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Immobilization of sodium and potassium 
in Synroc 
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Substitution of K for Na in certain nuclear fuel reprocessing cycles may allow an increase of 
waste loading in Synroc, because K can be incorporated in the barium hollandite phase more 
easily than Na. The use of rare-earth additions to stabilize Na in the perovskite phase may also 
have merit. 

1. Introduction 
Synroc [1] is a titanate ceramic designed for the 
immobilization of high-level radioactive waste (HLW) 
arising from the reprocessing of spent nuclear fuel. For 
Purex-type clean reprocessing wastes [2], Synroc is 
mainly composed of barium hoUandite (ideal formula 
BaH4AI2.28Tis.72016), zirconolite (CaZrTi2OT) and 
perovskite (CaTiO3). A large majority of the fission 
products and actinides is incorporated in dilute solid 
solution in these chemically durable phases. Minor 
phases include rutile (TiO2) or Magn61i phases 
(Ti,O2,_l), depending on the oxygen fugacity pre- 
vailing during hot-consolidation, and metal alloy 
phases (containing Mo, Ru, Rh, Pd, Tc, Fe, etc). 

In some fuel reprocessing schemes, high concentra- 
tions of process contaminants are introduced into 
HLW. Among the process contaminants, sodium is 
particularly difficult to immobilize as this element may 
tend to form less durable phases. Sodium is normally 
introduced into the reprocessing cycle via (a) NaOH 
for neutralization and (b) Na2CO 3 for reconditioning 
tributyl phosphate damaged by irradiation. The lea- 
chabilities and mineralogies of Synroc containing 
10 wt % oxide equivalent of simulated Na-bearing 
Japanese waste (JW-A) have been reported by Buykx 
et al. [3], who also studied Synroc containing simu- 
lated Na-free Purex waste plus up to 2.7% Na20. It 
was concluded that the chemical durability of Synroc 
should be maintained as long as the Na20 content 
does not exceed ~ 3 wt %, because at this Na20 level, 
Na-rich phases are encapsulated in a resistant matrix. 
However, in a recent work [4], curium-doped Synroc 
containing ~ 10 wt % JW-A waste (1.7 wt % Na20) 
has shown some deterioration in its chemical dur- 
ability in a relatively short time, equivalent to 2000 
years of repository storage. The deterioration has been 
attributed to differential volume swelling of the 
crystalline phases which may possibly weaken the 
encapsulation effect of the resistant matrix. 

It appears to be necessary to reduce formation of 
the less durable phases in order to ensure the long- 
term integrity of Synroc containing Na-bearing HLW. 
Two methods can be considered: (1) substitution of K 
for Na as a reprocessing reagent, and (2) addition of 

rare-earth elements as charge compensators into the 
Synroc formulation. In the former method, the K is 
expected to be mainly incorporated in the hoHandite 
phase. In the latter method, most of the Na should 
enter the perovskite phase [5]. The present work 
describes the effects on leaching and mineralogy of 
adding modified JW-A waste (a JAERI version of 
COGEMA waste which closely resembles, but is not 
identical with, the JW-A waste referred to above) to: 

(i) the standard Synroc B composition at higher 
waste loadings than those previously utilized [3], i.e. 
up to 28 wt %; 

(ii) the standard Synroc B composition, but with K 
substituted on an equivalent atomic basis for Na in 
the waste; and 

(iii) the Synroc B formulation with modified JW-A 
waste to which extra rare-earth elements are also 
added as charge compensators, as proposed by Kes- 
son and Ringwood [5]. 

2. Experimental procedure 
Simulated waste and other additives were added as 
nitrate solutions to alkoxide-route Synroc B precur- 
sors [6, 7]. The compositions of the modified JW-A 
waste, and the variant (JW-K) in which K was substi- 
tuted for Na, are shown in Table I. The precursor has 
the composition (wt %) A120 3 (5.4); BaO (5.6); CaO 
(11.0); TiO2 (71.4); ZrO z (6.6). The pH was maintained 
at ~ 9 with NH4OH solution [3] during waste addi- 
tion and the mixture was stirred continuously during 
drying to minimize elemental segregation. After 
calcination for 1 h at 750 ~ in flowing 3.5% H2/N 2, 
2 wt % fine ( ~ 325 mesh) Ti powder was thoroughly 
mixed in to serve as a redox buffer (see e.g. [3]). The 
mixtures were then hot-pressed in 40mm diameter 
graphite dies at 1200 ~ and 20 MPa for 2 h. Selected 
calcines were also hot-pressed for 2 h at 20 MPa in 
10 mm diameter graphite dies at temperatures be- 
tween 850 and 1100 ~ 

Densities and open porosities were measured by 
Archimedes' method, in which samples were boiled in 
water for 3 h or were evacuated in n-octanol. X-ray 

2694 0022-2461/91 $03.00 + .12 �9 1991 Chapman and Hall Ltd. 



TABLE I Composition of modified JW-A high-level waste and TABLE II Densities and porosities of Synroc containing 
JW-K variant modified JW-A waste 

Component Content (wt %) 

JW-A JW-K 
(modified) 

SeO2 0.09 0.08 
Rb20 0.52 0.46 
SrO 1.44 1.27 
Y203 0.85 0.75 
ZrO 2 9.91 8.71 
MoO 3 7.39 6.50 
M n O  2 1.10 0.97 
RuO z 4.16 3.66 
Rh20 3 0.86 0.76 
PdO 2.28 2.00 
Ag20 0.12 0.11 
CdO 0.13 0.12 
SnO z 0.08 0.07 
Sb203 0.03 0.03 
TeO 2 0.97 0.85 
Cs20 4.17 3.66 
BaO 2.67 2.35 
La203 2.16 1.90 
CeO z 6.74 5.91 
Pr6Ol i 2.11 1.85 
N d / O  3 7.03 6.17 
SmaO 3 1.39 1.22 
EuzO 3 0.26 0.23 
Gd203 0.16 0.14 
Na20 18.88 0.00 
K20 0.00 28.70 
P205 1.29 1.13 
AI203 6.88 6.05 
Fe20 a 12.46 10.95 
Cr20 a 2.15 1.89 
NiO 1.72 1.51 

powder diffraction data were obtained with diffracto- 
meters fitted with graphite monochromators  and us- 
ing CoK~ radiation. Scanning and transmission elec- 
tron microscopies were carried out with Jeol instru- 
ments fitted with Tracor  Northern energy-dispersive 
X-ray analysers (EDX); the SEM samples were pol- 
ished flat to a 0.25 Jam diamond finish and the TEM 
samples were ion-thinned. In the EDX analysis there 
were considerable overlaps of the Ti, La, Ce and Nd 
signals. Leaching experiments on polished 10 mm dia- 
meter by 2 mm thick discs were performed for up to 
56 days at 90~ using deionized water (MCC-1 
method [8]). 

3. Results and discussion 
3.1. 10 -28  wt % loading with 

modified J W - A  waste 
The densities and porosities of the hot-pressed sam- 
ples are shown in Table II. The densities increase with 
waste loading and also depend strongly on waste 
composition. Although the theoretical densities are 
not known, the low open porosities suggest that the 
samples are near theoretical density. Samples contain- 
ing 28 wt % modified JW-A waste (5.3 wt % N a 2 0  ) 
were observed to react with the graphite die during 
hot-pressing. On exposure to air, a white-coloured 
efflorescence developed. From SEM studies, the efflor- 
escence displayed various crystalline morphologies 

Waste Density Open 
loading (wt %) (gem-3) porosity (%) 

10 4.18 0.07 
14 4.22 0.05 
20 4.25 0.10 
28 4.29 0.04 
14 (PW-4b-D ") 4.42 0.10 

a Purex-type reprocessing waste [2]. 

Figure 1 Acicular Al-rich phase (probably hibonite) in Na- 
containing material. 

and the only elements detected by EDX were Na  and 
Cs. The precise mechanism underlying the formation 
of this material still remains unknown, but it seems 
clear that these samples would have minimal chemical 
durability. 

The microstructure of the samples showed that they 
were fine-grained and that there were no major segre- 
gations. In all specimens containing Na, an acicular 
Al-rich phase (probably hibonite) (Fig. 1) is present, 
while in the control (no Na, 14% PW-4b-D [2]) a sub- 
micrometre equiaxed Al-rich phase was present. The 
phase assemblages of modified JW-A waste specimens 
have been discussed elsewhere [3, 4]; freudenbergite is 
the major Na-bearing phase. However, this phase 
reaches a maximum level at around 14% waste load- 
ing and no observable new crystalline Na  phase forms 
at higher Na  contents; Fig. 2a shows the XRD pattern 
obtained from a sample containing 15 wt % modified 
JW-A waste. The X-ray diffraction results, together 
with the efflorescence observed, the low chemical dur- 
ability and reactivity with the graphite die, suggest 
that above 14% waste loading ( ~ 3  wt % Na20)  a 
secondary amorphous  phase is present. It has been 
suggested that the formation of this secondary 
amorphous  phase could be reduced by lowering the 
hot-pressing temperature. Studies on the hot-pressing 
behaviour of Synroc containing modified JW-A waste 
are being conducted at present and preliminary results 
indicate that hot-pressing to full density below 
1200 ~ is possible. 

The chemical durability of the specimens containing 
10% and 14% waste is good (Table III) (though the Cs 
leach rate is not quite as good as that of the control 
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Figure 2 XRD patterns obtained from different Synroc samples 
containing: (a) 15 wt % modified JW-A waste; (b) 20 equivalent 
wt % JW-K waste; (c) 17 wt % modified JW-A waste + 17 wt % 
additional rare-earth oxides. Z, zirconolite; H, hollandite; P, 
perovskite; M, Magn61i phases. 

specimen conta in ing  14% P W - 4 b - D ,  or  of  Aus t ra l i an  
reference-qual i ty  Synroc  [7]). However ,  at  a waste 
load ing  of  20 w t %  (3.8 w t %  N a 2 0  ) and  above  there is 
a m a r k e d  de te r io ra t ion  in the durab i l i ty  of the Synroc.  
Samples  con ta in ing  28% modif ied  J W - A  waste had  
very high Cs, A1, Mo,  and N a  leach rates; after lea- 
ching, the solu t ions  had  a high p H  of 10-11 (as 
opposed  to 7-8 for waste  landings  < 14%). The large 
p H  rise is p re sumab ly  due  to (Na +, Cs +) exchange  
with H +, and  p r o b a b l y  explains  the high A1 leach rate  
in the 28 % waste specimens.  The low Ca and  Ba leach 
rate in the 20% and  28% w a s t e  specimens as com-  
pa red  to reference-qual i ty  Synroc  [7]  m a y  arise f rom 
CO2 abso rp t i on  by  the a lkal ine  solu t ions  and  sub- 
sequent  p rec ip i t a t ion  of the carbonates .  All ba tches  
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Figure 3 Cs leach rate (MCC-1, 7 days) versus Na content in Synroc 
containing modified JW-A waste. Individual data points in replicate 
analyses are shown. Na and Mo leach rates follow the same trend. 

have low Sr leach rates. There  is a s t rong  cor re la t ion  
between N a  content  and  leachabi l i ty  of the s imula ted  
fission p roduc t s  which tend to be most  leachable  (Cs 
and  Mo)  in H L W - c o n t a i n i n g  wasteforms (Fig. 3 and  
Table  III). 

3.2.  3 0  w t %  e q u i v a l e n t  l o a d i n g  w i t h  K - s u b s t i -  
t u t e d  m o d i f i e d  J W - A  w a s t e  ( J W - K )  

A sample  conta in ing  J W - K  waste would  need to have 
an ac tua l  load ing  of 10.98 wt % waste  to have the 
same fission p roduc t  load ing  as a sample  conta in ing  
10 wt % modif ied  J W - A  waste, but  for convenience of 
c o m p a r i s o n  we have des ignated  an equivalent  waste  
load ing  of J W - K  in terms of fission p roduc t  content  of 
modif ied  J W - A  waste. Thus  a sample  conta in ing  
10.98 wt % ac tua l  J W - K  waste is referred to as con-  
ta ining 10 wt % equivalent  J W - K  waste. 

The densit ies of  the mater ia l s  hot -pressed  
(20 M P a / 2  h) a t  in te rmedia te  t empera tu res  are shown 
in Fig. 4. The densit ies increased mono ton ica l ly  with 
increasing t empera tu re  and reached a m a x i m u m  at 
~ 1100 ~ above  which the densities were gimilar to 

TABLE III  7 day leach rates of Synroc containing mo'dified JW-A waste 

Waste Na20 Leach rate (g m 2 d- t) 
loading content 
(wt %) (wt %) AI Ba Ca Cs Mo Na Sr 

Leachate 
pH 

10 1.9 < 0.03 0.005 0.010 0.18 0.10 0.10 
14 2.6 < 0.03 0.014 0.004 0.16 0.16 0.08 
20 3.8 < 0.03 < 0.0004 < 0.0001 4.9 1.2 5.1 
28 5.3 10.9 < 0.0004 < 0.0001 93 12.1 40.9 
14 ~ -0 < 0.3 0.006 0.003 0.04 0.08 

Reference b < 0.02 0.09 0,023 0.08 0.3 
Synroc I-7] 

< 0.002 
< 0.002 
< 0.002 
< 0.002 
< 0.002 

0.026 

8.0 
8.0 

10.2 
11.9 
8.2 

~ 6  

Leach rates for Ti and Zr were < 0.0002 and < 0.003 gm- /d  1, respectively. Initial pH = 8.0. 
a Waste Purex type PW-4b-D [2]. 
b 10 wt % waste Purex type PW-4b-D. 
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Figure 4 Densities of samples containing (o) 10 and (x  20 equi- 
valent wt % JW-K waste, hot-pressed for 2 h at 20 MPa at different 
temperatures. 

those obtained for the materials pressed at 1200 ~ 
After hot-pressing at 850 or 880 ~ barium hollandite, 
perovskite and Magn61i phases were observed by 
XRD together with the cubic phase, previously at- 
tributed to a pyrochlore structure [9] but more re- 
cently attributed to a disordered fluorite structure 
[10]. As found in samples containing 10 wt % JW-A 
waste [3], this phase transformed to the zirconolite 
phase above 900 ~ 

The densities and porosities of samples hot-pressed 
at 1200~ MPa are indicated in Table IV. The 
densities have positive correlation with waste loading. 
Although samples containing 10 and 20 equivalent 
wt % JW-K waste had no measurable (< 0.1%) open 
porosity, the sample containing 30 equivalent wt % 
JW-K waste had 1.3% open porosity. On exposure to 
air, this sample slowly developed K-rich efflorescence, 
similar to that on the samples containing 28% modi- 
fied JW-A specimens discussed above. 

SEM on the samples containing 10 and 20 equival- 
ent wt % JW-K waste, hot-pressed at 1200~ gave 
results similar to those obtained on good-quality Syn- 
roc containing up to 20 wt % Purex waste PW-4b-D 

T A B L E  IV Densities and porosities of JW-K Synroc 

Waste Density Open 
loading a (gcm 3) porosity (%) 
(wt %) 

l0 4.17 < 0.1 
20 4.21 < 0.1 
30 4.44 1.3 

a Corresponds to modified JW-A waste fission product value. 

simulate [7]. Observed features included relict Ti 
additive (oxidized, and containing fine-scale porosity 
[7]), ~ 1 lam Al-rich segregates, and (Fe, Mo, Pd, Ru) 
alloy particles. XRD showed the usual Synroc phases 
(see Fig. 2b), but Magn61i phases rather than rutile 
were present. However, an extra line (relative to refer- 
ence Synroc [7]), corresponding to an interplanar 
spacing of 0.71 nm, was observed in the XRD pattern; 
it was also present in the pattern from the 30 equi- 
valent wt % JW-K sample. TEM studies showed just 
the standard Synroc phase assemblage (Fig. 5a), and 
phase analyses are given in Table V. 

As indicated in Table VI, the perovskite is of near 
ideal ABO3 stoichiometry. It contains ,-~ 5 mol % 
SrTiO3 component in solid solution. About 4 mol % 
rare-earth (RE), Ce and Nd, also occupy the A site. 
The RE appear to be accommodated by coupled 
substitutions of the form: 

RE 3+ + K + ~ 2Ca 2+ (1) 

R E  3+ + AI 3+ ~ C a  2+ 4- T i  4 + (2) 

In the observed hollandite phase, 70~ of the available 
tunnel sites are occupied by K, Ba and Cs. The 
stoichiometry (Table VI) is very close to that predicted 
by Cheary (Fig. 2 in [11]). Although the A-site total is 
low, the calculated formula of zirconolite is otherwise 
normal. A small amount of RE (~ 4 mol %) at the A- 
site is balanced by substitution of A1 for Ti at the B- 
site. Potassium was mainly found in hollandite, as 
expected because K occupies the Ba site in natural 
(K, Ba)Mn8016 hollandite. The d = 0.71 nm XRD 

Figure 5 Transmission electron micrographs of (a) sample containing 20 equivalent wt % JW-K waste, and (b) sample containing 17 wt % 
modified JW-A waste plus 17 wt % additional rare-earth oxides. Major phases are zirconolite (Z), hollandite (H), perovskite (P), Magn61i 
phases (M), and metal alloys (A). 
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T A B L E  V Leach results of JW-K Synroc 

Waste loading K20 
and leach time content 

(wt %) 

Leach rate (gm - 2 d - 1 ). 

Ba Ca Cs K Mo Sr 

Leachate 
pH 

10wt % 
7 d  

28 d 
56 d 

20 wt % 
7 d  

28 d 
56 d 

30 wt % 
7 d  

Reference 
Synroc b 

7 d [7] 

HLW 2.9 

HLW 5.7 

8.6 

0.03 0.01 < 0.01 < 1 0.2 0.01 5.8 
0.01 0.003 0.02 < 0.3 0.04 < 0.005 5.2 
0.001 0.002 < 0.002 < 0.2 < 0.01 < 0.002 4.8 

0.13 0.015 0.4 <0 .7  0.6 0.02 6.3 
0.06 0.005 0.14 <0 .2  0.2 0.01 6.3 
0.03 0.002 0.07 <0.1 <0.01 0.003 6.1 

5.5 
0.015 0.02 0.5 - < 0.0l 0.01 

0.09 0.023 0.08 - 0.3 0.026 ~ 6 

"For  7 day leach tests, AI, Ti and Zr were measured as < 0.05, < 0.0002, < 0.003 g m -  z d -  i; the corresponding values for the 28 day tests 
are a factor of four lower. 28 day values for reference Synroc are approximately a factor of four lower than those for 7 day leach tests. 
b 10 wt % of Waste Purex type PW-4b-D [2]. 

peak is evidently due to K substituting in the Ba site in 
hollandite, thereby increasing the structure factor of 
the (1 10) reflection. Such a reflection was observed in 
XRD patterns obtained in the present work from 
(K, Ba) hollandites prepared by Cheary [11]. The 
calculated value of I~ t o varies from 4-18 (relative to 
1310 = 100) over the range of compositions from 
Ko.6Bao. s to Ka.oBao.4. The best fit to the observed 
intensities of the first five hollandite peaks (Fig. 2b) 
gives an A-site content of 0.87 K and 0.53 Ba + Cs 
atoms per formula unit, reasonably close to the values 
determined by TEM/EDX. 

Leach results on the samples (hot-pressed at 
1200 ~ containing JW-K waste are comparable with 
those from reference-quality laboratory Synroc [7] 
(Table V). The 7 day leach results on the 10 wt % JW- 
K sample are superior to those from reference-quality 
Synroc [7] and the leach rates decrease with increas- 
ing leach duration. Although the 7 day Cs leaching 
results for the 20 and 30 wt % JW-K samples are, 
respectively, five and six times that of reference-quality 
Synroc, these values are only approximately double 
that from the Na-bearing material doped with 10 and 
14 wt % modified JW-A waste (see Table III) and are 
ten times lower than that for the Na-bearing material 
doped with 20 wt % modified JW-A waste (see Table 
III). The final pH of the leach solutions never exceeded 
7, in contrast with the behaviour observed for the 
samples containing modified JW-A waste. 

3.3. Precursors with rare-earth oxide additions 
To immobilize Na in perovskite, Kesson and Ring- 
wood [-5] argued that charge compensation for 1 wt % 
Na20 would require ~ 5 wt % rare-earth (RE) oxides, 
corresponding to the compensation mechanism 

Na + + RE a + ~ 2Ca 2 + (3) 

We employed a Synroc formulation incorporating 
20 wt % modified JW-A waste. This material con- 
tained ~ 4 wt % Na20. One part by weight of a 
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T A B L E  VI Chemical compositions (wt %) of major phases in 
Synroc containing JW-K waste (20 wt % equivalent loading), as 
determined by transmission electron microscopy 

Perovskite Hollandite Zirconolite 

MoO 3 1.5 TiO 2 79.9 TiO 2 48.5 
TiO z 53.3 ZrO 2 0.2 ZrO 2 33.7 
ZrO 2 2.4 AlzO 3 2.6 A1203 1.0 
AI20 3 0.4 FeO 0.1 Ce20 3 0.7 
Ce20 3 3.1 BaO 7.5 Nd20 3 1.5 
Nd20 3 1.0 K20 5.5 CaO 14.5 
CaO 33.7 Cs20 4.2 FeO 0.1 
FeO 0.5 
SrO 3.4 
K20 0.7 

La signal could not be separated from TiK~ line. 

Phase stoichiometries: perovskite - (Cao.86Sro.05REo.04Ko.02- 

Feo.ol)o.9s (Tio.96Zro.03Moo.olAlo.ol)l.0103;hollandite-~(Ko.8Bao.4- 
Cso.2)l. 4 (T16.2Tll.4Alo.4)8016,-4+ .a, �9 zirconolite - (Cao.87REo.04)0.91- 

(Zro.93Tio.07) 1.00 (Ti 1.97 A10.06)2.03 O7. 

mixed RE oxide was added to five parts of the Synroc 
formulation, giving a corrected modified JW-A waste 
loading of 17 wt%. The composition is given in 
Table VII. 

The density was 4.65 g cm -3, with no measurable 
(< 0.1%) open porosity. XRD (see Fig. 2c) showed a 
dominant perovskite phase which appeared to be 
cubic rather than orthorhombic (~s observed in RE- 
doped glass ceramics [12]), with weaker peaks due to 
barium hollandite, zirconolite and Magn61i phases. 
No Na-rich regions were detected by SEM and the 
usual (see above) microstructures were observed, with 
no detectable segregation of waste. TEM showed the 
standard Synroc phase assemblage (Fig. 5b). EDX 
analyses of the major phases are given in Table VIII. 

Successful incorporation of Na and RE in Synroc is 
reflected in the phase chemistry, there being major 
amounts of Na and RE in perovskite, minor Na in Ba- 
hollandite, and minor RE in zirconolite. In the A-site, 



T A B L E  VII Composition of Synroc containing 17wt% T A B L E  IX 7 day leach results for Synroc containing 17wt% 
modified JW-A waste + 17 wt % additional rare-earth oxides" modified JW-A waste + 17 wt % additional rare-earth oxides 

Component Content Component Content 
(wt %) (wt %) 

TiO 2 47.58 SnO 2 0.02 
Al20 3 4.75 Sb20 3 0.01 
BaO 4.18 TeO 2 0.16 
CaO 7.33 Cs20 0.69 
ZrO 2 6.05 LazOa 6.03 
SeO2 0.02 CeO2 9.13 
Rb20 0.08 Pr6Oll 1.02 
SrO 0.24 Nd20 3 3.34 
Y203 0.18 Sm20 3 0.28 
MoO 3 1.23 Eu20 3 0.08 
MnO 2 0.18 Gd20 3 0.07 
RuO 2 0.69 NazO 3.15 
Rh203 0.14 P205 0.22 
PdO 0.38 Fe20 3 2.08 
Ag20 0.02 Cr203 0.76 
CdO 0.0J NiO 0.28 

Leach rates (g m 2 d-  1 ) 

Ba Ca Cs Na Mo Sr 

0.03 0.03 1 < 0.02 < 0.05 0.03 

A1, Ti and Zr rates were < 0.001, <0.0002, and 
< 0.003 g m - 2 d  a, respectively. Initial pH = 5.85; final leachate 
pH = 6.0. 

ation. It is possible that very small quantities of 
unwanted Cs-containing phases are present, even 
though they were not detected by transmission elec- 
tron microscopy, and that these may be responsible 
for the relatively poor Cs leaching results. 

aComposition of the mixed rare-earth oxide addition was (wt %): 
CeO 2 (48); LazO 3 (34); Nd20 3 (13); Pr6Oal (4); other REO (1). 

T A B L E  VII I  Chemical compositions (wt %) of major phases in 
Synroc containing 17 wt % modified JW-A waste + 17 wt % addi- 
tional rare-earth oxides, as determined by transmission electron 
microscopy 

Perovskite Hollandite Zirconolite 

TiOz 48.1 TiO2 82.0 TiO 2 46.3 
ZrO 2 0.2 ZrOz 0.6 ZrO 2 30.5 
Al20 3 1.0 AlaO 3 3.8 A1203 1.9 
La20 3 8.8 CaO 0.4 La203 2.5 
Ce203 16.0 FeO 0.2 Ce203 3.8 
Nd203 7.6 BaO 8.5 NdaO 3 2.0 
CaO 13.5 Na20 1.6 CaO 12.5 
FeO 0.6 Cs20 2.9 FeO 0.5 
SrO 1.0 
Na20 3.2 

Empirical overlap correction was used to obtain La20 3 Values in 
perovskite and zirconolite phases. 

Phase stoichiometries: perovskite - (Cao.40REo.32Nao.17Sro.o/- 
Feo.02)o.93(Tio.98Alo.03)l.0103; hollandite -(Bao.sNao.aCso.2Cao. 1 )1.2 
(Ti~f~Ti3.'~Alo.6Zro.1)sO16; zirconolite - (Cao.vvREo.~sFeo.o2)o.9 v- 
(Zro.s6 Tio.14)l.oo(Til.s7 Alo.13)2.oo O7. 

4. Conclusions and final remarks 
Taking modified JW-A waste as an example, the use of 
K rather than Na in reprocessing would seem to have 
the potential for increasing the COGEMA-type waste 
loading which can be accommodated in Synroc. 
Allowable waste loadings might be further increased 
by adjusting the Synroc formulation so that more Ba- 
hollandite is formed at the expense of perovskite and 
zirconolite. 

The alternative strategy of adding rare-earths to 
allow the perovskite phase to accommodate Na also 
has merit because Cs and Na would occupy different 
phases, whereas in the substitution method, K and Cs 
have both to be incorporated in hollandite. However, 
more work is necessary with the rare-earth approach 
to see whether Cs leach rates can be reduced by further 
tailoring of the phase assemblage. 
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p e r o v s k i t e  c o n t a i n s  ~ 32 too l  % RE,  m o s t  o f  w h i c h  is 

b a l a n c e d  b y  N a  a n d  A1 a c c o r d i n g  to  t he  c o u p l e d  

s u b s t i t u t i o n s  

R E  3+ + N a  + ~ 2 C a  z+ (4) 

R E  3+ + A P  + ~ C a  2+ + T i  4+ (5) 

A n  excess  of  R E  c o u l d  b e  b a l a n c e d  b y  Ti  3 § a t  t he  

B-s i t e  o r  v a c a n c i e s  a t  t he  A-si te .  T h e  h o l l a n d i t e  p h a s e  

is u n u s u a l  in  t h a t  i t  a p p e a r s  to  i n c o r p o r a t e  s o m e  N a  in  

t h e  t u n n e l  sites. T h e  z i r c o n o l i t e  c o n t a i n s  ~ 18 m o l  % 

R E  v ia  t h e  s u b s t i t u t i o n  

R E  3+ + A13+ ~ C a  2+ + Ti  4+ (6) 

T h e  7 d a y  l e a c h i n g  r e s u l t s  ( T a b l e  IX)  for  Cs  we re  a n  

o r d e r  of  m a g n i t u d e  g r e a t e r  t h a n  for  r e f e r e n c e - q u a l i t y  

S y n r o c ,  in  sp i te  o f  the  a c h i e v e m e n t  of  t h e  d e s i r e d  

p h a s e  a s s e m b l a g e  a n d  a p p a r e n t l y  g o o d  N a  i m m o b i l i z -  
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