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Abstract

The potential effect of organics on the release of
radionuclides from a low level radioactive waste
repository is discussed. The development of modelling
tools and the experimental procedures at PSI are especially
highlighted. The 'philosophy' is demonstrated with some
practical applications.

Introduction

It is planned to dispose of the shortlived low- and medium
level radioactive waste in Switzerland in an underground
repository [1], Basically, this (SMA-repository) will be a
cement-based repository. The use of large amounts of
cement causes an alkaline environment (pH of the cement
porewater is initially about 13.3) and ensures the slow
release of most of the radionuclides because of their low
solubility at these high pH values and/or their strong
sorption on the cement phase [2].

The radioactive waste coming from the operation of
nuclear power stations and from medicine, industry and
research contains a substantial amount of organic
compounds and can be divided into [2]:

• low molecular weight organics such as EDTA,
NTA, citrate, oxalate.

• high molecular weight products such as bitumen,
polystyrene-based ion exchange resins, cellulose.

Another class of organic compounds that must be
considered is natural organic ligands. In this class of
organics, the fulvic (FA) and hunu'c acids (HA) are
especially important.

The presence of organic compounds in a repository
is generally seen as a negative situation because of
potential complexation reactions between the low
molecular weight compounds and radionuclides or
between degradation products of the high molecular
weight compounds and radionuclides. Complex formation
between organics and radionuclides generally increases the
mobility of radionuclides because their solubility can be
increased and/or their sorption decreased. Thus, the
potential effect of the presence of organics on radionuclide
release from a repository must be estimated in safety
assessment studies. The feasibility of this procedure
depends strongly on knowledge of the type of organics
present in the repository or in groundwater or generated by

the degradation of high molecular weight compounds, on
knowledge of complexation constants for the different
complexes and on knowledge of competing reactions.
Quite large gaps can be observed in thermodynamic data
bases of complexation constants for many radionuclide-
organic complexes. There is also a significant lack of
information about the degradation pathways of the high
molecular weight organics.

The experimental and modelling approach to solve
these problems are outlined in the following sections.

2 Low molecular weight organics

The organic complexation of radionuclides with the four
ligands EDTA (ethylenediaminetetraacetate, NTA
(nitrilotriacetate), citrate and oxalate was studied in some
detail. These four compounds cover a large range of
complexing strengths and represent important classes of
organic ligands. EDTA is one of the strongest non-specific
chelating ligand known, whereas NTA represents
intermediate-range complexes with aminocarboxylic acids.
Both compounds may be present in the radioactive waste
itself, originating from decontamination and clean-up
operations of nuclear facilities. Oxalic and citric acids
form the strongest complexes within their classes of di-
and tri-carboxylic acids, respectively. Oxalic acid is the
most important product of radiolytic degradation of
bitumen and cation exchange resins (see sections 3.2 and
3.3).

The first issue in chemical modelling is to
understand the chemistry of the system. However,
important species determining the chemistry of the
specific system under investigation may be missing in
common data bases due to lack of quantitative data. These
'gaps' or 'holes' in thermodynamic data bases are the most
dangerous pitfalls in chemical modelling as they are
invisible to the incautious user and, thus, may lead to
grossly false conclusions. Therefore, the first step in
modelling the influence of organics on radionuclides in
high pH cement pore waters is to use chemical reasoning
to predict the type of species that may dominate the
speciation. Stability constants which are not available in
the literature were estimated using chemical systematics
and free-energy relations of thermodynamic data [3]. In
cases where little or nothing is known, e.g. about the
formation of ternary metal-ligand-hydroxo complexes, at
least the maximum values of their stabilities were
assessed. Subsequent sensitivity analyses showed whether
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these species are important or not and. thus, gave hints for
further experimental investigations.

Chemical equilibria were computed within the
range of pH 11 to 13 and a range of Ca concentrations
from 0.001 to 0.1 mol.l"! complexation of EDTA. NTA,
citrate and oxalate with Cs. Sr. Ra, Ni, Pd. Tc, Sn, Zr, Th.
U. Np. Pu. Am and Cm. EDTA complexes predominate
only in the case of Ni. In all other cases, the competition
of Ca-organic or metal-hydroxo complexes successfully
prevent any significant influence of EDTA, NTA. citrate
or oxalate on the speciation of these radionuciides [4].

3 The degradation of high molecular
weight organics

3.1 General aspects

When considering degradation of polymers under near
field conditions, two different mechanisms are involved:
radiolytic degradation and alkaline degradation. The
former is caused by the radiation field present in the
repository, the latter by the high pH of tbe cement pore
water. Almost all organic substances are sensitive to
irradation. For the alkaline degradation, two main classes
of polymers have to be distinguished:

• polymers insensitive to alkali. These are the so-
called addition polymers in which the monomers
are molecules with multiple bonds which undergo
true addition reactions (polystyrene, polyethylene,
bitumen).

• polymers sensitive to alkali. These are the
condensation polymers in which a small molecule
(usually water) is eliminated in the condensation of
any two monomer units (cellulose, polyester,
nylon...).

Organic substances are sensitive to irradiation and undergo
chemical changes. These changes comprise i) the
formation of chemical bonds between different molecules,
ii) the irreversible cleavage of bonds resulting in
fragmentation of molecules, iii) the formation and iv) the
disappearance of unsaturated bonds. In the case of
polymers, process i) results in the so-called intennoiecular
crosslinking. whereas chain scission of main bonds leads
to degradation [5]. Consequently, irradiation has a
pronounced effect on the physical properties of polymers.
For the radiolytic degradation of polymers, process ii) is
very important. It is generally observed that irradiation of
polymers leads to the production of small radicals such as
H, -CH3, -CO. -COi. These radicals can recombine with

the polymer itself or with each otherleading to the
formation of H2, CH4. C^H,. The irradiation of polymers
(and organics. in general), thus; leads mainly to the
formation of small, gaseous products.

When studying the effect of irradiation on organic
substances, radiation sources with a high dose rate are
required to do experiments on a reasonable timescale. The
conclusions of the high dose rate experiments are
extrapolated to situations where the dose rate is about

1000-10000 times lower (i.e repository conditions), a
procedure that has often been criticized. There is some
experimental evidence that the dose rate has no, or at least
a small (negligible), influence on the degradation process
and on the nature of degradation products formed [6,7]. It
is the total absorbed dose that determines the amount of a
certain degradation product that will be formed,
irrespective whether this dose has been collected in a short
time (at high dose rate) or over a long time (at low dose
rate). However, since bonds have to be broken, a minimum
amount of energy is required so that a minimum dose rate
is required to initiate the degradation process.

In alkaline degradation, the degradation reaction is
initiated by an attack of OH" on the polymer chain or by
deprotonation of a particular group. As a result, addition
polymers are insensitive to OH". Condensation polymers,
on the other hand, are sensitive and are degraded to
component monomers or to degradation products of these
monomers, depending on the stability of the monomer
under alkaline conditions.

For the degradation of high molecular weight
organics. the following procedure is generally applied in
our laboratory. The organic compound is degraded
chemically or by irradiation. Then, the complexation
capacity of the degradation product is quickly screened by
different simple methods. If a positive effect is seen (=the
degradation products have complexing capacities), the
ligand(s) that is (are) responsible for the observed effect is
(are) identified or characterized as well as possible. If the
compound is known, it is checked whether enough
thermodynamic data are available for speciation
calculations. Missing information can be obtained by
additional measurements or by the previously described
method of estimation (see section 2). Finally, the effect of
the organic degradation products on solubility and sorption
in the near field can be estimated and, from this, the effect
OD repository safety evaluated.

3.2 Bitumen

For more than twenty years bitumen has been used
worldwide to solidify intermediate and lowlevel
radioactive waste. Currently, the spent fuel from Swiss
nuclear power facilities is reprocessed outside Switzerland
and the conditioned wastes will be returned for final
disposal. A portion of this material (3400 tons) will be
bituminous. A small amount (concentrates and ion
exchange resins) also comes directly from the nuclear
power plant in Gosgen

Bitumen is a complex mixture of high molecular
organic compounds (aromatic and aliphatic hydrocarbons)
[8]. Studies of the radiolytic degradation, however, do not
show a complex mixture of organics in solution. Besides a
range of fatty acids, oxalate was the most important
radiolytic degradation product that could be detected in
solution by GC-MS and ion chromatography [9]. The
oxalate is probably formed by the combination of two
CO2 radicals. Titration of the degradation products with
Cu2+, and additional adsorption experiments with Ni2+ and
IX•-?* in presence of the degradation products, showed
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that oxalate was the only ligand of importance in the
mixture of degradation products. It was quite surprising
that the degradation behaviour of such a complex system
was so simple. However, in view of the degradation
processes discussed earlier, it is not so surprising.
Bitumen showed no degradation in alkaline solutions in
absence of irradiation. The potential effect of degradation
of bitumen has been reduced to the evaluation of the effect
of oxalate on radionuclide speciation (see section 2).

3.3 Cation exchange resins

Cation exchange resins are highly cross-linked
polystyrene-based materials with sulphonic acid functional
groups. They belong to the addition polymers and are quite
insensitive to alkaline degradation. Irradiation of cation
exchange resins leads mainly to the removal of the
functional groups. Consequently, a large amount of SO4

2'
can be found in the equilibrium solution after irradiation.
That the backbone of the ion exchange resins (polystyrene)
is very resistant to irradiation can be deduced from the
small amount of organic carbon found in solution. From
chemical analysis and titration experiments with Cu2+, it
was seen that oxalate and an unknown ligand X were the
only substances of importance formed by irradiation of the
resins [10]. The ligand X could be characterized in terms
of concentration, stability constant for the Ni-X complex
and a deprotonation constant. An evaluation of the effect
of both degradation products was carried out following the
procedure described in section 2 [10].

3.4 Cellulose

Cellulose belongs to the category of
condensation polymers and is very
sensitive to alkali. A large part of the
information on alkaline degradation
comes from the paper industry. The
main degradation pathway of cellulose
is the so-called peeling off process.
This is a step-by-step endwise removal
of glucose units. The main degradation
product formed by the peeling reaction
is isosaccharinic acid
(polyhydroxycarboxylic acid) [11,12].
Isosaccharinic acid has been shown to
have a large influence on the solubility
of Pu [13,14]. This can be interpreted
as a strong complex formation between
Pu and isosaccharinic acid. Solubility tests, however, are
not the best way to evaluate the effect of degradation
products on the mobility of r -jionuclides, especially when
the solution contains a mixture of ligands at different
concentrations. The ligand present at the highest
concentration will determine the solubility of the metal.
Highly specific ligands present at low concentration will
not be detected at all. In evaluating the role of organic
ligands on radionuciide release, small amount of metals
have to used in order to detect highly specific ligands
present at small concentrations. Studies of the effect of
ligands on the sorption of a metal - at trace level

concentration - are, therefore, more suitable for evaluating
effects of degradation products.

Since the degradation of cellulose results in a
complex mixture of organic compounds (formic acid,
acetic acid, glycollic acid, isosaccharinic acid...), a
filtering step has to be introduced. In this first filtering
step, one has to identify the most important ligand with
respect to complexation. Isosaccharinic acid might be - at
least quantitatively- the most important degradation
product but this does not mean that it is the most important
product with respect to complexation. As soon as the most
important ligands have been identified, further studies can
be performed. The additional studies have to be designed
in such a way that the information gained is useful for
evaluating the role of the degradation products on
radionuclide release. To model the effect of a ligand on
the speciation of a radionuclide, it is important to know
the stability constant of the complex, the ligand
concentration and possible competing reactions.
Consequently, efforts have to be put into the determination
of stability constants of the complex of interest. Also, an
estimation of the ligand concentration that can be expected
in the cement-porewater is necessary. This involves
studies of the kinetics of the alkaline degradation of
cellulose, the adsorption of the degradation products on
the cement, the stability of the degradation products in the
high pH cement water, etc. [15]. Finally, important side
reactions that might occur in the cement pore water have
to be identified.

Fig. 1: Molecular structure of a humic acid.

4 Natural organic ligands

4.1 General aspects

Natural organic ligands, especially FA and HA, are high
molecular weight compounds with carboxylic and
phenolic functional groups (Fig. 1). These compounds are
known to form stable complexes with many metals [16].
The stability of the complex depends strongly on the pH of
the environment. Besides solubility effects, this means that
HA and FA can affect the migration of radionuclides
through the geospbere by lowering their adsorption on the
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surface of water-beanng fissures and. depending on the
molecular size of the radionuclide-HA/FA complex, by-
hampering matrix diffusion. Further. HA and FA can also
influence the bioavailabiiity of radionuclides in the
biosphere. HA and FA thus have the potential to accelerate
the migration of radionuclides to the biosphere and it is,
therefore, important to know whether or not effects of HA
have to be considered in safety assessment studies.

Calculations with geochemical codes such as
PHREEQE and MINEQL could be very useful to estimate
the effects of HA and FA. The main problem, however, is
the lack of usable data on stability constants of
radionuclide-HA complexes. Most data reported in the
literature have been determined under conditions that are
irrelevant for most af the safety assessment studies (i.e.
low pH, high ionic strength) [17]. As stability constants of
radionuclide-HA complexes depend strongly on the pH
and ionic strength of the solution and can increase by
several orders of magnitude when the pH rises from 6 to 9,
these data cannot be used to predict speciation in the
slightly alkaline conditions typical of most host-rock
waters currently under investigation in Switzerland. A
quite intensive measuring programme had to be set up to
estimate binding constants for radionuclide-FA complexes.
Also, a simple model to describe the interaction between
radionuclides and FA was developed.

4.2 Experiments

As already discussed in the introduction, the problem of
the evaluation of the potential role of humic and fulvic
acids is the lack of conditional stability constants for
metal-humic acid complexes. The reason for this gap is
mainly technical: it is difficult to determine stability
constants at pH values beyond neutral because of the
hydrolysis of many radionuclides at higher pH values. A
new technique was developped which allows the
determination of conditional stability constants over a
broad pH and ionic strength range. The new technique is a
combination of equilibrium dialysis and ligand exchange
(EDLE)[18].

Basically, the EDLE technique measures the
stability constant of the radionuclide-HA complex relative
to a reference radionuclide-L complex of known stability.
From the distribution of the radionuclide (M) between the
humic or fulvic acid (HA or FA) and the reference ligand
(L), the stability constant of the radionuclide-HA complex
can be calculated.

4.3 Modelling

Conditional stability constants of metal-HA complexes for
a number of metal cations (Co2+, Ni2+, UO2

2+, Ca2+,
NpO2

+) have been measured within a broad range of pH (5
- 10) and ionic strength (0.02 - 0.2M) (Fig. 2). Based on
these experimental data, a simple but chemically
reasonable model was developed with the goal of finally
assessing the influence of natural organic ligands on the
speciation of radionuclides.

Two different complexing sites have to be assumed
in order to model the observed pH dependency of the
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Fig. 2: Conditional stability constants for complexes
between an Aldrich humic acid and Co2+, M2+,
UO2

2*, Ca2\ NpO2* as a function ofpH (I =0.1M).

conditional stability constants. The first class comprises
weak complexing sites (Lw) which are fully deprotonated
beyond pH 6. The interaction of these sites with metal
cations can be written as: M + L, » MLW. From a
structural point of view these sites are assumed to consist
of two adjacent carboxylic acid groups forming bidentate
chelate complexes with metal cations (phthalic acid type).
The second class comprises strong complexing sites (Ls)
which, in contrast to the first class, are not completely
deprotonated. The interaction of these sites with metal
cations are, thus, written as: M + HLs <=> MLS + H+. This
explains the observed pH dependency (with slope of nearly
one) of some conditional stability constants. From a
structural point of view, these strong sites are assumed to
consist of a fully deprotonated carboxylic acid group
adjacent to a protonated phenolic group (salicylic acid
type). Strong bidentate chelate complexes are formed with
metal cations via a proton exchange reaction as described
above. If only the decoupled equilibria M + Ls <=> MLS

and H + Ls <=* HL, are considered, the protonation
constants of HLS and the stability constants of MLS

complexes may vary several orders of magnitude,
depending on the nature of the substituents. A statistical
analysis of Fe3* stability data, however, shows that both
equilibria are highly correlated with slope of one (Fig. 3)
and, thus, the exchange equilibrium M + HLS <=> MLS +
H+ may be considered constant to a first approximation.

This simple ligand mixing model, however, cannot
explain the observed dependency of conditional stability
constants on ionic strength. An electrostatic term has to be
introduced mto the model to account for the observation
mat macromolecules, such as humic acids, accumulate
negative charges with increasing pH, due to the
deprotonation of acidic functional groups. These
accumulated negative charges have a strong influence on
the complexation equilibria, conveniently considered by
the additional electrostatic term. A thorough analysis of
the existing models which describe such electrostatic
effects showed that all (applicable) models are based on
idealized assumptions [19,20,21] and that the model
predictions cannot be discriminated within the scatter of
experimental data. The use of the most simple model for a



pKa

3: The protonation constants (pKa) and the Fe(lll)
complexation constants (logK) of substituted
phenols and salicylic acids are highly correlated
(slope one). The exchange equilibrium Fe3* + HL
« FeL + tT thus, can be considered constant to a
first approximation.
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Fig. 4: The intrinsic stability constants (logK) of the
natural organics model are compatible with the
stability constants of small organic ligands. The
intrinsic constants of one metal cation (e.g.. Co2*;
arrows) can. thus, be used to estimate the intrinsic
constants of other metal cations (e.g. NpO2* UO2

2+;
big symbols: constants fitted on experimental data).

pragmatic approach can, therefore, be justified. The
consistency of the natural organics complexation model
with common chemical knowledge can be seen in the fact
that the intrinsic ML« and MLS stability constants are
compatible with the stability constants for small organic
ligands. Therefore, correlations of stability constants of
small molecules can be used in order estimate the
complexadon behavior of natural organics with different
metal cations, based on experimental data for one metal
cation (Fig. 4).

5 Summary and outlook

When looking back over the past few years, the main
lesson learned may be described in terms of a working
example of synergy. The combined efforts of applying
problem-specific well designed experimental methods and

careful chemical modelling, using chemical systematics
and data correlations, proved to be the most efficient way
to solve a number of 'unsolvable' problems in the field of
organics within tight constraints of time and manpower.
The present state of the art may be summarized as follows.

• General methods have been outlined for treatment
of the vast amount of low molecular weight organic
material possibly influencing the release of
radionuclides from radioactive waste repositories.
For special cases (high pH cement pore waters), the
feasibility of these methods was shown in a detailed
study. The influence of small organics on the
complexation of radionuclides was discussed in
detail, problem areas were identified and hints for
further experimental investigations given.

• The degradation of bitumen and cation exchange
resins was experimentally investigated. The
conclusive results revealed that only few small
organic ligands such as oxalate are important
degradation products. The influence of these small
ligands on radionuclide complexation was
estimated using the methods of chemical modelling
described above.

• The influence of humic and fulvic acids on
radionuclide complexation was studied within the
range of chemical parameters of common
groundwaters. The experiments revealed consistent
results for a number of metal cations. The
subsequently developed simple but chemically
reasonable complexation model based on the
experimental data now provides a valuable tool to
assess the influence of these natural organics on
speciation and mobility of radionuclides in the far
field of a radioactive waste repository.

Although immense progress on "how to tackle organics'
has been made, there is still a large amount of work to do:

• The bits and pieces of the small organics model will
be included in a more general model to assess the
influence of these low molecular weight organics
on heavy metal complexation. The applications and
limitations of this approach have to be discussed in
some detail. The study on organics complexation in
high pH cement pore waters will be extended to
lower pH waters and representative examples
worked out in detail. The necessary tools, such as
thermodynamic data bases and computer programs,
have to be documented in such a way that they can
be used with ease and that in the future specific
questions can be answered without problems.

• Cellulose has been identified as the most
problematic organic in a radioactive waste
repository. Studies of the alkaline degradation of
cellulose and its effect on radionuclide release will
be a main activity in the next years.

• The role of cement additives on the release of
radionuclides is also an open question which has to
be answered. The degradation of cement additives
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and its effect on radionuclide release will also be
one of the main research topics for the coming
years.

• The work on HA and FA will be finished by the end
of 1994. Only a few additional experiments have to
be carried out resolving the role of major cations
such as Ca2* and Mg2* on the interaction of HA/FA
and radionuclides. The model describing the
interaction of HA/FA with heavy metals will be
integrated in existing speciation codes.
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