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4.0 KINETIC DESCRIPTION OF SYNROC DURABILITY

i

Objective 3 of the original project proposal specified an extensive study leading to a
kinetic description of the rates of release of individual elements from single-phase minerals
and Synroc. The study was to have been based on a full analysis of the data base, built up
over two previous 3-year NERDDC projects jointly conducted by ANSTO and Griffith
University (Segall et al, 1983; Smart et al, 1987), from leaching and dissolution testing of
inactive Synroc specimens from the ANSTO Fabrication Program. The data base from the
ANSTO NERDDC study of active (actinide) samples (Reeve et al, 1987) was to be included.
It was also to include further study of the kinetics of elemental release to be measured on
inactive specimens made for studies in this new project.

Inevitably, with the curtailment of the 3-year program to 1 year, these objectives have
had to be modified. In particular, the 1 year program specified that the kinetics of elemental
release would only be determined on specimens made for this study. Most of the extensive
data base in objective 3 referred to Synroc rather than to predominantly single-phase
specimens. Despite this modification, some limited work has been carried out on the
inactive leach rate data base from previous studies and this will be described in this report.
Additionally, kinetic analysis of new inactive Synroc samples prepared in this project will be
described. Correlation with the results from kinetic modelling of the durability of single-
phase minerals, described in Chapter 2, can now be completed following full definition of
the kinetic regimes applying to the perovskite and hollandite phases.

Hence, the work reported here exceeds that projected in the curtailed 1 year program.
However, it will be clear that there are major aspects of the kinetic analysis requiring
completion before a full description can be published. Recommendations relating to those
areas requiring completion will be considered in the report.

4.1 DEFINITIONS OF KINETIC REGIMES /VL

The primary requirement of a high-level waste (HLW) solid material is a
demonstrated ability to retain the radioactive fission products and actinides under reaction
conditions in a variety of solution compositions (e.g. water, silicate solution, bicarbonate
solution, brine) at temperatures up to 350°C. Testing for dissolved species yields kinetic
data on the mass loss rate and the rates of release of individual elements. It has been
demonstrated, however, in previous work (e.g. Myhra et al, 1988), that this measure of
chemical durability taken alone can provide a misleading picture of surface reaction and
elemental release. The reasons for this can be summarised as:-

. surface reaction can take place to disrupt the crystalline lattices without all reacted
species entering the solution e.g. Ti, Zr, Al and other elements may be retained in the
reacted surface;

. metastable species may initially form in the reacted surface with the possibility of later
release into solution;

. precipitation from solution may also remove some species (suggesting retention) into
metastable products deposited either on the reacted- surface or on the walls if the
reaction vessel.

Hence, a purely phenomenological description of Synroc leaching and dissolution,

based on extrapolated leach rates, is not adequate. It is necessary to supplement this data
with studies, using surface analysis and electron microscopy, of the reacted surface in order
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to define the reaction mechanisms underlying the kinetics. Confidence in prediction of long-
term durability can only be based on these reaction mechanisms.

It is likely that more than one reaction mechanism will be operative at any particular
time in the reaction sequence. It may be possible to define the predominant reaction (and
other contributing reactions) in various time periods. Hence, kinetic regimes, correlating the
leach rate data with predominant reaction mechanisms, can be notionally separated to give a
more complete chemical description of Synroc durability. The separation may be primarily
time-based or mechanism-based depending on the utility of the description. As will be
apparent, separation based on time alone is not possible.

Previous work (Segall et al, 1983; Smart et al, 1987; Smart et al, 1989; Myhra et
al, 1988; Levins and Jostsons, 1988) has suggested a variety of different mechanisms of
chemical attack on the Synroc surface, the bulk lattices of the Synroc phases and the
intergranular films of the ceramic. In this project, more extensive consideration has been
given to the evidence for each of these mechanisms. The work completed on the individual
phases (Chapter 2) has considerably assisted in clarifying this consideration. It is now
possible to summarise the five major mechanisms and to consider each mechanism in more

detail with evidence for the factors controlling the mechanism. They can be summarised as

follows:

Regime I Instantaneous release to solution of adsorbed and disordered ions exposed at
the surface of individual phases, intergranular films, defects, kink sites (i.e.
low-coordination sites) and surface-intersected pores. This instantaneous
release is measured by immersion in solution for less than 5 minutes. The
total loss to solution comprises <1 monolayer normalised for each element. It
results primarily from termination of crystalline lattices, exposure of defects
in the ceramic and damage resulting from cutting and polishing the surface of
the specimen.

Regime II Ion exchange and reaction of metastable minor phases (e.g. metal alloys and
glassy material at triple points and around alloy grains) over the first few days
in solution. Ion exchange occurs predominantly in intergranular films, pores
and, possibly, some minor phases but work with single phase perovskite and
hollandite has shown that the major phases are unlikely to contribute
significantly to this mechanism. Surface-exposed grains of minor phases,
particularly metal alloys containing Mo, oxidise and dissolve relatively
rapidly during this period but microencapsulation limits this loss to the
surface region.

The first two kinetic regimes are primarily responsible for the relatively rapid
decrease in dissolution rates for individual elements over the first few days of chemical attack
in solution. This feature of Synroc dissolution has been thoroughly documented (e.g. Coles
and Bazan, 1982; Ringwood et al, 1989).

Regime Il Base catalysed hydrolysis leading to breakdown of the crystalline lattice of
the major titanate phases begins to predominate in dissolution rates after
decline of the contributions from the first two regimes. This reaction results
in the formation of a hydrolysed Ti(OH)x***layer in the surface of the major
phases. The reaction occurs relatively fast for perovskite, slowly for
hollandite and almost immeasurably slowly for zirconolite. The hydrolysed
layer is of varying thickness depending on the temperature of the solution and
may retain some of the cations released from their lattice positions by the
reaction. At epithermal temperatures (i.e. 20-60°C), a limiting reaction layer
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of amorphous hydrolysed Ti-rich material approximately 10-100nm thick is
formed with diffusion of reactants and products inhibited by this layer. At
hydrothermal temperatures (i.e. 290°C), recrystallisation of the layer in-situ
on perovskite and hollandite occurs to produce TiO; products (brookite and
anatase). At intermediate temperatures, the kinetics and thermodynamics or
recrystallisation will depend critically on the particular phase, the solution
conditions, temperature and the microstructure of the ceramic. The period of
primary importance of this mechanism varies considerably from one element
to another depending on its phase location, the relative reactivity of that phase
and its ability to be retained in the hydrolysed layer.

Diffusion via intergranular films and pore spaces is convoluted with diffusion
through the hydrolysed reacted layers (regime III). This regime is largely
speculative and is based on indirect evidence from the correlation of leach rate
data with microstructure and surface analysis. When the loss rates due to
base catalysed hydrolysis have declined as a result of limiting layer formation
and microencapsulation of perovskite and hollandite by zirconolite, diffusion
will become considerable in the longer term loss of particular elements to
solution. It is expected that, in addition to ion exchange deeper into the
intergranular films, pores and metastable phases, some based catalysed
hydrolysis may take place at the interface of grains of the major phases with
the intergranular films. Based on leach rate data at longer times (i.e. >100
days) release via this mechanism is extremely slow.

Precipitation and recrystallisation of new phases contributes to surface
coverage. Precipitation of particular phases from saturated solution, e.g.
carbonates, molybdates, may begin during the first day after solution
immersion but other phases will contribute more slowly as solution
concentrations of their elemental species build up. In addition, in-situ
recrystallisation (regime III) of TiO2 and ZrO; will continue to contribute
crystallites to this layer. In long-term leaching (e.g. 1,000 days), this regime
has been shown to form an extensive, altered Ti-rich but not continuous layer
over the majority of the Synroc surface. The precipitation/recrystallisation
time domain varies significantly for different elements depending on
solubility relationships and the kinetics of phase formation.

As discussed above, the division of this kinetic description into different regimes is
not intended to imply that these regimes occur independently of each other. In fact,
significant overlap of regimes II and III is inevitable as the pH alters, and regime III, IV and
V will overlap as the rate control changes to slower rate determining steps with the progress
of dissolution. Nevertheless, as will be explained below, there is now significant evidence
for the existence of each mechanism in a complex sequence of control of Synroc durability.

4.2 CONSIDERATION OF AVAILABLE KINETIC DATA

The kinetic data considered in this project falls into three categories:

. Inactive leach rate data from the research and: development program for Synroc
fabrication conducted in previous ANU/ANSTO/GU NERDDC projects (Segall et al,
1983; Smart et al, 1987; Smart et al, 1989; Reeve et al, 1983; Ringwood, 1984;
Ringwood, 1986) and other ANSTO testing. This comprises a data base of thousands
of analyses but many of the fabrications were unsuitable for consideration. A search
sequence for this data was designed at the beginning of this project. It is set out in
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TABLE 4.1: SEARCH SEQUENCE - INACTIVE DATA

114

VII

Manual pre-sort of all fabrication data to reject batches unsuitable for analysis, due to
variation in:

1)  Density

2)  Redox control (Ti addition etc.)
3) Calcination conditions

4)  Hot pressing conditions

S5)  Waste composition

Manual pre-sort of fabrication data into fabrication routes, i.e. Sandia, Oxide, mixed
minerals, Hydrolysis etc., and identification of Batch Nos. in each category.

Search for all the data 0-1 day duration in each fabncatlon route group for each
element and mass.

Inspection of data in each group for unsuitable:

1)  Density values from output file.

2)  Aberrant final pH values.

3)  Mass or individual leach rates (limits will be decided after initial consideration of
the data).

Sort into disc and powder samples. The only variables significant in rate control for
0-1 day rate regime are fabrication conditions, sample form, leachant type,
temperature, i.e. pH, SA/V, are not important. Suitable data for each element will be
averaged for:

1)  Fabrication route
2)  Sample form

3) Leachant

4)  Temperature

and elemental rate constants derived.

The same procedure will be followed for the medium duration regime 1-7 days
(subject to examination of data). But with pH and Surface Area/Volume as an
additional variable for consideration.

The same procedure will be followed for the long term duration with all of the above
parameters considered and with the addition of calculating the dissolved carbonate
concentration (from initial pH and its effect on Ca leach rates).

It will be necessary to re-calculate rates in each kinetic regime in some cases,‘using
raw data (i.e. solution concentrations). For instance rates in the 7-28 day regime will
be obtained from subtraction of 0-7 day data from'0-28 day data.
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Table 4.1. Stage I of the search sequence resulted in deletion of more than two thirds
of the data from this data base. These deletions were principally due to unsuitable

fabrication conditions, resulting in non-standard Synroc C, with the major problems
being: no addition of Ti powder f6r redox control; density <98% theoretical density;
cold pressing; calcination at excessive temperatures leading to Cs loss; hot pressing at
excessive temperatures leading to large grain sizes and local melting. In addition, a
major part of the data was rejected due to incomplete recording of fabrication
conditions, waste composition, or leach rate results. Other problems associated with
the leach run output data from fabrications that were found to be suitable were: that
most data is dominated in the early stages (i.e. 0-1 day) of testing by the instantaneous
release of elements from rough surfaces (especially Cs); that there are discontinuities
of results for specific specimens from the same batch over long term leach tests; that
some elements at very low solution concentrations were close to the detection limit in
early analyses using colorometric, AA and ICP methods before ICP/MS was
introduced; that loss to solution for Ca, Al, Mo and Cs occasionally gave results
showing unexplained discontinuities (i.e. major increases) in analyses probably
indicating redissolution of metastable precipitates, peeling of the Ti-rich hydrolysed
layer and intersections of diffusion pathways with easily leachable sources of the
particular element. All four problems presented considerable difficulties with the
preparation of long term plots for amounts leached of particular elements for most of
the inactive leach rate data.

*  Active leach data from NERDDC Project number EG87/639 (Reeve et al, 1987)
comprising actinide leach rates as well as elemental loss rates for matrix species.

. New data generated using inactive Synroc C samples prepared in this project.

Data from each of these sequences will be used to illustrate the kinetic regimes. As
will be explained, it has not proved possible to derive values for rate constants of individual
elements in each regime due to regime overlaps and inadequate data on the effect of reaction
variables.

In the following sections, we will explore each kinetic regime in more detail with
particular reference to the kinetic factors controlling rates of release of individual elements.

4.3 REGIME I - INSTANTANEOUS RELEASE

Before considering the results from the multi-phase ceramic Synroc C in this regime,
it is important to review the evidence (described in Chapter 2) for this kinetic regime
applying to the major Synroc phases perovskite, hollandite and zirconolite. For perovskite,
an initial loss of Ca from the first 1-2 mono-layers of the surface was observed for all
specimens in the first 5 minutes of solution attack (Pham, 1989a; Pham et al, 1990 a,b).
Further attack depends on the presence of micro-structural features (e.g. grain boundaries,
porosity) or surface roughness and damage. High resolution transmission electron
microscopy, using lattice fringe imaging, confirmed that selective calcium extraction by ion
exchange did not play a significant role (Pham et al, 1990b). In Cag gSrg2TiO3, Ca and Sr
were released into solution at rates in the same ratio as they occur in the bulk reaching
steady values after initial high rates corresponding to 1-2 mono-layers loss. The initial attack
on hollandite is closely similar to that on perovskite. Losses to solution in the first 5 minutes
correspond to <2 mono-layers and selective extraction by ion exchange of Cs* and BaZ+
does not appear to play a significant role. Preliminary experiments with zirconolite also
indicate that initial losses are limited to the first 1-2 mono-layers. Hence, work on the single
phase mineral indicates that ions immediately available to solution are those exposed by
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termination of the crystal lattices with consequent structural alteration in the first 1-2 unit
cells.

In addition to these major phases, represented as separate grains in the multi-phase
ceramic, Synroc C has the usual range of other features common to ceramics:- closed
porosity; triple points; minor phases (e.g. metal alloys, magnetoplumbite, Ti relict regions
from metal additions for redox control); intergranular films between grains of different phase
(approximately 2nm wide) (Segall et al, 1983; Smart et al, 1987; Cousens et al, 1985). Itis
known that these features contribute additional loss (in regime I) to that found from the
surface of the grains of minerals of the major phases. Intergranular films and pore surfaces
lose Cs, Na, K and Ca immediately on immersion (Cooper et al, 1986; Smart, 1985). Metal
alloy phases and the regions surrounding Ti relict regions also leach Mo, Ca and Al very
quickly (Segall et al, 1983).

To amplify the description in Section 4.1 above, the instantaneous release into
solution of particular elements from the surface of Synroc C is expected to be dependent on
the following, often related factors:

. Procedures used to prepare the disc, e.g. cutting and polishing in water compared with
the same preparation in iso-propyl alcohol. (Water used in preparation preleaches the
surface before testing begins.);

. The extent of surface roughness, e.g. unpolished specimens are expected to show an
increase in the instantaneous release of particular elements over those of polished
specimens due to;

. The concentration of defects on the surface, e.g. exposed pores, kink sites, adsorbed
species, line and planar defect intersections, intergranular film intersections and
exposures (e.g. crushed vs. uncrushed samples) and;

. Surface area;

. The concentration of metastable regions, e.g. the surfaces of rutile/magneli phases in
Ti-rich relics, triple points at the surface;

. Possibly the chemical nature of the solution, e.g. silicate, bicarbonate,brine;

It should also be noted that the instantaneous release is not expected to be
significantly dependent on either pH or temperature of the solution.

The data available for consideration of this regime is limited. In the inactive leach
data, the only tests performed for durations less than 1 day were for the fabrication SFG626.
No data showing variation of loss rates with temperature, solution type or polishing
conditions were available for this regime. The available data from SFG626 i.e. 0-Smin at
21.3°C are summarised in Table 4.2. For comparison, this table also includes data from a 1
day leach test following the 5 minute leach test. The leach rates clearly show that there has
been a dramatic reduction in loss of barium, cesium, calcium and strontium to solution
following the rapid loss rates in the first 5 minutes. (Data for loss rates of other elemental
species, e.g. Ti, Zr, were below the limit of detection of the analysis methods used.)

A further experiment in this regime was conducted at Griffith University using
Synroc fabrication SFG531 (SA/V = 375cm-!) prepared as a powder (for comparison with
disc samples in Table 4.2) for a 1.5g sample in 15ml of doubly distilled deionised water
(DDDW). Table 4.3 sets out the results from four successive periods of 10 minutes, a
period of 1 day and a period of 4 day leaching successively with solution replacement after
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each period. The concentrations are in ppm. The solution temperature was 25°C. The
results clearly indicate that loss rates in regime I differ from one element to another, although
the concentrations have not been normalised for the content of each element in the bulk
Synroc C sample. The duration of loss of this regime is also element-dependent. For Cs,
Ba, and Sr, the release of the majority of exposed ions occurs in the first 10 minutes
whereas, for Mo, significant release continues over periods of several days. For Ca, the
release appears to be dependent on a saturation concentration in solution. This last
characteristic has been separately confirmed in experiments for perovskite described in
Chapter 2.1.1.

TABLE 4.2: INSTANTANEOUS RELEASE-REGIME 1
Inactive leach no.  : 2939, Batch SFG/626*
Temperature : 21.3°C
Leachant . Water
Duration of test : 0-5 minutes
Element Solid wt%  Solution Concentration Loss Rate Loss %
(mg/L) (gm-2d-1)
Ba 4.00 0.0120 8.387 0.00093
Cs 5.92 0.0320 15.1117 0.00168
Ca 6.79 0.0020 7.0777 0.00079
Sr 0.24 <0.0005 >5.8243 <0.00003
Leach test no. 1 2944
Duration of test : 24 hours (1 day following 5 minute leach)
Element  Solid wt%  Solution Concentration Loss Rate Loss %
(mg/L) (gm-2d-1)
Ba 4.00 0.038 0.0933 0.00296
Cs 5.92 0.001 <0.0124 <0.00039
Ca 6.79 0.024 0.0398 0.00126
Sr 0.24 <0.0005 <0.0205 <0.00065
* It has not been confirmed whether the fabrication for this batch was satisfactory.

Further evidence has also been obtained from Synroc C leached at 25°C in 2 wt%
acetic acid (i.e. 1.5g in 18ml of doubly distilled deionised water (DDDW)). Table 4.4 sets
out the concentrations of calcium and strontium measured in this experiment using similar
solution replacement to that in Table 4.3. The higher concentration of calcium is due to the
alteration of pH from the normal Synroc pH (i.e. ~4.5). It is important to note that the
powder was not exposed to air during the leachant replacement in this experiment. Exposing
the leached Synroc after the final (i.e. 25 min) leach to air and then subsequently leaching for
a further 5 minute gave a calcium concentration of 12ppm. The equilibrium (CaCQ3 = Ca2+
+ C0O32-) for CaCO3 gives a value of 7.5ppm at 25°C for solution saturation.
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TABLE 4.3: RELEASE OF ELEMENTS IN REGIME I FOR SYNROC C

POWDER
Condition Ca Sr
10 10 10 10 1d 4d 10 10 10 10 1d ad
1.5g/15ml 56 ] 56 | 5656 |56157}101].025¢% .015] .06} .061 0.025
25°C
Ba Mo Cs
10 101 10§10 1d §4dJ 10 J 10 J10J10] d J4df 10§ 1010 10 d | 4
1.77§.61}.30 1 2511751 .96 }5.25}3.12}1.5]1.5]16.6] 4 J1.48] .15 .12]<0.12§.61] .35
Notes: 6] Leachant was replaced after each period
(ii) 10, 1d, 4d, were used to denote after 10 min., after 1d, after 4d.
The first 10 is the 1st 10 min.
The second 10 is the 2nd 10 min. etc.
@iii) Conc. is ppm.

TABLE 4.4: SYNROC LEACHED AT 25°C IN 2wt% CH3COOH

Ca(ppm) St(ppm)
Smin {5min [Smin |Smin |Smin {Smin |[Smin [Smin [Smin |5min
12 12 12 0.05 | 0.02 | 0.375 ] 0.125 | 0.125 [ <0.001 | <0.001
Note: (i) '5 min'is used to denote after 5 min of leaching - the fresh leachant was

then replaced and leaching was repeated for further S min etc.

(ii) Just Ca and Sr were monitored in this experiment.

(iii) Exposing leached Synroc (after the last 5 min) to air; and then leaching

for a further 5 min would give [Ca] = 12ppm...

The equilibrium CaCO3 = Ca2+ + CO32- has [Ca2+] = 7.5ppm at 25°C.
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Hence, we are able to conclude that the calcium concentration in solution is limited by
reprecipitation of CaCOg in these powder experiments. This may also be true, on inspection
of the data in Table 4.2, for the disc experiments. The availability of calcium ions at the
surface for release in regime I is determined by reaction with ambient water at the surface of
the perovskite phase. This has been independently established in single mineral studies
described in Chapter 2.1.1.

These data establish that 1-2 monolayer-equivalents of Ca, Sr, Cs, Ba and Mo are
released from the surface in the first S mins after immersion. Earlier work with fracture
faces (Cooper et al, 1986) and crushed samples (Smart et al, 1987; Coles and Bazan, 1982)
suggests that some release occurs immediately on contact with the DDDW, i.e. there is little
time dependence in this initial release and, hence, little dependance on temperature is
expected. The apparent element-dependence is likely to come from reprecipitation of Ca and
a slower, continuing reaction reoxidising the dissolving Mo alloy surfaces. Continuing
leaching (Table 4.3) depends on other mechanisms (Regimes II and IIT) and is expected to
be dependent on time and solution temperature.

4.4 REGIME II - ION EXCHANGE AND MiNOR PHASE DISSOLUTION

Again, before consideration of Synroc C, it is useful to note that the work on single
phase minerals of perovskite and hollandite (Chapter 2) does not indicate any ion exchange
beyond the second mono-layer, on immersion in DDDW. In particular, there is no evidence
for a concentration profile of Ca and Sr with depth into the surface of an intact perovskite
lattice or similar profiles of Cs and Ba in the surface of intact hollandite grains. Where
concentration profiles of this kind are detected by surface analysis and electron microscopy,
they are always associated with base catalysed hydrolysis of the titanate lattices of these
minerals (i.e. regime II).

The ceramic Synroc C, however, has other features which may give rise to ion
exchange. In particular, the thin intergranular films, of different composition from the
adjoining grains of different phase, may allow ion exchange to greater depths than the major
phases (Cooper et al, 1986). Material in triple points and exposed pore surfaces can also
potentially contribute. In a previous NERDDC report (Smart et al, 1987), it was also
reported that the surfaces of alloy phases containing molybdenum oxidise immediately on
exposure to air or to solution to produce readily-soluble Mo species. This
oxidation/dissolution mechanism accounts for the high loss rates for Mo in Table 4.3 above.
The existence of predominant reactions of ion exchange and dissolution of glassy material in
this Regime can also be inferred from the high elemental loss rates relative to those in
Regime III where base catalysed hydrolysis predominates.

Kinetic control in regime II is expected to be dependent on the following factors:
» Temperature of the solution;
+ Concentration of dissolved ions and, consequently, solution type;
+ Ton exchange characteristics of particular ions, e.g. Ca2+, Cs+» Ti4+;
* Grain size and intergranular film formation;
+ Concentration of soluble material in the surface;
+ Disorder in surface layers due to cutting, polishing and fabrication conditions.

Table 4.5 is a particular set of results from the new inactive leach rate data from the
project comparing loss rates for individual elements determined over the 0-1 day, 0-7 day
and 1-7 day periods. Different discs were used, with consequent uncertainties in rates for
0-1 and 0-7 day measurements and the 1-7 day rates obtained by subtraction. It is important
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TABLE 4.5: ELEMENTAL LOSS RATES FROM INACTIVE SYNROC
BATCH 903 LEACHED AT 70°C AND 150°C IN WATER

Loss rate at 70°C (g m~2d-1) | Loss rate at 150°C (g m'2d1)
Element
0-1 day?| 0-7 dayb| 1-7dayc | 0-1 day2 | 0-7 daybll-7 day®
Mass 0.125_| 0.0014 | < 0.0334 ]0.0310 [0.0306_|
Ba 0.0904 [0.02233 [ 0.0109 | 0.3254 | 0.0549 |0.0098
Ca 0.1106 [0.0I51 [ < | 0.1618 | 0.0335 [0.01211
Cs 0.1154 [0.0265 |0.0117 | 0.3513 | 0.0689 [0.0218
Gd <0.0034|< 0.0005|<1.6x10-| 0.0034 | 0.0005 | <
Mo 0.444 [0.0904 [0.0315 | 0.9085 | 0.2045 |0.0871
Nd 0.0009 [0.0002 | < 0.0064 | 0.0008 | <
St 0.0065 |0.01157 | 0.0124 | 0.1186 | 0.0396 ]0.0264
Y 0.0024 [0.0003 | < 0.0081 | 0.0011 | <
Al <0.0019]0.00596 | 0.0066 | 0.1005 | 0.018 | <
Ce 0.00240.0005 | 0.0002 | 0.000 | 0.001 | <
Na 0.5740.1032 | 0.0247 | 1.1413| 0.2260] 0.0075 |
Ru 0.0212 <0.0038 | 0.0009 | 0.0788] 0.0111]| <
Te <0.0092[0.0097 | 0.0098 | 0.3336] 0.0367| <

a,b . Joss rates were recorded for 0-1 and 0-7 days on different disc samples. Hence,
variations in microstructure and surface preparation of the discs can introduce
variation in loss rates by factors up to ~2.

¢ - values obtained by subtraction i.e. (7b-a)/6. Values with < indicate a 0-1 day loss

larger than the total 0-7 day loss (due to disk variation).

to note that both the 0-1 day and 0-7 day loss rates include the instantaneous loss rate of
regime I discussed above. The data strongly indicate the major contribution of 0-1 day rates
compared to 1-7 day rates for all elements except Sr and Al at 70°C. The predominant
location of the elements in Table 4.5 are given in Table 4.6 (from Fielding and White, 1987).

The influence of temperature on the individual elemental loss rates is also clear from
Table 4.5. Activation energies, and particularly changes in these values, can indicate the
type of reaction mechanisms predominating in the kinetics. Values <20kJmol-! generally
indicate diffusion in limited processes (e.g. ion exchange) whilst higher values are normally
associated with chemical reactions. The inclusion of the regime I instantaneous releases and
variation between discs makes estimation of activation energies in regime II very uncertain
but, based on 0-1 day measurements (Table 4.5), Table 4.7 sets out the results of these
estimates. These data must be treated with caution, since they are statistically limited being
derived from single different discs, but comparison with activation energies at later times is
useful. Table 3.3 in Section 3.2.3.2 also gives activation energies derived from 0-7 day data
averaged over all specimens in the inactive (903) data base. Comments on these values can
be found in that section. The values are consistent with ion exchange and diffusion limited
reactions (e.g. oxidation of Mo alloys) for Ba, Ca, Cs, Mo, Y, Ce, Na and Ru. Sr, Nd and
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probably Al behave differently with marked dependence on temperature suggesting a
chemical reaction (e.g. hydrolysis) mechanism. These rates also give some indication of the
relative ion exchange characteristics of particular ions. Ti and Zr are at such low
concentrations that estimates of loss rates are not possible.

TABLE 4.6: FROM FIELDING & WHITE (1987), A SUMMARY OF
E%IEAI\;EETS AND THEIR LOCATIONS IN THE PREDOMINANT

Elemen Predominant Phase Location
" Barium Ba H
Calcium Ca P
Cesium “Cs H
Gadolinium Gd Z
Molybdenum Mo M
Neodymium Nd Z
Yittrium Y Z
S_ trontium Sr P
Cerium Ce P
Ruthenium Ru M

H - Hollandite, P - Perovskite, Z - Zirconolite, M- Metal alloys

An indication of the dependence of regime II ion exchange characteristics on
concentration of dissolved ions and solution type can be seen in Table 4.8 taken from active
Synroc data (Reeve et al, 1987) of 0-1 day duration. The dependence for individual
elements is not large although there is some indication that the brine solution inhibits loss of
Ce, Rh and Nb. There are considerable uncertainties in the brine results due to the
observation of extensive corrosion of the stainless steel supports used in reaction vessels
during testing. pH variation and the general values of loss rates are within expected ranges
but the effect of dissolved cations, altered redox potential and precipitation is not known.
The results are included for completeness.

Table 4.8 also indicates differences between polished and unpolished samples
relating to disorder in surface layers and surface area differences as well as different solution
types. Previous work by Coles and Bazan (1982) and Oversby and Ringwood (1982) has
also illustrated the difference between crushed and cored samples and the dependence on
temperature in this regime. For comparison, graphs from their work are reproduced as
Figures 4.1, 4.2 and 4.3 to illustrate this dependence.
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TABLE 4.7 ACTIVATION ENERGIES FOR DIFFERENT ELEMENTS
IN REGIME I (0-1 DAY) FROM TABLE 4.5

Element Activation Energy (kJmol-1)

Ca 5.7
Gd *

Nd 29.6
Sr 43.8
Y 18.3
Al *

Ce ~ 19.9
Ru 19.8
Te *

*estimate not possible due to undetermined rates

TABLE 4.8: LOSS RATES (g m-2d-1) FOR ELEMENTS IN REGIMES
LII, ACTIVE SYNROC 0-1 DAYS, 90°C, AFTER REEVE ET AL (1987)

Polished | Unpolished |  Brine il Bicarbonate
Ce(HAQ) 0.0038 0.16 0.0012 0.0038 ND
Cs(HA4) 0.15 0.1 0.089 0.15 0.10_
Ru(HAd) 0.011 0.38_ 0.022 0.012 0.0097
Nb(HA4) ND 0.047 0.00045_| _0.0024 0.0012
Ba(HA%) 0.51 34 0.082 0.52 0.40

ND - not determined

There are qualifications relating to the crushed samples particularly in respect of the
presentation of residues of intergranular films on the fracture faces of the crushed particles.
Previous work (Cooper et al, 1986) has shown that Synroc C fractures along the thin
intergranular films between grains of different phase. The majority of the film tends to
adhere to one surface leaving 1 or 2 mono-layers of the film on the opposite face. Hence,
the composition of the surface of crushed samples represents the composition of the
intergranular films. These have been found (Cooper et al, 1986; Smart, 1985; Myhra et al,
(1985) to contain increased concentrations of Cs, Si, Al, Mo and impurity alkali metal
cations, e.g. Na relative to the bulk concentration of the sample. The ion exchangeable
cations are released to solution from these film residues immediately after contact with the
solution. This is clearly evident in Figures 4.1, 4.2 and 4.3 where relatively high initial rates
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Figure 4.1

Leach data for cored and crushed Synroc C of low density (=95% of theoretical); adapted
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from Coles and Bazan (1982).
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Temperature dependence of cesium leach rates in porous Synroc C; adapted from Coles

and Bazan (1982).
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Figure 4.3
Legach data for fully dense Synroc C at 95°C; adapted from Oversby and Ringwood

(1982).



192

are measured for crushed Synroc at times <1 day. It is also evident that this initial release of

cesium is relatively independent of temperature as found for ion exchange of Cs* in these
film residues (Cooper et al, 1986). Over longer time periods, i.e. 2 2 days, the effect of
temperature giving increased loss rates for cesium is apparent from Figures 4.2 and 4.3.
Similar increased rates of loss can be seen for barium in Figure 4.3. It is not possible to
conclude with certainty whether the increases in rate with temperature are due to increased
diffusion and ion exchange of these ions in intergranular films, defects, minor phases or to
the appcinIrance of a kinetic dependence of the base catalysed hydrolysis reaction discussed in
regime III.

4.5 REGIME III - BASE CATALYSED HYDROLYSIS REACTION

The base catalysed hydrolysis reaction, leading to disruption of the titanate lattice of
perovskite and hollandite, has been described above (section 4.1) and in Chapter 2. The rate
of this reaction varies considerably with the particular phase, the temperature of the solution
and the pH. The nature of the reaction products, i.e. a coherent, hydrolysed Ti(OH)y4-x+
layer at epithermal temperatures or recrystallised TiO5 in-situ, at hydrothermal temperatures,
is determined by the solution temperature. Continued attack at hydrothermal temperatures
results in the loss of all surface-exposed perovskite grains and the formation of crystalline
TiO precipitates in the perovskite "pores" (Kastrissios et al, 1988). TiOj crystallites were
also observed on the hollandite phase but at lower numbers per unit area (Pham et al,
1989b). Zirconolite grains appear to be the most durable; there were no effects of attack
resolvable on this phase in SEM of disc surfaces or TEM of thinned sections after treatments
at temperatures <250°C (Pham, 1989). :

Other evidence for the reaction is found in:-

. SIMS spectra of TIOH* and CaOH* species in reacted surface layers of perovskite
(Pham et al, 1990b) and hollandite (Pham et al, 1989b) with depth profiles showing
their concentrations across the reaction layer;

. XPS spectra of altered Ti(3p) signals after reaction corresponding to hydrolysed TiO2
layers (Myhra et al, 1984a, b);

. scanning Auger surface analyses showing extensive reaction of perovskite grains, less
reaction of hollandite and no discernible reaction of zirconolite (Myhra et al, 1988; this
report);

. observation of amorphous titanaceous films in TEM images of reacted surfaces at
<90°C (Kastrissios et al, 1988);

. release of cations previously incorporated into crystal lattice sites of the minerals.

To extend the consideration of regime III, we will consider the period of attack from
7-100 days in which it is expected that the base catalysed hydrolysis reaction will dominate
the kinetic rate control. We will also consider data relating to hydrolysis from the earlier (0-
7 day) period and from different time periods within the 7-100 days. As with the previous
regimes, it is possible to set out the parameters likely to control the kinetics in this regime,
namely:

« the temperature of the solution;

« the pH of the solution;
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* the extent of surface roughness since defect and/or kink sites are likely to be
preferred positions for enhanced rates of hydrolysis;

* grain size and intergranular film formation which will also give preferred sites of
attack; 5

* concentration of dissolved ions and, hence, solution type, e.g. silicate, brine,
bicarbonate.

An indication of the effect of temperature on hydrolysis can be seen in the data of
Table 4.5 where elemental leach rates in the 1-7 day period are compared. Figures 4.1, 4.2
and 4.3 also contain relevant data comparing the effects of temperature in this period. Loss
rates from the original inactive data base for a standard Synroc C (10%HLW) reacted in
DDW at 90°C in the time period 7-14 days are set out in Table 4.9 (Myhra et al, 1988).

It is now possible to consider additional data generated from the new inactive leach
rate data base, i.e. new testing of inactive Synroc C specimens produced in this project, and
data from the active (fission products and actinides) leach testing.

TABLE 4.9: LOSS RATES (g m-2d-1) FOR A STANDARD SYNROC
(11908075)HLW) REACTED IN DDW AT 90°C (AFTER MYHRA ET AL.,
Mass 0.036 0.018 0.008

Al <0.27 . <0.03 <0.01

Ba 0.792 0.092 0.015

Ca 0.030 0.019 0.007

Cs 0.850 0.079 0.018

Mo 1.677 0.335 <0.031

Sr 0.192 0.026 <0.005

T <0.001 <0.0001 <0.0001

7r <0.017 <0.0023 <0.0013

Figures 4.4 and 4.5 illustrate representative samples of the data from the new inactive
leach rate data base at different temperatures, i.e. 40°C and 90°C respectively. Table 4.10
gives some estimates of elemental loss rates in regime III (i.e. 10-120 days) for Synroc
batches SFG325 and SFG326 from the original inactive data base. By comparison with the
data in Table 4.5 (i.e. regime II), it is clear that the loss rates are generally lower in this
regime. The very small differences between successive cumulative amounts leached makes
estimation of activation energies unreliable particularly when due account is taken of
experimental errors introduced between different batches. The results in Table 4.10 tend to
indicate that there are not major differences in loss rates between 40°C (SFG325) and 90°C
(SFG326).
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Cumulative amount leached with time for elements as marked from inactive Synroc C
(SFG 325) at 40°C in DDW.
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Figure 4.5
Cumulative amount leached with time for elements as marked from inactive Synroc C
(SFG 326) at 90°C in DDW.
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TABLE 4.10: ESTIMATED ELEMENTAL LOSS RATES (g m-2 d-1) IN
REGIME III (10-120 DAYS) FOR INACTIVE SYNROC BATCHES
SFG325 AND SFG326 AT DIFFERENT TEMPERATURES

Element SEG325, 40°C SEG326, 90°C
Cs 4x103 4.5x 103
Ba 4x103 3.5x 103
Ca 2x103 3x103
St 2x 1073 2 x 10-3

Mo* 3.6 x 10-2 -

* incomplete data

Selected data from the new inactive leach testing conducted in this project, i.e.
Synroc SFG903 described in Chapter 3.2, is illustrated in the graphs of particular elements
(as shown) in Figures 4.6-4.18. In regime III, estimates of loss rates for individual
elements for a variety of specimens taken from this fabrication are presented in Table 4.11
(70°C) and 4.12 (150°C). The rate estimates were made in the time periods 7-14 days and
84-112 (70°C) or 84-105 (150°C) days using data derived directly from solution
measurements in these time periods. The tables exemplify the variation in loss rates between
different samples. Nevertheless, there is a consistent trend showing reduction in loss rates
for each element across this period in which base catalysed hydrolysis is expected to
predominate. Between the two periods of the estimates, the rates reduce by factors between
4 and 23 for the data at 70°C and by factors between 1.6 and 115 for the data at 150°C.
Activation energies, averaged for each element for each of the two time periods, are
calculated in Table 4.13. Much of the data for the 84-112 (105) day period, and hence the
activation energies in this period, must be regarded with caution because the analyses for
dissolved species are close to detection limits and precipitation on the Synroc surface is a
major complication. Also, the single mineral studies have shown that different mechanisms
(or at least kinetics) of TiO2 recrystallisation occur at 70°C and 150°C. With these
qualifications, comparing these results with activation energies from regime II (Tables 4.7
and 3.3), suggests the following conclusions:

. that activation energies for all elements increase significantly between 0-7 day and
7-14 day periods suggesting a change in predominant mechanism to the base catalysed
hydrolysis reaction;

. that, specifically, activation energies for calcium release roughly double between
regimes II and III suggesting change-over from a diffusion-based mechanism to base
catalysed hydrolysis of initially the perovskite phase and possibly later the zirconolite
phase; .

+ that strontium activation energies are relatively high compared to other elements
through regime II and the first stages of regime III, eventually reducing to
~14kJmol "1, suggesting that base catalysed hydrolysis of perovskite is the primary
mechanism for release of this element even in regime II but after perovskite loss,
diffusion becomes important in further reaction;
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Figure 4.6 Cumulative amount of Ca leached from sample 16 (inactive Synroc 903)
exposed to DDW at 70°C.
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Figure 4.7 Cumulative amount of Sr leached from sample 18 (inactive Synroc 903) exposed
to DDW at 70°C. :
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Figure 4.8 Cumulative amount of Cs leached from sample 15 (inactive Synroc 903)
exposed to DDW at 70°C.
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Figure 4.9 Cumulative amount of Cs leached from sample 18 (inactive Synroc 903)
exposed to DDW at 70°C.
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Figure 4.10 Cumulative amount of Al leached from sample 19 (inactive Synroc 903)
exposed to DDW at 70°C.

e
®

o
~

o
[+
llIllllllllllllllll'llIllll

CUMULATIVE MASS (g m?)

o
X

Y T T - T L
20 40 - 60 80
TIME (days)

o

Figure 4.11 Cumulative amount of Mo leached from sample 14 (inactive Synroc 903)
exposed to DDW at 70°C.
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Figure 4.12 Cumulative amount of Ba leached from sample 14 (inactive Synroc 903)
exposed to DDW at 70°C.
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Figure 4.13 Cumulative amount of Ca leached from sample 9 (inactive Synroc 903)
exposed to DDW at 150°C.
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Figure 4.14 Cumulative amount of Sr leached from sample 8 (inactive Synroc 903) exposed
to DDW at 150°C.
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Flgﬁre 4.15 Cumulative amount of Cs leached from sample 10 (inactive Synroc 903)
exposed to DDW at 150°C. ‘





























































































































































































