Tadao TANAKA et al. : Numerical simulation of the influence of humic-complexation on the migration of radionuclide through porous media 35

Article

Numerical simulation of the influence of
humic-complexation on the migration of radionuclide
through porous media — a consideration of the
sensitivity of analytical parameters

Tadao TANAKA" and Masayuki MUKAI

Nuclear Safety Research Center, Japan Atomic Energy Agency

Abstract

We numerically and schematically examined the influence of humic-complexation and the sensitivity of
certain analytical parameters on migration of cationic radionuclides through porous media, where it was
assumed that complexation reactions between radionuclides and natural organics, such as humic acid and
fulvic acid, achieve instantaneous equilibrium or are a first-order kinetic reaction. The calculation results
revealed that radionuclide migration in the presence of humic substance was predominantly controlled by
the relative magnitude of distribution coefficients between the cationic radionuclides and the complexed
radionuclides. Radionuclide migration was also affected significantly by the stability of the complexes
and the rate constants of the complexation reaction.

Introduction

To evaluate the safety of radioactive waste dispos-
al into geologic media, it is important to estimate the
migration of radionuclides in the geologic environ-
ment. The migration of radionuclides depends on
their chemical species. Complexation of the radio-
nuclides with organic ligands occurring in ground-
water might influence their migration behavior (Ro-
bertson et al., 1995; McCarthy et al., 1998). Espe-
cially, the possible complexation of radionuclides
with humic substances, such as humic acid or fulvic
acid which are major organic ligands in the environ-
ment, has received considerable attention (Choppin,
1988; McCarthy et al., 1989).

In many geologic media, humic substances con-
tribute greatly to the cation exchange capacity, and
increased exchange capacity increases retention of
cationic radionuclides (Stevenson, 1985; Bidoglio et
al., 1989; Sakamoto et al., 1990). In addition, rapid
movement of humic substances through a porous
media also has been observed (Gutierrez et al., 1991;
Artinger et al.,, 1998). Thus, mobile humic sub-

stances are believed to enhance the transport of the
associated radionuclides through the porous media.
Some studies have demonstrated that humic sub-
stances are immobilized by some interactions with
mineral surfaces (Stevenson, 1985), which impedes
the mobility of the associated radionuclides. These
results indicate that the migration behavior of radio-
nuclides in geologic environment should be quantita-
tively evaluated by taking account of the influence of
humic substances.

Understanding of the radionuclide migration in
porous media may be gained by using a mathemati-
cal solute transport model, whose construction re-
quires a plausible quantitative description of the
complexation behavior of radionuclides in the geo-
logic environment. The majority of conventional
models to evaluate the radionuclide migration are
based on simplifying assumptions of linear, instanta-
neous sorption and homogeneous media (Selim et al.,
1977; Carlsen et al., 1989). On the other hand,
more generic models describing transport of trans-
formed solutes that consider nonlinearity, hetero-
geneity, and kinetics are being developed (Randall et
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al., 1994; Brusseau, 1995; Schuesser et al., 2000;
Tanaka et al., 2004).

This is a theoretical study elucidating the influence
of complexation on radionuclide migration in porous
media, in which sorption and transformation para-
meters of radionuclide, such as distribution coeffi-
cients, and stability constants and rate constants in
the complexation, are numerically investigated.

Analytical Models

Solute Transport Model

Radionuclide migration in geologic media is con-
trolled by both groundwater flow characteristics and
sorptive interactions of radionuclides with the geo-
logic media. Mass conservation during water flow
in porous geologic media results in the following
advection-dispersion formula:
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where C is the concentration of the radionuclides
in question in groundwater (mol cm'3), QO the concen-
tration of the radionuclides sorbed on geologic media
(mol g), f porosity, s degree of water saturation, p
density of geologic media (g cm™), D dispersion
coefficient (cm2 min"l), V groundwater flow velocity
(cm min']), x distance (cm), and ¢ time (min).

This radionuclide migration model assumes linear
reaction, instantaneous sorption and homogeneous
media. On the assumption that a sorption of radio-
nuclide onto the geologic media follows Henry's type
sorption isotherm and that sorption instantaneously
achieves equilibrium, the sorptive interaction can be
described as follows using the distribution coefficient
Kd (cm® g-1):

0=KdC. )

The instantaneous equilibrium sorption model us-
ing Kd has been applied to many migration analyses,
on account of its mathematical simplicity. This
instantaneous equilibrium sorption model is em-
ployed in the present study.

Sorption Models Taking Account of Chemical
Transformation of Solute

In the presence of the humic substance L which is
the organic ligand here, cationic radionuclide M forms
humic complexes according to the following reversi-
ble reaction (Maes et al., 1989; Tanaka et al, 1995b):

M+nlL < ML, 3)

where n refers to the stoichiometric number of ligand
groups associating with M in the complex, and here
we assume a 1:1 complex (n = 1).

i) Instantaneous Equilibrium Transformation Model

In the case where the reversible reaction Eg. (3) is
sufficiently rapid compared to the mass transfer
process, the association and dissociation processes
can be regarded as instantaneous equilibrium reac-
tions (Tanaka et al. 1995b, Meas et al. 1988), and the
stability constant f is given by

CML _ ﬂ , (4)
CM CL

in which Cy is the concentration of cationic radio-
nuclides (mol cm‘3), Cy the concentration of com-
plexed radionuclide (mol cm™), Cy the stoichiometric
concentration of humic substance (mol cm™).

On the assumption that the only complex M forms is
ML in the present analytical system, Kd is

j-_ 92 )
Cy(l+5C,)

The distribution coefficients Kdy; for M and Kdyy, for
ML are here defined by the equations:

Kdy = Ou/Cy, (6)
Kdyi = O /Cuar, (M
Cy+ Gy = C, and ®)
Ou+ O =0, ®

where Qy is the concentration of cationic radionuc-
lides sorbed on geologic media (mol g™), and O
the concentration of complexed radionuclides sorbed
on geologic media (mol g™).

Combination of Egs.(3) and (5) with (9) leads to
_Kd\ +Kd,, pC,
1+ pC,

Kd (10)

Thus, the sorption model to be linked with Eg. (2) is
_Kd\ +Kd,, pC
1+ pC,

Le. (11)
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ii) Rate-Limited Transformation Model

In the case where the time required for the reac-
tions transforming the radionuclides described by Egq.
(3) are not negligible in comparison to the time of the
mass transfer process, the kinetics of the association
and dissociation processes needs to be considered.

Typically, the humic substance concentration is so
much greater than the radionuclide concentration that
the reaction rates are independent of Cp, and Ci thus
may be kept at a constant value in our radionuclide
migration system. The relationship between Cy; and
Cy in the radionuclide migration system through
porous media must be affected by the initial forms of
the introduced radionuclides. When the cationic
radionuclide M is introduced into the migration sys-
tem, the relationship between Cy and Cyp can be
described as a first-order rate-limited reaction:

OCy

ot

where k; (cm® g min™) is the rate constant of the
association process and &, (min") is the rate constant

of the dissociation process.
Combination of Egs. (12) and (6) with (9) leads to

Lk S+ K+ KA GRIC- Gl )0 (19)

=C, k,Cy —k,Cyy - (12)

The radionuclide migration can be estimated with
consideration given to the kinetics of the chemical
transformation by combining Eq. (1) with Egq. (13).

Calculations

For the numerical simulation, the radionuclide mi-
gration through a one-dimensional column system of
laboratory experimental scale as seen in Fig. 1 was
assumed. The column was 2.5 cm in length, and
contained porous media of density p =2.5 g cm™.
The porosity f'was 0.5, and the water saturation s was

Inflow of

Breakth
radionuclide reakthrough

of radionuclide

Column system
(UL e SR

Groundwater flow including
humic substance:

V=01 cm min?

£2=001 cn? min™?

Geologic media:
=05
s=1
225 g ocm3

Fig.1 Schematic diagram of analytical system.

1. Water velocity 7 and dispersion coefficient D
were set at 0.1 cm/min and 0.01 ¢cm’® min™, respec-
tively. An aqueous solution of radionuclides was
continuously introduced into the column.

Based on the above assumptions, values of Kdy,
Kdwi, B, ki, k> and Cp were derived as follows. The
investigations of Kanno (1995) and Nagao (1995)
dealt with the variation of # and C; values.

i) Instantaneous Equilibrium Transformation Model

In the case where ML did not sorb on the geologic
media, Kdyy was 0, Kdy; was 100, and both f and Cy.
ranged from 0 to 100. In the case where ML sorbed
on the geologic media, Kdy; ranged from 0 to 10,
Kd\; was constant,  was fixed at 10, and Cp ranged
from O to 10.

Since both the complexation and the sorption
processes involved were fast compared to the mass
transfer through the investigated column system, the
radionuclide migration was not affected by the
chemical forms of radionuclides in the inflow solu-
tion. The initial concentration of radionuclides was
normalized to be 1.

ii) Rate-Limited Transformation Model

In the case where ML did not sorb on the geologic
media, Kdyy was 0 and Kdy was 100. Cp ranged
from 0 to 100, and k; and %, ranged from 0.01 to 100
and from 0.001 to 10, respectively. In the case
where ML sorbed on the geologic media, Kdy
ranged from 0 to 10, Kdy was constant, C ranged
from 0 to 100, and k; and &, were fixed at 10 and 1
respectively.

In the case where the times of reactions trans-
forming the radionuclides were not negligible in
comparison with the mass transfer process, the ra-
dionuclide migration was affected by the chemical
forms of radionuclides in the inflow solution. Thus,
the initial concentration of radionuclides was norma-
lized to be 1, and the proportion of cationic radionuc-
lide M and complexed ML in the inflow solution
introduced into the system was assumed to be 1 : 0.

The analytical parameters are summarized in Ta-
ble 1 and Table 2. The equations for the calcula-
tion were solved with a finite-difference numerical
method (Ohnuki et al., 1989). The calculation results
were obtained as time dependent profiles of radio-
nuclide concentration in pore water at the end point
in the investigated column system shown in Fig. 1.
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Table 1 Values of analytical parameters in the instantaneous equilibrium transformation system.

Kdy C_ B Kdw.  Analytical

Varied parameter _ _ _ _
(em®g™ (molem™® (cm®mol™)  (ecm®g") result

In the case that ML does not sorb on the geologic media

100 10 0 0
100 10 1 0

B 100 10 3 0 Fig 2
100 10 10 0

100 10 100 0.

100 0 10 0
100 1 10 0

C. 100 3 10 0 Fig. 3
100 10 10 0
100 100 10 0

100 10 70 0
100 10 10 1
Kdha 100 10 10 g Fied
10010 010
1 0 10 10
1 0.1 10 10
CL 1 0.3 10 10 Fig. 6
1 1 10 10
1 10 10 10

Table 2 Values of analytical parameters in the rate-limited transformation system.

Kdy C, Ki K, Kdw.  Analytical

Varied parameter _ _ _ _ _ R
(em®g ") (molem™) (em®g ' min™) (min ") (cm’g!) result

In the case that ML does not sorb on the geologic media

100 10 1 1 0
K 100 10 10 1 0 Fig7
_______________________ e .1 1o 0. .
100 10 10 1 0
K, 100 10 10 10 0 Fig.8
_______________________ e ______ w0 10 .10 0 _________.
100 0 10 1 0
100 1 10 1 0 )
G 100 10 10 1 o Fied
_______________________ 0 _____to________.1o 1. 0 .
100 10 100 10 0
100 10 10 1 0
(KK‘ /aK”d:CK:nSmt) 100 10 1 0.1 0 Fig 10
e 100 10 0.1 0.01 0
100 10 0.01 0.001 0
In the case that ML sorbs on the geologio media | _____________ .. ...
100 10 10 1 0
100 10 10 1 0.1 .
K 100 10 10 1 i Fiell
_______________________ 0 .0 1o 10
1 0 10 1 10
1 1 10 1 10 )
G 1 10 10 1 10 Fie 12
1 100 10 1 10
The computational program has been verified by the lide migration in the presence of humic substances,
simulation for various radionuclide migration expe- the breakthrough properties in the migration system
riments in the field (Tanaka et al., 1993, Tanaka et al., like Fig. 1 were reproduced by considering the asso-
2003) and the laboratory scale (Tanaka et al., 2005, ciation and the dissociation rates in the complex

Tanaka et al., 2007). Particularly for the radionuc- formation (Tanaka et al. 1995a, Tanaka et al., 2004).



Tadao TANAKA et al. : Numerical simulation of the influence of humic-complexation on the migration of radionuclide through porous media 39

Results and Discussion

Instantaneous Equilibrium Transformation Model
In the instantaneous equilibrium transformation
system, the breakthrough profiles of radionuclides
were determined by the effective distribution coeffi-
cient, expressed by Eg. (10). Figures 2 and 3 give
the calculated breakthrough profiles for a series of
equilibrium systems whose stability constant  varied
from 0 to 100 and whose humic substance concentra-
tion Cp varied from 0 to 100, in the case where ML
did not sorb on the geologic media. As shown in
Fig. 2, in which Kdyy is 0 cm’ g'l, the retention time
of radionuclides in the column decreased with in-
crease in f, because mobile species of ML increased.
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Fig. 2 Influence of # on breakthrough profiles of radionuclide
for the instantaneous equilibrium transformation system;
Kdy=100 cm’ g", Kdyi =0 cm® ¢ and ;" =10 mol cm™. Rela-
tive concentration is normalized by radionuclide concentration
in the inflow solution. The curve corresponding to f = 0 is laid
below 1.E-10 of relative concentration.
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Fig. 3 Influence of Ci" on breakthrough profiles of radionuc-
lide for the instantaneous equilibrium transformation system;
Kdy=100 cm’ g, Kdyy=0 cm’® g and  =10. Relative concen-
tration is normalized by radionuclide concentration in the in-
flow solution. The curve corresponding to C." = 0 is laid
below 1.E-10 of relative concentration

The curve corresponding to f = 0 is entirely below
1.E-10 relative concentration, due to there being no
mobile species of ML. The influences of Cp on the
retention time were the same as those of f, as shown
in Fig. 3, and the curve corresponding to Cp = 0 also
is entirely below 1.E-10 relative concentration. The
retention time of radionuclides in the equilibrium
system was controlled by the effective distribution
coefficient. The effective distribution coefficient is
represented in Fig. 4 as a function of f. Figure 4
clearly and quantitatively shows that as complexation
approached zero (f = 0), the effective distribution
coefficient approached that of the species of M with
more retarded migration.

In the case where ML sorbed on the geologic me-
dia, the retention time of radionuclides in the column
increased with Kdyy, since the effective distribution
coefficient thereby became larger, as indicated by Eq.
(10). The breakthrough profiles shown in Fig. S
reconfirm the effect of the sorbability of ML. In the

o
o

o

Effective Kd (cm 3g™")

o

0 20 40 60 80 100
B

Fig. 4 Variation of effective distribution coefficient as
function of the stability constant S of instantaneous equili-
brium transformation system.
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Fig. 5 Influence of Kdwi on breakthrough profiles of ra-
dionuclide for the instantaneous equilibrium transformation
system; Kdy=100 cm® g, f=10 cm’ g" and C;” =10 mol
cm”. Relative concentration is normalized by radionuclide
concentration in the inflow solution.
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Fig. 6 Influence of C." on breakthrough profiles of radionuc-
lide for the instantaneous equilibrium transformation system;
Kdy=1 cn?’ g", Kdyi =10 cn?® g’I and £ =10. Relative concen-
tration is normalized by radionuclide concentration in the in-
flow solution.

case where Kdyy > Kd,, illustrated in Fig. 6, the
retention time of radionuclides increased with Ci,
because the profile of the effective distribution coef-
ficient where Kdy; > Kdy had a shape opposite to
that in Fig. 4. These results clearly reveal that the
influence of humic substances on the migratory mo-
bility of radionuclides was dominated by the ratio
between the distribution coefficients of the free ca-
tionic and of the complexed radionuclides.

Rate-Limited Transformation Model

In our rate-limited transformation system, the
breakthrough profiles depend on the concentration of
M and ML in the non-linear reactions expressed by
Eq. (12) and Egq. (13). Figures 7 - 10 give the cal-
culated breakthrough profiles for a series of kinetic
systems, in the case where ML did not sorb on the
geologic media.
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Fg.7 Influence of k; on breakthrough profiles of radionuclide
for the rate-limited transformation system; Kdy=100 cm’® g,
Kdy=0 cm’® g and C\" =10 mol cm™, k, =1 /min. Relative
concentration is normalized by radionuclide concentration in
the inflow solution.
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Fig. 8 Influence of k, on breakthrough profiles of radionuclide
for the rate-limited transformation system; Kdy=100 cm’ g,
Kdyi=0 cm® g' and C\" =10 mol cem>, ki =10 cm?® g" min™'.
Relative concentration is normalized by radionuclide concentra-
tion in the inflow solution.
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Fig. 9 Influence of C" on breakthrough profiles of radionuc-
lide for the rate-limited transformation system; Kdy=100 cm’
g, Kdy =0 cm’® g, ky =10 cm® g min™ and k, =1 min™. Rela-
tive concentration is normalized by radionuclide concentration
in the inflow solution.
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Fig. 10 Influence of magnitude of k; and &, on breakthrough
profiles of radionuclide for the rate-limited transformation
system; Kdy=100 cm’ g’l, Kdyi =0 cm’® ¢ and C\" =10 mol cm?
and ki/ k, ratio =10. Curve of f =10 represents breakthrough
profile in the instantaneous equilibrium transformation system.
Relative concentration is normalized by radionuclide concentra-
tion in the inflow solution.
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Figure 7 and Fig. 8 show the breakthrough profiles
in the cases of k; and &, each varying from 1 to 100.
The retention time of radionuclides in the column
was dominated by the magnitude of k,, and the in-
fluence of k; was not so great. Figure 9 shows the
breakthrough profiles where the organic ligand con-
centration Cy varied from 0 to 100, k; was 10, and &,
was 1. The retention time of radionuclides in the
column increased with C;. Such increase in reten-
tion is similar to that seen with change in k; in Fig. 7.
The influence of Cy on the breakthrough profiles in
the instantaneous equilibrium transformation system
is different from these analytical results (Fig. 3).
Hence, when the time of transformation between the
cationic and the complexed radionuclides is not suf-
ficiently short relative to the residence time in the
system for the transformation to be considered an
instantaneous reaction, the radionuclide migration
behavior in porous media containing humic sub-
stances must be controlled by the kinetics of the
transformation.

The breakthrough profiles of radionuclides are af-
fected by the magnitude of the transformation rate
constants k; and k,. Figure 10 gives the calculated
breakthrough profiles where k; varies from 0.01 to
100 with a constant k,/k, ratio of 10. With increase
in the rate constants, the breakthrough profile
reached that of the equilibrium system where § = 10.
Parts of the curves corresponding to k; = 0.01 and k;
= 0.1 exceed 1.0 relative concentration. This indi-
cates that the reactions depending on M and ML
concentrations are non-linear at any position in the
column system. The rates of transformation be-
tween the cationic and the complexed radionuclides
can be sufficiently rapid relative to the residence time
in the system that it can be assumed that the migra-
tion behavior of both the free cationic radionuclide
and the complexed radionuclide species is dependent
on the ratio ki/k,, which represents the stability con-
stant f3.

Figure 11 and Fig. 12 give the calculated break-
through profiles in the case where ML sorbs on the
geologic media. In Fig. 11, the retention time of
radionuclides through the column increased with
Kdyy, in the same manner as in the instantaneous
equilibrium system (Fig. 5).  As seen in Fig. 12,
where Kdyy > Kdy the influence of Cy on the break-
through profiles is opposite to that in Fig. 9, as in the
relationship between Fig. 3 and Fig. 6.

The above results of our analyses showed that a
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Fig. 11 Influence of Kd\i on breakthrough profiles of radio-
nuclide for the rate-limited transformation system; Kdy=100
cm’ g'l, C"=10 mol em?, k, =10 cm® g'l min” and k, =1 min™.
Relative concentration is normalized by radionuclide concen-
tration in the inflow solution.
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Fig. 12 Influence of C" on breakthrough profiles of radio-
nuclide for the rate-limited transformation system; Kdy=1 cm’
g", Kdwyi=10 cm® g’l, k=10 cm® g’1 min" and & =1 min™.
Relative concentration is normalized by radionuclide concen-
tration in the inflow solution.

transformation model based on kinetics can provide
an accurate simulation of transformation and trans-
port of radionuclides. In addition, the relative im-
pact of radionuclide transformation on radionuclide
transport is mediated by the magnitude of the rate
constants k; and &, of the transformation. When the
transformation occurs primarily where k; « k,, the
transformation from complex to cationic form should
be much greater, and the retention time should reach
its maximum. Larger rate constants of transforma-
tion between the free cationic and the complexed
radionuclides raise migration speed between the two
species. With such migration rates, the migration
can be sufficiently expressed by the instantaneous
equilibrium model controlled by the effective distri-
bution coefficient.
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Conclusions

Two simplified mathematical models were used to
investigate the migration behavior of radionuclides in
the presence of humic substances: one describes the
transport of solute undergoing linear, instantaneous
equilibrium sorption and instantaneous transforma-
tion of solute species, and the other describes the
transport of solute undergoing linear, instantaneous
equilibrium sorption and rate-limited transformation
of solute species.

The numerical simulation schematically demon-
strated the influence of humic-complexation on the
migration of radionuclide in geologic environment.
The calculation results revealed that migratory mo-
bility of radionuclides in the presence of humic sub-
stances is dominated by the ratio between the distri-
bution coefficients of cationic and complexed radio-
nuclides. In addition, the stability constant of the
complex and the rate constant of the complexation
significantly affected the radionuclide migration.
Hence, naturally occurring humic substances, which
form complexes with many cationic radionuclides,
exhibit a pronounced influence on the migration be-
havior of radionuclides, increasing or decreasing
migration speed. In a natural environment with
slow groundwater velocity, on the other hand, the
association and dissociation processes in the complex
formation may be regarded as being in complete
equilibrium.  The radionuclide migration in the
presence of humic substances may be quantitatively
evaluated by applying the simple model based on
instantaneous equilibrium transformation, except for
the cases where irreversible complexes form in the
geologic environment.

From the analytical results, we could specify the
key parameters: the distribution coefficient, the sta-
bility constant, and the rate constants. Thereby, we
may next focus our experimental studies on these
important parameters and the related environment
factors such as pH and temperature.

In the mathematical models presented, the trans-
port of humic substances through porous media is
regarded to be controlled by an instantaneous equili-
brium sorption according to the distribution coeffi-
cient. However, the actual migration of humic sub-
stances may be controlled by more than two me-
chanisms, other possible mechanisms including ad-
hesion, filtration, and straining by media matrix.
This means that it is necessary to understand the mi-

gration mechanisms of humic substances themselves
in porous media, in order to evaluate accurately the
migration behavior of complexed radionuclides. Li
et al. (2001) proposed the colloid and radionuclide
migration model considering the conversion rate in
mobilization/immobilization of colloid, in
three-phase system of colloid, radionuclide and por-
ous media. This model will be helpful for under-
standing the characteristic as the colloid of humic
substances, like adhesion, filtration, and molecular
size. In addition, the reactivity and mobility of
humic substances, that is indisputable the interaction
mechanism with the metal ion is a complex forming
reaction, might be easily discussed by separating into
electrolyte characteristic and colloid characteristic.
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