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bstract

A novel concept of immobilization of light water reactor (LWR) fuel reprocessing waste effluent through interaction with sodium zirco-
ium phosphate (NZP) has been established. Such conversion utilizes waste materials like zirconium and nickel alloys, stainless steel, spent
olvent tri-butyl phosphate and concentrated solution of NaNO3. The resultant multi component NZP material is a physically and chemically
table single phase crystalline product having good mechanical strength. The NZP matrix can also incorporate all types of fission prod-
ct cations in a stable crystalline lattice structure; therefore, the resultant solid solutions deserve quantification of crystallographic data. In
his communication, crystal chemistry of the two types of simulated waste forms (type I—Na1.49Zr1.56Sn0.02Fe0.28Cr0.07Ni0.07P3O12 and type
I—Na1.35Ba0.14Zr1.56Sn0.02Fe0.28Cr0.07Ni0.07P2.86Si0.14O12) has been investigated using General Structure Analysis System (GSAS) programming
f the X-ray powder diffraction data. About 4001 data points of each have been subjected to Rietveld analysis to arrive at a satisfactory structural
onvergence of Rietveld parameters; R-pattern (Rp) = 0.0821, R-weighted pattern (Rwp) = 0.1266 for type I and Rp = 0.0686, Rwp = 0.0910 for type
I. The structure of type I and type II waste forms consist of ZrO6 octahedra and PO4 tetrahedra linked by the corners to form a three-dimensional
etwork. Each phosphate group is on a two-fold rotation axis and is linked to four ZrO6 octahedra while zirconium octahedra lies on a three-fold
otation axis and is connected to six PO4 tetrahedra. Though the expansion along c-axis and shrinkage along a-axis with slight distortion of bond
ngles in the synthesized crystal indicate the flexibility of the structure, the waste forms are basically of NZP structure. Morphological examination

y SEM reveals that the size of almost rectangular parallelepiped crystallites varies between 0.5 and 1.5 �m. The EDX analysis provides the
nalytical evidence of immobilization of effluent cations in the matrix. The particle size distributions of the material along selected reflecting
lanes have been calculated by Scherrer’s formula.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Sodium zirconium phosphate related compounds can be syn-
hesized by various conventional and novel ceramic methods
uch as high temperature solid state reaction, single crystal
ormation, hydrothermal synthesis, co-precipitation, microwave
intering, etc. [1–6]. The NZP structure is basically a three-

imensional network of (Zr2P3O12)− units resulting in a flexible
exagonal crystal structure formed by corner sharing of PO4
etrahedra with ZrO6 octahedra along c-axis. In the three-

∗ Corresponding author. Tel.: +91 7582264249.
E-mail address: dr ops11@rediffmail.com (O.P. Shrivastava).
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dwaste immobilization

imensionally linked interstitial spaces the alkali atoms such as
a, K, Ca, Ba, Mg, Sr, etc. can be located in the holes between
rO6 octahedra. The octahedral site in NZP is occupied by Zr4+

nd tetrahedral site is occupied by P5+ and the two interstitial
ites may be occupied by Na+. The site I has distorted octahedral
oordination whereas site II has trigonal prismatic coordination.
everal divalent cations substitute for two alkali ions and rare
arth elements are assumed to occupy the Zr4+ site. The strongly
onded but open structure allows the high mobility of alkali ions
unneling through the PO4 ZrO6 polyhedra chain. As a result

here are enormous numbers of compounds containing 1–5 dif-
erent cations, belonging to this family [7–10]. Hawkins and
cheetz [11], Seida et al. [12] and Troole et al. [13] have reported

hat the immobilization of trivalent elements into Zr position was

mailto:dr_ops11@rediffmail.com
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Fig. 1. Rietveld refinement pattern of type I ceramic powder. The ‘+’ are the
raw X-ray diffraction data, and the overlapping continuous line is the calculated
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sodium zirconium phosphate which gives six intense absorptions
between 2θ = 19.46–35.30◦ (Figs. 1 and 2) [33]. The Rietveld
refinement of the step scan data was performed by the least
square method [34]. The refinement converges to a satisfac-
86 O.P. Shrivastava, R. Chourasia / Journal

uestionable but in the light of various publications [8,14–25]
n immobilization of trivalent cations in NZP matrix the final
ord on the mechanism of solids state reactivity of trivalent

lements requires more experimental evidence and better theo-
etical model. The NZP compounds are receiving attention for
heir potential applications in anti thermal shock devices, space
echnology, automobile industry, etc. They are also well known
or their applications as catalyst supporters, fast ion conductors
nd host for immobilizing radioactive waste. Recently members
f NZP structural family have been proposed as host materials
or rare earths and actinides [26,27].

The primary objective of this research has been to demon-
trate the feasibility of conversion of light water reactor fuel
eprocessing radioactive waste into a single phase crystalline
eramic material of stable lattice structure which possesses a
igh leach resistance appropriate for geological disposal elim-
nating the need of additional barriers. Immobilization of high
evel nuclear waste in NZP matrix was firstly proposed by Roy
t al. on account of numerous advantages: high stability of three-
imensional network, high waste loading, refractory nature, easy
ethod of synthesis and stability towards radiation damage and

issolution [28–30]. Two major types of formulations of simu-
ated NZP waste forms have been synthesized in the laboratory
y Hirose et al. [31]. Their chemical compositions are as follows:
ype I Na1.49Zr1.56Sn0.02Fe.28Cr0.07Ni0.07P3O12 Mol. wt. 487.20
ype IINa1.35Ba0.14Zr1.56Sn0.02Fe0.28Cr0.07Ni0.07P2.86Si0.14O12Mol. wt. 502.80

It is in this background that the complete crystallographic
haracterization of such simulated waste-forms becomes inter-
sting for process engineering and system development for
mmobilization of light water reactor’s low level waste effluents
n NZP matrix.

. Experimental

.1. Oxide route synthesis of type I and type II NZP
eramic phases

Stoichiometric amounts of dry fine powders of precursor
xides/carbonates and ammonium dihydrogen phosphate were
ixed in a mortar-pestle in glycerol medium. The selected chem-

cal compounds were AR grade Na2CO3, ZrO2, Fe2O3, SnO2,
i(NO3)26H2O, Cr2O3 for type I and additionally BaCO3 and
iO2 for type II sample, respectively. The glycerol paste was
radually heated initially at 600 ◦C for 8 h in a platinum cru-
ible. The initial heating is done to decompose Na2CO3 and
NH4)H2PO4 with the emission of carbon dioxide gases, ammo-
ia and water vapors. The mixture was reground to micron
ize, pressed into pellets at room temperature and sintered in
platinum crucible at 1000 ◦C for 72 h.

.2. Characterization

The X-ray diffraction pattern has been recorded between

θ = 10–90◦ on a Rigaku RUH3R diffractometer using Cu K�
adiation at step size of 2θ = 0.02◦ and a fixed counting time
f 2 s/step. The X-ray data was subjected to General Struc-
ure Analysis System (hereafter GSAS) software programming
attern. Black vertical lines in the profile indicate the position of the allowed
eflections for Cu K�1 and Cu K�2. The curve at the bottom is the difference
n the observed and calculated intensities in the same scale.

hich is capable of handling and refining the step analysis
owder diffraction data in a comprehensive manner. Scanning
lectron microscopy (SEM) has been carried out on a HITACHI
-3400n electron microscope system attached with Thermono-
an ultra dry detector facility for energy dispersive X-ray (EDX)
nalysis.

. Result and discussion

The diffraction patterns of type I and type II ceramic waste
orms are typical characteristic of the NZP based structure.
hey can be indexed assuming a rhombohedral cell (R−3c)
s also reported elsewhere [32]. The rule for the rhombohe-
ral lattice: −h + k + l = 3n has been verified for all reflections
etween 2θ = 10–90◦. The intensity and positions of the diffrac-
ion pattern fairly matched with the reported standard pattern of
Fig. 2. Rietveld refinement pattern of type II ceramic powder.



O.P. Shrivastava, R. Chourasia / Journal of Hazardous Materials 153 (2008) 285–292 287

F

t
p
g
(
m
c
t
T
p
d
h
c
t

Table 1
Crystallographic data for type I and type II ceramic phases

Phase Type I Type II

Lattice parameters
a = b 8.79326 (20) 8.78103 (19)
c 22.8826 (9) 22.8084 (9)
α = β = 90◦
γ = 120◦

R-pattern (Rp) 0.0821 0.0686
R-weighted pattern (Rwp) 0.1266 0.0910
Rwp expected (Re) 0.0506 0.0546
R-structure factor (RF2) 0.06806 0.05284
Volume of unit cell (Å3) 1525.57 (6) 1523.06 (5)
Densitycalculated (gm/cm3) 3.269 3.107
Densityexpected (gm/cm3) 3.120 2.912
Unit cell formula weight 3003.517 2849.445
S (goodness-of-fit) 2.51 1.67
Slope 1.8781 1.5673
No. of parameters refined 33 36

Structure: rhombohedral; space group: R−3c; Z = 6.

Rp =
∑

yi(obs) − yi(cal)∑
yi(obs)

Rwp =
{∑

wi(yi(obs) − yi(cal))2∑
wi(yi(obs))2

}

Re =
[

N − P∑
wiy

2
oi

]1/2

S = Rwp

Rexp

yi(o) and yi(c) are observed and calculated intensities at profile point i, respec-
tively. wi is a weight for each step i. Ik(o) and Ik(c) are observed and calculated
integrated intensities, respectively. N is the no. of parameters refined.

T
R

A

N

N

I

ig. 3. Probability plot between Io–Ic for polycrystalline type II ceramic sample.

ory structure fit giving Rp = 0.0821 and 0.0686 for type I and II
hases, respectively. The normal probably plot for the histogram
ives nearly a straight line indicating that the observed intensity
Io) and calculated intensity (Ic) values are for the most part nor-
ally distributed (Fig. 3). The lattice parameter are close to the

orresponding values for NZP [35]. The cell parameters of the
wo specimens register slight increase in c direction (Table 1).
he presence of the bulkier cations on M1 site instead of com-
aratively small Na+ in the interstices increases the size of NaO6

istorted octahedra and hence stretches the bridging PO4 tetra-
edra in the c direction. Simultaneously the structure shows a
ontraction along a direction. This is due to bond angle dis-
ortions as a result of the coupled rotation of ZrO6 and PO4

able 2
efined atomic coordinates of type I and type II polycrystalline ceramic powders at room temperature

tom x y z Occupancy Uiso (Å2) (isotropic thermal parameter)

a1.492Zr1.56Sn0.02Fe28Cr0.07Ni0.07P3O12

Na1 0.0 0.0 0.0 1.0 0.07779
Na2 0.0 0.0 0.502 0.01068 0.07773
Zr3 0.0 0.0 0.14541 0.85514 0.03002
Sn31 0.0 0.0 0.14541 0.02251 0.03742
Fe32 0.0 0.0 0.14541 0.13522 0.04055
Cr33 0.0 0.0 0.14541 0.03715 0.04187
Ni34 0.0 0.0 0.14541 0.03076 0.05027
P5 0.29184 0.0 0.25 0.98094 0.03274
O6 0.18083 −0.0232 0.19528 1.05295 0.04403
O7 0.19073 0.17205 0.0875 1.05157 0.04403

a1.35Ba0.14Zr1.56Sn0.02Fe28Cr0.07Ni0.07P2.86Si0.14O12

Na1 0.0 0.0 0.0 1.0 0.05666
Ba12 0.0 0.0 0.0 0.00336 0.06565
Na2 0.0 0.0 0.501 0.0453 0.05666
Zr3 0.0 0.0 0.14589 0.79538 0.00938
Sn31 0.0 0.0 0.14589 0.00844 0.02985
Fe32 0.0 0.0 0.14589 0.13903 0.03722
Cr33 0.0 0.0 0.14589 0.04186 0.02857
Ni34 0.0 0.0 0.14589 0.02864 0.025
P4 0.2891 0.0 0.25 0.92607 0.01238
Si51 0.2891 0.0 0.25 0.05265 0.03219
O5 0.17751 −0.03006 0.1956 0.98171 0.02408
O6 0.1933 0.16611 0.0874 0.98222 0.02408

sotropic atomic displacement factor = exp(−8�2Bsin2 θ/�2).
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Table 3
Inter-atomic distances (Å) for type I and type II ceramic powder

Type I Type II

Na1 O6 2.55700(14)*6 Na1 O6 2.55082(7)*6
Na2 O6 2.52164(7)*3 Na2 O6 2.53304(7)*3
Na2 O6 2.59268(7)*3 Na2 O6 2.56869(7)*3
Zr3 O5 2.04573(4)*3 Zr3 O5 2.04847(4)*3
Zr3 O6 2.07485(4)*3 Zr3 O6 2.07667(4)*3
P4 O5 1.53287(4)*2 P4 O5 1.52010(3)*2
P4 O6 1.531350(30)*2 P4 O6 1.55143(3)*2
Na1 Na2 0.04556(0)*2 Na1 Na2 3.99677(7)*6
Na2 Na2 0.09113(0) Na1 Na2 0.02281(0)*2
Na1 Zr3 3.31283(14)*2 Na1 Zr3 3.32752(14)*2
Na2 Zr3 3.26727(14)*2 Na2 Na2 0.04562(0)

Na2 Zr3 3.30471(13)
Na2 Zr3 3.35033(14)
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he * denotes multiplicity of bonds and angles. The values in parentheses
enotes (esd) estimated standard deviation values.

olyhedra [36]. Alteration in lattice parameters shows that the
etwork slightly modifies its dimensions to accommodate the
ations occupying M1 and M2 sites without breaking the bonds.
he basic framework of NZP accepts the cations of different
izes and oxidation states to form solid solutions but at the same
ime retaining the overall geometry unchanged. The final atomic
oordinates and isotropic thermal parameters (Table 2), inter-
tomic distances (Table 3), bond angles (Table 4) and structure
actors of prominent reflections (Table 5) are extracted from
he crystal information framework prepared after final cycle of
efinement.

Fig. 4 illustrates that the structure is based on a 3D framework
uilt from ZrO6 octahedra and corner sharing PO4 tetrahedra.

he Zr O distances of the octahedra and P O distances of the

etrahedra are comparable with those found by Shannon and
rewitt [37]. Other calculated M O distances also fit in the
roposed model. The Oak Ridge Thermal Ellipsoid Plot Pro-

able 4
M O bond angles in type I and type II ceramic materials

ype I Type II

6 Na1 O6 65.6884(21)*6 O6 Na1 O6 65.411(21)*6
6 Na1 O6 180*2 O6 Na1 O6 179.9802
6 Na1 O6 114.3116(2)*6 O6 Na1 O6 114.589(21)*6
6 Na2 O6 66.7288(21)*3 O6 Na1 O6 179.972(0)
6 Na2 O6 178.7214*2 O6 Na1 O6 179.9657
6 Na2 O6 114.2934(2)*6 O6 Na2 O6 65.928(21)*3
6 Na2 O6 64.6733(21)*3 O6 Na2 O6 179.3608(0)*2
5 Zr3 O5 92.1431(17)*3 O6 Na2 O6 179.3614
5 Zr3 O6 92.3297(18)*3 O6 Na2 O6 114.5843(21)*6
5 Zr3 O6 174.20689(10)*3 O6 Na2 O6 64.9001(21)*3
5 Zr3 O6 91.3665(19)*2 O5 Zr3 O5 92.3196(17)
5 Zr3 O6 91.3666(19) O5 Zr3 O6 92.2179(18)*3
6 Zr3 O6 83.8854(20) O5 Zr3 O6 91.9579(18)*3
5 P4 O5 110.4615(25) O5 Zr3 O6 173.63251(10)*2
5 P4 O6 107.26330(30)*2 O5 Zr3 O6 173.63240(10)
5 P4 O6 112.3834(10) O6 Zr3 O6 83.1639(19)*3
5 P4 O6 112.3835(10) O5 P5 O5 112.1940(24)
6 P4 O6 107.1069 O5 P5 O6 104.08210(20)*2

O5 P5 O6 113.0937(10)*2
O6 P5 O6 110.5409

a
t
1
c

F
l

ig. 4. DIAMOND view of stick and ball representation of coordination sites
f Na/Ba, Zr/Fe/Cr/Ni/Sn and P/Si for type II.

ram (ORTEP) view generated by the refined structural data
hows two values of Zr O distances namely Zr(3) O(5) and
r(3) O(6) in multiple of 3 whereas P O distances occur in two
airs. The bond angle data reveals that the planar O Zr O angles
re different from those connecting the apex oxygen atoms of

he octahedron (Fig. 5). The O(5) Zr(3) O(6) bond angle is
73.91 (average of 174.20 in type I and 173.63 in type II) indi-
ating that the ZrO6 octahedra are slightly tilted. Likewise the

ig. 5. ORTEP view of Zr coordination in ZrO6 with their respective bond
engths.
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Table 5
Observed and calculated structure factors of polycrystalline type I and type II ceramic phases

h k l d-Space Fosq Fcsq Intensity % (I 100)

Type I
1 0 −2 6.33082 1.973E+05 1.940E+05 26.8339
1 0 −2 6.33082 2.027E+05 1.940E+05 13.7158
1 0 4 4.56103 1.137E+06 1.121E+06 81.7751
1 0 4 4.56103 1.125E+06 1.121E+06 40.2826
1 1 0 4.39663 1.469E+06 1.459E+06 98.4462
1 1 0 4.39663 1.468E+06 1.459E+06 48.9551
1 1 3 3.80496 9.822E+05 9.449E+05 100.0000
1 1 3 3.80496 9.579E+05 9.449E+05 48.5377
2 0 −4 3.16541 1.601E+06 1.510E+06 57.7874
2 0 −4 3.16541 1.643E+06 1.510E+06 29.5079
1 1 6 2.87373 1.588E+06 1.429E+06 96.0410
1 1 6 2.87373 1.568E+06 1.429E+06 47.1897
2 1 1 2.85557 2.022E+05 1.962E+05 12.0860
2 1 4 2.56889 4.866E+05 4.676E+05 24.0577
2 1 4 2.56889 4.865E+05 4.676E+05 11.9752
3 0 0 2.53839 1.737E+06 1.723E+06 42.0532
3 0 0 2.53839 1.719E+06 1.723E+06 20.7152
2 0 8 2.28052 5.254E+05 3.828E+05 10.5476
2 1 −8 2.02439 6.975E+05 6.753E+05 22.8908
2 1 −8 2.02439 6.860E+05 6.753E+05 11.2099
3 1 −4 1.98030 4.812E+05 4.388E+05 15.2281
2 0 −10 1.95501 6.665E+05 6.387E+05 10.3252
0 0 12 1.89855 4.636E+05 4.953E+05 32.5216
2 2 6 1.90248 1.078E+06 1.086E+06 15.9051
2 1 10 1.78637 1.042E+06 1.009E+06 27.9140
2 1 10 1.78637 1.033E+06 1.009E+06 13.7872
3 1 8 1.69644 5.484E+05 4.767E+05 13.5518
3 2 4 1.67024 5.618E+05 5.803E+05 13.5528
4 1 0 1.66177 1.136E+06 1.201E+06 27.1981
4 1 0 1.66177 1.135E+06 1.201E+06 13.5343
3 1 −10 1.54888 7.858E+05 7.596E+05 16.9231
2 0 14 1.49639 1.028E+06 9.772E+05 10.5303
2 1 −14 1.41659 5.488E+05 5.330E+05 10.3981
5 1 4 1.32992 6.486E+05 5.812E+05 11.2785

Type II
1 0 −2 6.32695 1.314E+05 1.284E+05 26.2476
1 0 −2 6.32695 1.350E+05 1.284E+05 13.4227
1 0 4 4.56207 6.827E+05 6.679E+05 70.6914
1 0 4 4.56207 6.951E+05 6.679E+05 35.8094
1 1 0 4.39051 1.042E+06 1.045E+06 99.8429
1 1 0 4.39051 1.038E+06 1.045E+06 49.4961
1 1 3 3.80207 6.972E+05 6.966E+05 99.9999
1 1 3 3.80207 6.890E+05 6.966E+05 49.1686
2 0 −4 3.16347 1.117E+06 1.187E+06 55.2563
2 0 −4 3.16347 1.155E+06 1.187E+06 28.4347
1 1 6 2.87388 1.133E+06 1.127E+06 92.3432
1 1 6 2.87388 1.136E+06 1.127E+06 46.0574
2 1 1 2.85171 1.771E+05 1.708E+05 14.2058
2 1 4 2.56663 3.151E+05 2.896E+05 20.4267
3 0 0 2.53486 1.452E+06 1.346E+06 45.8728
3 0 0 2.53486 1.458E+06 1.346E+06 22.9165
2 1 −8 2.02416 5.524E+05 5.411E+05 22.1757
2 1 −8 2.02416 5.709E+05 5.411E+05 11.4014
3 1 −4 1.97815 3.535E+05 3.593E+05 13.5489
2 2 6 1.90104 1.005E+06 9.613E+05 35.5867
2 2 6 1.90104 9.957E+05 9.613E+05 17.5396
2 1 10 1.78666 8.517E+05 8.319E+05 26.6564
2 1 10 1.78666 8.663E+05 8.319E+05 13.4901
3 1 8 1.69559 4.007E+05 4.064E+05 11.3154
4 1 0 1.65946 1.059E+06 1.064E+06 28.6771
4 1 0 1.65946 1.090E+06 1.064E+06 14.6803
3 1 −10 1.54853 6.960E+05 6.825E+05 16.4971
2 0 14 1.49750 9.342E+05 9.882E+05 10.3947
2 1 −14 1.41733 5.360E+05 4.866E+05 10.7801
5 1 4 1.32825 6.654E+05 6.234E+05 11.9425

The seven columns within each group contain the values h, k, and l, d-spacing, structure factor Fosq (observed), Fcsq (calculated) and intensity, respectively. The
reflection selected from the crystallographic information framework (CIF) output of the final cycle of the refinement. Intensities less than 10% were omitted.
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Fig. 7. (a) Scanning electron microphotograph of type I waste form. (b) Scanning
electron microphotograph of type II waste form.
ig. 6. ORTEP view of P coordination in PO4 with their respective bond lengths.

O4 tetrahedra are also slightly distorted (Fig. 6), with a small
eviation of angles from 106◦ to values between 104◦ and 113◦,
ut the mean P O distance 1.535 Å is close to the value found
n parent compound NaZr2(PO4)3 (1.543 Å) [38].

X-ray data for type I and type II samples was used for
he estimation of particle size using Scherrer’s formula [39]:
= 0.9λ/β cos θ, where t is the crystallite size as measured per-
endicular to the reflecting plane, K = 0.9, the Scherrer constant,
the wavelength of X-ray radiation, β the full width at the half

ntensity of maxima, measured in radians and θ the Bragg angle.
he (h k l) values corresponding to prominent reflections, their
alf width, and particle size for crystals are shown in Table 6. The
article size distribution along the reflecting planes mentioned
n table, ranges between 36 and 166 nm for type I and 29 and
35 nm for type II formulations, respectively. The microstruc-
ure of the waste forms has been examined by scanning electron

icroscopy and EDX analysis of the two specimens at two dif-
erent locations. The evolution of solid mono phase can be seen
learly in the electron micrograph of type I and type II waste
orms (Fig. 7a and b) which have rectangular parallelepiped

rystallites of 0.5–1.5 �m diameter. Within the limits of exper-
mental error the EDX analytical data on atomic and wt.% of
a, Zr, P and the respective effluent cations in the waste forms
atch with their corresponding expected molar ratios (Fig. 8).

able 6
istribution of particle size along prominent reflecting planes of type I and type

I ceramic powder

k l Type I Type II

Peak width
(2θ)

Particle size
(nm)

Peak width
(2θ)

Particle size
(nm)

0 −2 0.16 66.4856 0.182 56.504
0 4 0.18 41.895 0.20 235.04
1 0 0.18 57.514 0.18 55.7005
1 3 0.16 75.8327 0.18 70.730
1 6 0.22 36.4355 0.26 29.760
1 4 0.24 166.84 0.34 126.6108
0 0 0.24 82.87 0.28 74.4631
0 12 0.34 63.355 0.36 66.60
1 −4 0.32 42.062 0.44 35.5204

T
l

4

t
c
C
m

Fig. 8. EDX spectrum of polycrystalline type II ceramic waste form.

he EDX spectrum shows that the effluent cations are crystal-
ochemically present in the NZP matrix.

. Conclusions

Refinements of powder X-ray diffraction data shows that

he solid solutions of type I and type II NZP ceramic phases
rystallize in the rhombohedral (R−3c space group) structure.
rystal data and structural parameters of the multi component
aterials have been refined to satisfactory convergence with
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easonable values of Rietveld parameters. The calculated val-
es of P O and Zr O bond lengths in the waste forms are in
greement with their expected values 1.57 and 2.12, respec-
ively. The O M O bond angle data shows that ZrO6 octahedra
nd PO4 tetrahedra in both type I and type II ceramic phases
re slightly tilted. The NZP ceramic precursor appears to be a
otential material for immobilization and solidification of mul-
ivalent ions from low level waste from LWR fuel reprocessing.
he proposed structure model also calculated the atomic dis-

ances of this cost effective immobilization matrix for low level
uclear waste of the fuel reprocessing plants. The waste forms
ould be successfully formulated utilizing waste material such
s zirconium alloy, stainless steel, nickel alloy, spent solvent,
ributyl phosphate (TBP) and concentrated solution of NaNO3
n a minimum amount of additional chemicals.
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