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Introduction

Cement-based materials are the most widely used hosts for the

immobilization of radioactive low-level waste (LLW) streams because:

1) the cost of the materials is low; 2) the processes run at low

temperature, use standard "off-the-shelf" equipment, and are adaptable

to a wide variety of disposal scenarios; 3) the resulting waste forms

are highly resistant to chemical, biological, thermal, and radiation

degradation; and 4) high waste loadings are achieved with a minimum

waste volume increase when the waste host formulas are tailored to the

specific waste streams. Research at Oak Ridge National Laboratory has

shown that cement-based materials can also be used to immobilize both

inorganic and organic chemically hazardous waste.*

Ultimately, the effectiveness of waste immobilization in

cement-based grouts is determined by the degree to which the

monolithic waste form protects the environment from the release of

pollutants contained in the waste. Since the most credible pollutant

transport pathway from the grout to the biosphere is groundwater

movement, the grout'6 leachability is a measure of its capability to

retard the release of pollutants to the groundwater pathway.



Hence, l&ach data provide the source term of the impact or consequence

analyses.

The appropriate model for describing leachability and the

appropriate test(s) to measure the critical parameters have long been

topics for debate. This lack of consensus is caused by the diversity

and complexity of the interactive mechanisms coupled with transport

phenomena that affect contaminant release, including: (1)

ad/absorption, coprecipitation, ionexchange and encapsulation,

(2) the geochemical interaction between the groundwater and the grout;

and (3) the rate of groundwater movement. These interactions are not

only complex but are also influenced by site-specific geochemistry

and groundwater flows.

Pollutant release from monolithic waste forms with permeabilities

<10~3 times those of the host geologic media is solid diffusion

controlled.2 Therefore, solid diffusion-controlled leaching

represents the maximum release rate of the pollutant of interest when

rate-limiting groundwater solubility is ignored. Consequently,

determining the effective solid diffusion coefficient for the species

of interest provides a meaningful way to predict maximum release from

the waste form to the groundwater.

SOLID DIFFUSION-CONTROLLED RELEASE

From a mass balance across a differential section of the waste

form3.*1

3C 32C

>t - - • ( 1 )



where

C » concentration of the species of interest,

t » time coordinate,

De = effective solid diffusion coefficient,

x = space coordinate.

If the surface concentration of the species of interest is maintained

at zero for leach times greater than zero, then the boundary

conditions become:

x > 0, t = 0, C = Co; (2)

x = 0, t > 0, C = 0; and (3)

x = -, t > 0, C = CQ, (4)

where

Co = uniform initial concentration of the species of interest.

For the case of a finite specimen that approximates a

semi-infinite medium (i.e., the total mass fraction released is <0.2)

for which the above boundary conditions are maintained, it can be

shown that^»^»^:

F - (Zan/Ao) - 2 (S/V) (De t/tr)V2 , (5)

where

F = mass fraction of species released, dimensionless;

Ian = cummulative mass of species contained in leachates, mg;

AQ = mass of species contained in waste form, mg;

S = waste form surface area, cm^;

V « waste form volume, cm^;

De = effective solid diffusion coefficient, asP-Js;

t « leach time, s.



ANS 16.1 LEACH PROTOCOL

The American Nuclear Society ANS 16.1 Leach Procedure** is

designed to determine effective solid diffusion coefficients for the

species of interest contained in monolithic waste forms. This

procedure uses periodic leachant replacement to simulate a continuous

flow system. The replacement schedule is as follows: 2, 7, 24, 48,

72, 96, 120, 456, 1128, and 2136 h. Both the replacement schedule and

the ratio of leachant volume to specimen surface area (10cm) were chosen

to approximate the boundary conditions listed in the previous section

and yet provide enough of the species of interest to detect. Thus,

the procedure allows the results to be modeled by Eq. 5. For

convenience, the procedure defines a Leachability Index (L) of a

species as:

L •= log [(1.0 cmVsVDeJ, (6)

where

De = effective solid diffusion coefficient, cm^/s.

Numerous researchers have applied this leach procedure to

cement-based monolithic waste forms and have shown it can be used to

determine effective solid diffusion coefficients for both

radionuclides and inorganic priority pollutants.7,8,9,10,11 These

researchers have used both deionized water and site-specific

groundwaters as leachants. In addition, experience has shown that

effective solid diffusion coefficients determined by the ANS 16.1

Leach Procedure are generally insensitive to pollutant composition and

leach time but do show an Arrhenius relationship with temperature.* *



Consequently, when the ANS 16.1 Leach Procedure is performed using a

leachant composition and a temperature similar to actual disposal site

conditions, the resulting effective solid diffusion coefficients and

Eq. 5 can be used with confidence to predict actual site performance.

PREDICTING SITE PERFORMANCE

It is important to note that Eq. 5 is valid only as long as the

boundary conditions are va3.id and the fractional release, F, is <0.2.

More rigorous treatments predict lower releases when the interactions

between the groundwater, host soil, and monolith surface are included

in the models. In addition, Eq. 5 assumes that, throughout the

monolith, rapid equilibrium is achieved. However, the closed-cell

hydrosilicate matrices inhibit rapid changes in the interior pore

chemistry of large pozzolonic monoliths. Subsequently, Eq. 5 will

generally overpredict the cumulative fraction released and hence

provide a conservative estimate of pollutant release to the biosphere.

For example, taking a slab 6.1 m (20 ft) wide, 1.5 m (5 ft) deep,

and 15.2 m (50 ft) long and assuming diffusion controlled release, Eq.

5 can be used to predict the total fraction released of the

contaminant of interest as a function of time. Results, which can be

used as the source term in pathways models, are shown in Fig. 1 for

Leachability Indices of 13 and 15. For a Leachability Index of 15,

the total fraction released in a 3000-year period is <2 x 10"^.

Furthermore, the release rates as a function of time can be

determined from the slopes of Figure 1 or directly from the first

derivative of Eq. 5. These results are shown in Fig. 2 for the first

300 years.
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RELATIONSHIP TO THE RESOURCE CONSERVATION AND RECOVERY ACT

The Resource Conservation and Recovery Act (RCRA) of 1976 and the

RCRA Reauthorization Legislation of 1984 require that the leachability

of solidified waste be evaluated by the EP-Tox Leach Test.12 For

monolithic waste forms, the EP-Tox test requires leaching in 1600 g of

an acetic acid solution (pH 5) of right-circular cylindrical samples

(3.3 cm in diameter and 7.1 cm long) that have been exposed to a

structural integrity test. The samples are leached for periods of 24h,

and the resulting leachate concentrations are compared with threshold

values which are currently 100 times the drinking water standards for

selected priority pollutants, Waste forms resulting in leachate

concentrations less than these threshold concentrations are not

characteristically hazardous under RCRA.

Laboratory studies of ORNL-developed grouts which pass the

structural integrity test have shown that release is generally

diffusion controlled during the EP-Tox leach procedure. By expanding

the EP-Tox test to conform to the ANS 16.1 Leach Protocol, effective

solid diffusion coefficients can be obtained and used in Eq. 5 to

predict the maximum long-term release of the species of interest.

The expected leachate composition resulting from an EP-Tox test

can be obtained from using the solid diffusion coefficient in Eq. 5

with the specified sample size and leachant volume. Assuming that no

change in leachant volume occurs during the leach interval and that

the source of the pollutant of interest comes entirely from the

original waste, then the predicting equation for liquid wastes

becomes:?



| 1 0

Co [16 M + 16pw j

where

C * leachate concentration, mg/L;

Co • waete composition, mg/L;

PL = density of leachate, g/cm3;

M - grout mix ratio (i.e., kilograms of dry solids blend added

per liter of waste), kg/L;

p w * density of waste, g/cm
3;

L » Leachability Index, dimensionless.

For a grout prepared at a given mix ratio (M), the Leachability Index

(L) for the species of interest can be established by the ANS 16.1

Leach Procedure. Equation 7 can then be used to predict EP-Tox

leachate concentration (C) for a given waste concentration (Co).

Significantly, by setting C at the threshold value (currently 100

times drinking water standards), then Eq. 7 can be used to calculate

the waste concentration required to achieve the threshold value in the

EP-Tox test. As such, waste concentrations below the calculated

concentration would be expected to result in a waste form that is

characteristically nonhazardous by the EP-Toxicity critera.

Equation 7 is illustrated graphically in Figure 3 for the

simplified case where the density of both the waste and leachate is

1.0 g/cm3. In this case, with a Leachability Index of 12, and a grout

with mix ratio of 1.0 Kg/L, C/Co is 1.56 x 10~
5 (Fig 3.). If the

pollutant of interest has an EP-Tox threshold limit of 5.0 mg/L, the
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limiting waste concentration required to achieve this limit in the

EP-Tox test is calculated to be 320 g/L. Similarly, a waste

concentration of 3.2 g/L would be required to achieve drinking water

standards in the EP-Tox test. For these cases, waste concentrations

<320 g/L would not be hazardous by the EP-Tox test, and at waste

concentrations <3.2 g/L, EP-Tox leachate concentrations would be less

than drinking water standards.

CONCLUSIONS

The ANS 16.1 Leach Procedure provides a conservative means of

predicting long-term release from monolithic waste forms, offering a

simple and relatively quick means of determining effective solid

diffusion coefficients. As presented here, these coefficients can be

used in a simple model to predict maximum release rates or be used in

more complex site-specific models to predict actual site performance.

For waste forms that pass the structural integrity test, this

model also allows the prediction of EP-Tox leachate concentrations

from these coefficients. Thus, the results of the ANS 16.1 Leach

Procedure provide a powerful tool that can be used to predict the

waste concentration limits in order to eomply with the EP-Toxicity

criteria for characteristically nonhazardous waste.
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