]

3 4456 O4A?L?E 7

HEED MART

s

LoC

-

5
-

€

s




This report was prepared as an account of work sponsored by the United
States Government. Neither the United States nor the United States Atomic
Energy Commission, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, cormnpleieness or
usefuiness of any information, apparatus, product or process disclosed, or
represents that its use would not infringe privately owned rights.




ORNI~TM-4333

Contract No. W-ThOS-eng-26

CHEMICAL TECHNOILOGY DIVISION

ASSESSMENT OF THE LOSS OF RADIOCACTIVE ISOTOPES FROM WASTE SOLIDS
TO THE ENVIRONMENT. PART I: BACKGROUND AND THEORY

H. W. Godbee
D, 5. Joy

FEBRUARY 1974

OAK RIDGE NATTIONAL IABORATORY
Oak Ridge, Tennessee 37830
operated by
UNION CARBIDE CORPORATION
for the
U.8. ATOMIC ENERGY COMMISSION






Abstract . .

1. TIntroduction

2. Graphical Methods for Reporting the Results of ILeach Tests

as a Functio

iii

CONTENTS

. . - . . . . . . . . . . . . . . - .

. . . . . . . . . . . . . . . . . . . . . .

nof TimMe . .+ ¢ ¢ « v o « o o « o

3. Analytical Methods for Reporting and Extrapolating the

Results of Leach Tests as a Function of Time . . . . .
3.1 Empirical Curve Fitting . . . . e e e e e e e
3.2 Modeling with Transport Equatlono e e e e e e e e s
3.2.1 Diffusion . . . e 4 ees 4 e s e e e s
3.2.2 Diffusion with a Conbentratlon-Dependent
Dissolution Rate . . . + ¢ « v ¢ ¢« e o+ &
3.2.3 Diffusion with a Concentration-Dependent
Dissolution Rate and Linesr Surface-Transfer .
4, Accounting for Radioactive Decay . . « « ¢« v v « o« « « &

5. Conclusions
6. Acknowledgme

7. References .

8. Nomenclature .

and Recommendations . . ¢« + « « + « o 4 . .

NES & 6 ¢ 6 ¢ o eee o o o 8 e 0 s e s s s

. . » LY . . - . . . - . . - . . . . . .

Appendix A, Solution of Mass Transport Equations for the

Case of Diffusion with a Concentration~Dependent

Dis

solution Rate .+ v ¢ ¢ v v ¢ v v 6 e e e e

Appendix B. Solution of Mass Transport Equations for the

Case of Diffusion with a Concentration~Dependent

Dis

solubion Rate and Linear Surface-Transfer

11
12
13
13

16

32
36
37
38
Lo

>3






ASSESSMENT OF THE IOSS OF RADIOACTIVE ISOTOPES FROM WASTE SOLIDS
TO THE ENVIRONMENT. PART I: BACKGROUND AND THEORY

H. W. Godbee
D. S. Joy

ABSTRACT

Assessments of the amounts of radioactivity from waste
solids that enter the environment are needed for engineering,
economic, and safety evaluations of proposed waste treatment,
storage, transport, and disposal systems. Nearly all pro~
grams on the incorporation of radicactive wastes in solid
media have included studies to determine the time dependency
of losses from the products formed. Frequently, recourse has
been made to empirical and semlempirical relations in order
to transpose the experimental data to a broad spectrum of real
gsituations and to extrapolate these results. However, too
much reliance on empirical and semiempirical relations tends
to obscure an understanding of the fundamental mass transport
processes taking place in waste solids, and often leads to
the conclusion that mass transport through waste solids is
hopelessly complicated and not amenable to treatment by
established mass transport theory.

In view of the foregoing, this report presents several
theoretical expressions based on mass transport phenomena
that relate the radioactivity escaping from such solids to
diffusion, dissolution processes, surface conditions, and
radiocactive decay., Representative available data for radio-
active waste solids incorporated in cement, asphalt, ceramic,
and glass media are analyzed using the theoretical expressions
presented. These analyses show that an expression taking
into account diffusion and concentration-dependent dissolution
gives good agreement with the data for most of the products
considered. In the main, these products can be categorized
as waste solids of low solubllity incorporated in inert
matrices. The effective diffusivities obtained are in the
range of mid 1077 to mid 107*%® cm®/sec, the dissolution
rate constants are in the range of high 10°° to low 10 7
sec”!, and the surface transfer constants are in the range of
low 10°* to low 107% sec”™! for the products analyzed. Once
determined, such parameters can be used to compare various
waste products and to estimate releases from these products,
in particular, long~term releases.
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1., INTRODUCTION

Estimation of the quantities of radioisotopes that are removed from
waste solids as a function of time and enter the enviromment is an important
consideration in the assessment of a waste treatment, short-term storage,
transportation, or long~term disposal program. It strongly influences the
amount of additional treatment, contaimment, and surveillance that is re-
quired. Radioactive wastes have been incorporated in cements, plastics,
aspnalts, ceramics, and glasseslmu in attempts to prepare solid products
that will hold virtually all radioactivity for long periods of time and
prevent contamination of the enviromment. To determine how effectively
this goal may be achieved, the radicactivity that is leached from the solid
by water is usually measured as a function of time, Recently revised
International Atomic Energy Agency (IAEA) regulations for the safe transport
of radioactive materials include such leach rates among the criteria for

the shipment of low-level solid and special form radiocactive material.5

To permit intercomparison of various products from different processes
or different installations, the IAEA has proposed a standard method6 of
measuring and reporting the leaching, by water, of the radicactive compo=-
nents in solid waste products. The removal of radicactivity by air,
steam, and other flulds at temperatures that might be encountered during
treatment, storage, transport, and long-term disposal must also be con-
sidered in the full assessment of a waste management program. For example,
the removal of tritilated water vapor and radiocactive noble gases, such as
krypbon and radon, by air currents is an important consideration in some

situations even though the enviromment is dry.

Most radioactive waste solids are heterogeneous, and mass transfer in
heterogenecus materials is complicated by the numerous processes that can
occur simultaneously. Transport 1s possible along many paths: inside
crystal lattices, along crystal grain boundaries, through pore volumes or
intraparticle voids, along pore surfaces, through interparticle voids,
etc. Chemical reactions, vaporization-condensation, dissolution-precip-
itation, etec., may be taking place also to affect the transport, and the

mobile species may be moving in either the solid, liquid, or gaseous state.
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When transport 1s known to occur via geveral mechanisms, use is made

of an "effective Aiffusivity," D_, in the mass transport equation. This

e’
usage is analogous to that of "effective thermal conductivity" in the

heat transport equations.7 Generally, effective diffusivity and effective
thermal conductivity must be determined experimentally and the question
of the diffusion mechanism is not belabored. The only assumption made in
such usage 1s that the transport equations can adequately represent the
system. Solutions of the mass fransport equations for many cases of
practical interest for diffusion, diffusion plus convection, diffusion
plus chemical reaction, diffusion plus heab transfer, etc., with various
initial and boundary conditicons are given in books such as refs. T7-13,
‘Solutions for other cases of diffusion or for diffusion plus other mech-
anisms for mass transport, with different initial and boundary conditions,
are frequently tractable using the methods and suggestions given by such
books. In design calculations on proposed systems for long-term disposal,
the prezent lack of effective diffusivity data for most waste solids of
interest makes 1t necessary to use estimated De's, or extrapolated valuesl+
of leach rates determined in short-term leaching tests. To illustrate
these points, representative data for asphalt, cement, ceramic, and glass
products are examined to determine the behavior with time. These data
were chosen not only because they meet the present need but also because
they were obtained from sufficlently well-characterized systems and are

presented in a most usable form (i.e., tabular).

The main purpose Tor incorporating radioactive wastes in asphalt,
cement, glasg, or similar materials and measuring the amounts of radio-
activity that are lost from the resulting products is to obtain data that
will permlt the assessment of any potential hazard that the short-term
storage, transport, and long-term disposal of such products may pose to
man. The aim of this report is to 1llustrate, by looking at several
waste products, the use of data gathered over short periods of time to
assess the release of radioactivity to the enviromment, in particular,
over long periocds of time, Toward this end, the results of measurements
made over periods of time ranging from a few months to several years are

utilized to determine mechanisms for time dependency of losses and to



predict losses for several centuries. Obviously, such extrapolation
presupposes that a system maintains its integrity and that the mechanism
for time dependency of losses from the system, as determined from short-

term data, holds for the longer span of time.

2. GRAPHICAL METHODS FOR REIORTING THE RESULIS OF
IFACH TESTS AS A FUNCTION OF TIME

Various methods for measuring the quantities of radioisotopes that
are removed from radicactive waste solids as a function of time, and
several ways of expressing these results, have been developed in lab-
oratories in different countries.l“3 The TAEA concluded6 that,

"This has led to difficulties in applying the data obtalned
in one set of circumstances Lo another set of circumstances;
and to difficulties in communication with consequent con-
fusion and wastage of effort and time."

To improve this situation, the IAEA has proposed specific leach test

methods and ways for expressing and reporting the results.
7
The TAEA recommends  that leach test results be reported as a plot

of the quantity, [(cumulative fraction of the radiocactivity leached
from the specimen) x (specimen volume-to-exposed surface ratio)], as a

function of the total time of leaching,

Z a
< MK—E > ( % > versus o (1)
o

or cumulative fraction leached as a function of the square root of the

total time of leaching,

z a, L Ve
( Y > versus (Z un> s (2)
where
A, = radioactivity lost during leaching period n,
z a, = sum of radioactivity lost during all leaching periods,
AO = initial radiocactivity,

V = volume of specimen in Cm?,

3 = exposed surface area of specimen in cm®
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duration of leachant renewal period, and

by tn = gum of all leaching periods.

Ieach results reported as (% an/Ao) are peculiar to the sample since

(% an/AO) depends on the surface-to-volume ratio of the sample. Thus,
values of S and V (or their ratio) must be reported along with (¥ an/AO)
if meaningful comparisons and mathematical treatments of the data are

to be made. In addition to one of the above plots, the IAEA states that
results may also be expressed as a plot of the incremental leaching rate,

Rn, as a function of time, that is,

( ;f ) ( % ) ( %é ) versus (t - tn/E) , (3)

where
( ;3 ) < % ) < ét ) =R = (fraction leached)(em)(day ), (&)

t is the elapsed time in days =T t , end (t - tn/Q) signifies
that the value of Rn should be plotted at a time representing

the middle of the leaching period.

In the past, leaching data have been reported using varicusly defined

leach rates, One is an incremental leach rate based on the mass of the

specimen,
3,
n M 1 o >
(2)(B) (&) verens (& - v/2) )
[e} n
where
% M 1
( Ef'> < 3 ) ( - ) =r = (fraction leached)(g/cm®)(day ), (6)
o) n

M = mass of specimen in g.

The division of expression (4) by (6) shows that

Rn = Th ( % > - %? ’ (7)



Where

p = = = density of the specimen in g/cm®.

<=

Another is an incremental leach rate based on the mass of waste solids

incorporated in the specimen, i.e.,

< ;E > < % > <-§; > versus (t - tn/E) , (8)

0]

where

i

TN
>!Sm
~—~
TN
wig

?n = (fraction leached)(g/cm®)(day '), (9)

) (&)

m

e}

il

mass of waste solids in the specimen in g.

<

The division of expression (4) by (9) shows that

s (2) -5 () (8) -2 0

where

¢ =

= mass fraction of waste solids in the specimen.

=8

Thus, T is converted to Rn by means of the density of the specimen while
r is converted to Rn through the density and the mass fraction of waste
solids in the specimen. This comparison of several leach rates lends
support to the TAEA recommendation relative to the reporting of leach

test results, namely, that information concerning the sample should be
reported along with the results of leach tests. Information such as AO
(for each nuclide leached), V, S, M, m, and composition allows manipulation
of units, as above, and more meaningful comparisons of leach results and
products. The use of incremental leach rates that do not clearly stipulate
the substance to which the gram unit refers (viz., the incorporated waste
solids or the total waste product ), the nuclide to which AO refers, or
how they are averaged with time, has caused some confusion in the inter-

pretation of leaching results.
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Data for an asphalt-sludge product and a cement-gludge productl6
are plotted as (¥ an/Ao)(V/S) ve t in Fig., 1, as (¥ an/AO) vs tY? in

Fig., 2, and as (an/AO)(V/S)(l/tn) vs (t - t,/2) in Fig, 3. The data,

as (an/AO)(M/S)(l/tn) as a function of time, are given for the asphalt-
sludge product in ref. 15 and as (an/Ao (m/S)(l/tn) as a function of

time for the cement-sludge product in ref. 16. The asphalt sludge

product contained 39 wt % dry waste solids plus 61 wt % asphalt and had

a density of 1.47 g/em®. The sample had a volume of 1.8 x 10° cn®; the
surface area in contact with water was 1.7 x 10* cm®. The cement-sludge
product contained 9 wt % dry waste solids, 43 wt % water, and 48 wt %

dry cement. The sample had a volume of 1049 cmsg the surface area exposed
to water was 619 em®.  The density of the cement-sludge product was not
reported, but a value of 2 g/cm? seems reasonable for such a product and
is therefore assumed in this study. The asphalt-sludge product and the
cement-sludge product contained 3.7 x 1072 uCi/cm? and 2,2 x 1077 uCi/cm?
respectively. The radioactive conlent of these products was a mixture of
aged fission products, Tor which a half-life of about 30 years should be
representative, Thus, over the time span of data collection in these
tests, radioactive decay would make no noticeable difference in the results.
However, in leach tests with products containing isotopes with half-lives
that are short in comparison with the sampling period, radiocactive decay
for each isotope which occurs in the specimen and alsgo in the leachant
must be taken into account individually if the leaching mechanism iz to

be correctly interpreted. Of course, when results from leaching tests are
extrapolated to times that are several orders of magnitude gresber than
the half-life of an isotope, radicactive decay becomes increasingly impor-
tant in assessing the amount of the isotope that has been leached and is

in the enviromment (see Sect. U4),

The amount of radicactivity removed from the specimen at any time
during the test is readily obtained from Fig. 1 or 2. Data presented in
the manner of Fig. 2 can be misleading, as they are in this case, if the
effect of different surface~to-volume ratios is not kept in mind. Data
presented as in Flg. 1 or Fig. 2 are monotounic with time, a fact that

facilitates comparison. A disadvantage of using "cumulative fraction
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leached" is that the data points are coupled. In other words, any error
or bias in a given data polnt is carried by the summing process inbo all

subsequent data points,

An advantage of presenting "incremental fraction leached," as in
Fig. 3, is that the data points are not coupled; that is, any error or
bias in a data point is not carried into subsequent data points, The
true average curve for each of the sets of data points shown in Fig. 3
is monotonic. However, such 1s not always the case for leach rates vs
time (e.g., see ref. 17). 1In addition, graphical or numerical integration
is usuwally required to obtain the amount of activity removed from a
specimen when the results are available only as a plot of incremental
leach rate as a function of time. For example, if only the average
curves for the sets of data points in Fig. 3 were avallable, the radio-
activity leached from the products at any time, 6, would be obtained

from an expression of the form

b) 2, g 6
T =7 [ R, At . (11)
O O

The value of the integral in Eq. (11) would, in most cases, be obtained
by graphical integration., Care should be exercised in using values of
leach rate to compare waste solids since, as pointed out, they may not
clearly indicate the substance to which the gram unit and AO refer and
how they are averaged with time; in addition, they may not be monotonic
with time. As Eg. (11) brings out, they must be integrated over time to
achieve full significance, namely, to reveal how much total radicactivity

was Jleached before a given Rn was obtained.,

3. ANATYTICAL METHODS FOR REFPORTING AND EXTRAPOTATING
THE RESUILTS OF LEACH TESTS AS A FUNCTION OF TIME

As mentioned, estimates of the quantities of radicactivity from
waste solids that enber the enviromment over long periods of time are
needed for engineering, econcmic, and safety evaluations of proposed

waste treatment, storage, transportation, and disposal systems. One



12

method used for estimating the amount released from a solid over periods
of time that are much longer than the span over which the data were taken
is to fit the data with variocus functions and intuitively extrapolate the
results. A better way is to attempt to model the system using mass trans-
port eguations with data obtained over a period of time sufflicient to
establish the validity of the model. BSuch results may be extrapolated

with a greater degree of confidence,

3.1 Empirical Curve Fitting
A linear least~squares regression of the asphalt-sludge data plotted
in ¥Fig. 1 to an equation of the form

Y = aoxm , (12)

where @ is a constant, gives

2 oa

< A\n>(-\é>:6.1ux10“5 tve (13)
O

where the constant is expressed in the units (fraction leached)(cm)(dayﬂvg ).
A similar regression of the cement-sludge data plotted in Fig. 1 to an

equation of the form
fo?
Y=o X2, (14)

where & and &, are constants, gives

wi<

\ m4 ,0.874
/

= 7,07 x 10 s (15)

where @ has the dimensions (fraction leached)(cm)(day™®"®7%),

0f course,
the fits to the data given by Egs. (13) and (15) are not unique since, as
in any curve-fitting problem, the data can be fitted to other functions,
with more constants, and by other techniques than used above., Also, it
should be borne in mind that equations obtained in the manner of (13) and
(15) generally have not properly considered radioactive decay and will
not correctly account for the actual geometry of a system if the finite

size becomes important. In addition, extrapolation of such fits beyond
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the data bounds can give misguided results. The purpose of this strictly
mathematical treatment is not to encourage empiricism but to point out
that this approach may, of necessity, be needed for dabta that seem to Tit

no valid model based on transport phenomena.

3.2 Modeling with Transport Equations

Several models based on transport phenomena are presented in the
following sections to describe the leaching of radiocactivity from waste
solids. Concentration changes in the solid due to diffusion, dissolution,
and a surface condition are considered., In all cases, the solids are
treated as semi~infinite media and the effective diffusivity as a con-
stant. Explicitly, for a gilven product, the effective diffusivity and
dissolution rate constant are considered to be independent of position
but dependent on the nuclide leached and the temperature while the
surface condition is consildered to be dependent on the thickness and

effective diffusivity of the surface film.

3.2.1 Diffusion

To explain the amount of material leaving per unit surface from the
asphalt-sludge product, Dejonghe et al.l5 employed the solution18 of the
transport equations for a semi~infinite medium of uniform initial con-
centration of mobile species with the surface concentration equal to

zero for time greater than zero, namely,

(2 ) (§) -2 (=), 6)

where D_ is defined as effective diffusivity. This sclubtion also applies

to the case of diffusion with simultaneous conversion of a less mobile
form of the species to a more mobile form (the inverse of this case is
given in ref. 19) where the concentrations of the two forms are directly
proportional. That is, if the concentrations of the less and more mobile
forms are P and C, respectively, the relationship between them is P = KC.
The constant of proportionality, K, is included in the D_ of Eq. (16).

In this context, it is worth noting that the initial amount of a species
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that is free to diffuse at time zero may or may not be equal to the
total amount of that specles. In any event, the initial amount which

is mobile at time zero, Aom’ may be expressed as a fraction, B, of the
total amount of that species, AO, in the sample at time zero (i.e.,

= BAO). It is concentration based on the amount free to diffuse

at time zero which is an initial and boundary condition in solving the
transport equations. As shown in Appendixes A and B, the fraction can
be included in De’ as well as other parameters of the solution, and need
not ve of concerrn unless the concentration of the mobile species as a

function of position and time within the sample is needed.

The IAEA has emphasized this square-roct relationship of time.3’6

A fact that should be equally emphasized is that this sguare-root
relationship for the amount leaving per unit surface from a semi-infinite
medium of uniform initial concentration does not hold if other initial
and boundary conditions (e.g., a rate of change of surface concentration)
are imposed or if other processes (e.g., nonlinear sorption-desorption

and chemical reaction) are taking place in the medium.gO

If the slope of Eq. (13), 6.14 x 10—5, is equated to the slope of
Eq. (16), E(De/ﬁ)vz » and the resulting expression is solved for D,
a value of 3.0 x 10"9 cm?/day is obtained for De' The same value of De
was obtained in ref. 15 by a different curve-fitting lechnique. This
value is equivalent to 3.5 x 10"14 cm?/sec. With regard to this change
from_cm?/day to cmg/sec as the units for expressing diffusivity, it is
worth noting that, traditionally, diffusivities are given in cw /sec in
the standard works of the field such as refs. 9-12, engineering textbocks

such as refs. 7 and 8, and in engineering handbooks such as ref. 21.

A pertinent observation made in ref. 22 concerning the sgquare-root-
of -time relationship is that effective diffusivities have been reported
that were obtained from data which, though linear with the square root
of time, did not go through the origin as required by Bq. (16). This is

tantamount to fitting the data to a more general equation

2 2
<Ajn><}é>:[<Aon> ]*2\17)1/ e (17)
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where the y-intercept, [(Z an/AO)(V/S)]D, is not zero. Speaking broadly,
a positive [ (T an/AO)(V/S)]O could represent an amount of radioactivity
(due perhaps to factors such as an especilally active, contaminated, or
nonrepresentative surface) that is leached or readily washed off over a
relatively short period of time. A negative [(¥ an/AO)(V/S)]O would
correspond to a time (the value of a x-intercept) that represents a delay
or lag in the leaching due perhaps to factors such as a passive surface
or the fillinglgf voids. In many cases, [(Z an/Ao)(V/S)]O represents a

small fraction ~ of the total leached during the experiments, or the time
lag is a small portion22 of the total time of the experiment. However,
if the initial amount leached 1g a significant portiong3 of the total
amount leached or the time lag is a significant portion of the total time,
these phenomena cannot be ignored and an attempt to account for them is
necessary, This would also apply to any solution of the transport equa-

tions.

The flux (amount transferred per unit surface per unit time) at the

surface of the medium for this deel isl8
V2
A D
d 0 e -2
= =(‘v“><?r> LR (28)
x =0

where q 1s the amount leaving per unit surface. The intensive property,
q, of the semi~infinite medium can be expressed in terms of extensive

properties of the finite sample, as follows:
a

where a 1s the amount removed at any time t. If the leachant renewsl
periods are sufficiently short or the leach rate is reasonably linear

over the leachant renewal period, then

a

lim
n Az da .
E; - A0 ( ™ ) = a3t (ao)

is a good approximation. If an/tn is taken to be at the middle of the

leachant renewal period, that is, at time
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T= (b -1t./2), (21)

the substitution of Egs. (19)~-(21) into Egq. (18) gives

() (EV(E) ()7 e e

Thus, incremental leach rates that satisfy the above restraints can
approximate the flux at the surface of the sample and can be used to
evaluate De' For the most part, cumulative fraction leached as a function
of time has been used to evaluate De for waste solids in the past and
will be used in this report. However, for each model presented, the
incremental leach rate representation for the flux at the surface 1is

given so that this method of treating leach data may be evaluated.

3.2.2 Diffusion with a Concentration-Dependent Dissolution Rate

The model of diffusion with concentration-dependent dissolution
suggested in ref. 22 seems plausible to explain the amount of material
leaving per unit surface from the cement-sludge productl6 and. is con-
sidered here, The initial concentration of mobile forms of a species
may be at a level representing saturation for these forms in the matrix.
The rate at which less mobile forms of the species are converted to
more mobile forms can be considered to be proportional to the difference
in concentration between this saturation concentration and the average
concentration of mobile species at any time, That is, the rate can be
expressed as k(Cs - C), where k is a dissolution rate constant, CS is
the concentration of mobile species at saturation, and C is the con-

centration of mobile species at any time.

Solution (Appendix A) of the transport equations for a semi-infinite
mediuvm with a uniform initial concentration of the mobile species, with
the mobile species being produced at a rate k(CS - C) per unit volume
per unit time for time >0, and with the surface concentration of mobile

specles maintained at zero for time >0, gives
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(2) () (F)- 00 [z 02 ]

for the incremental leach rate at the surface, and

(F2) ($) = 0 [ o v o ()7 ] e

for the total amount leached. 1In these equations,

1

k = a dissolution rate constant, sec - and

2 v ~z?
erf u =—1—T~7§— J (S dz .
o

Properties and tabulated values of the error function (erf) are given in

refs. 10-12 and comprehensive mathematical handbooks such as ref. 2U,

The data for the cement-sludge product given in Fig. 1 were fitted
by a searching or successive iteration technique with Eq. (2k) to give
a De of 5.5 x 1073 cm?/sec and a k of 1.5 x 1077 sec” *. A comparison
of the experimental values with the amounts leached as predicted by
Eqe. (15) and (24) are shown in Table 1. For the most part, the results
predicted by Egs. (15) and (24) agree well with the data. As a general
rule, the extrapolation of an empirical equation such as Egq. (15) beyond
the data bounds is a questionable operation. On the other hand, theoretical
relations such as Egq. (24) are based on well-established principles snd
suggest techniques that might be investigated systematically for corrob-
oration. One corroborative experiment in this case might be an independent
determination of the dissolution rate constant, %k, for the sludge solids
alone. If the physicochemical properties of the sludge are largely
unaltered by the incorporation in cement, k would be expected to be essen-
tially the same before and after incorporation. A corroborative procedure
suggested by Eg. (24) is to determine the rate of approach of the data to
the asymptote required by the model; namely, when kt is large so that

D
erf (kt)Y? approaches unity, BEq. (24) becomes"'5
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Table 1. Comparison of the Amounts Leached from a Cement-Sludge
Product?® at Ambient Temperatures to Those Predicted by an
Empirical Equation and an Equation Based on
Transport Phenomena

Z *n v
( ) (»), (fraction leached)(cm)

A S
@]
Predicted by Approach to

Time . Empirica% Transport Asymptoted

(days) Data Fq. (15) Bg. (2W)¢ (%)
1 7.2 x 107* 7.1 x 107* 7.8 x 107* 23
2 1.1 x 107° 1.1 x 1072 1.1 x 1073 35
3 1. x 107° 1.3 x 1072 1.h x 1072 43
6 1.9 x 107° 2.0 x 10°° 2.0 x 10°° 54
7 2.1 x 107° 2.2 x 107° 2.1 x 107°° 59
1k 2.9 x 107° 3.2 x 1078 3.1 x 1073 70
21 3.7 x 107° 4.1 x 1078 3.9 x 10°° 79
28 b5 x 1072 L8 x 10°° 4.6 x 107° 86
35 5.2 x 1072 5.4 x 1078 5.3 x 1073 90
Lp 6.0 x 10°° 6.0 x 1072 5,9 x 1072 95
50 6.8 x 10°° 6.7 x 10°° 6.6 x 10°° 98
56 7.4 x 10°® 7.1 x 10°° 7.1 x 1072 100
o 8.0 x 10°° 7.7 x 10°° 7.8 x 10°° 99
70 8.4 x 107° 8.1 x 107° 8.3 x 107° 99
8L 9.k x 107° 9.0 x 10°° 9.5 x 10°° 98
91 9.8 x 10°° 9.4 x 107° 1.0 x 10°° 96

%Data from ref. 16 converted to the above units assuming the density of
the cement-sludge product = 2 g/cm?.

®Ihe constant in Eq. (15) is 7.07 x 10 * (fraction leached)(cm)(day”
“Equation (24) with D = 5.5 x 107*2 cm®/sec and k = 1.5 x 1077 sec”t,

d[Data Eq. (25)] x 100 with D, = 5.5 x% 1072 con®/sec and k = 1.5 x 1077
ey e
sec

Q. 5’74)
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( EKfE ) ( % ) ~ (D k)V? [:Ct + 1/2k) ] . (25)

The amount leached from the product approaches within 70% of this asymptote
at 14 days and remains within 95 to 100% during the interval from 42 +o

91 days (Table 1). If data had been collected for several more months

and still remained near the asymptote, it would tend to confirm more
forcefully that the model describes the behavior of the sample. Leach
rate data fitted with Eq. (24) for other cement- and asphalt-sludge
products described in ref. 16 gave equally good agreement between observed
and calculated values. BSolutions of the transport equations used to
describe the results of leach tests are based most often on linear flow

in a semi-infinite sclid or in the solid bounded by two parallel planes,
Parametric studies that compare these solutions with solutions for actual
geometries can be carried out in the manner illustrated by ref. 26 (for
the case of diffusion). Such studies can provide valuable insight that
aids in the design and evaluation of leach tests as well as in the ex~
tension of these results to actual disposal conditions.

. . . 1€
Naturally, the question arises why the product discussed by Smith, 6

which incorporates a sludge of low solubility, seems to follow Eg. (2U)
while the product of Dejonghe et al.,l5 also incorporating a sludge of
low solubility, seems to follow Bgq. (16) given in Sect. 3.2.1. The
answer may be that the latter sludge is of even lower solubllity than the
former and that the data of Dejonghe et al. do fit Eq. (24), which for
very small kt approaches Eq. (16). This may be demonstrated in the fol-

lowing discussion. When kt is small, Eq. (2k) becomes®

(S2) (F)me (2 [(ade)we ] e6)

For small k at small t, Eq. (26) approaches Eg. (16) and, for k = O,
reduces to Eg. (16). To illustrate this point, the data for the asphalt-
sludge product of Dejonghe et al. were fitted with Eq. (24) by a searching
technigue. The amounts leached from the asphalt-sludge product as given
by the data, and as predicted by Eq. (16) with a De of 3.5 x 107 cm?/sec
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and by Eq. (24) with a De of 3.3 x 107** cmz/sec and a k of 7.2 x 1077
secxl, are shown in Table 2. "The table also shows the approach of the
data to the asymptote. This approach is much slower with the asphalt-
sludge product than with the cement-sludge product (Table 1) because of
the lower k for the asphalt-sludge product. Over the time span shown,
the results predicted by Egs. (16) and (24) agree equally well with
the data. However, when extrapolated to much longer times, Eq. (2k)
predicts a larger fraction leached than does Eg. (16), for example,
about 58% more at 10 years and a factor of 4.2 more at 100 years (Table 2).
This difference effectively illustrates a point made in ref. 22, namely,
that extrapolations concerning the leaching of sparingly soluble solids
based on kq. (16) should be viewed with reserve., Consideration of the
1/2 kt term in Eq. (26) shows that long leaching periods (a year to
several years) are needed to discern k when its value is small (~10°2 to

10°% sec”!).

The leaching of commercial glasses by aqueous solutions has been
studied extensively using a wide variety of experimental techniques and

27-29

conditions. Many of these tests are carried out in a manner such

that the results are specific with regard to the sample, technique, and

29,30

conditions. However, a purely empirical expression that explains
much of the leaching results, especially silicate glasses, is of the

form

F=0bt¥Y2 +ct |, (27)

where F is the total fraction leached and b and c are empirical constants,
with b always considerably larger than c. Equation (27) shows that the
total fraction leached varies with the square rooct of time at short times
and becomes linear with time at longer times. The differentiation of ¥q.

(27) with respect to time gives

F =02 e, (28)

which shows that the rate of leaching varies with the reciprocal of the
sguare root of time at short times and approaches a constant value at

long times. This is the behavior predicted by Eq. (24) for sparingly
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Table 2. Comparison of the Amounts Ieached from an Asphalt-Sludge
Product® at Ambient Temperatures to Those Predicted by Equations
Based on Transport Phenomena without® and with® a
Concentration~Dependent Dissolution Term

z an v
( T ><§>,tﬁmmkm]ewmw)®m)
o]
Predicted by Approach fo
Time Transport Transport Asymptoted
(days) Data® Eq. (16)P Eg. (24)° )
14 3.97 x 10°° 2.32 x 10°* 2.25 x 107* L
28 3.45 x 107* 3.28 x 16°*% 3.20 x 107* 31
4o 4,13 x 107 h.og x 10°* 3.93 x 107* 37
56 L,34 x 107* L.6h x 107% 4.5k x 107% 38
60 b71 x 107* 4.81 x 107 L.71 x 107* L
7 5.82 x 107% 5.3% x 107 5.25 x 10°% 50
88 6.11 x 10 ¢ 5.82 x 107* 5.7% x 107* 51
102 6.4p x 107* 6.26 x 107* 6.20 x 107* 53
116 6.82 x 107* 6.68 x 10°% 6.63 x 107 56
130 7.03 x 107* 7.07 x 107°*% 7.03 x 107% 57
144 7.30 x 107 7.45 x 107 7.h2 x 107% 58
158 7.38 x 107°*% 7.80 x 107* 7.80 x 107* 58
End of Data
365 1,10 x 1072 1.2k x 1072
3650 3.75 x 1073 5.92 x 10°°
36500 1.19 x 1077 4,97 x 1077

®Dats from ref. 15 converted to the units indicated.
PEquation (16) with D = 3.5 x 10°** cn®/sec,
“Equation (24) with Do = 3.3 x 107 en®/sec and k = 7.2 x 1077 sec”t.

d[Data/Eq. (25)] x 100 with D, = 3.3 x 107 o /sec and k = 7.2 x 107°
L3 >
sec

i

il
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soluble substances. At short times, the amount leached is given by

Eq. (26) which, for very smell kt, follows a square~root-of-time relation-
ship. For very long times, the amount leached is given by Eq. (25), which
follows a linear relationship with time. The differentiation of Eq. (26)

with respect to time when kt is very small yields

o[ (G2 (9)] fan (2 e e

and the differentiation of Eq. (25) with time yields

[ (52)(8)]/ e . (o

O

Equation (29), which is applicable at short times, predicts a leach rate
that varies with the reciprocal of the square root of time; Eq. (30),

which 1s applicable at long times, predicts a leach rate that 1s constant
with time. Of course, these results for the leach rate can be cobtained
directly from Eq. (23) by evaluation at small kt and large kt, respectively.
The time variations given by Egs. (29) and (30) are the same as given by

Eq. (28).

A phosphate-~glass productsl

(Fe-1) with a density of 2.8 g/cm® was
chosen to illustrate data fitted with Egq. (24) for this type of glass.

It was composed nominally of the following constituents (in wt %):

P05, 67.9 Crz0z, 0.5 MoQa, 3.5
Si0s, 0.2 Nio, 0.6 Rudz, 0.1
NagO, L.h UaOg, 0.8 Coz04, 0.2
Ko0, 0.6 RE203, 5.9 sr0, 0.5
FepOs, 11.5 710z, 2.5 Ba0, 0.9

The chief reason for selecting this product to analyze in detail is that
long-term leaching data for it are available. Mendel and McElroy31 have
clearly stated that these results are for phosphate-glass products which

1

are cooled rapidly (called "grab" samplesgl), that these products devitrify
when cooled slowly, and that the leachability of these devitrified phos-

phate products is increased by a factor of roughly a thousand. The leach
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rate data for most of the other products given in ref. 31 were also
studied and were found, in general, to follow Eq. {(24) reasonably well.
The few exceptions were for data that covered the shorter periods of
time and had the most pronounced scatter, as well as for data yielding

the higher values of De and lower values of k.

Data for the leaching of 1870s from the phosphate-glass PG-1 were
fitted with Eq. (24) by a searching technique to give a D, of 6.2 x 1077
cm?/sec and a k of 4.7 x 107® sec™. The amounts leached from the
product, as given by the data and predicted by Eq. (24) with the D,
and k given above, are shown in Table 3 and Fig. Y. Within the scatter
of the data, the results predicted by Eq. (24) agree well with the
observed values, The approach of the data to the asymptote (given in
Table 3) indicates that the amount leached appears to be following the
asymptote (within about #7%) throughout the period beginning after ap-
proximately four months and continuing to the end of the reported data
at 31 months. 1In experiments carried out for this length of time, the
decay of *®7Cs begins to have an effect on the results (see Sect, U).

A linear least-squares regression of the PG-1 data to Eq. (16) gives a
De of 1.5 x 1078 em®/sec. A comparison of the data with the amounts

leached as predicted by Eq. (16) with this D_ is given in Table 3 and

shows that the predicted amounts are greatervthan the experimenbtal re-
sults at short times and less than the experimental results at long

times.

A bvorosilicate-glass productBl (s8-12) with a density of 3.0 g/cm®
was chosen as the product to illustrate this type of glass. 1t was

compozed nominally of the following constituents (in wh %):

810s, 22.5 Zn0, 10.5 MoOs , 5.3
BpOa, 25.2 Cad, 1.4 RuQz, 0.2
Naz0, 5.9 Mg0, 0.7 Coz0y, 0.2
K20, 4.5 Us0g, 0.6 Cu0, 0.1
FepOz, 2.3 REz0s, 10.3 Sr0, 2.3
Cra0z, 0.2 ZrOz, 4.0 Ba0, 2.9
Nio, 0.9
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Table 3, Comparison of the Amounts of 13705 Leached from a Phosphate-Glass
Product® at 25°C to Those Predicted by an Equation Based on Traunsport
Phenomena without? and with® a Concentration~Dependent
Dissolution Term

( . ) < ¥ ), (fraction leached)(cm)

K g
Predicted by Approach to
Time Transpor% Transport Asymptoted
(days) Data® Eq. (16) Eq. (24)€
7 5.5 x 10°° 1.1 x 10°° 7.0 x 1078 29

1k 9.0 x 10°® 1.5 x 1078 9.9 x 107 Ll
21 1.2 x 107° 1.9 x 10°° 1.2 x 10°° 56
o8 1.4 x 107® 2.2 x 10°° 1.4 x 107° 63
35 1.5 x 107° o x 107° 1.6 x 10°° 6l
42 1.7 x 10°° 2.7 x 10°° 1.8 x 10°° 70
49 1.8 x 10°° 2.9 x 10°° 1.9 x 10°° 71
56 2.1 x 10°° 3.1 x 107° 2.1 x 10°° 79
63 2.2 x 10°° 3.3 x 1078 2.2 x 10°° 80
70 2.k x 1078 3.0 x 1078 2.4 x 1078 8l
77 2.6 x 107° 3.6 x 1078 2.5 x 10°° 88
8k 2.7 x 1078 3.8 x 10°® 2.7 x 10°° 88
91 2.9 x 10°° 3.9 x 10°° 2.8 x 1678 9
98 3.0 x 10°° k.1 x 1678 2.9 x 10°° 92
105 3.1 x 10°° 4,2 x 1078 3.0 x 10°°% 90
112 3.3 x 10°° L4 x 107° 3.2 x 1078 95
119 3.4 x 107° h.5 x 1078 3.3 x 1078 95
126 3.5 x 10°° .6 x 107° 3. x 107° 95
168 h.2 x 1078 5.3 x 107° b1 x 107° 98
1956 h.5 x 1078 5.8 x 1078 .5 x 107°% 9%
o2k 5.0 x 10°° 6.2 x 1078 5.0 x 1078 a8
252 5.5 x 107° 6.5 x 10°° 5.4 x 107° 99
280 5.8 x 1078 6.9 x 10°° 5.9 x 1078 o8
364 7.7 x 1078 7.9 x 107° 7.1 x 10°° 107
W8 8.4 x 10°° 8.7 x 107° 8.4 x 107° 100
532 9.0 x 10°° 9.5 x 1078 9.6 x 107° 93
616 1,03 x 107* 1.02 x 10°* 1.09 x 10°* ol
672 . 1.1k x 107* 1.07 x 107* 1.17 x 10°* %
756 1.28 x 107* 1.13 x 10°*% 1.30 x 10°* 99
854 1.43 x 10°* 1.20 x 107* 1.k4 x 107 99
938 1.65 x 10°* 1.26 x 10°* 1.56 x 107% 105

®hata (Product BG-1)>T
Pequation (16) with D, = 1.5 x 107*% en®/sec.
®Equation (24) with Dy = 6.2 x 1077 cn®/sec and k = 4.7 x 107° sec™?.

d[Da.’c,a/Eq. (25)] x 100 with D, = 6.2 x 1077 cn®/sec and k = 4.7 x 107 sec™?.

converted to the units indicated.
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sec T

1000



26

The borosilicate~glass products (called core-drilled samplessl) were not
cooled rapidly and had time-temperature treatments (long periods of time
at high temperature) closely simulating those envisaged for the products

obtained by solidification of high~level radiocactive wastes.

The parameters in Eq. (24) for the borosilicate-glass product are
a D, of 8.4 x 107'°% em®/sec and a k of 1.1 x 1077 sec”t. The amounts
leached from the product, as given by the data and predicted by Eq. (24),
are shown in Table 4 and Fig. 5 and are in good agreement. The data

appear to be following the asymptote after about three months (Table L4).

3.2.3 Diffusion with a Concentration-Dependent Dissolution Rate and
Linear Surface-Transfer

Frequently, the surface of a body has or develops a condition or

film which can affect the rate of transfer of diffusing substance. An
assumption commonly made, which often represents the fachts quite well,g’lo’32
is that the rate of transfer across the surface is directly proportional
to the difference in concentration between the surface of the body and
the surrounding medium. In heat transfer, this relaticnshiv is sometimes
referred to as "Newton's law of cooling." Speaking broadly, the effect
of surface films of low diffusivity can be very marked for materials of

high diffusivity, while it is much less important for materials of low

diffusivity.

Solution (Appendix B) of the transport equations for a semi-infinite
medlum with a uniform initial concentration of the mobile species, with
the mobile species being produced at a rate k(CS - C) per unit volume per

unit time for time >0, and with linear mass transfer at the surface gives

5 N /v 1\ £(D k)Uz )
<K§)K§><E;):‘*T§_g“[erf (k1)¥2

e )m ST e (VR L (/v 2 ] (31)

for the incremental leach rate at the surface, and
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Table 4. Comparison of the Amounts of 13705 Leached from a
Borosilicate-Glass Product® at 25°C to Those Predicted
by an Equation Based on Transport Phenomena with a
Concentration-Dependent Dissolution Term

(ZAan><%>, (fraction leached)(cm)
o]
Predicted by Approach to
Time Transport Asymptotec
(days) Data® Egq. (2l)P (%)
2.6 x 10°° 3.0 x 10°° 18
7 7.4 x 1078 8.2 x 107° 7
1k 1.19 x 10°*% 1.19 x 107* 68
21 1.56 x 10°* 1.48 x 107 81
28 1.91 x 107* 1.75 x 107 90
56 2.64 x 107% 2,66 x 107% 93
8l 3.30 x 10°% 3.48 x 107% %
112 L.o1 x 107* h.o6 x 107* 97
140 5.09 x 107* 5,02 x 107* 101
168 5.82 x 107 * 5.77 x 107* 100
196 6.50 x 10°* 6.52 x 10°% 100
End of Data
3,650 9.76 x 107°
36,500 9.64 x 1077
365,000 9.62 x 107!

2
®Data (Product SS-ZL2)“:L converted to the units indicated.
quuation (24) with D, = 8.4 x 107*® cn®/sec and k = 1.1 x 1077 sec ‘.

c[DaP?/Eq, (25)] x 100 with D, = 8.4 x 107*% em®/sec and k = 1.1 x 1077
sec



(CUMULATIVE FRACTION LEACHED) (VOLUME /SURFACE)

(20,,/R6) (V/S), (FRACTION LEACHED) (CM)

7.0x107%
s.0xi0™?
5.0x0 %
a.0x107%
3.0x107¢

2.0x1074

1.0 X107

ORNL DWG 73-1t1887

T Y T T T Y Y
1 O EXPERIMENTAL VALUES <
—— THEORETICAL
[¢)
o o) -
L 1 i i 4 1 1
¢] 25 50 75 100 125 150 175

TIME, t, (days)

Fig. 5. Comparison of the Amounts of 18705 Leached from a
Borosilicate-Glass Product at 25°C to Those Predicted by an Equation
Based on Transport Phenomena with a Dissolution Term. [Experimental
values Trom ref. 31 for product SS-12. Theoretical curve calculated
using Eg. (2k) with Dg = 8.k x 107'° cn®/sec and k = 1.1 x 1077
sec .

200



29

va
( Z.Aan > (lS/: ) - &D—kl)x [{ b u = "%E} erf(kt)l/z
- k)L(k£)Vg e(L_k)t erfe (4£)Y2 + ( #% )Vz okt
B < % >V2 b i)(k&jﬂﬁ ] (32)

for the total amount leached. In Egs. (31) and (32),

-1

4 = a surface transfer constant, sec -, and

erfc u = 1 ~ erf u,

The solution is valid for both positive and negative (£ - k) but not for
(¢ -~ k) equal to zero.

31 (PG-1) were fitted by a searching

The data for the phosphate-glass
technique with Eq. (32) to yield a D_ of 6.5 x 1077 e /sec, a k of
4.5 x 10°° sec™®, and an L of 3.7 x 10°* sec™>. The amounts leached from the
product, as given by the data and predicted by Eq. (32) with the parameters
above, are shown in Table 5. As seen, the values are in good agreement.
The values predicted for PG-1 by Egs. (24) and (32) are very nearly the
same and show that the surface film has no significant affect on the
amount leached (cf. Table 3 with Table 5). The values of [(Z an/AO)(V/S)]
are 5.57 x 107%, 5.40 x 107®, and 5.39 x 1072 as predicted by Eg. (2k),
and are 5.54 x 107%, 5.37 x 1072, and 5.35 x 10°% as prediced by Eq. (32)
at 10, 100, and 1,000 years, respectively.

The data for the boroalllcate-glaus (SS 12) were fitted by a
searching technique with Eg. {(32) to yield a D, of 8.6 x 107*° em®/sec,
akof 1.1 x 107 sec™, and an € of 2.7 x 10 2 sec”!., The amounts
leached from the product, as given by the data and predicted by Eg. (32)
with these parameters, are shown in Table 6. As seen, the predicted
values and the data are in good agreement. The amounts leached from
88-12 as predicted by Eq. (24) are less than 0.9% greater than those
predicted by Eg. (32) at 10, 100, and 1,000 years (ef. Table 4 and



30

Table 5. Comparison of the Amounts of *27Cs Ieached from a

Phosphate-Glass Product® at 25°C to Those Predicted by an

Equation Based on Transport Phenomena with a Dissolution
Term plus a Surface Conditiom

(LAan ) (lsl- ), (fraction leached)(cm)
o]
Predicted by Approach to
Time Transport Asymptote®
(days) Data’” Eq. (32) yr;f
7 5.5 x 107° 6.7 x 10°° 28
1L 9.0 x 107° 9.8 x 1078 N
21 1.2 x 107° 1.2 x 10°° 55
28 1.h x 107° 1.4 x 107° 62
35 1.5 x 107° 1.6 x 107° 63
Jp 1.7 x 10°° 1.8 x 107° 69
lg 1.8 x 10°° 1.9 x 10°¢° 70
56 2.1 x 10°° 2.1 x 10°° 78
63 2.2 x 107° 2.2 x 10°° 79
70 2.4 x 1078 2.4 x 1078 83
77 2.6 x 107° 2.5 x 107° 87
8L 2.7 x 10°° 2.7 x 1078 87
91 2.9 x 1078 2.8 x 167°° 91
98 3.0 x 107° 2.9 x 1077 91.
105 3.1 x 10°° 3.0 x 16°® o1
112 3.3 x 1078 3.2 x 107° gl
119 3.4 x 1078 3.3 x 1078 9L
126 3.5 x 107° 3.4 x 107° 95
168 .2 x 1078 k.1 x 107° 97
196 h.5 x 10°° 4.6 x 107° 95
ook 5.0 x 107° 5.0 x 10°° 97
252 5.5 x 10°° 5.4 x 1678 99
280 5.8 x 107° 5.9 x 1G°° 97
36L 7.7 x 10°° 7.1 x 1078 107
448 8.4 x 1078 8.4 x 1075 100
532 9.0 x 10°° 9.6 x 1078 93
616 1.03 x 107* 1.09 x 10°* 95
672 1.1% x 107% 1.17 x 107* 97
756 1.28 x 107* 1.29 x 10°* 9%
854 1.43 x 107* 1.4% x 207 100
938 1.65 x 107* 1.56 x 167* 106
8pata (Product PG«-l)3l converted to the units indicated.

quuation (32) with ?e = 6.5 x 1077 cn®/sec, k = 4.5 x 107° sec”?, and

L = 3.7 x 107% sec™t.
®[Data/Bg. (33)] x 100 with D, = 6.5 x 107*7 cem®/sec, k = 4.5 x 107° sec™?,
and 4 = 3.7 x 107* sec” !,



31

Table 6. Comparison of the Amounts of '27Cs Ieached from a
Borosilicate-Glass Product® at 25°C to Those Predicted by a
Equation Based on Transport Phenomena with a Dissolution

Term Plus a Surface Condition

<2Aan>(%>’ (fraction leached)(cm)
o]
Predicted by Approach to
Time Transport Asymptotec
(days) Data™ Eq. (32)° (%)
2.6 x 107° 2.9 x 1078 18
7.4 x 1078 8.1 x 107° Ly
1k 1.19 x 107% 1.18 x 10°% 68
21 1.56 x 10°* 1.48 x 107* 81
28 1.91 x 107% 1.74% x 107% 90
56 2.64 x 107* 2.66 x 107* 92
84 3.30 x 10°% 3.48 x 107% o
112 h.o2 x 1074 h.o6 x 107% 97
140 5.09 x 107* 5.02 x 107 100
168 5.82 x 107* 5.77 x 107* 100
196 6,50 x 107* 6.50 x 107*% 99
End of Data
3,650 9.72 x 107°
36,500 9.60 x 10°°
365,000 9.58 x 107!

aData (Product SS—lE)Bl converted to the units indicated.

quuation (32) with D, = 8.6 x 107*® em®/sec, k = 1.1 x 1077 sec”?t,
and 4 = 2,7 x 10°° séc”t,

“[pata/Eq. (33)] x 100 with D_ = 8.6 x 1071% cn? sec, k = 1.1 x 1077
— 4 -2 e..l
sec™, and 4 = 2.7 x 10”2 seé
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Table 6). These results obtained with SS-12 show that the surface film

has no significant effect on the amount leached.

When kt is large so that erf (kt)Y? approaches unity and 4t is large

(4-k)t

u
e’ erfc ul/2

so that e erfc (Lt)vz approaches zero (a series approximation for
will show this for 4 > k, while the limit 1s obvious for

k> 4), Eq. (32) becomes

2(D x)V?

() ()~ = [ - ows oo R (b ) ] o

Tnspection of Eg. (33) shows that for small values of k/4 the eguation

reduces to Eq. (25), which is the asymptote for this case without a sur-
face condition. The approach of the data for the phosphate-glass PG-1
to this asymptote is given in Table 5 and for the borosilicate-glass

S$8-12 in Table 6.

The expressions based on transport phenomena presented in Sects.
3.2.1, 3.2.2, and 3.2.3 above do not give predicted values that are in
good agreement with the data for several of the phosphate~ceramic products
(viz. 88-1, -2, -5, <6, -7, =9, and -10) described in ref. 31. This sug-
gests that an expression taking into account a mechanism, or combination
of mechanisms, other than those presented should be consildered to explain

the leaching of these products.

Solutions of the mass transport equations that take into account
diffusicn, concentration-dependent dissolution, linear surface-transfer,

and a moving boundary are presented in ref., 33,
L, ACCOUNTING FOR RADIOACTIVE DECAY

In the foregoing considerations, the isotope being removed from the
waste product has been considered to be a stable one. Solutions of the
mass transport egquations accounting for radioactive decay of an isotope
escaping from a product are obtained readily from solutions for stable

isotopes, as shown in ref. 20.
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The amount of an isotope which hasg escaped from a waste solid
vhere decay of the isotope in the source (waste product) is taken into
account, but where the isotope is congidered to be stable after it is
released bto the enviromment (leachant), is described, for the model with

diffusion plus concentration-dependent dissolution, by the following

equation:
2 a D Ve
n v _ e (e 4 ve , k { . Vs
<A'O ><S>~<kf>\> [erf[\k4 )\)t] ‘>\. fo[(k+)\)t]
va
- ( x ; A ) e ™M arr (1t )V? } ] s (34)
where
X =1n 2/tys = radioactive decay constant, sec * and

ti/z = half-life of isotope, sec.

The derivation of Eq. (34) is presented in Appendix A. In many insbances,
Eq. (34) represents the manner in which experiments are conducted with
isotopes having relatively short half-lives as compared with the total
time of the leach test. For example, consgider a leach test with **Ce
(half-life of about 284 days) that is carried out for approximately a
year with leachant renewal periods of a few days. Radioactive decay in
the leachant for each renewal period is essentially negligible. The
activity in each leachant may be considered "frozen," or fixed, when
removed. Thus, it may be summed with the activity of subsequent leachants
(similarly considered frozen at the time of removal). However, over the

time span of the experiment, decay of **

Ce in the waste product is
significant and must be taken into acccunt. This is the situation with

respect to radioactive decay that iz represented by Eg. (3k4).

The amount of a radioactive isotope which has escaped from a waste
product where decay of the isotope in the source and in the environment
has been taken into account for the model with diffusion plus concentration-

dependent dissolution is gilven by
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The derivation of Eq. (35) is presented in Appendix A and may be considered
trivial when Egq. (35) is compared to Eq. (24) since the result is intu-

itively obvious.

Solution for the total amount of radioactivity that escapes from
the source (waste product) and enters the environment (leachant), taking
into account decay that occurs in the envirorment but considering the
isotope to be stable in the source, seems to be of little practical value

and is not presented.

The amounts of '®7Cs (half-life of about 30 years) that Egs. (24),
(34), and (35) predict would be leached from a phosphate-glass product
(IG»l)Sl and would enter the enviromment are shown in Table 7 as a
function of time, The waste product is considered to be in the form of
a 2~ft-diam x 8-ft-long right circular cylinder (V = 7.12 x 10° cm®) with
all surfaces (S = 5,25 % 104 cmg) continuously exposed to fresh water.
The fraction leached, as predicted by Eq. (24), increases from about
5.3 x 107% at one year to about 1.2 'x 10°% at 3000 years (Table 7), and
will continue to increase with time for a stable isotope escaping from
a semi~-infinite medium. The fraction leached, as predicted by Eq. (3k4),
increases from about 5.2 x 107° at one year to an approximately constant
value of 1.7 x 10°%* after about 200 years (Table 7), indicating that
decay in the product has become the controlling factor in the amount
leached. The fraction leached, as predicted by Eq. (35), increases from
about 5.1 x 10°° at one year to about 6.0 x 10 ° between 30 and 60 years
and then decreases to about 9.4 x 10°%% at 3000 years (Table 7). The
meximum fraction of the *®7Cs activity in the enviromment for this product,
as predicted by Eq. (35), is about 6.4 x 107° at 43 years. Relationships
such as Eq. (35), derived to account Tor the actual geometry of the solid
if necessary, can give values needed for determining the environmental

impact of a waste product.

The above solutions apply to independent activities in the product,

that 1s, radiocactive decay but not production. Solution for a case

% > = (Dek)lf2 ‘: < £ ) ere (kt)V? 4 ( t >V2 -k ] it -
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Table 7. Comparison of the Amounts of 37Cs Ieached from a Phosphate~Glass
Product?® at 25°C and in the Enviromment as Predicted by Equations Based
on Transport Phenomena Considering No Decay, Decay of the Product,
and Decay of the Product and the Amount Leached

Z a

( 5 2 ),(fraction leached)
o]
No Decay Decay in Product Decay in Product
Tine o7 Leacnant fn Leachant S eachant, |
(days) (Years) Eq. (24)0 Bg. (34)¢ Eq. (35)4
91 1/4 2,05 x 10°° 2,05 x 107° 2.0k x 1078
182 1/2 3.19 x 10°¢ 3.18 x 107° 3.16 x 107°
365 1 5.27 x 10°° 5.22 x 10°® 5.1% x 107
3,650 10 4,10 x 107° 3.68 x 107° 3.26 x 107°
5,475 15 6.09 x 1078 5.17 x 1078 4,30 x 1678
10,950 30 1.20 x 107% 8.72 x 1078 6.02 x 1078
21,900 60 2,40 x 107% 1.30 x 107* 5.99 x 1075
32,850 90 3.59 x 107* 1.52 x 107* L4 x 1078
43,800 120 478 x 107* 1.62 x 107* 2.99 x 1078
5k, 750 150 5.97 x 107% 1.68 x 107* 1.87 x 107°
65,700 180 7.16 x 107* 1.70 x 10°* 1.12 x 1078
76,650 210 8.35 x 107* 1.72 x 10°* 6.52 x 107°
87,600 240 9.54 x 107* 1.72 x 107 % (e) 3.73 x 107°
98,550 270 1.07 x 1073 1.73 x 107% (e) 2.10 x 10°°
109,500 300 1.19 x 107° 1.73 x 107 %(e) 1.16 x 10°°
1,095,000 3,000 1.19 x 1§°® 1.73 x 107 % (e) 9,40 x 10792

Nalues of De and k obtained from the leach results in ref.- 31 by fitting the data for
PG-1 to Fq. (24). The waste product is considered to be in the form of a 2-ft-diam x
8-ft-long right circular cylinder (V = 7.12 x 10° cm®) with all surfaces (S = 5.25 x 10%
sz) continuously exposed to water.

Ppquation (24) with D, = 6.2 x 1077 em®/sec and k = L7 x 107% sec”?.

“Equation (3l4) with D, = 6.2 x 1077 en®/sec, k = 4.7 x 107 sec™?, and tya of 237Cs =
30 years.

d'Equation (35) with Dy
30 years.

it

6.2 x 1077 en®/sec, k = 4.7 x 107® sec™!, and tya of %7Cs =

eRounding off obscures the slight increase in these numbers,
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including a parent and daughter in secular eguilibrium is given in ref.

33.

N

The nature of the correction suggested by the IAEA6 for radioactive
decay during leaching seems obscure, Apparently, it is intended to
describe the situation with respect to radicactive decay represented

by Eq. (34) for the model considered in this section.
5. CONCLUSIONS AND RECOMMENDATIONS

Many different methods have been used for expressing the results of
leach tests on radioactive wastes incorporated in solid media. The TAEA
has recommended that such results be reported as a plot of the guantity

Fan/Ao)(V/S) or the quantity (an/Ao)(V/S)(l/tn) vs time. Solutions of
mass transport equations lead readlly to expressions which give these
quantities as functions of effective diffusivity as well as other
physicochemical parameters of the system and time. In addition to having
theoretical significance, these quantities are unambiguous with respect
to units, and wider use of (Zan/AO)(V/S) and. (an/Ao)(V/S)(l/tn) vs time
is encouraged for reporting the results of leach tests., While graphical
presentation of data is wvaluable for showing a large number of tests and
qualitative trends concisely, tabular presentation makes data readily
available for precise mathematical treatment. Consequently, where

feasible, more tabular presentation of leach data is recommended.
P P

Models based on established transport phenomena appear to offer a
means for achieving improved understanding of the basic processes governing
the amount of radicactivity escaping from waste solilds. A theoretical
relation based on data taken over a period of time sufficient to establish
the validity of the model may be extrapolated with a greater degree of
confidence than an empirical or semiempirical relation. In addition,
theoretical relations allow parametric studies to be made. Such studies
can provide valuable insight that aids in the design and evaluation of
leach tests as well as in the extension of these results to actual dis-

posal conditions.
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Several theoretical expressions based on mass transport phenomena
that relate the radiocactivity escaping from waste products to diffusion
and dissolubion processes, surface conditions, and radicactive decay
were evaluated with representative available data, 1In the main, these
products can be categorized as waste solids of low solubility incorporated
in inert matrices — cement, asphalt, ceramic, and glass., The analyses
show that an expression taking into account diffusion and concentration-
dependent dissolution gives good agreement with the data for most of the
products considered. The expressions presented in this report do nob
give good agreement with several of the phosphate-ceramic products con-
sidered. Expressions taking into account mechanisms, or combinations of
mechanisms, other than those presented should be considered for these

products.

These results indicate that systematic application of mass transport
theory to leach data (from well-characterized systems and tests carried
out for sufficient time to establish long-term trends) for radicactive
waste products can yield significant informatlon concerning the suit-
ability of these products in waste management programs. Included in
this information are physicochemical properties, such as effective
diffusivity and dissolution rate constant, for each isctope in the
product, These properties are useful when comparisons sre made of several
products. Coupled with solutlons of mass transport equations, they
provide a way to estimate the amount of each isotope escaping from a
product as a function of time,tsking into account actual geometries and
decay of radioactive isctopes. Relationships similar to Egs. (24) and
(32) provide theoretically sound rationale for establishing loss-of-

radioactivity criteria for waste products.
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8. NOMENCIATURE

ENGIISH ALPHABET

A = amount of radiocactivity; expressed in atoms, curies, or grams as
required for dimensional consistency

A = initial total radicactivity of a species
= initial portion of a species that is mobile
a = amount of radioactivity lost at any time t
a_ = radiocactivity lost during leaching period n
2 a, = sum of radioactivity lost during all leaching periods

b = empirical constant in Eq. (27) with the units (fraction
leached) (time ¥? )

C = concentration (amount per unit volume) of mobile species

Ci = curie, the quantity of any radicactive material in which the
number of disintegrations per sec is 3.7 x 1010

C = initial total concentration of a species (AO/V)

C = initial concentration of that portion of a species which is
mobile at time zero (Aom/V)

C = concentration at a saturation point

¢ = empirical constant in Eq. (27) with the units (fraction
leached) (time %)

cm = centimeter
8 = unmodified [Egs. (A-la) and (B-la)] effective diffusivity (ecm®/sec)

D = modified [Egs. (A-1k4) and (B-13)] effective diffusivity with the
units cmz/day or cm?/sec as required for dimensional consistency

d = differentizl operator
diam = dlameter

e = base of natural logarithms, 2.7182818



erf u

erfc u

exp u

1im

1n

n
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u 2
. . % -z
ervor function; defined as - j e dz
o)

complementary error function; defined as 1 - erf u
representation for e

fraction leached in Eg. (27)

concentration (amount per unit volume)
concentration (amount per unit volume) in Eq. (B-5)
gram

linear surface-transfer constant (ecm *) in Egs. (B-1d) and

(B-3d)

flux at the surface without a first-order process, used in
Eq. (B-4)

constant of proportionality (dimensionless)
dissolution rate constant (sec™!)

limit

natural logarithm (base e)

surface transfer constant (sec ') defined by Eq. (B-8)
mass of specimen (g)

mass of waste solids in specimen (g)

non-negative integer

concentration (amount per unit volume) of a less mobile form
of a species

integrated amount lost per unit of surface in time %
amount lost per unit of surface at any time t

(an/A Y(V/8)(1/t_); an incremental leach rate with the units
(r¥action 1eacheﬁ)(cm)(day—l)

(an/AO)(M/S)(l/tn); an incremental leach rate with the units
(fraction leached)(g/cm®)(day ), based on the mass of the
specimen



¥

oy

o

i

inn

(ap/8_)(m/s)(1/t,); an incremental leach rate with the units
frac®ion leached)(g/cn®)(day ), based on the mass of waste
solids in the specimen

exposed surface area of specimen (cmz)

= gsecond

designation for time representing the median of successive
leachant renewal periods (t - t,/2) in days or sec

elapsed time in days or seconds as required for dimensional
consistency

duration of leachant renewal period (days or sec)
sum of all leaching periods

half-life of an isotope in years, days, or sec as required for
dimensional consistency

a variable

volume of specimen (cm®)

a variable

length (cm) and a space coordinate (x-axis)
a varilable

a variable

GREEXK ALPHABET

empirical constant in Eg. (13); 6.1% x 10°° (fraction leached)
(em)(day v2)

empirical constant in Eq. (15); 7.07 x 10°* (fraction leached)
(Cm) (day—Oc 574:)

empirical constant in Hg. (15); 0.57h

fraction of total species which is mobile at time zero
(Aom/Ao )

ratio of saturation concentration to initial total concentration

(cg/Cy)
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finite change

time (days)

partial differential operator

In 2/tya , defined as radiocactive decay constant (gec™!)
micro-, the factor 107°

3.141592

density of specimen (g/cm®)

summation

time (sec)

m/M, mass fraction of waste solids in specimen
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APPENDIX A, SOLUTION OF MASS TRANSPORT EQUATIONS FOR THE CASE
OF DIFFUSION WITH A CONCENTRATION~DEPENDENT DISSOLUTION RATE

For a semi-infinite medium with a uniform initial concentration of
mobile species equal to CS, with mobile species being produced at a rate
k(CS - ) per unit time per unit volume for time greater than zero, and
with the surface concentration of mobile species maintained at zero for
time greater than zero, the law of conservation of mass equation (from

a mass balance across a differential section) to be solved is:

e d*c
-gg::ﬂe—a-;c-g-‘i'k (CS —C) 3 (A-la)

with the initial and boundary conditions

x>0, t=0,C=C_ (A-1b)
x=0,t>0, C=0, and (A-1c)
X=® 1t>0,C=c¢C_, (A-14)

If the variable
f(x,t) =C_ ~C (x,%) (A-2)

is introduced and substituted into Egs. (A-1), the transformed equation

is

3, ¥r
3t T Te ax?

- ki, (A"33>
with the initial and boundary conditions
x>0, t=0,1f=0 (A-3b)

x=0,t>0, f=¢C_, and (A=3c)

X=® t>0, =0 . (A-34)
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The solution”™ of Egs. (A-3) is:

Va2
P 2?‘{ exp ['- X ( éi > ] erfc [iézﬁigypg - (kt)¥2 ]

Ve
+ exp [‘x ( 52 > ] erfc [_5?§§§$7§ v (kb)Y? i]} s (A~L)
where
exp u = e, (A-5)
erfc u =1 ~ erf u, and (A-6)
erf u = ;é}z ‘Yu- eng dz . (A-T7)

Properties and tabulated values of the error function (erf) and complementary
error function (erfc) are given in refs. 10-12 and comprehensive mathematical

handbooks such as ref. 24, Substitution of Eq. (A-L) into Eq. (A-2) gives

¢ "‘Cs{l“%e}q’['x (Tﬁi’)w]erfc[m (kt)‘”‘]
e[ a(£) e [ s we ]} -

for the concentration of the mobile species in the medium as a function of

position and time.

Differentiation of Eq. (A-8) with respect to x, evaluation of this
concentration gradient at x = 0, and insertion of this gradient into

Fick's law give

dg sc, g2 | e ()2 s S ] (8-9)
at | o s e - (et )2

for the flux at the interface.
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Integration of Eq. (A-9) over time t gives
va
- Va _}__) . va /__‘g_> -kt]
Q=C_ (Sek) [ ( b+ 5= ) erf (kt) U e ) (8-10)

where Q is the total amount of species that has left the medium per unit

of surface in time €.

The inbtensive properties, q, Q, and CS, of the semi-infinite medium

can be expressed in terms of extensive properties of the finite sample,

viz.,
a
q =73 (A-11)
¥ a, N
Q = ] P and (A.-’l[..)
Y A

where v is a constant representing the ratio of the concentration at

saturation to the initial total concentration of the species. By definition,

let
D, =Y 496 . (A-1l4)
It
% 1lim JAY:} da
T 7 a0 (EE /T (A-15)

is a good approximation and if an/tn is taken to be at time

T = (¢t - tn/Z) s (A-16)

the substitution of Egs. (A-11), (A-13), (A-1h), (A-15), and (A-16)
into Eq. (A-9) yields

( % > ( 38’- ) ( EJZ ) - <Dek>ve[:erf (k1Y + -—-————W;;T ] (A-17)
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for the leach rate representation of the flux at the surface for a

sparingly soluble material at time T. The substitution of Egs. (A-12),
(A-13), and (A-14) into Eq. (A-10) yields

(

Va2 /2

% 3 = (Dek) [ ( t ok "é]'iE ) erf (kt)¥ ? <;%;> oKt ] (4-18)

for the total amount of the material which has left the medium in time t.

Y oa

n

(=)
o)

The initial quantity, yA_, is not generally known (or needed) for
waste products. However, if an expression [e.g., Eq. (A-8)] based on
transport equations relating the concentration of the mobile species to
position and time within the product were used, it would require the
ummeodified effective diffusivity Se — not the modified effective

diffusivity DP.

The treatment sbove applies to a stable isotope. However, solutions
accounting for radiocactive decay of aa isotope of mean or average life,
l/X, are readily obtained from solutions for stable isotopes as shown in

ref. 26.

Solutions for the total amount of radicactivity that is removed
from & waste solid and is in the enviromment, taking intoc account radio-
active decay that occurs in the waste solid but considering the isotope
to be stable once it is in the environment, can be obtained.g6 by mul-
tiplying the flux out of the solid for a stable isotope [Eq. (A-9) in

~A . . . . . .
this case] by e E and integrating the resulting expression with time.

Since

%% ‘x=o = C (Sek)va {:erf (kt)V?2 4—z;§%§;§-] e'Xt , (4-19)
then

JOQ dg = C_ (8 K)VZ Jot [ erf (kt)¥?+ ”(}i;;;% ] e M gy (4-20)

and



Q= (;Lf—;; )m [erf [(e + A)e]V2 + %—{ erf [(k + \)t]Y?
b4
- < k -1: 1y ? e_}\t orf (kt)yg } ] i (A—E]_)

Substitution of Egs. (A-12), (A-13), and (A-14) into Eq. (A-21) yields

(Z=2)(5) - (2 )sz exf [(e + M61Y% v 3 { ert ((x + M6

- <1’ - AVE M e (it )V 2 jr ] . (h-22)
Equation (A-22) then represents the amount of the isotope which has left
the waste solid in time t, where decay of the isotope in the source (waste
product) has been taken into account but where the isotope is considered
to be stable after it is in the enviromment. This amount is sometimes
referred to as the amount of activity "discharged" from a source in
time €.

Solution for the total amount of radiocactivity that ls removed from
a waste solid and is in the enviromment, taking into account radiocactive
decay that occurs in the solid and in the environment, can be obtained
by computing the instantaneous flux with decay out of the solid [Eq.
(A-19) in this case] at time T, computing the activity remaining at some

later time, t, and integrating T from zero to t:

O
il

C, (a@ek)l’a jt {{ erf (xT)Y? + (H{L—;;;;]e’” } oMb - T) ar , (A-23)
o -

O
L]

e, 02 [ (6 &) e o2+ (& Yo e Je™ L e

Substitution of Egs. (A-12), (A-13), and (A-1l) into Eq. (A-2L) yields
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() (1) = 0= [ (40 ) eor

O

o~

vea
0 t > "‘k.t - )\t =\
. ( = e ] e . (A-25)

Equation (A-25) represents the total amount of a sparingly soluble isotope
that has been removed from a waste solid and is in the environment at

time t, where decay of the isotope in the source and in the environment

is taken into account. Equation (A-25) could have been obtained
immediately from Eq. (A-18) by multiplying by e_Xt. However, the
integration is presented to emphasize the difference between Eq. (A-22)

and Eq. (A-25).

Solution for the total amount of radioactivity that escapes from
the source (waste product) and is in the enviromment (leachant), taking
into account decay that occurs in the environment but considering the
isotope to be stable in the source, seems to be of little practical

interest and is not presented.
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APPENDIX B. SOLUTION OF MASS TRANSPORT EQUATIONS FOR THE CASE OF
DIFFUSION WITH A CONCENTRATION-DEPENDENT DISSOLUTION RATE AND
LINEAR SURFACE~TRANSFER

For a semi~infinite medium with a uniform initial concentration of
mobile species equal to Cg, with mobile species being produced at a rate
k(CS ~ C) per unit time per unit volume for time greater than zero, and
with Linear mass transfer at the surface into another medium containing
none of the mobile species (i.e., with ac/ax = hC at the surface where h
is a constant), the law of conservation of mass equation (from a mass

balance across a differential section) to be solved is

~ 2
€« _ g5 &€

TR I S () B (B-1a)

with the initial and boundary conditions

x>0, t=0,C=C, (B~1p)

Xx=®° t>0,C=C_, and (B~1c)

x =0, t>0, %% = hC (B-1d)
If the variable

£ (x,8) = C_ - C (x,%) (B~2)

is introduced and substituted into Egs. (B-1), the transformed equation

3 o
138

g% =8 %;g - kf (B~3a)
with the initial and boundary conditions
x>0,t=0,f =0 (B-13b)
X =% £>0, f=0, and (B-3c)
x =0, t>0, - %g =h (¢ (B~34)
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The flux at the interface for the above case can be obtained readily

using the method developed in ref. 32; viz.,

t _ "
=k [ 3 KT ar v J! it , (B-L)

where Jé igs the flux at the interface for the same boundary conditions
[Bgs. (B-3b), (B-3c¢), and (B-3d)] without a first-order process. The

I
solutionB‘ for Eqs. (B-3) without the first-order process (kf) is:

e(hX + Bt erfe { EREYﬁ§TVIr + h(‘)get)]/2 } ] s (B-5)
e

f' = CS [grfc 5Z§§€77§ -
where erfc w = 1 - erf u. Properties and tabulated values of the error
function (erf) and complementary error function (erfc) are given in

refs., 10-12 and comprehensive mathematical handboocks such as ref. oh,
Differentiation of Eg. (B-5) with respect to x, evaluation of this con-
centration gradient at x = 0, and insertion of this concentration gradient

at x = 0 into Fick's law give

Jé = O [ hﬂe e(h2ﬁ5t> erfc { h(éget)y2 } ] . (B-6)

Substitution of Eq. (B-6) into Eq. (B-Y4) and integration of the

resulting expression yields

nd c

dg - c.8 V2 \V2
T l . = Eﬁﬁg‘:‘g [b(@ek) erf (kt)
2 .
+ R0 S8 )t {h(@et)yz } -k ] (B-7)

for the flux of f into the medium, which is the flux of C out of the

medium.

Be definition, let

. 2
=108, (B-8)
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where £ is called a surface transfer constant (with the units sec“l).
Integration of Eq. (B-7), with 4 substituted for hgﬂe, over time

t gives

L(® x)V? ¢
3 e st [ A4 1 vz
Q= "7TT"% [,Lt TEETTEY OC Zk,} erf (kt)

Va
X ) -kt
Tk e

4 (2
TR e

~k)t erfec (24)Y? + (

ve

- < % ) b - (1 -Lk)(k&)VQ’:] ’

(8-9)

where @ 1s the total amocunt of species that has left the medium per unit

of surface in time +.

The intensive properties, q, Q, and CS, of the semi-infinite medium

can be expressed in terms of extensive properties of the finite sample,

as follows:

a
q = g
% a,
Q=~§~"—,al’ld
c = !
sV ?

where Y 1s a constant representing the ratio of the concentration at
saturation to the initial total concentration of the species. By

definition, let

If the relationship

a

iwlm(ﬁ>~ﬁ
tn A0 At T at

is a good approximation and if an/tn is taken to be at time

(R-10)

(B-11)

(B~12)

(B-13)

(B-14)



T=(t~t /), (B-15)

the substitution of Egqs. (B-8), (B-10), (B-12), (B-13), (B-1L), and (B-15)
into Eq. (B-7) yields

V2
a £ 1D k
() () (2) -5 [ e

n

+ ( % )ye e(&-k)T erfe (AT)Y? - ( % )VB ‘] (B-16)

for the leach rale representation of the flux at the surface for a sparingly
soluble material at time T. The substitution of Egs. (B-11), (B~12), and
(B-13) into Eq. (B-9) yields

Va
zoa 1 (D k
L A
1 (£-k)t va [ t Ve -kt
s e e o0 ()
- ( Z )Ve v i)(k&)vz ] (3-17)

for the total amount of the material which has left the medium in time .
The solutions are valid for both positive and negative (4 - k) but not

for (4 - k) equal to zero.

The initial guantity, YAO, is not generally known (or needed) for
waste products. However, if an expression [e.g., Eq. (B-9)) based on
transport equations relating concentration of the mobile species with
position and time within the product were used, it would require the
unmodified effective diffusivity @e — not the modified effective

diffusivity De'
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The treatment above applies to a stable isotope, However, solutions
accounbing for radicactive decay of an isotope of mean or average life,
1/\, are readily obbtained from solutions for stable isotopes as shown in

ref, 26 and illustrated in Appendix A,
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