NH4)H,PO,
with the emission of carbon dioxide, ammonia and water
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Rietveld refinement patterns of SbDNZP, CrNZP, and AINZP ceramic samples. The ‘ +* are the raw XRD data and the overlapping continuous line is the

calculated pattern. Black vertical lines in the profile indicate Bragg’s positions of allowed reflections for CuKal and CuKea?2. The curve at the bottom is the

difference in the observed and calculated intensities in the same scale.

vapor. The mixture was reground to micron size, pressed into
pellet at room temperature and finally sintered in a platinum
crucible at 1050 °C for 24 h.

The materials were characterized by powder X-ray dif-
fraction (XRD) between 260 =10-90° on a Rigaku RUH3R
diffractometer using CuKoa radiation at a step size of 20=
0.02° and a fixed counting rate of 2 s per step. The data
were analyzed by the Rietveld method using the General
Structure Analysis System (GSAS), which is capable of hand-
ling and refining the step analysis diffraction data in a compre-
hensive manner. SEM and EDAX analysis of antimony,
chromium, and aluminum substituted NZP has been per-
formed on JEOL JSM-5600 microscope.

lll. RESULTS AND DISCUSSION

Phase pure solid solutions of SODNZP, CrNZP, and AINZP
crystallize in the rhombohedral system (space group R-3c).
The conditions for the rhombohedral lattice: (i) —h+k+[=
3n, (i) when h=0, [=2n, and (iii) when k=0, [=2n have
been verified for reflections between 20 = 10-90°. The inten-
sity and positions of the diffraction patterns match with the
characteristic pattern of sodium zirconium phosphate, which
give several prominent reflections between 26=13.98—
46.47° [JCPDS file no. 71-0959 (2000; Figure 1]. The
Rietveld refinement of all three phases was performed by
the least squares method using GSAS software (Larson and
Von Dreele, 2000). Assuming that Na;Zr; 9Sbg P30,
Nal_IZr1_9A10_1P3012, and Na1.12r1_9Cr0A1P3012 belong to the
Nasicon family, Zr, P, and O atoms are in the 12¢, 18e¢, and
36f Wyckoff positions, respectively, of the R-3c space
group. The Na atoms were assumed to occupy the M; and
M, sites. In the first step, Na occupies fully the M, site (6b)
and the excess of sodium was located in the M, site (18e).
In the second step, the occupancies of Nal and Na2 were

parameters register slight increase in the c¢-direction
(Table I). The presence of Na(1)O¢/Na(2)Og distorted polyhe-
dron in the M, site stretches the bridging PO, tetrahedra in the
c-direction. Simultaneously, the structures show a slight con-
traction along the a-direction. This may be attributed to
bond-angle distortions as a result of the coupled rotation of
Z1rO¢ and PO, polyhedra (Govindan Kutty et al., 1998).
Alteration in unit-cell parameters indicates that the net-
work slightly modifies its dimensions to accommodate the

TABLE I.  Crystallographic data for SbDNZP, CrNZP, and AINZP ceramic
phases at room temperature.
Structure: rhombohedral; space group; R-3¢; Z = 6.

Parameter SbNZP CrNZP AINZP

Unit-cell parameters

a(h) 8.772 83(16) 8.787 36(19) 8.797 01(16)

b(A) 8.772 83 8.787 36 8.797 01

c(A) 22.8375(7) 22.7461 22.7700(7)

A =[£=90.0°, y=120.0°

R, 0.0764 0.0375 0.0936

Ryp 0.1099 0.0492 0.1288

Rexpected 0.0547 0.0485 0.0842

RF* 0.045 00 0.167 34 0.0570

Volume of unit 1522.16(4) 1521.09(6) 1526.04(5)
cell (A%

S (GoF) 2.02 1.01 1.53

Unit cell formula  3036.666 2932.700 2916.0
weight

Densityx_ray 3.313 3.173 3.202
(g/em’)

Slope 1.6688 0.9148

TABLE II. Atom-oxygen bond distances (A) of SbNZP, CrNZP, and
AINZP ceramic powders at room temperature.

allowed to vary, but the total Zr and Sb/Al/Cr contents were Nal-07 2:59000(5)x 6 2.54728(7)x 6 2.35001(5)x 6
. . Na2-06 2.86531(5)x2 2.327 11(7) 2.329 60(5)
constrained to 0.95 and 0.05, respectively. The refinement Na2-06 2.815 44(5) x 2 2,512 35(5) 2,515 10(4)
leads to a rather good agreement between the experimental Na2-07 2.466 04(4) 2.694 57(6) 2.697 53(5)
and calculated diffraction pattern and yields acceptable Na2-07 2.395 14(4) 2.736 18(6) 2.739 18(5)
reliability factors (R, Ry, and RFZ). The normal probability Na2-07 2.466 04(4) 2.435 49(5) 2.438 16(4)
plot for the histogram gives nearly a linear relationship ~ Na2-O7 2.395 14(4) 2.202 16(4) 2.204 57(4)
indicating that the o and Ic values for most part of the  2/M-06  202714(30)x3 204778(4)x3 2054 92(3)x3
curve are normally distributed. The unit-cell parameters of Zi3M-07 2066 47(30) x 3 207521(5)x3 207177(3)x 3
X y : R p P5-06 1.521930(30) x 2 1.51770(5) x 2 1.51932(3)x 2
the materials are close to the corresponding values for P5-07 1,533 950(30) x 2 1,552 53(3)x 2 1554 23(3) x 2
un-substituted NZP (Carla et al, 1997). The unit-cell
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TABLE III.

O-M-O angles (degree) in SbNZP, CrNZP, and AINZP ceramic powders at room temperature.

Angles (°)

SbNZP

CrNZP

AINZP

07-Nal-07

06-Na2-07

06-Na2-07
07-Na2-07

06-Zr3-06
07-Zr3-07
06-Zr3-07

06-P5-06
07-P5-07
06-P5-07

65.0877(16) x 6,180.0 x 3,

114.9123(16) x 6

69.9337x 2, 130.4187 x 2,

60.5637, 159.6394

90.700 08(14) x 3
84.7889(15) x 3
92.3189(14) x 3,

175.8893 x 3, 92.050(14) x 3

109.3417(19)
108.3209
107.669 20(10) x 2,

65.567(2) x 6,180.0 x 3,
114.433(2)x 6
61.382(1),
106.607(1) 145.116,
168.530,107.761,
71.853(2),71.249(1)
131.943,
103.005(2),
141.334(1), 128.530(1)
61.048,72.801,59.405,
117.164(1)
92.446(2) x 3
83.309(2) x 3
91.822(2) x 3,92.446(2)
173.639 % 3,92.083(2) x 3

65.569(2) x 6,180.0 x 3,
114.4312)x 6
61.381(1),
106.606(1), 145.116,
168.530,107.761,
71.851(1), 71.249(1)
131.943,
103.006(2),
141.335(1), 128.531(1)
61.048, 72.802,59.405,
117.164

83.591(2)x 3
91.844(1) x 3,92.162(1)
174.034 x 3,92.104(1) x 3

111.9412(8) x 2

112.016(2) 112.0142)

110.540 110.540
113.171(1) x 2,104.095 x 2 113.172(1) x 2,104.096 x 2
112.016(2) 112.014(2)

cations occupying M; and M, sites without breaking the
bonds. The basic framework of NZP accepts the cations of
different sizes and oxidation states to form solid solutions
yet at the same time keeping the overall geometry unchanged.
The final atomic coordinates, inter-atomic distances (Table II),
bond angles (Table III), and (h k [) values corresponding to
prominent reflections are extracted from the crystal infor-
mation file (CIF) prepared by the software. The refinement
leads to acceptable Zr/M-0O, P-O, and Na—O bond distances
(where M =Sb, Cr and Al) Zr/M atoms are displaced from
the center of the octahedron because of the Na*—Zr*/M>*
repulsions. The average Zr/M-O distance 2.0468 A for
SbNZP, 2.0615 A for CtNZP, and 2.0633 A for AINZP is
smaller than the values calculated from the ionic radii data
of 2.12 A (Shannon, 1976). The P-O distances are close to
those found in Nasicon-type phosphates (Chakir et al.,
2006). The O—-(Zr/M)-O angles vary between 83.31and
175.89°, the angles implying shorter bonds are superior to
those involving longer ones because of O-O repulsions
which are stronger for O(6)-0O(6) than for O(6)-O(7).

The O-P-O angles vary from 104.09 to 113.17°. The Na
(1) atoms occupy the center of the M; site, while Na(2) atoms
located in the M, site are surrounded by eight or six oxygen
atoms. Figure 2 shows the PLATON projection of the

Figure 2. PLATON projection of molecular structure showing Zr
coordination in ZrOg and P coordination in PO, polyhedron at 50%
probability level.
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molecular structure depicting the inter linking of ZrOg and
PO, through a bridge oxygen atom. The ORTEP view gener-
ated by the refined structural data shows that the Zr—O bonds
are in three pairs resulting in six coordinations of zirconium
and P-O distanced in one pair resulting in four coordinations
of phosphorus. Figure 3 illustrates the DIAMOND view show-
ing the ZrOg inter ribbon distance in the structure of the title
phase which is a function of amount and size of alkali cation
in the M(2) site of the 3D framework, built from ZrOg octahe-
dra and corner sharing PO, tetrahedra. The bond valences cal-
culated using valence sum rule (West, 2003) are in agreement
with the expected formal oxidation states of Na*, Zr**, and P°
*, respectively. The chemical bonding mechanism based on
the contour maps of charge density reveals that at the center
of the Zr atoms the charge density maxima are between 5.75
and 5.82 a.u.>. There are two charge density minima for two
different bond distances between Zr and O atoms. The Zr-O
bond is covalent with some degree of ionic character because
of hybridization effect between Zr-4d and O-2p states (Terki

Na(1)0; +—

Figure 3. DIAMOND view of coordination sites of Na, Zr/M, (Sb, Cr, Al)
and P.
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TABLE IV. Bond distortions in ZrOg, Na(2)Osg, and PO, structural units of et al., 2005), Simjlarly, there are two electron density minima
SbNZP, CtNZP, and AINZP ceramic sample. for two types of P-O bond lengths 1.5219(30) and 1.5339(30)
A, respectively. The charge density ratios at the center of the
Zr and P atoms of various contours vary from a low of 3.01 to
Polyhedron NZPSb NZPCr NZPAI a high of 4.36 against the expected value of 3.6.

From the individual bond lengths of metal-oxygen poly-

Polyhedral distortion (A)

7rOg 0.923x 107 0.44x107* 0.167 x 10~ . . .
NaOy/NaOs 61.79 x 10~ 5808 x 104 s809x 10~  hedra, polyhedral distortion can be calculated by the following
PO, 0.155x 10~ 1.286x 10~ 120x10°  equation A=1/n Z{(Ri—Rm)/(Ri)}* (Roger et al., 2004). The

calculated distortions in ZrOg octahedra, PO, tetrahedra, and

]
P
(b)
Na
! Sh
T T I I
2 i 6 8
keV
Figure 4. (a) Scanning electron micrograph and (b) EDAX spectrum of polycrystalline SONZP mono phase.
(b)
e :
]
8192  7pvi
Figure 5. (a) SEM and (b) EDAX spectrum of CrNZP ceramic powder synthesized at 1050 °C.
(b)
10
Figure 6. (a) SEM and (b) EDAX spectrum of AINZP ceramic material synthesized at 1050 °C.
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NaOg polyhedra have been summarized in Table IV. The ZrOg¢
octahedron of Al-substituted NZP has been found to be
approximately three times more distorted than the correspond-
ing octahedron of Cr-substituted NZP.

The morphology and microstructure of the specimen have
been examined by scanning electron microscopy. The evol-
ution of solid monophase is seen clearly in the electron micro-
graphs of ceramic powders, Sb-substituted NZP has
parallelepiped grains 1.5-2.0 um in diameter [Figure 4(a)],
Cr and Al-substituted NZP phases show isolated grains of
approximately 2.5-3.0 um visible in the form of their agglom-
erates [Figures 5(a) and 6(a)]. The EDX analysis of the phases
on selected locations on atomic and weight % of Na, Zr, Sb/
Al/Cr, and P are acceptable with their corresponding expected
molar ratios. The EDX spectrum reveals that antimony/chro-
mium/aluminum is crystallochemically fixed in the NZP
matrix [Figures 4(b), 5(b), and 6(b)]. Simultaneously, the crys-
tallite size was also studied using Scherrer’s equation where
broadening of the peak is expressed as full-width at half-
maxima (FWHM) in the recorded XRD pattern (Shrivastava
and Chourasia, 2008). The crystallite size measured along var-
ious reflecting planes does not show significant 4. k. [ depen-
dent broadening; however, the minimum and maximum size
depends on substituent cation (Sb, Cr, and Al).
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