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= Abstract=

Experimental study for the leaching behavior of Cs-137 was carried out using the
simulated evaporator bottom product of PWR plant. The method of leach test proposed
by the TAEA was partially modified using ANS method. The effect of various factors,
i.e., sampling method, curing temperature, curing time, leachant temperature, verm-
iculite addition and volume-to-surface ratio, was considered in this experiment.

Diffusion model in semi-infinite slab was in a good agreement with the data obtai-
ned from 4-weeks cured specimens. The effective diffusion coefficient of the specimens
which were cured at the temperature of 24°C for 4 weeks was found to be 1,20~
1.47X107%cm?/sec. With the experimentally obtained diffusion coefficient(1.47x107*
cm?/sec), long-term prediction for the leaching of Cs-137 was carried out using
finite-slab approximation.

The estimated fraction of Cs-137 which remains in the environment is found to be
less than 0.25 percent of initial amount after 100 years. About 25 years after the

beginning of leaching, its fractional amount in the environment reachs the maximum

value, 0. 66 percent of initial amount.

1. INTRODUCTION

An increasing usage of nuclear energy and
radioisotopes generate a variety of radioact-
ive wastes which have diverse physical and
chemical characteristics and the wide range
of activity level.

The greater part of the radioactive wastes
which have been accumulated in Korea is
found to be low and intermediate level. More
than 95%(1] of these wastes has been gener-
ated at nuclear power plant and about 65% (2]
of the power plant wastes is the final form

of evaporator bottom product.

Solidification processes of the low and in-
termediate level wastes using several binding
agents, i.e., cement, bitumen, polyester pol-
ymer([3,4,5) has been studied and being em-
ployed to convert the waste into less mobile
forms. Among these processes, cement soli-
dification has been widely studied and rout-
inely used at nuclear research and power
production sites.

In Korea, the cementation process has been
used at nuclear power plants from the begi-
nning of commercial generation of nuclear
power and the solidified products have been
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stored at the drum storage area on site of
power plant. Generally, the site has a capa-
city of about 10 years storage[2] and the
storage of a plant constructed during 1970's
is now almost saturated to its full capacity.
Therefore, the final disposal methods to
solve this problem have been considered and
focused as a national interest.

Under disposal condition, one of the major
ways by which the radionuclides may be
released from the solidified matrix is a lea-
ching process of ground water during the
period of disposal. Although the understand-
ing of the leaching mechanism has been
recognized to be important, the leaching
mechanism is not completely resolved beca-
use of an inhomogeneity of matrix and the
complexity of its environment.

The leachability of the radionuclide from
a waste matrix has been studied using vari-
ous methods. To compare the various exper-
imental results obtained wusing different
processes and different materials and to
determine the -long-term leaching behavior
during the geologic disposal, the IAEA has
proposed a standard method(6] which was
known as a dynamic test performed at
ambient temperature. But this method was
not accepted as a standard test to be widely
used because of several reasons(7, 8]. Subseq-
uent efforts to standardize the leaching test
have been followed based on the IAEA prop-
osal. Here, the TAEA and part of the ANS
modified test method were followed. Also,
models including the various factors to affect
the leachability of radionuclide were invest-
igated. The long-term behavior of Cs-137 in
the real waste container was predicted using
the finite-slab approximation and the appro-

priate diffusion coefficient of Cs-137.

I. THEORY

Cement matrix is considered as an inhom-
ogeneous and porous material. Consequently,
the hydration product of cement is more
susceptable to the movement of water beca-
use of the relatively high diffusive and
porous network structure compared to the
nonporous body.

For the simplification, the homogeneous.
porous body and the linear equilibrium rela-
tionship between nuclide concentrations in
liquid phase and those in i-th solidification
agent of solid phase, G;=K; C, are conside-
red, where G; is the nuclide concentration in
the i-th solidification agent, K; is the equil-
ibrium constant of i-th solidification agent,
and C is the nuclide concentration in the
liquid phase.

Assuming the diffusion coefficient of the
nuclide to be constant, diffusion equation for
the nuclide in the homogeneous porous body
which is composed of certain binding agents
is given as follows;

%?— =Deuy?C—2C
with initial and boundary conditions as;
L.C. C(r,0)=0
B.C. C(R,t)=0
where,
Diyore
D 1+ 1—c¢ o ilﬂiKz
Dyore =2t

D;,: the diffusion coefficient of a nuclide
in the liquid body

7: tortuosity

¢: the total porosity of matrix

p,: solid density

x,: mass fraction of i-th solidification agent
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2: decay constant

v%: the Laplacian operator

Dyore: the diffusion coefficient in the pore

network
D.ss: the effective diffusion coefficient
.C: the nuclide concentration in the liquid
phase agent

71 position vector

R: surface vector

Regardless of the geometry of the contai-
ner, three quantities, i.e., fractional leach
rate of radionuclide from the waste matrix
[FQ(¢)], the fractional amount in the matrix
[FR(#)], and the fractional amount in the
environment [FE(¢], can be obtained simply
from the multiplication of exp(—a¢) to the
results obtained for stable isotope[9,10]. In
other words, the solution of the mass trans-
port equation including the radioactive decay
term is generally expressed as the multipli-
cation of exp(—Aa¢) term to the solution for
the corresponding stable isotope nuclide. (He-
re, the environment means the just outside

the matrix).

FQ()=—-Dete [[ -2 4a
=e‘“FQ @ (2)
re=— g e ] 4 anl
—e “FE,,,(t) (3)
FR() = [l‘vT [ D [ Z,ﬁ dA]
dt} =e FR, (f) )

where ¢(r,1) is the solution to the diffusion
equation for stable isotope subject to the
same boundary conditions but with no rad-
ioactive decay and subscript w means the
leaching characteristics for stable” isotope.
Dejonghe, et al(12].
(13] of the transport equation for a semiin-

employed the solution

finite slab to explain the amount of material

leaving per unit surface from the asphalt-

sludge product. Their results are summar-

ized as;
FQ,(t) =_S17<_%%)”2 )
FE, () :2_SK<%"_>1/2 ®

The equations(5) and(6) have been adopted
for the analysis of short-term leach tests
and the prediction of long-term leaching for
relatively short-lived radionuclides.

Doh and Lee[11] developed an approxima-
tionmethod with finite-slab diffusion model
which can be used in the cases where actual
geometry of waste matrix does not permit
an analytic solution or where the solution is
an exact one of the diffusion model requires
tedious numerical summations of infinite
series.

FQ.(t) =25 i: exp(~£4,?) (7)

FE,(t)=2>7 —L ﬂz [l—exp(—fﬂmzﬂ (8)

m=1
where,
ﬂm= (27112—1) -
Defft
lZ

v
= < (volume to surface ratio)

E=

Eqs. (7) and (8) were utilized later for the
long-term prediction of Cs-157 leaching from
the matrix

. EXPERIMENT

The specimens used in this experiment
were made by combining the desired volume
of waste solution with a predetermined weight
of Type I Portland cement or cement-vermic-
ulite mixture.

The liquid waste simulating the evaporator
bottom concentrate generated at PWR plant
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Table 1. Description of Speciments Used for Leaching Study

Sample Dimension Curing Initial Nominal Leachant
Name Time Temp. Actiuity Sampling Temp.
(weeks) %) (¢Ci) Freq. °C)
AA—1 a 4 5 372.8 d 24
AA—2 a 4 24 372.8 d 24
AA-3 a 4 24 372.8 d 24
AA—4 a 4 24 372.8 d 24
AA—5 a 4 60 372.8 d 24
AB—1 b 4 24 249.5 d 24
AB—2 b 4 24 249.5 e 24
BB—1 a 12 24 1744.8 d 24
BB-—2 a 4 24 1744. 8 € 24
BC c 4 24 167.5 [ 24
A—1 a 1 21 20.79 [ 12(f)
A—2 a 1 21 20.79 e 23(f)
B a 1 21 20. 89 e 52(f)
c a 1 21 17.77 e 23
D a 1 21 17.68 e 23
E a 1 21 18.24 e 23
F a 1 23 17.52 e 23

a-height: 5cm, diameter: 5cm, only one face exposed
b-height: 7,48 cm‘ diameter: 3,35cm, only one face exposed
c-height: 3cm, diameter: 2cm, all the surface exposed

d-in accordance with the IAEA recommended procedure

e-norminal sampling frequency of once a day

f-retaining the leachant unfilled for 1 week after 18 days from the start of test

was prepared by dissolving boric acid(reag-
ent grade) into deionized water to a content
about 12 weight percent. Prior to the addit-
ion of the Cs-137(CsCl type), an appropriate
quantity of NaOH (reagent grade) was added
to the solution to give a final pH of about
12.

Preliminary trials showed that the ratio
of waste to cement(W/C), 0.362 [cc waste/g
cement], had showed a good experimental
conditions and no phase separation in the
paste. All but three specimens for the study
of vermiculite effect were prepared at this
W/C ratio. '

After sufficient mixing, the resulting pas-

tes were poured into specimen containers

and cured for a predetermined number of
days and temperature in a closed vessel
where the relative humidity was maintained
at 100%.

The cured specimens in the container were
placed inside a transparent PMMA (polymet-
hyl metaacrylate) cylinder and the leachant
was replaced periodically with demineralized
water. The results of 17 leach tests are
briefly described in Table 1.

. RESULTS AND DISCUSSION

Seventeen tests were carried out to evalu-
ate the leaching phenomena of Cs-137 from

the cement matrices with deionized water.
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Fig. 1. (Zas/A,) Plotted against Square Root of Time for the Specimens AA—2, AA-—3 and AA—4,
(The specimens were cured for 4 weeks under humid condition and had a V/$ of 5cm).

E T L T Al T L}
%
& -
H 0.15 1 A-l
% v o
o r

B o o°°°w «
o O 00 P i
D -
o \c 0.10 ° ]
S oo 0
s °
L
= °
£ |
IS 0.05 = °
- o
B
5 o
© . i 1 s 1 1

0 1 2 3 i 5 S 7

LEACHING TIME ( JDAYS ~

Fig. 2. (Zan/A,) Plotted against Square Root of Time for the Specimens A—1 and F. (The specimens
were cured for 1 week under humid condition, and had a V/S of 5cm.)

The curing time under 100% relative humi-
dity prior to the leaching of the specimens
ranged from 1 to 12 weeks. During the leac-
hing test, the time interval between replac-
ement of the leachant with deionized water
varied from 5 hours to 1 month. The results
are plotted in Fig. 1 through Fig. 9.

1. Replication Test

Fig. 1 was obtained from the tests of sam-
ples AA-2, AA-3 and AA-4, which were
made from the same bath and cured for 4
weeks, in accordance with the IAEA method.

The results from the sample number A-1
and F which were made from different bat-
ches and cured for 1 week, with changing
the leachant normally once a day were plo-
tted in Fig. 2. Fig. 3 shows the results of
AA-4 and BB-2 samples(from different bat-
ches, cured for 4 weeks).

During the leaching test, the cumulative
leaching fractions in Fig's. 1 and 3 were
limited within 13% differences after 90 days,
but the results given in Fig. 2 show that
>an/A, of sample number F is about 3 times

greater than that of A-1. This emphasizes
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Fig. 3. (Xas/A,) Plotted against Square Root of Time for the Specimens AA—4 and BB—2.(The
specimens were cured for 4 weeks and from different batches.)
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Fig."4. (Xas/A,) Plotted against Square Root of Time for the Specimens AB—1 and AB—32. (The
specimens were cured for 4 weeks under humid condition, and had a V/S of 7,48 cm.)
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AA—4 and AA—5.

(The specimens were cured for 4 weeks under humid condition, and were setted at 5,24 and

60°C, respectively.)

the regeneration difficulty frequently encou-
ntered in replication test with heterogeneous
material.

The specimen cured for more than 4 weeks
has been adopted because test nethod must

be based on the replicability and reality.

2. Effect of Sampling Frequency

In the experiment with the different sam-
pling frequencies, it became apparent that
the longer sampling periods(the TAEA met-
hod) had significant effect on the leach
results. Fig. 4 shows the data obtained from
AB-1 and AB-2(from same batch of paste).

On Fig’s 3 and 4, the leachant for the
case of AA-4 and AB-1 was changed by
following the IAEA method, but that for
AB-2 and BB-2 was changed norminally once
a day.

It can be seen from the Fig’s 3 and 4 that
the slope of leach curve changes due to
sampling method after about 7 days from
the beginning of leaching. Normally, it is
well-known that the mass transport flux
between the two different phase(here, solid
and liquid) is expressed as the product of

mass transport coefficient and the concentr-
ation difference between the two phase. Here,
the mass transport coefficient is strongly
dependent on the solid surface resistance, and
the sampling method significantly influence
the concentration difference between the two
phase. Therefore, these results suggest that
the leach rate had been influenced by the
concentration difference of the nuclide betw-
een leachant body and the surface resistance
of waste matrix. Since the ground water in
burial site is nearly static, the surface resi-
stance will play an important role on the
leachability of radionuclide from waste ma-

xtrix.

3. Effect of Curing Time

To examine the effect of curing period,
the leach tests were carried out using the
specimens cured for 1 week(A-1), 4 weeks
(BB-2) and 12 weeks(BB-1). Fig. 5 shows
the results obtained from these specimens.
This leads to the conclusion that longer cu-
ring times cause the decrease of the amount
leached from the matrix, and curing time of
longer than 4 weeks has little effect on the



— 9 8 — —Journal of Korean Association for Radiation Protection, Vol. 11, No. 2 (1986)—

S 0.20 T T
=
(8]
3 A-1
3
= 0.15¢ O A2
NN
P o ° B
[EI
e N
c
z o -
zZ 4 o.10
=
£
[
=
. OO
= | ] .
= 0.05 o 4]
—
= o
g o A.AAAA
= ada
(3] i i
0 1 2

LEACHING TIME ( +/DAYS °

Fig. 7. (Za./A;) Plotted against Square Root of Time for the Specimens A—1, A—2 and B.(The
specimens were cured for 1 week under humid condition, and those leachant temperature were

12,23 and 52°C, respectively.)

leach rate. This is due to the fact that the
rate of hydration decreases exponentially
with time at ambient temperature(14). The
total porosity decreases and the hydraulic
radii of the entire pore systems decrease with
processing hydration[15). Hence, the decrease
of porosity and the longer tortous path result
in reducing the leachability of nuclide.

4. Effect of Curing Temperature

To test the effect of curing temperature,
the leach tests were conducted for the 3
specimens which were cured at 5°C(AA-1),
24°C(AA-4) and 60°C(AA-5) for 4 weeks.
After curing at different temperatures, leach
tests were carried out at the same tempera-
ture of 24°C.

Fig. 6 shows that the higher curing temp-
erature leads to the reduced leachability.
Because more hydration products were made
at elevated curing temperature than at lowes
temperature(14), the corresponding leachabil-

ty decreases.

5. Effect of Leachant Temperature

To find out the effect of leachant tempe-

rature on the leachability, leaching tests
were done at the several temperatures. Fig.
7 shows that leach rate increases by increa-
sing the leachant temperature(A-1 at 12°C,
A-2 at 23°C and B at 52°C).

Diffusion coefficients of electrolytes can
be predicted very accurately at infinite dil-
ution using the equation[16].

_ 2RT
(1/2.°+1/2.)F

D s

where,
D; diffusion coefficient based on the

concentration of A in B

R; the gas constant

T; absolute temperature

F'; Faraday's constant

24°,2_%; the limiting ionic conductances

Due to such a temperature dependency of

the diffusion coefficient, the leachability of
nudide increases with increasing temperature.

6. Effect of Dimension

The relationship between the cumulative
fraction of nuclide leached and V/S(volume.
to exposed surface) ratio has been examined

by using the specimens with various V/S
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ratios, BB-2(V/S: 5cm) AB-2(V/S: 7.48 cm)
and BC(V/S: 0.375¢m). On Fig. 8, the sp-
ecimens(AB-2 and BB-2) which have only
one exposed surface, appear to have similar
leachability, but BC with all the face expo-
sed show entirely different property from
AB-2 or BB-2. Therefore, it is not appropr-
iate to deduce a general law for various V/S
ratiosas described by Matszuru et al.[17].
The results of AB-2 and BB-2 reveal that,
at the early stage of leaching, the leach rate
decreases with respect to the value of theor-

etical trends and then, after apout 7 days,
the data fit well with the square root of
time. This can be explained by analyzing the
characteristics of pore in the matrix. Becau-
se the volume of the hydration product
formed is less than the sum of the volumes
of cement and water which react to form it,
the hydration product does not fill complet-
ely the volume avaiable for it[15].

When the cement matrix is in contact with
water, more water will be drawn into the

paste and radionuclides in relatively dry
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pores will be less mobile than those in wat-
er-filled pores. Therefore, water intrusion
and diffusion to the pores are the dominant
factors which decrease the leach rate at
early stage of leaching from matrix cured

for 4 weeks or longer.

7. Effect of Vermiculite

Various additives have been used to the
cementification systems to improve the sor-
ption and immobilization of radionuclides.

The effect on the leachability due to the
variation of the fraction of vermiculite in
the matrix was studied by using the three
specimens C, D and E. Fig. 9 shows the
results of the leach tests on three cement/
Vermiculite mixture containing 3.2(C), 6.2
(D) and 20 weight percent(E) of vermiculite.

Due to the ionic selectivity of vermiculite
on electrolyte, the leach rate is decreased
for cement/vermiculite matrix with increas-
ing vermiculite content. In other words, inc-
reasing the vermiculite interfere the leacha-
bility ' of cesium, but the workability of
concurrently.

unhardened paste decreases

‘This is because vermiculite absorb water

extensively, which results in a paste with

insufficient water.

v. EFFECTIVE DIFFUSION COEFFICI-
ENT AND LONG-TERM LEACHING

The prime objective in the analysis of the
leach data is to determine the parameters
which are able to describe the leaching cha-
racteristics of radionuclide from waste matrix
for the long time.

The results for 17 specimens used in this
paper have a property that the cumulative
leaching fractions are directly proportional
to the square root of time. Among them, the
results from 1 week-cured specimens and all
surface exposed specimen present a enormous
discrepancy to a theoretical trend because of
the shape effect of the specimen or unstable
state of matrix. In these specimens, the leach
data can be analyzed by two parameter me-
thod[17]). In the case of analysis of the result
from one face exposed specimen, expression
by two parameter method is to be meaning-
less because the aim of such a test is in obt-

aining one constant. As shown in Figs 3 and
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4, the leachability of a matrix cured for 4
weeks, can be expressed as 3 stages.

1st stage: decrease of leach rate by water
intrusion into pores and diffusion through
pores(up to about 7 days)

2nd stage: normal diffusion(from 7 to ab-
out 60 days)

3rd stage: decrease of leach rate by surf-
ace resistance(thereafter)

Therefore, the second stage can be consid-
ered as critical stage to obtain effective
The data from the
BB-2, AB-1 and AB-2
were fitted to equation(6) to give D.s's of
1.22x107Y, 1.47x107Y, 1.2x10°* and 1.
47X 107" cm?/sec, respectively. As the spec-
imens AB-1 and AB-2 are made from the

diffusion coefficient.
specimens AA-4,

same batch of paste, sampling period is the
only factor which can explain the difference
on diffusion coefficient.

Equation(6) appears to have provide a rea-
sonably good explanation of the leach beha-
vior of Cs-137 from 4 weeks cured specimens.
Test that is carried out for short period
(about 30 40 days) is sufficient to obtain
the effective diffusion coefficient. With the
obtained diffusion coefficient(1, 47 x 10 *cm?/
sec), long-term leaching of Cs-137 was pre-
dicted by finite slab approximbtion [Equation
(3) and (8)]. Fig. 10 represents the fractio-
nal amount of Cs-137 which remains in the
environment outside of the container. The
estimated fraction of Cs-137 in the environ-
ment is found to be about 0.25 percent of
initial amount after 100 years. After about
25 years, the value reach to maximum value
of .66 percent.

V1. CONCLUSION

The following conclusions have been deri-

ved from this study.

1. From the replication tests, it is unders-
tood that the specimen used in leach test
must be cured longer than 4 weeks and that
the cumulative fraction leached in the envir-
onment may differ by as much as a factor
of 1,3.

2. With respect to the test of curing time,
longer curing pericd decreases the leach rate
but curing for longer than 4 weeks has no
significant effect on the amonut of Cs-137
leached from cement matrix.

3. The leach rate was lowered by retaini-
ng high curing temperature, but flash setting
is turned out to be important in such condi-
tions.

4, The leachability of cesium increases
with increasing temperature due to tempera-
ture dependency of diffusion coefficient in
water body. ;

5. The leachability of Cs-137 was lowered
by the addition of vermiculite which has a
good selectivity to cesium compared to other
nuclides.

6. The solution of semi-infinite slab model
gives good agreement with the data obtained
in tests using 4 weeks cured specimens.

7. The effective diffusion coefficient obta-
ined using the IAEA test method is lower
than that obtained from the experiment cha-
nging leachant once a day. Test period about
30~40 days is sufficient to obtain Des.

8. The estimated fraction of Cs-137 leached
from a cement matrix is less than about 0,
25% of initial amount after 100 years. After
about 25 years from the beginning of leach-
ing, the fractional amount in the environment
reach to maximum value(about 0.66% of

initial amount).
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