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ABSTRACT. Chemical stability, in particular the leaching resistance of sintered modified SYNROC-B ceramic waste form, 
has been studied at leaching temperatures of 25, 75, and 150 “C in deionized RO. The leach rate data of the tests are 
reported and compared with the leach rate data of borosilicate glass (PNL 72-68) at 75 “C under similar conditions. New 
leaching quantities, incremental erosion rate [E,(T)] and accumulated eroded layer [e(T)] have been introduced in this 
study to represent the leaching behavior of the proposed solid waste forms. The accumulated eroded layer has been expressed 
by a linear combination of two possible release mechanisms: [l] a transient first-order dissolution reaction and [2] a mass 
diffusion of the radioactive ions from the interior of the solid to the surface. Experimental data from current leaching tests 
for modified SYNROC-B at 25 and 150 “C were found to fit the proposed model very well, but with different dissolution 
reaction rate constants, which indicate the effect of temperature on such a release mechanism. The applicability of the 
model and its accuracy are discussed. 

INTRODUCTION 

High-level radioactive waste (HLW) generated from 
light water reactor (LWR) spent fuel reprocessing 
(commercial waste) or from weapons technology 
(government waste) may require solidification and 
incorporation into an inert and durable host matrix 
suitable for deep geologic disposal. The proposed or 
selected host matrix must have high chemical stability, 
radiation resistance, and thermomechanical integrity 
during long-term ( lo’-lo6 years) disposal. Glass and 
its derivatives have long been considered as host 
matrices for HLW because of their adequate durabil- 
ity. This, coupled with economical considerations 
and opportunities to make use of well known glass 
technology, mean that full-scale production might be 
achieved in a short period of time (1). However, zinc 
borosilicate glass was not entirely stable under very 
high temperature leach conditions (700 “C for one 
week) where it devitrified, exposing more surface to 
attack by the leachant (H20), subsequently releasing 
more HLW ions to the surrounding media (2). 

Several crystalline waste forms have been con- 
sidered as alternative HLW host matrices. One of the 
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proposed crystalline waste forms is SYNROC-B (3), 
a synthetic mineral assemblage consisting of three 
phases: Ba-Hollandite (BaAl,T&O& Perovskite 
(CaTiOJ, and Zirconolite (CaZrTizO,). These three 
phases have mineral analogs found in crustal rocks, 
which have contained naturally occurring uranium, 
thorium, and their decay products for millions of 
years without significant release of radioactivity to 
the biosphere (4). 

Processing of SYNROC-B ceramics by use of a 
subsolidus sintering technique has been described (5). 
This technique includes dry powder processing [dry 
ball milling of the matrix components (A1203), 
BaC03, CaCO,, Ti02, and ZrO*) and simulated waste 
(PW-4b or PW-4b-7) followed by binder/lubricant 
addition], and both precalcining [ - 770 “C] and 
solid state sintering [ - 1260 “C] in a reducing atmo- 
sphere [AR-4% Hz] to achieve the appropriate 
valence states of simulated HLW ions to permit their 
incorporation with SYNROC-B constituents, ending 
up with the desired crystalline host phases. 

The chemical stability of the sintered modified 
SYNROC-B ceramic waste form has been investigated 
(6,7,8) in different leaching media (deionized H,O 
and various simulated brines) under conditions simu- 
lating those expected within deep geologic disposal 
sites (boiling at atmospheric pressure and at - 270 “C 
at a pressure of - 50 atm). 

Although one must be concerned with the very 
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long-term disposal period (approaching lo’-lo6 
years) of any proposed HLW solid waste form, ac- 
tual leaching experiments have been conducted over 
comparatively short times (days and months) only. 
Prediction of the chemical stability of any proposed 
solid waste form over the very long-term disposal 
period is uncertain. To assist in reducing that predic- 
tive uncertainty the data obtained from leachability 
studies have been utilized in modeling possible HLW 
release mechanisms involving a linear combination of 
[l] a first-order dissolution reaction and [2] a mass 
diffusion process involving transport of HLW ions 
from the interior of the solid waste form to its sur- 
face (8). 

ty). Table 1 shows the results obtained by the 
microprobe, on a fractured surface, in comparison 
with the nominal (green) composition prior to sinter- 
ing. The leaching medium was distilled Hz0 and the 
leaching temperatures were 25 and 150 “C. The 
elemental concentrations of the simulated HLW ions 
which were released to the leachant during the 
leaching experiments were determined by neutron ac- 
tivation analysis (NAA) (10,ll). Samples of the pure 
leachant (distilled H20) in the absence of sample 
material also were analyzed to determine the 
background concentration. Leaching data obtained 
elsewhere for sintered modified SYNROC-B and 
PNL 72-68 glass both at 75 “C in distilled HZ0 (12) 
are presented in this paper for comparison. 

EXPERIMENTALPROCEDURE 

Recent leaching studies of sintered modified 
SYNROC-B waste form containing 10 wt.% simu- 
lated HLW (PW-4b) have been carried out under dif- 
ferent leaching conditions. Samples of rectangular 
geometry of - l-cm2 surface area were diamond cut 
(200 grit) and prepared and tested according to the 
requirements and procedures recommended by the 
Materials Characterization Center (MCC- 1 and 
MCC-2 Leach Tests) (9). The composition of the 
specimens, after sintering, has been determined by 
Electron Microprobe Analysis.* The density of the 
material was 4.1 g cms3 ( - 95% of theoretical densi- 

The incremental leach rate, L,(T), of a specific 
ion, i, either from the matrix components or from the 
simulated radioactive waste addition, after leaching 
period, t, ending at cumulative time T, can be calcu- 
lated according to the following equation: 

L(T) = kz] E] g cm-’ d-‘, 

where a,(t) = the activity of ion, i, found in the 
leachant after leaching time, t, 
days; 

A:(T) = 

wo = 
S= 

*Electron Microprobe Analyzer, Philips Model MAR/3, oper- 
ating voltage 20 kV at 60-80 PA, 15.5” take-off angle with a 
beam spot of - 7 pm (larger than the grain size) and IBM system 
370 Model 165 computer for data analysis. 

t= 
T= 

the original total activity of ion, i, 
found in the solid sample after a 
decay time of T days; 
the weight of the solid sample, g; 
the actual or geometric surface area 
of the exposed solid, cm’; 
the leaching interval, days; 
cumulative time from initiation of 

TABLE 1 
Electron Microprobe Analysis” for Modified SYNROGB + 10 wt.% Simulated High-Level Wade (PW4b) 

Electron Microprobe 
Analysis on 

Element Oxide 
Compositionb 
Oxide wt.% at% 

Fracture Surface 

wt.% Oxide wt.% 
Difference 

Oxide wt.% 

Al 
Ba 
Ca 
Ce 
cs 
Fe 
MO 
Nd 
Ni 
Sr 
Ti 
U 
Zr 

AWs 8.18 5.07 5.19 9.82 +1.64 
BaO 10.31 1.72 9.21 10.28 - 0.03 
CaO 8.25 3.86 5.23 7.32 -0.93 
CeOn 1.48 0.17 0.90 1.11 -0.07 
C&O 0.75 0.09 0.43 0.46 -0.11 
FelO, 0.99 0.22 0.47 0.67 -0.32 
MOO, 1.69 0.25 0.92 1.38 -0.31 
Nd,Oa 2.26 0.35 1.75 2.04 -0.22 
NiO 0.29 0.13 0.28 0.36 +0.07 
SrO 0.57 0.11 0.38 0.45 -0.12 
TiO, 57.16 19.68 36.66 61.15 +3.99 
UO* 0.63 0.05 0.46 0.52 -0.11 
ZrO, 1.44 1.57 4.97 6.47 -0.93 

Total 100.00 102.03 +2.03 

aThe at% and wt.% are averaged over four different measurements and the attenuation (absorption) of the 
matrix is neglected. The standards were the oxides of the elements. 
bCalculated nominal composition. 
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leaching to the end of current 
period, day. 

E,(T) = L,(T) cm d-l, 
P 

The leaching intervals were carried out in sequential 
periods (e.g., 3, 4, 7, 14, 28, and 36 days) with a cu- 
mulative leaching time of 92 days. Figure 1 shows the 
leach rate of Cs for sintered modified SYNROC-B 
containing 10 wt.% simulated HLW (PW-4b) at 25, 
75, and 150 “C and for PNL 72-68 waste glass at 
75 “C. 

where L,(T) is the incremental leach rate of HLW 
ion, i, (g cm-’ d-‘) and P is the density of solid waste 
form (g cm+). 

New leaching quantities have been introduced in 
this study to explain the behavior of the proposed 
solid waste form under leaching conditions incremen- 
tal erosion rate, S(T), and the accumulated eroded 
layer, E(T). The incremental erosion rate is defined 

The accumulated eroded layer, e(T), is simply the 
integral (or the sum) of E,(T) over the entire 
cumulative leaching period, T, which is directly pro- 
portional to the fractional release of radioactivity. 
With the assumption that the entire solid matrix will 
erode (or disappear) by the same rate of the most 
leachable species of HLW (i.e., Cs). Figure 2 shows the 
accumulated eroded layer (from experimental data) 
of sintered modified SYNROC-B and PNL 72-68 
waste glass over the cumulative leaching periods 
based on the leach rate for Cs (see Fig. 1). 

l- 

E-3- 

e.p.rim.nt 
A PNL GLASS 72-68 75% 

0 NCSU SYNROC- S 23% 

V NCSU SYNROC-8 75% 

a NCSU SYNROC -S 150°C 

E-4’ I 1 # ,,,,,I 1 Ii11111 

1 El E2 

Leach Period, days 

FIGURE 1. Incremental leach rate of Cs, Lo,, for sintered modi- 
fied SYNROC-B containing 10 wt.% simulated HLW (PW4b) and 
PNL 72-68 waste glass in deionized H, at different leach tem- 
peratures. 

The use of these new leaching quantities, E,(T) 
and E(T), is to help provide the answer to the most 
important questions in this type of study: What will 
be the life span of the proposed solid waste form? 
What is the predictive behavior of the selected waste 
form beyond the leaching test period which is very 

model elperlment 

A A PNL CLASS 72-68 75% 

8 0 NCSU SlNROC -S 25% 

V V NCSU SYNRGC - S 75% 

. 0 NCSU SYNROC-B 150% 

b 

E-61 
1 El 

Leach Period days 

I 
E2 

FIGURE 2. Accumulated eroded layer, e(T), for sintered modi- 
fied SYNROC-B containing 10 wt.% simulated HLW (PW-4b) and 
PNL 72-68 waste glass based on leach rate data of Cs in deionized 
Hz0 at different leach temperatures. 
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short, almost negligible, in time with respect to the 
very long-term disposal time? An accurate prediction 
is highly desirable but at this point of time can only 
be tentative. 

MODEL FORMULATION AND DATA 
ANALYSIS 

Different model components of mass (radioactivity) 
transport have been deduced for considering the in- 
teraction of the radioactive solid waste form with the 
aqueous solution (deionized water or brine). Some of 
those models lead to either illogical or unrealistic pre- 
dictions when published data are extrapolated to long 
times (13). The mechanism of release of radioactivity 
to the surrounding solution can be considered as be- 
ing rate dependent upon a dissolution controlled pro- 
cess, or a mass diffusion controlled mechanism, or 
surface sorption, or chemical precipitation, or some 
combination between two or more of these processes. 
A model for the release of HLW ions, or the accumu- 
lated eroded layer, e(T), in the case of a waste 
material subject to corrosion due to chemical or 
other instability, might in the simplest case be subject 
to initial diffusion control followed by linear corro- 
sion. SYNROC-B waste material is an assemblage of 
three phases whose natrual analogs, containing I-l, 
Th, and their decay products, have retained these 
atoms for millions of years without significant 
release (4). Accordingly, any release that occurs from 
a synthetic minearl assemblage of Ba-Hollandite, 
Perovskite, and Zirconolite phases is postulated to be 
solid state diffusion controlled with some dissolution 
occurring initially which tends to be terminated by a 
protective TiO, layer which forms on the surface. 
Consistent with this, the following model expresses 
the accumulated eroded layer, e(T), which is propor- 
tional to the fractional release, in a realistic but very 
simple form as a linear combination of a first-order 
dissolution process and a mass diffusion mechanism: 

e(T) = Oat T = 0. 

Also, if T Q l/B, 

(W 

~(7) = (A@ T + C(T)"* cm, 

while if T 9 l/B, 

(4) 

E(T) = A + C(T)'/* cm, (5) 

Equation 4 can show the corrosion with a linear mass 
transfer reaction rate, A& combined with the mass 
diffusion process and this can be valid when TB 
+ 1, that is, either for initial (very short leaching 
periods) or where the rate constant, B, is very small 
(i.e., where the dissolution reaction is very rapid). 
Equation 5 describes the leaching behavior when the 
dissolution reaches a constant value or the maximum 
and its contribution to the release of radioactivity, at 
that time, is negligible. Note that Eq. 5 is not appli- 
cable for short-term behavior because it does not 
satisfy Eq. 3a. 

The experimental data of the accumulated eroded 
layer, c(T), for sintered modified SYNROC-B at 25, 
75, and 150 “C and for PNL 72-68 waste glass at 
75 “C (summarized in Fig. 2) were utilized to deter- 
mine the numerical values of the constants A, B, and 
C for each set of data obtained from the previously 
described leach tests. 

A nonlinear regression procedure was performed 
to produce least-squares or weighted least-squares 
estimates of the parameters (constants) A, B, and C 
of the nonlinear model presented in this work 
describing the accumulated eroded layer which is 
given by Eq. 3. A modified Gauss-Newton iterative 
method was employed in this type of calculations (14, 
15, 16). The nonlinear regression scheme regresses 
the residual on the partial derivatives of the model 
with respect to the parameters until the iterations 
converge with a convergence criterion which was des- 
ignated to be lo-‘. 

The experimental data obtained from the leaching 
tests for sintered modified SYNROC-B in deionized 
water at 25, 75, and 150 “C were found to fit Eq. 3 

E(T) = A[1 - exp(- BT)] + C(T)'j2 cm. (3) very well with different values of A, B, and C for 

The first term represents the release of radioactivity each test temperature. The accumulated eroded layer 

which is controlled by first-order dissolution reaction for each data set can be modeled in the following 

of species on or near the surface of the solid waste three equations: 

form, while the second term represents the release of For 25°C leach test, 

radioactivity controlled by mass diffusion from the E(T) = 6.98E-6[1-exp( - 242.02 T)] 
interior of the matrix of the waste form to the surface + 4.42E-6(T)'12 cm; (6) 
of a semi-infinite medium (8). The fraction of species 
near the surface is proportional to A, the first-order 
rate constant is given by B (time-l), and C is propor- 
tional to the square root of the effective diffusion co- 
efficient (cm time-i/2) for the active species in the 
matrix and it in turn deuends on the matrix 

For 75°C leach test, 

E(T) = 1.2E-5[1-exp(-158.8T)] 
+ 1.37E-5 ( T)‘12 cm; 

For 150°C leach test, 

(7) 

geometry. It is to be noted that Eq. 3 is subjected to E(T) = 4.33E-5[1-exp( -72.53 T)] 
the following initial condition: + 1.6E-4(T)1’2 cm. (8) 
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TABLE 2 
Comparison Between the Model, Eqs. 6 and 8, and the Experimental Values of the 

Accumulated Eroded Layer, e(T) 

25 “C Leach Test Data 150 “C Leach Test Data 

Leach Period, T 
E(T) x 10s6 cm E(T) x 10m5 cm 

Days (Year) Model Experiment Accuracy % Model Experiment Accuracy % 

3 (0.0082) 6.42 6.44 -0.28 3.39 3.66 -7.8 
7 (0.0192) 7.52 7.42 + 1.42 5.47 5.31 +2.9 

14 (0.0384) 7.85 7.9 -0.68 7.2 7.02 +2.5 
28 (0.0768) 8.2 8.24 -0.43 8.75 8.73 +0.25 
56 (0.1536) 8.71 8.78 -0.79 10.61 11.12 -4.8 
92 (0.2521) 9.1 9.13 +0.75 12.37 12.05 +2.6 

While for PNL 72-68 waste glass, the experimental 
data of the accumulated eroded layer obtained from 
75 “C leach test in deionized HzO, were found to fit 
the following equation very well: 

trapolation,” is to be noted, thus longer leaching 
periods and more study are recommended. 
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