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ABSTRACT 

Results are presented for leach testing at 95°C and 
200°C of SYNROC containing 9% and 20% simulated high 
level radioactive waste, synthetic hollandite and 
pervoskite samples, and natural zirconolite and pervoskite 
samples. Single phase synthetic minerals show much higher 
leach rates than natural mineral samples and polyphase 
SYNROC samples. Natural zirconolite samples with low 
radiation damage have leach rates at 200°C based on U 
which are identical to those measured on SYNROC samples. 
Natural zirconolites with very large accumulated a dose 
and radiation damage have leach rates at 200°C which are 
only 5 times higher than those of low dose samples. 

INTRODUCTION 

SYNROC is a titanate ceramic material. The formulation proposed for 
commercial reactor high level wastes consists of three minerals - zirconolite 
CaZrTi 20 7, "hollandite" BaA^TifcO^, and perovskite CaTiO]. These 
minerals have the capacity to accept nearly all of the elements present in 
high level radioactive wastes (HLW) into their crystal lattices as solid 
solutions. The SYNROC minerals occur in nature. This allows us to study the 
long term stability of minerals which have existed in a variety of geochemical 
environments for periods of hundreds of millions of years. Information 
gathered from natural mineral studies can be combined with laboratory 
experiments on synthetic waste form minerals to aid in predicting long term 
performance of SYNROC as a waste form. This paper will discuss the results 
obtained from leach testing of SYNROC containing simulated high level waste, 
synthetic perovskite and hollandite samples, and natural zirconolite and 
perovskite samples. A more detailed account of the SYNROC leaching data may 
be found in reference [l]. Sample preparation and production technology are 
discussed in reference [2]. 

PREPARATION OF SYNROC AND SYNTHETIC MINERALS 

Two chemical techniques have been used to prepare materials used in our 
leach testing program. The first method (which will be referred to as the 
oxide route) involved mechanically mixing CaC03, BaC n3, Zr(>2, A1(0H)3 
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and T1O2 (anatase). The mixture was then slurried in water, n i t r i c acid 
added to decompose carbonates and finally a solution of simulated waste 
elements was mixed in. The slurry was rapidly pre-calcined, mixed 
mechanically and then calcined in an Ar-H2 atmosphere at 750°C to produce 
the desired redox s t a t e . Samples were then hot pressed in graphite dies at 
4000 psi and temperatures of about 1250°C. (Exact temperature depended on 
the nature of the sample being hot pressed. For hollandite, best resul ts were 
obtained at 1230°C). If samples were pressed in metal capsules, i t was 
necessary to add about ll Ti metal to the calcined material to ensure proper 
redox conditions. The Ti metal would also react with any small amount of 
residual carbonate to form elemental carbon. Without the Ti metal, residual 
carbonate might release CO2 during hot pressing. Gas production during hot 
pressing of encapsulated samples would resul t in low density samples which 
could be expected to have less than optimum character is t ics . 

The second method of sample preparation used the metal alkoxide - ion 
exchange chemistry developed at Sandia Laboratories [ 3 ] . Samples produced by 
this method will be referred to as Sandia process samples. The chemistry 
involves making a precursor material containing Ca, Al, Ba, Ti and Zr. 
Simulated waste solutions were added to the precursor at room temperature to 
give a mixture with the consistency of wet sand. The mixture was dried for 
several hours at 110°C and then calcined at 750°C to remove n i t r a t e s . The 
Sandia precursor and precursor plus waste mixture absorb CO2 from the 
atmosphere. To avoid CO2 absorption which may form carbonates in the 
mixture, contact with a i r should be kept to a minimum by storing the materials 
in a i r - t i g h t , non-porous containers. After calcining at 750°C, the material 
does not absorb CO2. Hot pressing for Sandia process samples was similiar 
to oxide route samples, except that temperatures were usually about 20C° 
lower. For samples pressed in metal capsules, redox control was obtained by 
adding 3% Ti metal just prior to capsule loading. 

All samples which were used for leach test ing had densities of 99% or more 
of theoretical density. Waste compositions for SYNROC samples were similiar 
to PW-4b [4 ] . 

EXPERIMENTAL METHODS 

Samples were prepared for leach testing by crushing under acetone and 
sieving to isolate the 100-200 m size fraction. Leach tes ts were performed 
using d i s t i l l ed water and teflon containers, bot t les for tes ts a t 95°C and 
Parr bombs for tests at 200°C. Oven temperatures were controlled to within 
+ 3C° for 95°C tes ts and + 5C° for 200°C t e s t s . The volume of leachant to 
sample surface area was between 0.8 and 2.0 cm., and was constant for each 
tes t s e r i e s . 

At the end of each leaching period solutions were decanted and fresh water 
added to the sample. Solutions were analyzed for Ca and Cs by atomic 
absorption, Ba, Ti, Zr and Sr by argon ICP spectrometry, and for Hd and U by 
isotope dilution mass spectrometry. Analytical uncertainties ( lo) are 
estimated to be less than *_ 5% of the measured value for AA and ICP and + 0.5% 
for isotope dilution except where leach ra tes for Ti, Zr, Nd and U were so low 
that the detection limit of the experimental method was being approached. In 
the l a t t e r case, uncertaint ies can be as large as 1002 of the measured value. 

Leach rates were calculated using the relat ionship 

leach rate = I - I -— 



3 

where I = quantity of element in solution 
c = quantity of element in solid sample (adjusted for any losses during 

previous leaching) 
w = weight of sample, grams 
t = time of leach, days 
s = calculated geometric surface of sample based on cubes with a mean 

s ize of 150 urn, cm* 

Leach rates calculated from this relationship are bulk sample leach ra tes based 
on the behavior of the element under investigation. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Leach rates for all elements from SYNROC show a character is t ic pat tern . 
The rate for the f i r s t single day of leaching at 95°C based on Ca is 
typically between 2 and 4x10"" g/cm^d. As leaching progresses, the leach 
rate based on Ca decreases rapidly and after about 3 weeks a steady s t a t e i s 
approached. For leaches subsequent to three weeks, the leach rate i s constant 
to within experimental precision. We will call the leach rate at this point 
the "plateau leach ra te . " For Ca at 95°C, i t is usually 2 to 4xl0" 8 

g/cm^d. This represents a decrease in leach rate over the f i r s t three weeks 
of leaching of a factor of about 100. 

Leaching at 200°C also shows the same pattern, however, the plateau leach 
rate is reached after only one week of leaching. Usually the difference 
between i n i t i a l leach rate and plateau value at 200°C i s less than a factor 
of 10. 

We have studied samples with simulated waste loadings ranging from 91 to 
20% by weight. Table I summarizes plateau leach rates based on 8 elements for 
a 9% waste sample at 95°C and 200°C and for a 202 waste sample at 
200DC. Both of these samples were prepared by the Sandia process. 

TABLE I 
Plateau leach rates for SYNROC containing 91 simulated waste at 95°C and 
200°C and for SYNROC containing 202 simulated waste at 200°C based on 8 
elements. 

Plateau leach ra te , g/cnrd 
Element 9 5 % 9% 200°C, 9% 2 0 0 % 202 

Cs 1.5 x 10"7 1.3 x 1 0 ' 6 1.4 x 1 0 - 5 

Ba 3 x 10"7 1.3 x 10" 6 5 x 1 0 - 7 

Sr 2 x 10 ' 7 3 x 10" 6 5 x 10" 6 

Ca 5 x 10-8 1.3 x 10" 6 4 x 10" 6 

Ti 3 x 10_9 2 x 10"9 3 x 10"9 
Zr 2 x 10-9 <4 x 10 -9 <4 x 10~9 
U 8 x 10-9 5 x 10-9 n.d. 
U 5 x 1 0 - 1 0 4 x 1 0 - 8 2 x 10" 8 

n.d. = not determined 

Detailed data and sample descriptions may be found in reference 1 . The 
leach rate data should be considered in relation to the mineral chemistry and 
location of waste elements in SYMOC. Ba and Cs should occur only in the 
hellandite phase. Thus, one would expect their leach rates to be closely 
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correlated. Examination of Table I shows that this is the case, although a 
difference of a factor of 3 occurs in the 202 waste sample. This sample 
showed a slightly greater than normal Cs leach rate at 95°C, suggesting that 
some of the Cs may be in an accessory phase or on grain boundaries. 

Perovskite is the host mineral for most of the Sr in the waste, and about 
2/3 of the Nd and 1/3 of the U. The remaining Nd and U, plus all of the Zr 
occur in the zirconolite phase. (Trace amounts of Zr02 are found in some 
samples). Of the total Ca in the sample, about 2/3 is in peravskite and 1/3 
in zirconolite. Titanium, of course, is a major component of all the major 
minerals in SYNROC. One of the correlations which we might expect to find is 
between Nd and Ca. This is not the case at all; Ca leach rate increases 
substantially between 95°C and 200°C, while Nd leach rate decreases. On 
the other hand Sr leach rate does correlate well with Ca, especially at high 
temperatures. The Ti and Zr leach rates are low in all samples, and show no 
variation with temperature or waste loading. 

In order to better understand the leaching behavior of three phase SYNRQC 
samples we have performed leach tests on synthetic hollandite and 
zirconolites. The synthetic hollandites prepared by the oxide route contained 
1% CS2O and the Sandia process hollandite contained 2.32 CS2O. This is 
similiar to the Cs loading for hollandite in SYBROC containing 10% waste. 
Leach tests on oxide route hollandite at 95°C gave plateau leach rates based 
on Cs of about 1.2xl0~6 g/cm2d. The Sandia hollandite was 6xl0~ 7 

g/cm^d after 30 days of leaching at 95°C. Despite many attempts to 
prepare single phase hollandite, we were not able to prepare samples which 
performed as well during leach tests as the three phase assemblage did. 

Two synthetic perovskite samples were prepared by the oxide route, one 
containing IX SrO. Leach rates at 95°C based on Sr and Ca were 1 to 
2x10"° g/cm^d. Again the leach rates on single phase synthetic samples 
were substantially higher than on the three phase mixture. We had anticipated 
difficulty in making good single phase samples based on previous unpublished 
results. To lessen '•.he probability of unreacted CaO, SrO and CS2O, several 
of the "single phase" samples were prepared with excess T1O2 in the 
mixture. Thus, these "single phase" samples were really 80? desired phase + 
20% T1O2. The addition of excess Tifl2 did not produce any undesired 
phases, but neither did it substantially improve the leach tests. The single 
phase specimens were prepared by the same techniques as the 3 phase SYNROC 
samples. There is no intrinsic reason why the durability of the minerals 
should differ. Nevertheless, the 3 phase SYNROC is 5 to 10 timas more 
resistent to leaching at 95°C than the synthetic single phase material. 

Single phase perovskite and zirconolite samples are available from natural 
rocks. These rocks are polyphase silicate + oxide + carbonate mineral 
assemblages. The desired minerals can be extracted by crushing, mineral 
separation by heavy liquid and mechanical techniques and finally handpicking 
to remove grains which are polyphase. It is important to rigorously exclude 
CaC03 contamination during the handpicking process where leach testing for 
Ca is planned. The leach testing of natural samples was identical to that of 
synthetic minerals or SYNROC except that due to the small sample sizes 
available, Parr bombs were used at 95°C instead of teflon bottles. 

Leach rates based on Ca at 95°C for three natural perovskites and two 
natural zirconolites and at 200°C for one perovskite and four zirconolites 
are given in Table II. Full details of leach testing of these samples will be 
published elsewhere [5J. The zirconolite samples have been previously studied 
for the effects of radiation damage [6,7] and are listed in order of 
increasing damage in Table II. 
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Plateau leach rate, g/cm2d 
95°C 200°C 

Perovskites r e t uvotlJ L-IO 
Magnet Cove, Arkansas 3.5 x 1 0 - 7 n.d. 
Wolgidee Hil ls , W.A. 2.5 x 10~7 n.d. 
- • " - " - - 2 x 10~7 3 x 10" 5 Lake Baikal, USSR 

Zirconolicej 
Kaiserstuhl, Germany 4 x 10"7 i x io-5 

n.d. 1.5 x 10"7 

. „ „„ , n.d. 7 x 1CT7 

Sri Lanka, SL3/12 2 x 10" 7 5 x 10" 7 

. . . . . . — .., j 

Jacupiranga, Brazil n.d. 1.5 x 10"' 
Sri Lanka, 83800 n.d. 1 x 10" 7 

Leach rat°s based on Ca at 95°C for both mineral types are somewhat higher 
than thost obtained on SYNROC samples; however, they are substantially lower 
-haii results for single phase synthetic perovskites. This suggests that 
producing good quality single phase synthetic minerals is more difficult than 
one might anticipate, and that data on such samples may be misleading. 

Leach rates based on Ca at 200°C for the natural minerals are extremely 
variable. The Baikal perovskite and Kaiserstuhl zirconolite have quite high 
Ifach rates despite low radiation damage levels, while the heavily damaged 
Biasiiian and Sri Lankan zirconolites have leach rates up to two orders of 
magnitude lower. The reason for the large variation in leach rates at 
200°C, while there is Uctle variation at 95°C, is not presently 
understood. 

Four natural minerals were leach tested for U loss. The three zirconolite 
samples showed no variation in leach rate over the testing period. The Baikal 
perovskite sample had a leach rate of 1.6 '.0~7 g/cm2d for the first two 
days and then had a constant leach rate of 3xi0 - 8 g/cnrd. This is 
identical to the leach rate based on U for the SYNROC samples at 200°C. 
Data for the three zirconolites are given in Table III. The Kaiserstuhl U 
L»f..:h rate is the same as that measured for SYNROC. This sample has 
r:c?uiF'j!ated Ixio'^a events per gram during its existence. The two Sri 
Lanka zirconolites show D leach rates which are a factor of five higher than 
that for the Kaiserstuhl zirconolite, and are about three times lower than 
their Ca leach rates at 200°C. These samples have accumulated nearly 100 
times the radiation dose of the Kaiserstuhl sample with only a small effect on 
their chemical durability. 

TABLE II I 

Leach rate based on U for natural zirconolites at 200°C 

Sample Leach rate, g/cm2d Ea/gm 

Kaiserstuhl 4.1 x 1 0 - 8 1 x 1 0 1 8 

Sri Lanka, 83800 1.7 x 10" 7 1.0 x 1 0 2 0 

Sri Lanka, SL 3/12 2.1 x 10"7 8.(1 x 1 0 1 9 
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The work on leach testing of natural minerals at 200°C presents some 
interesting problems regarding leaching mechanisms. Consider the Lake Baikal 
perovskite sample. At :00°C, the leach rate based on Ca is 3x10"^ 
g/cm^d while that based on U is 3xl0"8 g/cm^d. This is a difference of 
a factor of 1000 for two elements which occupy the same crystallographic site 
in perovskite. A similiar difference was found between Ca and Nd or U leach 
rates from SYNROC at 200°C (see Table I). It is clear from these results 
that great care must be taken in modeling waste form behavior based on data 
from only a few elements. 

More work on leaching mechanisms is needed to help us understand what 
factors control leach rates. This point is reinforced by examination of the 
natural zirconolite data. The leach results based on U at 200°C are 
similiar, and understandable on the theory that extensive radiation damage has 
caused an increase of a factor of 5 in leach rate. How do we then explain the 
Ca data? The radiation damaged samples have leach rates based on Ca similiar 
to those based on U, but the lightly damaged Kaiserstuhl sample has a low 
leach rate based on U (4xlQ~° g/cm^d) and a high rate based on Ca 
(1x10"^ g/cm^d). To compound the mystery, the chemical composition of the 
Jacupiranga and Kaiserstuhl zirconolites [6] is sufficiently similiar to rule 
out chemical variation between the samples as the cause of variation in Ca 
leach rates. 

CONCLUSIONS 

Leach testing of SYNROC containing 9 and 20% by weight of simulated 
radioactive wastes at 95°C and 200°C has shown that variation of waste 
loading within these limits does not significantly alter the chemical 
'iurability of the samples. The lowest leach rates at 200°C are those based 
on the matrix elements Ti and Zr, closely followed by the rate based on the 
waste element Nd (5x10"' g/cm zd). The leach rate based on U averages 
3x10*^ g/cm2d at 200°C. Long lived actinide elements such as Pu, Np and 
Am should follow the behavior of Nd and U. The highest leach rates at 200°C 
are those based on Ca and Sr, averaging about 3xl0~" g/cnrd. 

Leach testing of synthetic minerals produced results which suggest that 
single phase samples of good quality are difficult to prepare. When work on 
radiation damage simulation by adding Pu or Cm to samples is planned, the most 
relevant results will probably be those obtained from polyphase samples (i.e. 
full SYNROC mineral assemblage) rather than single phases. 

Natural mineral testing showed that both perovskite and zirconolite have 
low leach rates based on U at 200°C, even after extensive radiation damage. 
The rates measured on natural minerals are similiar to those found for SYNROC 
based on U at 200°C. Data for Ca are more complicated and show that more 
work on leaching mechanisms is needed. 
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