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Abstract 

Leach testing experiments were conducted on SYNROC-D material to examine 
the parameters which affect leaching results and to measure the activation 
energy for leaching of elements from SYNROC-D. Measured leach rates were 
found to be controlled by precipitation of insoluble phases for those tests 
where the sample surface area to volume of leachant (SA/V) multiplied by 
leaching time (t) exceeded 0.3 cm" d for leach tests at 90°C. In these 
cases the apparent activation energy for leaching was approximately 
10 kcal/mole based on Na and Si data. For leach tests at 90°C with 
(Tr)(t) less then 0.2 cm" d, the activation energy for Na and Si 
dissolution was 18.5 kcal/mole for sample S29 and 14.5 kcal/mole for sample 
LS04. These activation energies are in agreement with values reported by Tole 
and Lasaga (1981) for nepheline dissolution. 

The effect of sample geometry was investigated by leaching a series of 
crushed samples of different grain size. The results support the view that 
geometric surface area should be used in leach rate calculations rather than 
gas adsorption BET surface area. 

Comparison of results on S29 leaching of crushed samples and monoliths 
show that data from MCC-1 and ISO type leach tests may be directly compared 

SA when the data are examined at constant (—)(t). 
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Introduction 

Leach testing of radioactive waste forms is done to satisfy a number of 
information needs in waste management programs. Manufacturers of waste forms 
need simple tests which can be conducted under hot cell conditions to provide 
quality control during fabrication. Standardized tests such as the MCC-1 
leach test developed by the Materials Characterization Center of Battelle 
Pacific Northwest Laboratories can be very useful for this type of quality 
control application. The MCC-1 test is also useful for comparing different 
waste forms under a fixed set of conditions and for providing means of 
inter!aboratory comparison. 

Persons involved with the design of geologic repositories for high level 
nuclear waste need a different type of information. In this case 
extrapolation of data to long times is needed and data on variation of 
durability with temperature, solution composition, geometry of the waste form 
and water to solid volume are needed. The draft ISO (1979) leach testing 
procedure involves variation of temperature; duration of leaching is altered 
by changing leach solutions at specified intervals. Variation of solution to 
solid volumes is allowed within the test framework. The ISO test can provide 
data which will yield activation energies for leaching if care is taken to 
measure initial leach rates. Slight modification of the ISO test procedure 
will provide information relevant to leaching mechanisms. 

This paper reports a study of the leaching behavior of SYNROC-D, a 
titanate ceramic waste form developed for immobilization of Savannah River 
defense high level wastes. Details of preparation methods and sample 
properties ire given in Campbell et al., (1982). The chemical composition of 
the sample used in the leach testing studies is given in Table 1. 
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There were four main objectives to this work. 

(1) Determine the activation energy for leaching from, or dissolution of, 

SYNROC-D. 

(2) Determine the effect of solubility limitations on leaching of 

SYNROC-D. 

(3) Examine the relationship between sample geometry and leaching 

behavior (crushed sample vs monoliths). 

(4) Determine whether BET or geometric surface area should be used in 

leach rate calculations. 

Experimental Method 

Leach testing described in this paper was carried out in Parr acid 

digestion bombs, 23 ml size, which consisted of an inner TFE teflon capsule 

containing the test sample and leach solution and an outer stainless steel 

casing. New teflon capsules were cleaned prior to use by rinsing with 

deionized water three times. The bombs were then filled with 16 ml of 

deionized water and placed in an oven held at 150 C. After three days, the 

cleaning water was discarded and new water was placed in the bombs. This 

water was used to determine whether any element of interest in our leaching 

work could be detected after heating at 150°C for one day. No element of 

interest could be detected by ICP analysis, so it was concluded that the 

cleaning procedure was adequate. Use of this cleaning procedure eliminates 

the use of acid in the teflon capsules. When acid is used in the capsules, 

some acid diffuses into the teflon and is not completely removed until after 

several stages of heating with pure water. Consequently, it is possible to 

obtain spurious leach results when using acid cleaned teflon capsules if the 

capsule walls still contain some acid which diffuses into the solution during 

the leach test. When leach testing is carried out in deionized water the 
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change in pH can be large due to this effect, and leaching is actually taking 
place in dilute acid solution. 

Leach tests were carried out on crushed and sized samples of SYNROC-D 
using a modified version of the 130 leaching procedure (ISO, DIS/6961, 1979). 
The modifications include use of crushed samples rather than monoliths and 
variations in the schedule for changing leach solutions. Most of the testing 
used the grain size fraction 177 to 246 um. Surface area was calculated 
assuming cubic geometry with all particles 212 ..m size, Sample weights and 
duration of leaching were varied to investigate the effects of solution 
composition on leach rate, 

At the start of each test a portion of crushed and sieved sample was 
weighed into a clean teflon capsule. Approximately 16 grams of deionized 
water was added, the capsule placed inside the stainless steel casing and then 
placed in an oven maintained at the desired leaching temperature. 
Temperatures were maintained to within + 2 C of the nominal temperature. 
After the desired leaching time the bombs were removed from the oven, cooled 
on a steel plate and opened as soon as they could be handled with bare hands. 
Solutions were decanted without filtration into plastic tubes and stored at 
room temperature until analysed. If leaching was to continue, fresh deionized 
water was then added to the sample and the bomb returned to the oven. Because 
of the storage of solutions before analysis, it was not possible to obtain 
valid data on Ti. All other elements were shown to be stable in solution at 
the concentrations relevant to these experiments without acidification over a 
period of at least three weeks. The longest that samples were normally stored 
before analysis was two weeks. 

Solutions were analyzed for Na, Al, Si, Ca and Sr by inductively coupled 
plasma spectrometry (ICP). The detection limits were set at 4 times the 
standard deviation of an acidified water blank. The detection limits varied 
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with the time when analyses were performed, but were generally better than 
Na = 0.008 ppm, Al = 0.015 ppm, Si = 0.022 ppm, Ca = 0.003 ppm and Sr = 0.008 
ppm. In no case were measurable amounts of these elements found in control 
blanks run in teflon capsules in parallel with the leaching experiments. 

Results and Discussion 
The first series of experiments conducted using S29 SYNROC-D material were 

designed to measure the activation energy for leaching for Na, Al, Si, Ca and 
Sr. Samples were leached in deionized water at 50 C, 90 C, 120°C and 
150 CC. Solutions were decanted and fresh water added after leaching tines 
of i day, 3 days (it = 2 days), 6 days ('-t = 3 days) and 10 days (At - 4 
days). The concentrations of Na, Al, Si, Ca and Sr in the solutions were used 
to calculate normalized elemental leach rates for each element using the 
formula 

normalized elemental /grams x in solution^/ weight of solid W 1 
leach rate =1 grams x in solid /\ surface area of solid/\ leaching time 

Leach rates calculated by this formula are those which would apply to the bulk 
sample if the whole sample dissolved at the same rate as element x. Leach 
rates for crushed samples reported in this paper are based on surface areas 
which are calculated assuming cubic geometry with the linear dimension being 
the mean value of the sieve fraction used. 

Results for the first set of experiments ire labeled Nov. '81 and are 
given in Tables 2, 4, 5 and 6. Data for the second leach period (Day 2-3) are 
plotted in Figure 1 as In (leach rate) vs i (°K ). If the leaching 
process were controlled by an activation energy, the leach rate would follow 
the empirical Arrhenius law 

rate = Aexp (-Efl/RT) 
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where A = experimental constant, g/m d 

E. = activation energy for leaching, cal/mole 

R = gas constant, cal/mole CK 

T = temperature in °K 

For a single forward reaction, a plot of In (rate) v s - w i l l give a straight 

line whose slope is -E./R. 

Leach data for 50, 90 and 120°C shown in Figure 1 do form quite good 

linear arrays in the Arrherius plot. However, data for 150 C show rates 

which are the sime or less than thnse for 120 C. Since assumption of a 

negative activation energy or a drastic change in leaching mechanism between 

120°C and 150°C seems unreasonable, we have our first indication that tne 

experimental conditions do not satisfy the restrictions necessary to obtain 

the activation energy for leaching. A second indication that something other 

than simple leaching or dissolution is occurring is provided by the value of 

E, calculated from the 50 to 120°C data. The leaching of Na and Si from 

SYNROC-D should be controlled by the dissolution of nepheline. Tole and 

Lasaga (1981) reported activation energies of about 15 kcal/mole for Na and Si 

dissolution from nepheiine wafers at near neutral pH. Since the pH of the 

leach solutions reported in this paper was usually between 5 and 7, we should 

expect an E. close to 15 keel/mole. The low value of about 10 kcal/mole 

suggests that precipitation reactions are occurring, and that the apparent 

leach rate is the result of two competing processes. 

To test this hypothesis a series of leach tests were run at 70, 90, 120 

and 138 C using the same water volume as in the November tests, but a 

smaller amount of sample at each temperature. Results from these tests are 

given in Tables 3 through 6 and are labeled Dec. '81A. The data are plotted 

as In (leach rate) vs -= (°K~ ) in Figure 2. Again, a three point linear 

array can be defined with an apparent activation energy of about 10 kcal/mole, 
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but the data for 90 C plots above the line in all cases. Tie lines 

connecting the 70°C and 90 C data indicate a higher activation energy 

which is similar to the Tole and Lasaga (1981) nepheline value. Comparison of 

the leach rates at 90 and 120°C for the Nov. '81 and Dec. '91A data show 

that for all elements except Al, the leach rates had increased roughly in 

proportion to the decrease in sample size. This was interpreted as 

confirmation of control of the apparent leach rate by a precipitation reaction. 

If apparent leach rate is determined by precipitation of new phases rather 

than by kinetic control of the dissolution process, we would expect to find 

constant concentrations of elements in the leach solutions at a given 

temperature regardless of the sample size c r the length of the leaching 

period. Examination of the solution concentration data for 90°C leaches 

(Table 7) shows that this is the case for all elements except Al in the 

Kov. '31 and Dec. '81A data sets. The concentrations of Si, Na, Ca and 5r in 

these solutions should represent the solubility limits of the new phases which 

are formed by precipitation. To determine the activation energy for leaching 

in the absence of precipitation, we must have final leach solutions whose 

concentrations are lower than these solubility limits. 

A third set of experiments were conducted at 70, 90, 120 and 150°C where 

the sample size was again reduced and the duration of leaching was shortened. 

Examination of the solution concentration data labeled Dec. '81B in Table 7 

shows that concentrations of all elements at 90°C for the single day leach 

samples were less than in the previous two leaching experiments. Thus, we 

should expect that these samples are not saturated with respect to phases 

which had previously been precipitating from solution. The final leach test 

of this series was conducted for 3 dajf. in an attempt to produce saturation. 

Despite the three times longer leach time, the solution concentrations 

increased only by 20 to 505S indicating that the single day samples were -lose 
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to the solubility limits of phases which had previously precipitated from 

solution, 

The Dec. '81B data for days 1 through 3 are listed as normalized elemental 

leach rates in Tables 3 through 6. The data for Day 3 is plotted in Figure 3 

along with the 50°C data for Day 2-3 for the November experiments. The 

slope of the line defined by the 50, 70 and 9Q°C data now gives an 

activation energy of 19.3 kcal/mole for Na dissolution from SYNROC-D. A 

similar plot for the Day 2 data gives 17.7 kcal/mole. The averse activation 

energy for the two data sets is 18.5 kcal/mole for both Na and Si leaching. 

Substitution of this activation energy and the average measured leach rate at 

90 C into the Arrhenius equation gives values of A^ = D.3 X 10 g/m d 

and A s. = 7.6 x 1 0 1 1 g/m2d. 

The data for leaching at 120°C and 150°C do not lie on the line 

defined by the 50 to 90°C data for the Dec. '81B experiments. This is 

interpreted to be due to precipitation of some insoluble materials from the 

higher temperature solutions. 

Leachug data for Al did not follow the pattern set by Na and Si. At 

50°C, the concentration of Al in solution was only slightly above the ICP 
-3 ? detection limits, and the calculated leach rate was about 3 x 10 g/rrfd. 

At 70°C the average Al leach rate was 6 x 10" g/m d whicn represents a 

factcr of 20 increase in leach rate for 20°C increase in temperature. The 

Na and Si leach rates increased by a factor of 10 over this temperature 

range. At 90°C, the Al leach rate was about 1 g/m d which represented 

nearly a 20 fold increase again for 20 C temperature rise, while Na and Si 

leach rates increased only by a factor of about 4. Nepheline is the only 

crystalline phase which contains Na and Si in SYNROC-D. Al occurs in 

nepheline which makes up 18% by weight of S29 and in spinel which constitutes 

48% by weight of the S29 sample (Campbell et al., 1982). Assuming an average 
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of 36% A L O , in both phases, about 30% of the Al is present in nepheline 
and 705* is in the nearly insoluble spinel. The lower leach rate for Al at 
90°C as compared to Na and Si can then be explained by assuming no Al is 
leached from the spinel phase. This is a reasonable assumption since Fe, a 
major component in the spinels, is not found in leach solutions in 'asureable 
amounts. 

While the presence of Al in spinel can explain the 90°C leaching data, 
the low leach rates at 70 and 50 oC must be due to another cause. Tole and 
Lasaga (1981) found that Al precipitated from solutions which were near 
neutral in pH as A1(0H),, bayen'te. They identified this product in a 
nepheline dissolution experiment run at pH = 5, T - 80°C. Precipitation of 
this material would explain the low apparent leaching of Al from SYNROC-D at 
50 and 70°C. 

A second fabricated sample of SYNROC-D was also tested for leaching 
characteristics at 70, 90 and 120°C. This sample, LS04, had the same 
chemical composition as S29 but during early testing by F. Bazan showed lower 
Ca and Sr leach rates (personal communication). Leach data for crushed 
material (177-246 u m ) of LS04 are given in Tables 3, 4 and a. Solution 
concentration data at 90°C are given in Table 7. Solution concentrations at 
all three temperatures were low enough that precipitation of insoluble phases 
from the leach solutions should not be a problem. Leach rates for Al, Si and 
Na are in good agreement for LS04 and S29 (Dec. '81B data set), while the Ca 
and Sr leach rates are substantially lower for the LS04 sample. This suggests 
that t he perovskite phase in LS04 was better formed during the hot-pressing 
fabrication step than was the case for S29. 

The leach data for LS04 are platted in Figure 4 as In (leach rate) vs -
(°K~ ). The activation energy for Na dissolution from this sample is 14.5 
kcal/mo1?. This is slightly lower than the activation energy found for the 
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S29 sample. Tole and Lasaga (1981) reported activation energies of 14.5 
kcal/mole for Na at pH = 5.0 and 15.0 kcal/mole for Na at pH = 7.0. The pH 
value of leach solutions reported in this paper was approximately 5.5 at the . 
start of leaching and increased slightly as leaching progressed. For samples 
leached at 90°C or less the final pH was approximately 6. The highest pH 
values were 7 for samples leached for several days at 150 C. 

The solution data given by Tole and Lasaga (1981) can be recalculated to 
normalized elemental leach rates by using the relationship 

leach rate = ( [x] M - f - p K ^ ) 

where [x] = concentration of element x in solution, g/cm 
f = fraction of x in the solid 
t = leaching time, d 

3 V = volume of leach solution, cm 
1 SA = surface area of solid, m 

The nepheline sample used by Tole and Lasaga (1981) had f„ = 0.12 and 
f s- = 0.205. Their (1981) data for dissolution of natural (Na 7 f iK i g ) 
nepheline are ccmpared with the SYNR0C-r 4ata from this paper in Table 8. The 
values used for SYNR0C-D are the average of several separate leaches from 
solutions thought to be unaffected by precipitation reactions. The data from 
Table 8 are plotted in Figure 5; data points at pH 5 and 7 were averaged to 
provide a single value for the 60 and 80 C temperatures. There is excellent 
agreement between the leach rates for Na and Si from nepheline dissolution and 
SYNR0C-D leaching. It is interesting to note that the Tole and Lasaga (1981) 
samples were 1 mn thick wafers (i.e., monoliths) and the surface area used to 
caluclate the leach rates was "geometric" for all data in Table 8. 
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Shade (1981) reported data on leaching of nepheline glass and ceramics at 

90°C. He noted that his ceramic nepheline contained a second crystall ine 

phase in addition to nepheline, as well as some residual amorphous material. 
1 

The samples used for leaching were "monoliths" with approximately 1 cm of 

surface area. The leach rates he measured during the early stages of leaching 

were 11 g/m2d for Ha and 1 g/m2d for Si at 90°C. After 2 days of 

leaching the results showed lower leach rates and appeared to be affected by 

precipitator of insoluble phases. The leach rate for Si is in excellent 

agreement with the value reported in this paper for the case where no 

precipitation occurs. The Shade (1981) Na leach rate is about twice that 

measured for SYNROC-D. The higher Na leach rate may be due to the second 

crystalline phase which Shade (1981) noticed in his sample. It is interesting 

to note that the Si concentration after 1 day of leaching nepheline ceramic 

was about 13 ppm (calculated from Shade (1981) Figure 3). This is far higher 

than the concentration of Si which can be maintained in contact with SYNROC-D 

at 90 C without back reaction or precipitation occurring. 

There has been a great deal of discussion in the literature concerning 

what is the appropriate surface area to use in calculating leach rates. 

Measurement of the surface area of crushed materials can be done by the BET 

gas adsorption method using gases wnich do not chemically '-eact with t\e 

sample being measured. Coles and Bazan (1982) report BCT surface area data 

determined using N, and Kr for 150-300 urn size fractions of SYNROC-C and 

Cs-hollandite. The surface areas measured using H„ were Urger than the 

surface areas determined using Kr by about a factor of I. In turn, the Kr BET 

surface area was about 15 times larger than the geometric surface area which 

can be calculated assuming cubic geometry for the grains. 
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To investigate the effect of surface area on leaching of crushed samples a 
series of samples were prepared by crushing and sieving a specimen of S29 
SYNROC-D into several grain size fractions. Surface area of these samples was 
measured using Kr BET. Geometric surface area was calculated assuming all 
grains were cubic with linear dimensions equal to the midpoint of the sieve 
range. The data are given in Table 9. The ratio of BET to geometric surface 
area increased systematically as the grain size of the particles increased. 
Thus, it seemed possible that a series of leach tests on these samples might 
answer the question of whether BET or geometric surface area was the 
appropriate area to use in leach test calculations. 

Four size fractions were investigated - 177-246 urn (Dec. '81B data set), 
246-417 um, 417-840 urn and 840-1650 Mm. The leach tests were carried out at 
90°C, and sample sizes were chosen so that precipitation reactions would be 
eliminated or minimized. Data for concentrations in the leach solutions are 
given in Table 7 and calculated normalized elemental leach rates are given in 
Table 10. Note tha f the data contained in column 2 of Table 10 includes 
sample weights, calculated geometric surface area, BET surface area and the 
average volume of leach solution divided by geometric surface area of the 
samplps. Leach rates for Days 1, 2 and 3 are given based on geometric surface 
area. Leach rates for all elements show a decrease which is proportion*1 to 
the decrease in leaching volume/surface area. This suggests that 
precipitation reactions were taking place despite the attempts to eliminate 
them. 

The last column of Table 10 shows leach rates for Day 3 calculated using 
the measured BET surface areas. Use of BET surface area causes a further 
spreading of the data. During the early stages of leaching, sample 
dissolution siould be independent of grain size. Since use of BET surface 
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area causes the leach rates to spread, BET surface area does not appear to be 
measuring the surface area which is appropriate to leaching. 

The geometric surface area used in this paper is based on cubic geometry 
where the cubes are all assumed to be the same size, namely the middle of the 
sieve fraction size. This is obviously a simplistic model, especially for 
SYNROC-D where the grain shape is more like rectangular prisms than cubes. 
For coarse grain size fractions the number of cubes per gram is about twice 
that calculated assuming cubic geometry. Thus, "real" geometric surface areas 
would be about 1 1/2 times greater than that which was calculated. 

Table 11 shows a comparison of results for S29 leaching at 9D°C using 
the HCC-1 test on a monolith sample after leaching for 3 days under static 
conditions with data for crushed material (177-246 vm) where the leach 
solutions were changed daily. The surface area used for the MCC-i test is the 
measured geometric surface area and the leach volume to surface area of sample 
is fixed at 10 cm. From the experience gained in this study concerning 
precipitation from S29 leach solutions we would expect that the MCC-1 test 
would be little affected by precipitation at 3 days leaching, but would be 
seriously affected thereafter. 

The average leach rate over the first three days by the HCC-1 method is in 
good agreement with that measured on crushed material using the modified ISO 
test and geometric surface area based on cubic geometry. The agreement is 
improved if our estimate of "real" geometry surface area is used. Leach rates 
for "real" surface area are obtained by dividing crushed sample 1 day leach 
rates by 1.5 since we estimated "real" geometric surface to be 1.5 times cubic 
geometric surface. 

Full data for MCC-1 leaching results on S29 are given in Table 12 along 
with solution concentrations calculated from the leach data. The leach rates 
for all elements decreased steadily with time. This could be due to the 

- 14 -



formation of a protective surface layer on the sa.iole during leaching and 

control of subsequent leaching by diffusion through the surface layer. 

However, examination of leached SYNROC-D samples does not show any protective 

layer formation on nepheline (R. Ryerson, personal communication). An 

alternative explanation for the decrease in leach rates is the formation of 

insoluble phases which precipitate from the solution. The final 

concentrations after 28 days of HCC-1 leaching are very similar to those found 

for crushed sample leaching over 2 to 3 day periods in the Nov. '31 

experiments (compare Tables 7 and 12). The surface area/volume of leachant in 

the Nov. '81 experiments was 0.6 cm" as opposed to 0.1 cm" for the HCC-1 

tests. We would thus expect saturation affects b times earlier for the 

crushed material. 

The Dec. '81A samples which were also affected by precipitation had 

surface to volume ratios of 0.3 cm" . For the 1 day leach (Day 1) the 

solutions were probably only slightly affected by precipitation (compare leach 

rates for Day 1, Dec. '81A with those for single day Dec. '81B leaches at 

90 C, Table 4). Assuming constant leach rates, we would expect 

precipitation to affect leach results when surface area/volume multiplied by 

time reached 0.2 to 0.3 cm" d. Table 11 showed that results for HCC-1 tests 

at 0.3 cm" d agreed with leaching of crushed material at 0.2 cm" d. Data 

for Days 2-3 of Dec. '81A set had (SA/V)(t) = 0.6 cm" Ld, and gave Na leach 
1 2 

rates of 1.8 g/m d. This is in good agreement with the value of 1.5 g/m d 
for MCC-1 after 7 days (y)(t) =0.7 cm _ 1d . The largest value of 
SA -1 

(y)(t) for the crushed material is 2.4 cm d for Days 7-10 in the Nov. 
'81 data set in Table 4. This data should compare with the HCC-1 results at 

SA -1 2?' Jays where (y)(t) = 2.8 cm d. Comparison of these results is given 

in Table 13. The ireement between the data sets is excellent, strongly 
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supporting the interpretation that both data sets are controlled by 
precipitation of insoluble phases. 

Conclusions 
The leaching studies conducted on SYNROC-D (S29) reported in this paper 

allow us to draw several conclusions concerning leaching mechanisms and 
testing methods. 

(1) The apparent activation energy for leaching from wastefornis will vary 
if more than one process is occurring. 

(2) Where precipitation of phases can occur from leaching solutions, the 
apparent leach rates will depend on solution composition. 

(3) If care is taken to minimize saturation effects, the measured leach 
rates for different sample geometries will be the same. 

(4) If precipitation reactions occur, leach rates for different sample 
geometries or leaching times are comparable at equal values of 
(surface area of sample/volume of leachant) multiplied by leaching 
time, (-rr-Mt)- This relationship allows comparison of data from 
ISO type tests with MCC-1 tests. 

(5) Le3ch results on different sample geometries show better agreement 
when geometric surface area is used in calculations rather than BET 
surface areas. 

(6) In order to obtain data on activation energies for leaching processes 
and to study leaching mechanisms, the leach testing methods must 

SA allow variation of (y)(t). 
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Table 1. Composition of SYNROC-D sample S29 in weight %. 

Compound wt% 

F e2°3 23.8 
A1 20 3 18.6 
MnO 7.4 
U3°8 2.1 
CaO 7.1 
NiO 3.0 
sio z 7.2 
Na ?0 3.3 
Na 2S0 4 0.6 
Cs 20 0.25 
SrO 0.25 
Ce 20 3 0.50 
Nd 20 3 0.50 
Ti0 2 18.8 
Zr0 2 5.5 
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Table 2. S29 - HPIOA Leach rates at 50°C 
Normalized Elemental Leach rate in g/m d I 

wt = 0.166g 177-246w (Nov. '81) 

Time, days £ Sj[ Na Sr Ca I 

1 3 x 10" 3 0.11 0.17 <0.13 0.035 
2-3 9 x 10" 4 0.22 0.19 0.07 0.037 
4-6 2 x 10~ 3 0.15 0.13 0.05 0.024 
7-10 4 x 10" 3 0.15 0.12 0.04 0.022 
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Table 3. S29 - HP10A Leach Data, 70°C 

Normalized Elemental Leach rate in g/m d 

wt = 0.0782g, 177 - 246,, (Dec. '81A) 

Time, days Al. Si Na Sr Ca_ 

1 0.07 0.73 0.70 0.55 0.13 
2-3 0.04 0.58 0.47 0.30 0.09 
4-6 0.07 0.50 0.38 0.22 0.07 

wt = 0.049g, 17; - 246u (Dec. '813) 

Time, day AJ Si_ Na Sr Ca 

1 0.03 1.20 1.11 0.74 0.27 
2 0.07 1.55 1.30 0.85 0.26 
3 0.03 1.47 1.25 0.75 0.25 

LS04 Leach Data, 70°C 
2 Normalized Elemental Leach rate in g/m d 

wt = 0.0370, 177 - 245u (Jan. '82) 

Time, day A l S i Na Sr Ca 

1 0.004 0.16 0.23 - 0.065 

2 0.04 1.1 1.2 - 0.056 
3 0.27 2.5 2.5 - 0.098 

4 0.11 2.0 2.1 - 0.072 
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Table 4. S29-HP10A Leach Data 90°C 
Normalized t lementa l Leach r a t e in g/nrr' 

wt = 0.140g, 177-246g (Nov. '81) 

Time, days AT. Si Na Sr Ca 
— — 

1 0.48 2.1 1.8 0.67 0.29 
2-3 0.40 1.6 1.3 0.48 0.20 
4-6 0.22 1.0 0.86 0.30 0.13 
7-10 0.17 0.8 0.62 0.23 0.10 

wt = 0.0644g, 177-246n (Dec. '81A) 

Time, days Al_ S_i Na Sr Ca 

1 0.53 3.92 3.02 1.47 0.55 
2-3 0.40 2.56 1.84 0.91 0.35 
4-6 0.46 2.26 1.63 0.78 0,30 

wt = 0.0446g, 177-246v (Dec. 'BIB) 

Time, days /U _Sj Na Sr Ca 

1 0.68 5.6 4.8 2.3 0.91 
2 0.90 5.8 4.4 2.2 0.81 
3 1.25 7.3 5.6 2.7 0.97 

LS04 Leach Data 9C°C 

wt = 0.0320g, 177-246U (Jan. '82) 

Time, days A[ SJ_ Na Sr CA 

1 0.94 5.6 6.5 0.94 0.24 
2 1.6 7.5 8.7 0.94 0.24 
3 1-1 7-2 B.l 0.94 0.23 
4 1.0 6.4 7.3 0.86 0.18 
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Table 5. S29-HP10A Leach Data 120°C 
2, Normalized Elemental Leach rate in g/m d 

wt = 0.134g, 177-246.. (Nov. '81) 

Time, days Al Si Na Sr Ca 

1 1.3 S.7 4.9 1.9 0.83 

2-3 0.77 3.5 2.9 1.1 0.47 

4-6 0.53 2.3 1.3 0.67 0.28 

7-10 0.43 2.0 1.6 0.62 0.24 

wt = 0.0579g, 177-246'^ (Dec. '81A) 

Time, days Si Na Sr Ca 

1 2.0 9.6 7.3 3.1 1.35 

2-3 0.70 4.5 3.1 1.5 0.61 

4-6 0.81 4.1 2.8 1.2 0.50 

Wt = 0.0338g, 177-246W (Dec. '81B) 

Time, days Al Si Na Sr Ca 

1 2.8 16.2 12.5 6.2 2.4 

2 3.9 21.9 16.1 7.6 2.9 

3 3.0 21.4 15.0 6.6 2.4 

LS04 Leach Data 120°C 

wt = 0.0223g, 177-246M (Jan. '82) 

Time, days Al Si Na Sr Ca 

1 4.7 20 23 2.0 0.57 

2 3.8 21 24 2.7 0.60 

3 3.2 21 24 1.3 0.58 

4 3.2 24 28 
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Table 6. S29-HP10A Leach Data 

Normalized Elemental Leach r a t e in g/m 2d 

wt = 0.134g, 177-246u [Nov. "81), 150°C 

Time, days AJ S[ Na Sr Ca 

1 1.2 5.4 4.3 1.8 0.75 
?-3 0.72 3.3 2.6 1.0 0.45 
4-5 0.52 2.6 2.1 0.8 0.35 
7-10 0.41 2.2 1.7 0.7 0.28 

wt = 0.0406g, 177-246. [Dec. '81A), 138°C 

Time, days A] Si. Na Sr Ca 

1 3.06 16.5 12.2 5.6 2.3 
2-3 1.18 7.6 5.2 2.5 0.97 
4-6 1.01 6.6 4.3 1.9 0.72 

wt = 0.034g, 177-246u (Dec. '81B) 150°C 

Time, day; Al_ H Na Sr Ca 

1 4.3 
2 3.6 
3 3.4 

26 22 0.25 2.56 
28 21 0.30 2.78 
34 22 0.25 2.33 
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Table 7. Concentrations in Leach S o l i t i o n s at 90°C in ppm 

Al Si Na Sr Ca 

Nov. '31 1 3.0 4.5 3.0 0.09 0.96 
2-3 5.1 6.7 4.3 0.13 1.34 
4-6 4.0 6.2 4.0 0.11 1.21 
7-10 4.1 6.1 3.8 0.12 1.24 

Dec.'81A 1 1.4 3.6 2.2 0.08 0.8 
2-3 2.4 5.2 ?.9 0.12 1.1 
4-6 3.7 6.0 3.4 0.14 1.3 

DPC'818 1 1.2 3.4 2.4 0.09 0.87 
2 1.7 3.4 2.2 0.09 0.78 
3 2.1 3.8 2.4 0.09 0.84 
4 0.6 2.9 2.1 0.0/ 0.79 
5-7 1.9 4.4 3.1 0.09 i.01 

LS04, Jan.'82 1 1.2 2.5 2.3 0,03 0.17 
2 1.9 3.0 2.7 (0.02) 0.14 
3 1.2 2.3 2.0 (0.02) 0.12 
4 1.1 2.2 1.9 (0.02) 0.11 

246-417 }i 1 1.4 2.6 2.0 0.08 0.66 
2 2.2 3.2 2.1 0.08 0.75 
3 3.0 4.4 2.8 0.10 0.96 

417-840u 1 2.0 3.1 2.2 0.08 0.76 
2 2.4 3.5 2.2 0.09 0.82 
3 2.6 4.2 2.7 0.10 0.97 

840-1650P 1 2.3 4.0 2.9 0.11 1.11 
2 2.6 4.2 2.7 0.10 0.94 
3 2.1 3.9 2.6 0.10 0.92 
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Table 8, Comparison of Dissolution Rate for 

Nepneline and SYNROC-D 

Temperature pH Normalized elemental leach rate g/m d 
°C Na Si 

50 6 9.19 
60 5.0 0.95 
60 7.0 0.64 

70 6 1.3 
80 5.0 2.9] 
80 7.0 1.21 
90 6 5.0 

Data for 60 and 80 C from Tole and lasaga. 
Data for 50, 70 and 90°C, this paper. 
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Tab)~ 9. BET and Geometric Surface Area Data 
for crushed JYNROC-D 

Sieve fraction Kr BET surface Geometi ric surface BET 
!-m; 2 

area, cm /q area 2 
, cm /q Geometric 

105 - 177 560 106 5.3 
177 - 246 420 71 5.9 
246 - 417 310 45 6.9 
417 - 640 190 24 7.9 
340 - 1650 120 \l 10 
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Table 10. Grain Size Data 90°C S29 

Normalized Elemental Leach rate, g/m d 

For specified day Day 3 using 
Al_ using geometric Sft BET SA 

Size Fraction tf(g) _1 _2 2 3BET 

177 - 246, 0.0446 0.7 0.9 1.2 0.20 
246 - 417.: 0.0872 0.7 0.9 1.4 C.20 
417 - 840- 0.2068 0.8 0.8 1.0 0.12 
840 - 1650- 0.5766 0.7 0.6 0.5 0.05 

Si_ 
qeora ift cm J. _2 J 3BET 

177 - 246. 3.16 5.6 5.8 7.3 1.2 
246 - 417, 3.93 3.7 4.0 b.4 0.93 
417 - 840", 4.94 3.7 3.5 4.5 0.55 
840 - 1650. 6.95 3.4 2.9 2.5 0.25 

Na 
BET 5A on 2 J, I J 3BET 

177 - 246.. 18.7 4.8 iA 5.6 0.95 
246 - 4]7. 27.0 3.7 3.3 5.0 0.73 
417 - 840 , 39.3 3.4 2.9 3.7 0.46 
840 - 1650 j 69.2 3.2 2.4 2.1 0.21 

Ca 
Average Vol /SA(G) _1 _2 _3 3BET 

177 • 246u 5.0 0.91 0.81 0.97 0.16 
246 • 417 u 4.2 0.62 0.60 0.90 0.13 
417 - 840 M 3.2 0.61 0.54 0.70 0.09 
840 - 1650,. 2.3 0.63 0.44 0.40 0.04 
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Table 11. S29 Monolith leach rates vs 177-246u powders 
at 90°C in g/md, Geometric S. A. 

Monolith, , 3 day Crushed, 1 day 

[x] ppm average l.r. [x] ppm l.r. l.r./l.S 

Al 2.4 0.81 1.7 0.90 0.60 
Si 2.5 2.50 3.4 5.8 3.9 
Na 2.4 2.97 2.2 4.4 2.9 
Sr 0.09 1.40 0.09 2.2 1.5 
Ca 1.2 0.78 0.78 0.81 0.54 

Monolith Data by HCC-1 procedure, Campbell et al., 1982 (Table 24). 
Crushed data from Table 4, Dec. '818 set - Day 2. 
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Table 12. MCC-1 90QC Monolith Leaching ' 

Normalized Elemental Solution concentration ! 
2 • 

Leach rate, g/m d ppm j 
3-day 7-day 14-day 28-day 3-day 7-day 14-day 28-day j 

Al 0.81 0.50 0.31 0.18 2.4 3.4 4.3 5.0 
Si 2.50 1.89 1.06 0.67 2.5 4.4 5.0 6.3 
Sr 1.40 0.92 0.60 0.38 0.09 0.14 0.18 0.22 

Ca 0.78 0.44 0.26 0.16 1.2 1.6 1.8 2.3 
Na 2.97 1.47 0.94 0.62 2.4 2.7 3.5 4.6 

Data from Campbell et a l . , (1982), Table 24. 
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Table 13. Comparison of Monolith and Crushed sample 
leach -asults at similar values of 
(Surface Area/Volume)(time) 

2 Normalized Elemental Leach Rates, g/m d 
Crushed, 2.4 cm" d 

0.17 
0.8 
0.62 
0.10 
0.23 

HCC-1, 2.8 cm^d 

Al 0.18 

Si 0.67 

Na 0.62 

Ca 0.16 

Sr 0.38 
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Table 12. MCC-1 90°C Monolith Leaching 

Normalized Elemental Solution concentration 
Leach rate, g/m d ppm 

3-day 7-da,y 14-day 28-day 3-day 7-day 14-day 28-day 

Al 0.81 0.50 0.31 0.18 2.4 3.4 4.3 5.0 

Si 2.50 1.89 1.06 0.67 2.5 4.4 5.0 6.3 

Sr 1.40 0.92 0.60 0.38 0.09 0.14 0.18 0.22 

Ca 0.78 0.44 0.26 0.16 1.2 1.6 1.8 2.3 

Na 2.97 1.47 0.94 0.62 2.4 2.7 3.5 4.6 

Data from Campbell et al., (1982), Table 24. 
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