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ABSTRACT

Despite the demonstrated importance of
diffusion control in leachir.g, other mechanisms
have been observed to play a role and leaching
fron porous solid bodies is not simple
diffusion. Only simple diffusion theory has
been developed well enough for extrapolation,
as yet. The well developed diffusion theory,
used in data analysis by AKSI/ANS-16.1 and the
NEWBOX program, can help in trying to
extrapolate and predict the performance of
solidified waste forms over decades and
centuries, but the limitations and increased
uncertainity must be understood in so doing.
Treating leaching as a semiinfinite medium
problem, as done in the Cote model, results in
simpler equations, but limits,application to
early leaching behavior when less than 20% of a
given component has been leached.

NOMENCLATURE

A = Mass of component in porous solid
body, g

a = Component mass leached in a given
interval, g

B = Empirical constant with the
appropriate units

C = Concentration, g/cm3

CFL = Cumulative fraction leached
D = Diffusion coefficient, cm2/s
D' = Diffusivitv, cm2/s
F = Flux, g/cm -s
f() = Analytical solution of parameters

inside parentheses
g = Geometric factor
K = Equilibrium distribution coefficient

for porous solid bodies
k = Cote semiempirical constants with

appropriate units
•̂  = Cylinder half height, cm
LI = Leachability index
R = Cylinder radius, cm
r = Distance from cylindrical axis, cm
S = Geometric surface area of porous

solid body, cm2

t = Time, s
t1 = Time, d
V = Geometric volume of porous solid

body, cm3

V = Leachant volume, cm3

Wl = Time independent wash-off mass, g
W2 = Time dependent wash-out mass, g



x = Distance along x-axis, cm
a - 1.0 cm2/s
3 = Exponential decay rate constant, /s
^ = Positive, non-zero roots of the

zercth Bessel function
7 = constrictivity, cm2

r = Tortuosity, cm

Subscripts
0,1, ... n = Empirical and semiempirical

constant subscript
f = Final value at equilibrium
i = ith interval of the ANSI/ANS-16„1-

1986 procedure
N = Number of leaching intervals
o = Original value

1. INTRODUCTION

Evaluation of the potential hazards of a
waste and of the potential benefits of
disposing of the waste in a particular form
(e.g., cementitious waste forms) usually
involves some sort of leaching test. The
releases measured for small samples under
laboratory conditions over short time spans
must be interpreted with respect to the
applicable regulatory guidelines and the
potential environmental and health risks
assessment. Some of the tests (e.g. ,
EP-Tcxicity and TCLP) include tho criteria
against which the leaching results must be
checked. (1,2.) Others provide the source term
inputs to hydrogeological models for predicting
underground concentration plumes and potential
threats to potable water supplies. Still
others estimate basic mass transfer parameters
that may be used in the appropriate model to
extrapolate the observed laborat.^-y behavior to
field conditions (e.g., larger '• ometries,
different concentrations, longer times, and
different water contact conditions). Such a
mass transport model for the waste form may be
used to provide a more sophisticated source
ter.Ti input ir.to hydrogeological models than
simply using a constant for the source term
input. This paper concentrates on mass
transfer models that mimic observed leaching
behavior and the estimation of the parameters
in these models.

2. MODELS

The models used to interpret leaching data



must strike a. balance between curve-fitting and
theory. Diffusion theory is the most
well-developed theory used to describe leaching
behavior; but, as will be seen, it does not
always adequately explain the observed
behavior. On the other hand, curve-fitting can
use enough parameters to force the calculated
behavior to faithfully follow the observed
behavior, but this only generates an expression
useful for the experimental conditions (i.e.,
the parameters cannot necessarily be
extrapolated to field conditions). In general,
the models used to interpret leaching data are
semiempirical. The data could be evaluated
with a strictly empirical model, such ass

CFL = Bo + Bjt + B2t
2 + .... + Bnt

n

Such models are of limited usefulness,
despite the nearly perfect fits possible. The
constants give no basic understanding of the
fundamental mechanisms of leaching, and it is
not clear how to extrapolate them to other
conditions, such as field conditions. Thus, a
strictly empirical model is not discussed in
this paper.

Semiempirical models are those models
which contain one or more terms based on
physical phenomena or known kinetic behavior,
but have parrmeters that are determined
empirically. For example, diffusivity is a
fundamental property based on random molecular
motion. The diffusion coefficient estimated
for leaching waste forms is a combination of
diffusivity and other ill defined properties of
the system. Thus, leaching behavior may be
mimiced by the mathematics of diffusion theory,
but the diffusion coefficient is a parameter
determined empirically for a given system.

A keystone of the semiempirical models
discussed in this paper is diffusion theory.
Diffusion theory is based on the concept that
the flux of a diffusing component is
proportional to the concentration gradient
measured in the direction of the flux.(3) This
concept is called Fick's first law and is
expressed mathematically for diffusion in one
dimension as

dC
F = - D -r- (2)

dx



Equation 2 leads directly to the following
equation called Fick's second law (for
one-dimensional diffusion in rectilinear
coordinates);

Thus, the diffusion coefficient is a
proportionality constant introduced by Fick to
express the diffusion theory mathematically. (4.)
Usually, the diffusion coefficient is assumed
independent of concentration/ position, and
time, allowing the solution of Fick's second
law for a given set of initial and boundary
conditions. Several analytical solutions for
Eq. 3 are available in the literature. (3_,i)

The diffusion coefficient is a single
parameter that includes not only the
diffusivity but also a geometric factor and a
chemical factor for interaction between the
component and the solid body. This
relationship has been represented in the
literature by the following: (§_,Z)

2
T (5)

s = 7"

K = VTVAJT <6>
The equilibrium distribution coefficient/

as defined, will vary as the porosity of the
waste form varies.

The diffusivities listed in standard
handbooks are of limited value for predicting
the leaching performance of cementitious waste
forms because of the importance of the
geometric factor and distribution coefficient.
The diffusion coefficient must be empirically
determined for a given waste form, making it a
semiempirical parameter.

Other than diffusion control, two other
types of kinetic behavior have been proposed in
the models discussed in this paper, neither of
which have been as well developed as diffusion.
First, the early release of some waste forms is
far higher than would be expected from the



later or average release observed. The
explanation for this behavior is that loosely
bound material is washed off the surface and
that readily soluble material is accessible on
and close to the surface. For the other type,
sometimes a linear release with time is
observed as would be expected for a first-order
chemical reaction or solubility control. The
mechanism proposed in solubility control is
that the pore solution is saturated at the
solubility limit of a component. This
dissolved component is replaced as soon as it
leaches by some of the undissolved component.
If the leachate concentration remains
negligible and the pore solution remains
saturated, the driving force for diffusion is
constant, and the leach rate will appear
constant with time until the undissolved
portion is depleted.

The three models discussed in this paper
are the model used as a basis in ANS-16.1, the
model proposed by Cote et al., and the NEWBOX
model.(3-9,10)

2.1 ANS-16.1
Strictly speaking, the ANSI/ANS-16.1-1986

procedure does not provide a model to estimate
leaching behavior. Rather, it specifies how to
calculate a single parameter, leachability
index, from a short term leaching test. The
basis of this calculation, however, is simple
diffusion control; and, thus, the ANSI/ANS-
16. 1-1986 procedure and its calculational basis
will be referred to throughout this paper as
the ANS-16.1 model. The ANS-16.1 model is the
diffusion model alone with the single
parameter, the diffusion coefficient, D. The
simplest form of the modal is the solution of
the diffusion model for semiinfinite mediums,

Initial conditions:
t = 0 C = 0 x > 0

C = Ao/V X < 0

Boundary conditions:
x = 0 at interface of leachant and waste form

t > 0 C = 0 x > 0
C = Ae/V x-> -ao

Sa;

CFL = ~ = 2 III :i ,2 <7)



Eq. 7 is the solution for the flux, or
mass rate per unit area, and accounts for the
area term, S. The volume term,, V, results from
breaking down the concentration into its
individual parts of mass per unit volume and
the fact that the porcus body is finite despite
the solution being for a semiinfinite body.
Despite this contradiction, Eq. 7 holds until
20% of the mass has been leached (i.e., for CFL
less than 0.20) .

The ANS-16.1 procedure specifies a
semidynamic leaching test whereby the test
specimens are immersed in deionized water
without agitation for a set time interval.
After this time interval, the specimen is
removed from this leachate and immersed in
fresh deionized water. This procedure
simulates dynamic leaching but allows the
concentration in the leachate to increase to
levels that can be easily measured. The
procedure specifies a differential technique
that calculates a diffusion coefficient for
each time interval using the amount measured in
the leachate from each time interval (i, e. , a
separate estimate of D dependent only on one
leachate and time interval, not cumulative or
successive values)„ If the CFL is less than
0.20, then taking the differential form of Eq.
7 and solving for D leads to,

Di = r
[.i - I (8)

A diffusion coefficient is calculated for
each time interval using Eq. 8, and a
leachability index is calculated for the
specimen using the following equation:

LI =

X
s

i = 1

Log
a

1
(9)

If tie cumulative fraction leached exceeds
0.20, then the procedure provides tables with
which to estimate D.̂  These tables are based
on solutions to Fick's law for finite
geometries. The procedure specifies 10



leaching intervals with leachate changeouts at
the elapsed times of 2 h, 7 h, 1 d, 2 d, 3 d, 4
d, 5 d, 19 d, 47 d, and 90 d. A short procedure
is also allowed that uses only the first seven
intervals (5 d).

2.2 Cote
The Cote Model is a four-parameter,

ssmiempirical model with the same initial
conditions and boundary conditions of Eq. 7.
The expression is

+ k3t'' + k 4 t >

The three terms in the expression
represent three kinetia behaviors observed
during leaching. The first term is generally
considered a surface effect and usually
dominates the early release behavior but
contributes negligibly to later releases. The
first constant, k, represents the fraction of
the component available at or close to the
surface subject to this early release behavior.
The remainder of this term is the fraction of
this material released at any given time, t1.
In other words, kl is the asymptote for this
term, and k2 dictates how fast the asymptote is
approached. This term is empirical.

It is obvious that the second term in Eq.
10 represents the contribution of diffusion
control from comparison with Eq. 7. However,
Eq. 7 is the solution for semiinfinite media.
As pointed out for the ANS-16.1 model, this
solution holds for finite geometries below a
CFL of 0.20. Unlike the ANS-16.1 model, this
model has no provision for leaching exceeding a
CFL of 0.20. (The authors of this model
intended for the leaching data to be checked
with this model to discover which behavior was
occurring and predominating, not necessarily as
a means of extrapolation, e.g., beyond a CFL of
0.20.) This term is semiempirical.

The final term is a first-order kinetic
term and could represent more than one
mechanism or a combination of the same,
including chemical reaction, corrosion, and
"solubility" control. This term is empirical.

The constants for this model were
estimated using nonlinear regression analysis;
namely, the NLIN procedure in the commercially
available SAS System.11



2.3 NEWBOX
The NEWBOX Model is also a four parameter

semiempirical model. NEWBOX is a computer
program which computes least-square estimates
of the parameters. In general, NEWBOX uses
rational function approximations to the
fraction leached since they have better
convergence properties than do the
corresponding infinite series found in the
analytical solutions to Eq. 3 for finite
geometries. The model expression is

VI V2 VI V2
1- (11)

The first term accounts for the material
that leaches practically instantaneously and
purportedly represents material easily washed
off the specimen, such as a surface crust that
easily dissolves or a particle loosely held on
the surface. The second term accounts for
quick early releases whose rate of release
decays exponentially and purportedly represents
material washed out at or near the surface,
such as surface deposits that don't quickly
dissolve or material precipitated in the pores
close to the surface. The third term is
diffusion control. NEWBOX offers the option of
analytical solutions for different geometries
(slabs, cylinders, and spheres), dynamic
leaching (zero surface concentration), and
static leaching (limited leachant volume with
stirring). The experimental data used in this
paper was for cylindrical specimens using the
ANS-16.1 procedure (dynamic leaching). Thus,
the function used in Eq. 11 is

Initial conditions:
t = 0 C = 0 -1 > x > £ r > R

C = Ao/V - £ < x < £ 0 < r < R

Boundary conditions:
Origin at the midpoint of the cylinder
t > 0 C = 0 - £ > x > £ r > R

dC/dr = 0 - ^ < x < / r = 0

32 OD

—r S E
7rr n - 1 m - 1

-Dt

(2n-l)Vm

(12)



3. EXPERIMENTAL DATA

The experimental data used in this paper
was selected from a large body of data
generated during a study of the immobilization
of technetium and nitrate in cementitious waste
forms. A simulated radioactive waste slurry
was solidified into cementitious waste forms in
this study and leached according to the
ANSI/ANS-16.1-1986 test procedure. The main
concentrations in this aqueous slurry were 8.7
M NaOH, 1.5 M A1(NO3)3/ 0.4 M KOH, 0.3 M
Na2CO3, and 0.2 M NaCl, with traces of PO4~

3,
SO4"

2
/ TcO4~, and others (a more complete

composition can be obtained from Ref. 12).
Standard cement pastes have demonstrated poor
retention of these two species, but
incorporating ground blast furnace slag (a
by-product obtained in the manufacture of pig
iron) into the paste has improved the retention
of mobile species such as Tc, Cs, NO3~, and
Cl. {.12.-.L5) A discussion of reasons for this
improvement is not within the scope of this
paper, but such discussions are
available.(12-18)

The leachability of several waste form
formulations was available in the data base.
The range of compositions were 20-40 wt %
simulated waste slurry, 15-25 wt % dilution
water, 0-60 wt % blast furnace slag (BFS), 0-30
wt % ASTM class F fly ash, 0-30 wt % Type I/II
Portland cement, 0-10 wt % lime, and 0-3 wt %
illite. Three sets of leaching data - Run
395NO3, Run 395Tc, and Run 19ON03 - were
selected for use in this paper. The first set
was selected based on the fact that diffusion
control successfully explained its observed
behavior (i.e., ANS-16.1-type behavior). The
second set was selected because diffusion
control alone could not explain the observed
behavior (i.e., nonANS-16.l-type behavior).
The third set was selected because the final
data point did not appear in agreement with the
other data points, and the desire was to test
the response of each model to this observed
behavior. The first two data sets were typical
for this data base, although some nitrate data
exhibited non-ANS-16.1 behavior and some Tc
data exhibited ANS-16.1 behavior.

These three sets of data were generated
for two waste forms - Run 395 and Run 190 - and
the composition of these two are listed in
Table 1. The nitrate concentrations of the
leachates was measured using an Orion ion



selective electrode with an Orion Model 901
Ionalyzer. The 99Tc beta count of the
leachates was measured using a LKB Model 1211
RackBeta, or Packard Model 1500, liquid
scintillation counter (counting efficiency of
72.7 % for Runs 190 and 395). Both waste forms
were run in triplicate (i.e., three samples
were leached, and the leachates were changed
and measured simultaneously for all three).
The three cumulative fractions leached measured
at each time interval were averaged, and these
averages were the input used in the models for
the parameter estimation in this paper.

The other empirical information needed was
the dimensions and mass of the samples being
leached. All of the samples were of the same
general dimensions and mass, so the average of
the triplicates was used. The average sample
cylinder dimensions and mass are listed in
Table 1 for both waste forms.

4. PARAMETER ESTIMATION

The experimental data was used to estimate
the parameters for each of the models.
Inspection of the different models reveals
obvious correlations among the parameters. The
ANS-16.1 model had only one parameter, D, which
was one of the four parameters in the NEWBOX
Model and the Cote Model. If less than 20% has
been leached, the semiinfinite analytical
solution (Eq. 7) can be combined with Eq. 10 to
give the following correlation of D and )c3:

I!
D ~ 4(86400) [Sj

In addition, there was an obvious correlation
between the first term in Cote's Model and the
sacond term in the NEWBOX Model, leading to:

k2 = 86400 3 (15>

There was no corresponding correlation for the
remaining two parameters, k4 for Cote and Wl
for NEWBOX. The estimated parameters are
listed in Table 2. For the Cote Model and



NEWBOX Model, the parameters were estimated for
the entire model and for shortened versions of
the models obtained by dropping terms from Eqs.
10 and 11. Thus, the cote Model was tested with
four, three, and one parameter (s), and the
NEWBOX Model was tested with four, three, two,
and one parameter(s). Figs. 1-4 illustrate how
well the models agree with the actual leaching
performance.

4. INTERPRETATION OF RESULTS

The figures clearly demonstrate that more
parameters give a closer fit to the
experimental data but not necessarily a. better
understanding of the leaching mechanisms. This
point is illustrated by the negative values
estimated for k4. Since the mechanism implied
for k4 precludes negative values for this set
of data, this parameter serves only a
curve-fitting function for these cases, meaning
fewer parameters are preferred to the better
data fit (i. e. , no solubility control or
first-order reactions). The negative k4•s lead
to a declining CFL when extrapolated beyond the
data.

The parameters kx and **l/Ao can be viewed
as the fraction leached by nechanisms other
than diffusion. Using this interpretation,
less than 10% of the leaching occurred by these
mechanisms, meaning better than 90% of the
leaching was diffusion controlled, clearly
indicating the importance of diffusion to
leaching. The parameter k2 is a time constant
controlling the rate of release of the kx
fraction; the W1/AQ fraction is an
instantaneous release, an offset of the CFL at
time zero.

As expected, the single parameter D is
adequate for describing Run 395NO3 (see Figs. 1
and 2) but not adequate for describing Run
395Tc (see Figs. 3 and 4). The nitrate ion is
highly mobile, appears to interact little with
the cement matrix, and its leaching can be
explained as simple diffusion control. The Tc
leaching is not simple diffusion control but
requires other mechanisms to explain the early
release behavior. Tc is usually present as the
highly mobile pertechnetate ion, and BFS is
used in an attempt to reduce it to its more
immobile valence state. The observed behavior
is consistent with the presence of both Tc
species, with the mobile species being quickly
depleted and later leaching dominated by the



immobile species. The experimental evidence is
not conclusive for this interpretation, and
modeling this behavior is beyond the scope of
this paper. But if this interpretation is
true, then about 8% of the Tc was originally
present in the mobile form. Use of the single
parameter D tends to overpredict leaching upon
extrapolation for Tc (i.e., it is
conservative).

Run 190NO3 did not fit the models well,
and the extra parameters appeared to serve more
as a curve-fitting function rather than
representing other mechanisms. The best
interpretation for this case is to assume
something wrong with the last data point,
unless verified with more data, and to analyze
only the earlier data points. This will give a
conservative estimation of the parameters.

The effect of the different mechanism(s)
for Tc and the potentially bad data point for
Run 190 are obvious as D varied over an order
of magnitude. The well behaved case (Run
395NO3) varied less, but the curve fitting
abilities of the other parameters affected the
estimate of D.

The Cote Model is a simple equation and,
hence, easy to use. However, the authors
intended it as a check on which leaching
mechanisms were important and not for
extrapolation. A negative k4 led to declining
and negative CFLs at longer times, but dropping
the k4 led tc predicted leachings of greater
than 100% when extrapolated beyond the
experimental results because of the
semiinfinite basis for the simple terms.

Basically, extrapolating beyond a CFL of
0.20 is risky for this model because of these
lack of constraints. Since the model has four
parameters, it can fit data whose CFL exceeds
0.20 quite well (i.e., interpolation beyond
0.2 0 works but not extrapolation).

Both the ANS-16.1 model and the NEWBOX
Model are based on the analytical solutions for
finite geometries and are constrained from such
unreasonable predictions. In addition, the
geometries of the waste form are part of the
model, or at least the diffusion portion (i.e.,
extrapolation to different geometries and
scales can be done as well as in time). It is
not apparent how to scale the nondiffusion
portions of NEWBOX. One solution is to scale
these effects with the leaching area since they
are supposedly surface effects, but no
experimental justification exists for this



approach. The extrapolations for these two
models were similar with the rate of approach
to 100% leached being the main difference and
ANS-16.1 giving a conservative estimate.

In conclusion, NEWBOX is the more flexible
model with the proper constraints for finite
geometries/ but it models mechanisms that are
not well understood, and, hence, difficult to
extrapolate. Essentially, ANS-16.1 is the well
understood portion of KEWBOX and gives
conservative extrapolations even when other
mechanisms are important in the leach test. As
the other mechanisms become better understood,
NEWBOX will become even more valuable.
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Table 1. The composition, dimensions, and mass of the waste form
samples

Component Run 190 Run 395

Simulated waste 24.6 wt% 31. 6 wt%
Dilution water 16.9 wt% 21.7 wt%
BFS 27.8 Wt% 46.7 wt%
Fly ash 27.8 wt% 0.0 wt%
Lime 2.9 wt% 0.0 wt%

Contaminants (brought in with the simulated waste)*

Nitrate 5.2 wt% 6.7 wt%
Tc 1958. Bq/g 2516. Bq/g

Average sample dimensions and mass

Diameter 2.52 cm 2.52 cm
Height 4.62 cm 4.19 cm
Mass 36.f g 34.5 g

* Nitrate is expressed as wt % of the waste form and Tc as Bq per
g of the waste form.



Table 2. Model parameters estimated for the three cases

Model

ANS-16.1
Cote

4
3
1

parameters
parameters
parameter

NEWBOX
4
3
2
1

ANS •
Cote

4
3
1

parameters
parameters
parameters
parameter

-16.1

parameters
parameters
parameter

NEWBOX
4
3
2
1

parameters
parameters
parameters
parameter

ANS-16.1
Cote

4
3
1

parameters
parameters
parameter

NEWBOX
4
3
2
1

parameters
parameters
parameters
parameter

D
cm2/s

6.

4.
3.
4.

4.
5.
7.
9.

1.

0.
0.
0.

0.
0.
0.
1.

14

87
5.
12

4.
8.
16
16

,8 X

,3 X
,8 X
4 X

8 X
2 X
4 X
4 X

0 X

063
033
51 >

069
11 a
61 2
4 X

. X

. X
8 X
. X

7 X
9 X
. X
. X

Run

io-9

10"9

1O"9

1O"9

lO"9

10" 9
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