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ABSTRACT

Mobility of metal ions, including radionuclides, is influenced by their interactions
with natural components (inorganic and polyelectrolyte Iigands, colloids, biota and biota
debris) of water. The breakthrough of pollutant in aqueous flow, and hydrodynamic
characterisation of near- and far-field of waste deposits is analysed on the base of Rosen's
theory, by a particular accentuation of the role of the distribution coefficient fC± of
pollutant

Humic substances are those natural multifunctional ligands, which may enhance
transportation of many pollutants by influencing their IQ values. As an example, the
distribution factors of plutonium were modelled through the pH-independent effective
interaction constants with humic acids in solution and on the surface by a two-sites-two-
species C2s2s") model of distribution.

Though the interaction constant of plutonium with humic acid is rather high, the
naturally occurring concentration of humic acids should not change seriously the patterns
of its fixation in the far fields of the waste repositories, unless its distribution coefficient
in the rock bed drops below 10 L/kg what depends at most on the nature of filtration
media. The last conclusion is general for other pollutants as well.

Key Words: plutonium complexes, pollutant migration, polyeledrolytes, soil, waste repositories

INTRODUCTION

A close tight exists between the description of sorption and separation processes in column beds,
the frontal chromatography and breakthrough curves in particular <l*13>, the nugration of natural and
antropogenic elements in hydrogeosphere <14"u>, and the recent models of dispersion of pollutants in
condensed matrices of environment (W"24). Models of these processes ensue from an essentially same
type of the equation of convertive diffusion of the species down axis z, i.e. pollutant concentration as
a function of distance, time, and concentrations of other components, cj(z, f, C;...Cj):

- see, e.g.(l3) - where c-, is the concentration of the toh species, w is the fluid matrix flow rate, and/;
is either the rate of species flux in/out of the boundary of diffusion compartment <lfland its reaction
rate with other species fa-n „ c$, and/or the rate of monomolecular (radioactive decay) or pseudo-
monomolecular (photochemical, bacterial decomposition etc.) reactions. E.g., for the first-order,
reversible adsorption there is

) (2)



where ct is the concentration of species on the solid bed surface, Kfi is transfer coefficient of species
with diffusivity Dwj through a fluid film of thickness 3

A. fi = (3)

and Ka is distribution coefficient of solute between the fluid and solid phase. Analytical solution of
Eq.(l) was obtained only for particular functions jt otherwise should be solved numerically.

For inorganic pollutants and radionuclides, the term j] is often omitted, except the
monomolecular type reactions. In case when/i is zero, number of variables in Eq.(l) can be reduced
to Z=zlL and r=tD/L2, and the Eq.(l) gets the form

dc, dci d2ci
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where PeL is Peclet diffusion number, related to migration path L,
u wL

r*L=^- (5)
The dimensionless time x is the diffosion Fourier number related to diffusivity in fluid phase, and the
fluid matrix migration length L

L2 ~
The chemistry of dispersion, i.e. the influence of the solute concentration, the chemical

composition of the fluid phase, and the nature of solid bed is hidden in the retardation factor R{,

n \+rKdi{ dine, )
which is connected with distribution coefficient K& (dm3 kg'1) and the stationary/mobile phase ratio
r=m/V, or the fractional void volume s = p/(p+r), p is density of solid phase. Again, due to simplicity
of mathematical treatment, most of the models use approximation

Adi - ~K&i (8)

i.e.

= ai (9)

where a=0 for Henry's {Ri = const), and a<\ for Freundlich (concave) isotherms.
Thus, the obtaining of c{ as a function of at least three variables is generally complicated and

hard to solve without numerical calculations.
To calculate dispersion of pollutant in water flows, reliable data on distribution coefficients KA

should be known as a fimction of solution composition. It is important, e.g. for design of radioactive
waste depositories or construction of environmental geoinformation systems (EGIS), to posses with
data which are related to easily measured or assessed parameters such as pH, Eh and ionic strength, or
thermodynamic activity of specific ligands <17>19"21'24>



ROLE OF DISTRIBUTION COEFFICIENT IN POLLUTANTS BREAKTHROUGH

During the watei- filtration in rock bed, pollutants are sorbed by solid phase and their migration is
retarded. As a first and good approximation for the velocity of solute movement Vj, there can be
applied the Wicke's equation (1) of a sharp front (the pollutant concentration at flow entrance is c=cF

and immediately behind the front c=0) of solute movement,

w (10)
di

In correspondence with Eqs.(7)-(9), K& can be either a constant, or a function of ct. According to the
equation, when the fluid front reaches a distance L, pollutant appears at a distance z given by relation

"1 *

(11)
di

However, for a slow flow w it is likely that the rate determining factor is a process of solid (or pore)
diffusion of pollutants into the particles of a fixed bed changes the value ct in Eq.(2) till equilibration.
Instead of Eq.(6) there is characteristic time of diffusion within the solid phase,

Fon — —~- (12)
a

where d is diameter of particles. In polydispersed bed, instead of real diameter another effective (e.g.
Sauter mean diameter) beads size parameter can be used.

Large K& values, however, would favour water film diffusion control of sorption and a general
scenario should consider all these factors.

The appearance of pollutant at a certain distance z, down the direction of matrix movement with
the front reaching the length L, is equivalent to the break-point - a conventional ratio of pollutant
concentrations at flow entrance when z=0 and at variable z=z - of solute adsorption in column bed. It
can be calculated by the Rosen's formula(4>5)

l + erf (13)

which is for X»\ a very good solution (when X>50 the deviation from the exact numerical solution
does not exceed 1%). The dimensionless lump variables X, Y, and V we present in the form

TFOP O4)

= 2(\-j-)Fop (15)

Kfd
(16)

The parameters characterise the smearing out of the "binary" sharp boundary of a step input of
contaminated water in an initially clean bed (Fig.l). The variables Y and X are connected with the
solid pore and water film diffusion of the solute (its index / is omitted in subscripts for the sake of
simplicity). X is the effective bed length. At the front of water movement (z=L) Y is zero.
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Fig. 1. Ratio c/cF - Eq.(13) - contour plot

The variable V represents the relative contribution of longitudinal diffusion. The water film
thickness necessary to calculate Kf according to definition (3) can be evaluated<7) a for slow, laminar
flow as

8 = 02d * 0.2d
l + 70dw

(17)
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Fig.2 Contour plot of the c/cF ratio - Eq.(12) - for the half-lenght of fluid migration

When radionuclide is bound by the natural polyelectrolyte (e.g. humic acid), its effective
diffiisivity, charge and sorption affinity is changed. The point is how is it reflected in effective
mobility of the radionuclide in water/soil,rock system.

For simpler (equilibrium or steady-state) models, it is usually assumed that in similar systems
various there is

rKd IL = const (lg)

but in reality the front characterisation is somehow less smooth - see Fig.l where profiles of
boundaries were calculated according to the Rosen's equation (13).

A zoom insight of the diagram on Fig.l for the half-length (z/L=0.5) when log(r^d)=0 shown
in Fig.2 indicates still a very steep shape of pollutant mass-transfer and diffusion zone as a function of
ATd. At higher Fop (far-field) practically disappears the influence of diffusion distortion (its uncertainty



is proportional to \/rfFop), what makes application of simple Wicke's equation definitely sufficient for
a screening assessment of pollutants mobility.

In this respect, the Fourier criterion Fop < 104 can be considered as a definition of the near-
field area from the physico-chemical hydrodynamics point of view (and correspondingly Fov > 104 -
10* for the far-field area) which has a broader meaning than just the migration length L, the dispersity
of solid beads in particular - Eq.(12).

NATURAL LIGANDS OF METAL IONS

Pollutants in aqueous phase may be transferred by fluid flow as the free species and those bound

by

(1) low molecular complexing ligands, presumable carbonates, sulphates and fluorides (!5'18'23>24)

(2) natural polyelectrolytes (28"39)

(3) solid particulates and colloids (30'33)

(4) biota and biota debris(36)

Some of these agents may be of artificial origin and appear in waters as other pollutants.
Schnitzer and Skinner i2t) , Stevenson (29), Benes et al. (30) , and Bertha and Choppin (31) drew

attention to solutions of metal and radionuclides humates an their role in environmental media.

Accurate assessment of metals binding with natural polyelectrolytes in solutions (33) is a very
complex task because of molecular and functional heterogeneity of ligands and polydispersity of
complexes. Their conformers, interaction between charge groups, three-dimensional structure,
conjugation with proteins, and colloid formation make the situation even more complicated. Average
molecular weight is of the order 50 000 to 100 000 daltons (rarely above 250 000 daltons). Several
types of binding sites with various stoichiometry were obtained: carboxyl groups (which are often
used for assessment of total binding capacity of humic substances), but also ethers-, phenylethers-,
aldehyde-, ketone-, and phenol- groups. In acidic region formation of positively charged amide- and
carbamide- sites occurs. Bidentate, metal chelating, sites (phthalate-, salicylate- and also
acetylacetone- type) are abundant by randomised positioning of monofunctional groups. Therefor, the
diffusivity, charge and sorption properties of humate species may vary in a broad interval.

MODEL OF PLUTONIUM HUMATES BEHAVIOUR

Typical models for calculation of distribution of species in water/solid systems are:
1. models of one adsorption site with two or several, usually two, species (Is2s model) in aqueous

solution (30-32)

2. models of several, usually two, adsorption sites of one species (2sls model) (37'3S)

3. models with two adsorption sites and several species (2s2s model) (33'39).
The basic assumptions of the "2-sites-2-species" (2s2s) model involve four basic equilibria: ion

hydrolysis and interaction of the ions with a "free" and "humificated" parts of solid surface (indicated
by subscripts si and s2, when necessary to distinguish the two sites) the fractions of which are l-s and
s correspondingly.

We shall illustrate the approach at the treatment of plutonium distribution in presence of humic
acid (Fig.3). A definite plateau occurs at high concentration of humic (above 0.15 g/L), completely
opposite to the expectation that strong complexation in solution will decrease the distribution ratio at
the high degree of montmorillonite surface covering by humic acid. Such behavior was explained by a
bridge (1:2) complexes formation on surface, at low pH (2.5-3).



Plutonium sorption on montmorillontte
in presence of humic acid
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Fig.3. Distribution of plutonium(TV) as a function of equilibrium concentration of humic acid

According to the 2s2s model, the gross distribution ratio of metal was considered(39) as
_ [Mz+3si +[M(0H)f- j )"3SI +[MAa

u"3 s2

(19)[Mz+ 3+[M(OH)f"JJ+ 3 + [MAV~ 3

The degree of occupation (the fraction of maximal capacity I<& of surface covered by humic acid) s
was obtained from adsorption isotherm, e.g. the Sips isotherm (37'38),

s = F/rao=[c f(k2 + c)]"° (20)
where i«= 0.010 g/g, k2=5.lxl0'3 g/L and«0= 5.9.

Basic equation used for the 2s2s model was

tf"1

(21)

where c and [HPAJ are the mass (g/L) and molar (mol/L) concentrations of humic acid respectively,
[HpA]= cxPEC, and PEC (proton exchange capacity) of Aldrich humic acid was taken to be 3x10'3

mol/g. The second independent variable is aH, the electrochemical activity of hydrogen ions, a is
dissociation degree of humic acid and values log(l-oc) were taken to be -0.22 and -6.32 for pH 3.2 and
§.% respectively. /J^n is the neutral ligand proton competitive constant (L/mol) for equilibrium in
aqueous phase,

Pu4+ + HpA <r> + n H (22)



o _
(23)

and ^m is the neutral ligand proton competitive mass constant (L7g*) of the heterogeneous

equilibrium
14- J.

(24)Pu(OH)3+ + a {HpA} <-> {PuHp.mAa} + m H + + H2O

am [M]Tc( l -a )
The function

was derived from the complexity with hydroxo ions at various pH,

(25)

(26)

(27)

Plutonium(IV) sorption models

10000

Kd(L/kg)

1000

The ratio
4=^d(M)/A:d(MOH)=10 was
conventionally used (dQ exerted
minor influence on the gross
distribution ratio) i.e. on the
free alumosilicate surface the
complex M(OH).<Z-J>* was
considered to be absorbed ten
times less than the more
charged ion M2*".

The non-linear fimction
of distribution ratios is not
trivial but sensitive to the
initial parameters setting and
constrains of regression. Both
the individual and constrained,
and at the end the mutual and
unconstrained fitting (Sigma
Plot 5.0) a set of integer
stoichiometric constants (a, m,
ri) was applied to the data
treatment to avoid local
minima.

The results of data
fitting by various models are
presented in Fig.4. The non-
linear regression for
plutonium(TV) reasonably gave the
best results for the 2s2s model
where m=4, n=3 and a=2, for which the value of neutral ligand proton competitive constant in solution
is log /J°i3(L/mol) = -0.67±0.32, and for binding by humificated surface the neutral ligand proton

competitive mass constant log P24(L /g ) = -3.80±0.72. Distribution coefficients of plutonium
humate between 0.01 g HA/L solution and montmorillonite was derived as log ATd(PuA) =2.25±0.04.

0.5 1.0

saturation degree (s)
- • - • experimental

-A— two-sites-one-species (231s) model (hydrolysis, no complexation)

- O - one-site-tuvD-specfe3 (1s2s) model (no surface change)

- v ~ two-sites-two-species (232s) model

2s2s model with plutonium humate adsorption

Fig.4. Modeling of plutonium distribution as a function of
fraction of humificated surface
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Plutonium speciation
humic acid solution/
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Fig.5. Speciation of plutonium in the humic acid
solution/montmorillonite system

Using the constants obtained at
lower pHs, the speciation of
plutonium was calculated for a
neutral region of pH 6.8 (Fig.5).
As can be seen, at high
concentration of humic acid a
majority of plutonium occurs
bound by humificated surface
and moderate humic acid content
may even increase the
distribution coefficient of
plutonium. At natural abundance
of humic acid in waters (1-50
mg/L), however, most of
plutonium would be bound by
the "free" surface. According to
the model, at pH 6.8 and
concentration of humic acid as
low as 0.015 mg/L about 15% of
plutonium will occur in
hydroxocomplex and 85% would
be bound in humate. This
complexation would cause a
sharp decrease of original
distribution ratio

£d=(8.3±3.3)xlO3 L/kg, up to
the equilibrium concentration of
humic acid 1.5 mg/L; a minimum
obtains at 0.4 mg HA/L, when
the calculated iQ=59 (at the
prevailing sorption on
humificated surface).

However, this phenomenon was
not yet experimentally proved because of problems with the precising of humic acid sorption isotherm
at very low concentrations. In any case, it is an indication that the data obtained with high
concentration of natural polyelectrolyte ligands are useful to differentiate sorption on
alumosilicate/humate complexes, but should not necessarily indicate the lowest distribution coefficient
values obtainable in the systems.

As usual, for assessment of hazardous pollutants mobility, the most pessimistic guess is made.
When the value Kd=60 L/kg may be the lowest value obtainable in presence of natural humic acid by
the montmoriHonite-like materials (bentonites) used as near-field barriers, the phase ratio r=5 kg/L,
linear velocity of water w —1O'S m s"1 , and the time horizon 1000 years (when £=315 m), a step
leakage of plutonium contaminated water should occur at z § 1 m.



Ill

More detail data on sorption of hazardous metals and radionuclides on actual natural bed
materials are necessary to make any assessment more complete and reliable.

Because of understandable difficulties in a very long-last experimental verification (e.g. in
natural conditions, lyzimeters or long columns) of theoretical prediction data or their evaluation (26),
the simulated experiments on influence of Kd on break-through of pollutants are necessary to be
performed at the same Pe^ and Fov similitude criteria, i.e. at higher flow velocity, shorter column
lengths and, last not least, and the finer bed particles. This is the approach which is more accessible
than lyzimetric data and could be realized by a HPLC technique similar to the Taylor dispersion
technique for measuring diffusivities in capillaries (40'41).

*
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