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2. Executive Summary

Objectives

The project aims to improve the scientific basis for the assessment of performance and safety
in waste management. It is providing fundamental knowledge about the behaviour of
actinides and fission products in natural aquatic systems. The project focuses on key areas
where further research is essential, including: 1) understanding of the mechanisms that govern
the interaction of actinides and fission products in natural aquatic systems; ii) closing existing
gaps in the available thermodynamic database; and 1iii) reducing uncertainties in currently
used thermodynamic constants.

Challenges to be met
The investigations were focus on the following key issues:

Thermodynamics of aquatic actinides. To eliminate the most serious deficiencies in the
thermodynamic database for the actinides, the following chemical reactions have been
studied: hydrolysis and complexation of tetravalent ions, ternary complex formation,
phosphate complexation and the redox behaviour of actinides.

Thermodynamics of solid-water interface reaction :To provide a thermodynamic basis for the
quantification of sorption reactions of actinide ions onto mineral phases, the reactions at the
solid-water interface have been studied for mineral phases such as goethite, magnetite,
alumina, silica, clay and rock-forming minerals. A spectroscopic study on the sorbed species
was aimed to provide molecular-level process understanding for the validation of
thermodynamic sorption models.

Thermodynamic properties of secondary solid phases. The formation of secondary solid
phases is considered to be one of the key processes for the immobilisation of radionuclides in
the environment, but is not well understood jet. To develop basic understanding of the
incorporation mechanism of actinides into the bulk matrix the study is focussed on calcite as a
model mineral. In a addition other relevant secondary phases such as phosphates have been
included in this study.

To tackle the challenging problems classical wet-chemistry methods were combined with
various laser and synchrotron based spectroscopic speciation tools. Quantum chemical
methods have been proven as very powerful and reliable to predict the properties of actinide
complexes.

Achievements

In all the working fields notable progress has been achieved during the project, which is
documented in a high number of original publications. Only few highlights are summarized
below.

A notable breakthrough has been achieved filling serious gaps in the database for the
solubility, hydrolysis and carbonate complexation of tetravalent actinides, necessary to predict
the geochemical behaviour of e.g., plutonium. The understanding of actinide complexation
with small organic ligands, which may serve as model compound for natural organic matter,
has been substantially increased using various spectroscopic methods and theoretical
approaches. Computational methods have been applied for the first time to chemical problems
related to nuclear waste disposal. It is envisaged that these tools will play an important role
for future investigations on the coordination chemistry and thermodynamic of actinides in
natural aquatic systems.
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The cooperation of different laboratories with expertise in either spectroscopic actinide
speciation or profound experience in modelling surface sorption reactions provided an
improved understanding of actinides interaction at the mineral/groundwater interface.
Mechanistic insight into the sorption of U(VI) on iron oxides including surface enhanced
redox reactions has been achieved as well as the elucidation of the speciation of trivalent
actinides sorbed onto alumina and clay minerals. The first application of the grazing incidence
X-ray absorption spectroscopy (GIXAFS) and TRLFS represents a huge step forward towards
the spectroscopic characterisation of surface sorbed actinides at even trace concentration
level. For the prediction of the U(VI) sorption onto rock minerals (phyllite and granite), a
‘composite’ model has been parameterised successfully using sorption data derived for the
mineralogical rock constituents.

The combination of wet chemical methods, surface analysis and spectroscopic techniques
available in the different laboratories of the project partners helped in improve the basic
understanding of solid solution formation of trivalent actinides with calcite, which was
studied as model mineral phase. Two different actinide species could be identified by laser
spectroscopy, at least one of them is incorporated into the bulk structure. Based on a
comprehensive set of sorption data obtained by coprecipitation experiments the solid solution
formation was modelled for various charge compensation mechanisms. A number of
mechanisms and possible species could be excluded. Thus a big step forward to the
understanding of the underlying processes was made, even if a final model consistent with all
sorption and spectroscopic results is still missing. Important results have also been obtained
for the solid solution formation of radionuclides with other mineral phases, such as barite,
phosphates and calcium silicate hydrates (CSH). The latter secondary phase is formed by
cement degradation. The results gained in the ACTAF project indicate that inclusion in
secondary phases can lead to a strong actinide retention in the repository or the surrounding
geosphere.
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3. Objectives and Strategic Aspects

Socio-economic objectives. Maintaining and improving a competitive European industry is
requiring stable energy policies within the community. The strategic relevance of this project
is directly related to present and future energy policies within Europe. A pre-requisite for
political decisions, is a clear idea of the possible energy options available, their technical
feasibility, cost, environmental impact and public acceptance. Nuclear energy will be one of
these options only if Europe is able to maintain a high level of expertise and competence on
nuclear energy and safety, and if public acceptance of waste disposal can be obtained.
Assessment of the long-term safety of nuclear waste disposal must be based on scientific
understanding of the key safety-determining processes. The focus of the ACTAF project is
on issues of this type. The scientific community provides, through open publication and peer
review, an independent forum for discussion, verification and validation of scientific results.
This is of key importance for confidence building and acceptance both within the scientific
community and in the community at large.

The present project involves co-operation between four large research institutes, several
universities and a SME. In addition to being an efficient organisation for multi-disciplinary
work, this network is providing young scientists with the possibility to use state-of-the-art
equipment, which is not generally available, and to get accustomed to present problem-
solving approaches on an international basis. This will not only broaden their technical
competence, but should also foster their scientific development by co-operation with scientists
from other cultures and by exposure to different scientific environments and traditions.

Large scale socio-economic systems need be accepted by the majority of the community.
Well-executed and presented scientific basis for nuclear waste management is a prerequisite
for public acceptance of nuclear energy and thereby for political decisions. The ACTAF
project is improving discussion of future energy options on a factual basis.

Scientific/technological objectives.

The objectives of the ACTAF project are to improve the geochemical basis for the
performance assessment of nuclear waste and spent fuel disposal by experiments and model
development. The project is directly linked to performance assessment.

The ACTAF project will provide a fundamental understanding of key processes that will help
to demonstrate the technical feasibility of geological disposal of radioactive waste and spent
fuel. By investigating the basic physico-chemical processes to be expected in the various
barrier systems, the project will provide data useful for the selection of management
strategies. Safety and performance assessment models may be simplistic in the sense that
detailed molecular features of the system must be lumped together into operational
parameters. Therefore, it is of particular importance that the simplifications are based on the
scientific understanding of the underlying phenomena and estimates are given for the
uncertainties in the simplifications. The project will provide such scientific justification for
the use of resulting approximate operational parameters that are directly relevant to repository
safety assessment studies.

This project will enhance the existing international co-operation in ongoing database
activities, e.g. the NEA-Thermodynamic Database or the Sorption Forum Project. In contrast
to these activities, the project includes a very strong experimental component, as well as
direct interactions between experimentalists and modellers. The research project is aimed at
nuclear waste issues. Due to its generic nature the results are useful also in other contexts, and
in particular when addressing other types of environmental problems.



ACTAF FINAL Report 23.04.2004

4. Synthesis Report

Introduction

The project started 01.09.2000 and had a duration of three years. The present report comprises
the results obtained within the full project duration. Earlier obtained achievements reported in
two progress reports (01.09.2000-31.08.2001 and 01.09.2001 — 31.08.2001) are included.

Research on actinide chemistry has been already subject of previous EU research programmes
as e.g. MIRAGE (European Network on the Migration of Radionuclides through the
Geosphere, 1983-1995). The importance of gaining insight into the geochemistry of fission
products and actinides and to create quantitative data sets within European cooperation
networks is considered high. The ACTAF project is a direct consequence of a preceding
concerted action entitled "Joint European Thermodynamic Database for Environmental
Modelling - JETDEM" and published in the Nuclear Science and Technology series under
EUR 1913 1EN (Kim, et al. 2000). Within JETDEM a number of requirements and open
questions have been identified. These requirements are related to the needs of generating a
consistent thermodynamic database for actinide and fission product geochemistry and the
understanding of fundamental geochemical aspects appropriate to be used for the performance
and safety assessment in nuclear waste disposal.

ACTAF aims to improve the scientific basis for the assessment of performance and safety in
waste management. It is providing fundamental knowledge about the behaviour of actinides
and fission products in natural aquatic systems. The project focuses on key areas where
research is essential, including: i) understanding of the mechanisms that govern the
interaction of actinides and fission products in natural aquatic systems; ii) closing existing
gaps in the available thermodynamic database; and iii) reducing uncertainties in currently
used thermodynamic constants. Investigations focus on the following key issues: the
thermodynamics of aquatic actinide ions, the interaction of actinides and fission products at
the solid/aqueous solution interface, and the thermodynamics of secondary solid phases.

The state-of-the-art with respect to thermodynamic data of actinides as was identified by the
JETDEM concerted action is summarized in Fig. 1 (Kim et al., 2000; Kim, 1999). Among the
actinide ions, knowledge was poor for ternary complexes, interface reactions, solid solutions
and all processes of ions in the tetravalent oxidation state. As also shown in this figure,
considerable progress has been made in all these previous problem areas by the ACTAF
project.

The following final report provides an overview on the achieved results broken into the
individual work packages. It should, however, be noted that details on the scientific output is
rather available from the published papers. The ACTAF group produced an unforeseen
number of publications in peer-reviewed international journals. A compilation of these papers
is printed as an Annex to the present Final Report in a separate volume. It has to be
furthermore mentioned that a part of the thermodynamic data developed during the present
project has been already implemented into an update of the international OECD, NEA
thermodynamic data base (Guillaumont et al., 2003).

10
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Fig. 1: Comparison of knowledge level prior to and after the ACTAF project. Description of the situation prior to
the ACTAF project was elucidated within the JETDEM project and summarized by Kim et al, 2000 and
Kim, 1999.

Description of work
According to the key issues the project is structured into three work packages:
Thermodynamics of aquatic actinides

To eliminate the most serious deficiencies in the thermodynamic database for the actinides,
the following chemical reactions are being studied: hydrolysis and complexation of the
tetravalent ions, formation of ternary complexes, complexation with phosphate, and actinide
redox behaviour. To tackle these problems, classical wet-chemistry methods are combined
with highly sensitive laser spectroscopic tools. In co-operation with theoretically oriented
groups out-side the ACTAF consortium semi-empirical and more direct theory-based methods
for the prediction of chemical behaviour in actinide systems are being developed and applied.

Thermodynamics of solid-water interface reactions

To provide a thermodynamic basis for the quantification of sorption reactions of actinide ions
onto mineral phases, the reactions at the solid-water interface are being studied by a
combination of classical wet-chemistry and direct speciation methods. The species of U(VI),
Cm(IIl) and Ln(II) at the solid-water interface for simple model mineral phases (e.g.,
alumina, silica, goethite, magnetite, illite, etc) are being characterised and quantified by e.g.,
laser fluorescence spectroscopy (TRLFS) and X-ray absorption fine structure spectroscopy
(EXAFS). Based on this molecular-level process understanding, appropriate thermodynamic
sorption models will be developed. A composite approach is generated for the description of
U(VI) sorption to natural rock.

Thermodynamic properties of secondary solid phases

The formation of secondary solid phases is considered to be one of the key processes for the
immobilisation of radionuclides in the environment. The mechanisms by which a radionuclide
is bound to a mineral are of fundamental importance and at present, not well understood. To

11
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develop basic process understanding and data for the impact of secondary solid phase
generation, the study is focussed on calcite and the phosphate minerals. As an important
secondary phase generated during cement corrosion hydrated Ca-silicate phases (CSH) have
also been considered. Surface sensitive spectroscopic and nanoscopic techniques are being
used in combination with wet-chemistry and radioanalytical methods.

The main achievements of the ACTAF project are summarised below for each of the work
packages. According to the ACTAF working plan the work packages are further subdivided
into tasks. As however, the achieved results in the various research areas are not distributed
evenly, the tasks have been rearranged with respect to the original working plan.

Work package 1: Thermodynamics of aquatic actinides: Experiments to improve the
database of unknown or uncertain data

Solubility, colloid formation, hydrolysis and carbonate complexation of tetravalent
actinides. The activities within the ACTAF project were focussed on experiments to improve
the database on these reactions, which are most important with regard to the geochemical
modelling of Th(IV), U(V), Np(IV), and Pu(IV) in natural aquatic systems. Classical
experimental methods (solubility studies, ultrafiltration, X-ray diffraction, absorption
spectroscopy) were applied as well as modern techniques like laser-induced photoacoustic
spectroscopy (LIPAS), laser-induced breakdown detection (LIBD) and X-ray absorption fine
structure (XAFS) spectroscopy. As an outcome of the systematic experimental approach, a
complete set of hydrolysis constants and solubility products for crystalline and amorphous
oxide/hydroxides of tetravalent Th, U, Np and Pu have deduced, which have been included in
the most recent update of the OECD/NEA thermochemical data base (Guillaumont et al.,
2003).

The investigations have shown that the solubility of Actinide(IV) hydroxides can be increased
by 3 - 4 orders of magnitude due to the contribution from colloid formation. Such colloids are
found to remain stable up to investigation periods of 400 days, indicating that they might be
stable or at least long-time metastable species. The quantification and modelling of the total
solubility (including stable or metastable eigencolloids) is not only relevant for the tetravalent
actinides but is also of particular interest for the geochemical evaluation of oxide/hydroxide
colloids of Fe, Al, and Si, which are known to act as potential carriers for actinide migration.
Quantum mechanical calculations on the Th(OH), structure give a strong indication that
formation of oligomers (i.e. the tetrameric Th(OH)4) is energetically favored over that of the
monomer.

Progress has also been made towards an appropriate geochemical modelling of tetravalent
actinides in carbonate solution. The careful evaluation of different sets of experimental data,
revealed the predominant existence of the ternary hydroxo carbonate species Th(OH)(CO3)s>
and Th(OH)y(COs),> and less important Th(OH),(COs)(aq), Th(OH);(COs)" and
Th(OH)4(CO3)* under a wide pH and carbonate concentration range. These data can be taken
as a basis for the thermodynamic modeling of tetravalent actinide solubility in presence of
carbonate.

Complexation of actinides with small organic ligands. A clear step forward has been made
in the understanding of the interaction of actinides with small organic ligands, such as a-
hydroxo carboxylic acids, which are of relevance regarding the complexation properties of
natural organic matter and wood degradation products. Even at pH <3 strong complexes can
be formed through coordination with the a-hydroxy groups. Combination of various
spectroscopic methods revealed the importance of steric arrangement of the functional groups
acting as complexing ligands and allowed the derivation of a number of thermodynamic

12
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complexation data. Also in this task, the use of up to date spectroscopic data as the fs-Time
resolved laser fluorescence spectroscopy (TRLFS) and X-Ray absorption spectroscopy
(EXAFS) proved as valuable tools to tackle such problems.

Complexation with minor ligands. The fact that in natural systems uranium, thorium and
REE are frequently found enriched in phosphate minerals explains the importance to
understand actinide interaction with phosphate. The complexation constants derived for the
phosphate and arsenate complexation of U(IV) and U(VI) are certainly helpful to describe the
uranium behaviour in abandoned uranium mine sites. But the data provided in this task
represent also a valuable brick for the modelling of actinide behaviour in a nuclear repository
system supplied with e.g. hydroxoapatite as a backfill material.

Redox behaviour of actinides. The redox chemistry of mainly uranium (1) during dissolution
of spent fuel and (2) in interaction with iron from container material was the content of
studies in this subtask. Dissolution rates of UO; have been derived in the presence of H,O; as
a radiolysis product. The influence of groundwater carbonate concentrations has been
considered of minor importance. Reduction of U(VI) by iron corrosion products appears to be
quite dependent on the presence of H;, overpressure which is assumed to exert a synergistic
effect. The experimental data may be helpful to understand as well the influence of H, on the
groundwater corrosion of spent fuel. H, overpressure is supposed to be largely inhibiting the
dissolution of uranium from UO; and spent fuel.

Mechanistic understanding on the underlying redox processes are quite scarce. A first insight
is provided by quantum mechanical calculations looking at the structure of intermediate
U(VI) —OH-Fe(II) complexes occurring during the reduction of U(VI) by Fe(II).

Computational actinide chemistry. As already mentioned above, theory computational
methods (molecular modelling) are implemented into the geochemical investigations of
nuclear waste disposal problems. The studies provided precise structural information on the
actinide interaction with inorganic and organic ligands relevant in groundwater systems close
to nuclear waste repositories. Such information can be used to develop or to validate
thermodynamic models especially there where where chemical species are not directly
accessible by spectroscopic methods. Improved methods have been developed to describe
solution chemical thermodynamics with a much better accuracy than any method developed
so far. Accuracies of predictions are 10 kJ/mol, or better. The results indicate that quantum
chemical methods provide not only insight into the microscopic basis of macroscopic
thermodynamics, but also a useful test of empirical estimation methods.

Work package 2: Thermodynamics of solid-water interface reactions (sorption
phenomena)

The work performed within this work package was focussed on various mineral phases such
as iron oxide/hydroxides, alumina, silica, clay minerals and rock constituents. The first three
of the following tasks were addressed to derive a comprehensive set of experimental data and
to deduce sound thermodynamic data in terms of a state-of-the-art surface complexation
model. Within the last task spectroscopic methods were applied to test whether the surface
complexation models presently available are appropriate to describe the interface reaction of
highly charged actinide ions correctly.

U(Vvl) and Pu(lV) onto magnetite and goethite. Both mineral phases are important
constituents either of corrosion products tentatively generated in a nuclear repository or rock
and sediments in the far field of a disposal site. The data are described by fully parameterised
state of the art surface complexation models. Under anaerobic conditions a slow reduction of

13
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U(VI) to U(IV) is observed in the presence of magnetite. Experiments on Pu sorption to both
oxides were much more difficult to interpret due to redox and colloid formation processes.

Eu(l11) and U(VI) onto Na-illite. The illite is considered to be the mineral phase dominating
the sorption of radionuclides in clay rocks which are discussed as appropriate host rock for a
nuclear waste repository. A combined non-electrostatic ion exchange and surface
complexation model was developed to describe the experimental data. The speciation for both
surface sorbed metal ions is followed by spectroscopic speciation methods. EXAFS obtained
at pH = 5 and 6 for sorbed U(VI) verify the existence of inner-sphere complexes and the
absence of polynuclear species. Eu(Ill) speciation is spectroscopically investigated covering
the complete pH range from 3 to 13 by TRLFS using the chemical homologue Cm(III) as a
fluorescence probe. Emission spectra and fluorescence lifetimes are compatible with the
surface complexation model in so far as with increasing pH ternary surface complexes like
=S-0-Euw/Cm(II1)(OH)*™ are formed. Even though the quantitative interpretation of
spectroscopic data is not yet complete, it is clear that the basis of the sorption model is
supported by the independent spectroscopic information. The approach of combining
chemical sorption data with independent spectroscopic information is found to be
indispensable for the development of surface complexation data on a high confidence level.

U(VI) onto phyllite and granite. Both rocks may play a relevant role in retention of actinides
in nuclear repository and abandoned mine areas. The approach applied used surface
complexation constants obtained for the rock constituents, i.e. pure mineral phases, to predict
successfully the sorption onto the whole rock. In the case of phyllite it turned out that
ferrihydrite generated as a secondary phase under oxidizing conditions dominated the U(VI)
sorption, while for the granite no alteration is observed within the time period of the
experiments. Both the concepts discussed above, (1) quantification sorption to the isolated
mineral which dominates the sorption in the natural rock, and (2) the composite approach
appear to be appropriate approaches to tackle the problem of creating thermodynamic sorption
data for natural rock. The growing availability of spectroscopic information on the structure
and chemical nature of sorbed species is considered as an important validation tool for such
concepts and have to be developed further.

Spectroscopic speciation of interface reaction of Cm(lI11). The speciation of Cm(III) sorbed
onto model mineral phases such as silica, alumina and aluminosilicates has been studied by
TRLFS. It was found that TRLFS is a versatile tool to characterise and quantify the sorbed
species at the mineral/water interface at trace level concentration range. Various sorption
mechanism such as ion exchange in clay interlayers, specific adsorption at functional groups
or incorporation into the bulk structure, could be distinguished. Furthermore, the formation of
ternary hydroxo complexes of the sorbed Cm(III) with increasing pH could be traced. To gain
more detailed information on the influence of the surface heterogeneity and of the surface
potential on the interaction of the actinides with the surface, sorption reactions have been
studies with different planes of a-alumina single crystals. Various spectroscopic and
microscopic methods, such as TRLFS, GI-XAFS, XPS, AFM and non-linear IR spectroscopy
were applied to elucidate the interface reactions in this model system. First successful
experiments reveal that the crystal plane influences the structure and extend of actinide
sorption. As such, these investigations provide indispensable prerequisites for the
development of sorption model approaches.

Work package 3: Thermodynamics of secondary phase formation

The originally planned work was focussed on calcite and phosphate minerals. Both solids are
found in nature with considerable contents of REE and natural actinides and are known to
form solid solutions. Calcite has been used as a well characterised model mineral phase with

14
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good crystallisation properties. During the project phase other mineral phases such as barite
and calcium silicate hydrates have been included in the study.

Formation of solid solutions of actinides with calcite. The scientific approach again
comprises wet chemical coprecipitation studies, spectroscopic speciation of interacted
actinides and geochemical modelling efforts. Atomic Force Microscopy has been additionally
applied to gain insight into the influence of sorbed trace elements on the crystal surface
structure. Eu(Ill) and Cm(IIl) have been chosen as representatives of the trivalent actinides
because of their favoured spectroscopic properties. The spectroscopic results revealed that the
two species are sorbed to the calcite. The first one is incorporated in the bulk structure
without any water, whereas the second one, which is partly hydrated could be a surface
complex. Carefully performed coprecipitation experiments proved the strong interaction of
actinides with calcite and provided comprehensive sorption data. The essential question for
modelling of the experimental results is to identify the mechanism of charge compensation. A
number of mechanisms and possible species could be excluded. A big step forward to the
understanding of the underlying processes was made. Efforts are ongoing to clarify open
questions and then to come to a thermodynamic model consistent with spectroscopically
identified species.

Formation of solid solutions of radionuclides with other mineral phases. Incorporation of
REE into phosphates and trivalent actinides into CSH phases is also concluded from
experimental data. The understanding on the underlying mechanisms has been increased
considerably during the project. However, the development of a consistent solid solution
model is also in these systems still underway.
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5. Scientific and technical performance

5.1 Work-package 1:

Thermodynamics of aquatic actinides:
Experiments to improve the database of unknown or
uncertain data

Summary of the specific project objectives

To eliminate the most serious deficiencies in the thermodynamic database for the actinides,
the following chemical reactions are being studied: hydrolysis and complexation of the
tetravalent ions, formation of ternary complexes, complexation with phosphate, and actinide
redox behaviour. To tackle these problems, classical wet-chemistry methods are combined
with highly sensitive laser spectroscopic tools. In co-operation with theoretically oriented
groups out-side the ACTAF consortium semi-empirical and more direct theory-based methods
for the prediction of chemical behaviour in actinide systems are being developed and applied.

Structure of the work-package and contributing partners

5.1.1 Solubility, colloid formation, hydrolysis and carbonate complexation

of tetravalent actinides (FZK, FZR)
5.1.2 Complexation of actinides with small organic ligands (KTH, FZR)

5.1.3 Complexation with minor ligands (FZR, KTH)
5.1.4 Redox behaviour of actinides (UPC, KTH)
5.1.5 Computational actinide chemistry (KTH, UPC)

16
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5.1.1 Solubility, colloid formation, hydrolysis and carbonate complexation
of tetravalent actinides

Introduction

The activities within this subtask were focussed on the hydrolysis reaction of Th(IV), U(IV),
Np(IV) and Pu(IV) combining classical solubility measurements with new spectroscopic
techniques and theoretical approaches. Of special interest is the influence of colloid formation
on solubility data. Further experiments were focussed on the formation of mixed hydroxo-
carbonato complexes of Th(IV). The work was performed by FZK and FZR.

The literature on the solubility and hydrolysis of tetravalent actinide ions was critically
reviewed by FZK at commencement of the project [1]. See results are summarized in Table
1.1.Hydrolysis constants were selected preferentially from experimental studies, where the
interference of colloid formation was to be excluded. Unknown formation constants of
mononuclear complexes were estimated by an empirical correlation from known constants of
other actinide ions applying a new semi-empirical electrostatic model [2]. Based on the
known and estimated hydrolysis constants, the solubility products of An(OH)i(am) or
AnO,xH,O(am) were calculated from experimental solubility data, using SIT for ionic
strength correction. The derived comprehensive set of thermodynamic constants for the
solubility and hydrolysis of Th(IV), U(IV), Np(IV) and Pu(IV) establish an important
guideline for the experimental work within the ACTAF project.

Experimental studies were performed particularly with Th(IV) but also with U(IV), Np(IV),
and Pu(IV). The redox-stable Th(IV) is used as surrogate to investigate the solubility beha-
viour and stability of An(IV) oxides/hydroxides, the influence of eigencolloid formation on
the solubility and to identify and quantify the predominant aqueous species in the ternary
system An(IV)-OH-CO;. Classical experimental methods (solubility studies, ultrafiltration,
X-ray diffraction, absorption spectroscopy) were applied as well as modern techniques like
laser-induced photoacoustic spectroscopy (LIPAS), laser-induced breakdown detection
(LIBD) and X-ray absorption fine structure (XAFS) spectroscopy. The results obtained within
the project are summarized below. A recent summary was presented at Migration'3 [3].

Table 1.1 Selected thermodynamic constants for An(lV) hydrolysis species, solid oxides
and hydroxides at 25 °C [1]

Th(IV) u(Iv) Np(IV) Pu(IV)
log K’

AnO;(cr) -542+1.3 60.9+0.4 -63.7+4.8 64.0+1.2

An(OH)4(am) /

AnO,xH,0(am) -47.0+0.8 545+1.0 -56.7+0.5 -58.5+0.7
log K’14) (exper.) -85+06" -85+1.0" -9.0+1.0” -10.4 £ 0.5
log B% 11.8+0.2 13.6+ 0.2 145+ 0.2 146 +0.2
log B°12 22.0+0.6 269+ 1.0 28.3+0.3 28.6+0.3
log B%3 31.0+1.0 37.3+1.0? 39.2+1.0? 39.7+0.4
log B %4 385+ 1.0" 46.0 +1.4" 477 £1.1° 475+05

48.1+0.9"

a) Estimated

b) From experimental solubility data in neutral to alkaline solutions:

log K14 = log [An(OH)4(aq)] = log K’s(AnO,xH,0(am)) + log B 14

Solubility of amorphous Th(IV) hydroxide
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The solubility of amorphous Th(IV) hydroxide at pH 3.0 - 13.5 and the aqueous speciation at
pH < 4 were investigated in 0.5 M NaCl and 25°C (see Fig. 1.1) [4]. The LIBD was used to
monitor the initial colloid formation during the coulometric titration of 10 - 10° M thorium
solutions in the pH range of 2.7 - 4.5. The accurate solubility limit determined by this method
is comparable with data measured from experiments at undersaturation conditions with an X-
ray amorphous solid precipitated at higher pH and dried at room temperature. Based on the
known hydrolysis constants reviewed in [1], the solubility product is calculated to be log K°,
=-47.8 £0.3 (converted to I = 0 with the SIT) (FZK).

Influence of colloid formation on solubility

LIBD and EXAFS studies have shown that the solubility measured for amorphous Th(IV)
hydroxide can be increased by 3 - 4 orders of magnitude due to the contribution from colloid
formation (see Fig. 1.1) [4, 5]. LIBD and ultrafiltration studies on colloidal Th
oxide/hydroxide dispersions [6] demonstrated that neither the colloidal thorium concentration
nor the mean particle size changed noticeably after 100 - 400 days, indicating that these
colloids might be stable or at least long-term metastable species. Moreover, pH changes
measured as a function of time indicated that, after about 2 weeks, freshly prepared Th(IV)
hydroxide colloid dispersions approach a steady state, where the Th(IV) colloids are in
equilibrium with ionic species [6]. The question is open whether there is also an equilibrium
between colloids and solid hydroxide phases. Establishment of such type of colloidal
equilibrium could explain the scattering Th(IV) solubility data frequently observed in the
literature. The examination of such processes is of cardinal relevance for the selection of
appropriate solubility data for nuclear disposal safety assessment calculations. Available
thermodynamic databases hitherto do not consider colloidal species. The quantification and
modelling of the total solubility (including stable or metastable eigencolloids) requires further
investigation in the future. The question whether colloidal oxide/hydroxide species formation
can be described by thermodynamic equilibria is not only relevant for the tetravalent actinides
but is also of particular interest for the geochemical evaluation of oxide/hydroxide colloids of
Fe, Al, and Si, which are known to act as potential carriers for actinide migration (FZK).

-1 rrrT T T T T T T T Fig. 1.1: Experimental and  calculated  solubility
oL Th(OH),(am) 1 of ThOu(cr), ThO2xH,O(mer), Th(OH)s(am) and
- log K°, =-47.0+ 0.8 1 colloidal Th(OH)s(am) in 0.5 M NaCl at 25°C.
-3+ (Neck & Kim 2001) 7| Filled symbols: solubility data; open circles:
-4 -_H §§< _ coulometric LIBD titration; on microcrystalline
1 ThO..[6]; filled squares: ThO» from
5" -1 undersaturation [7]; open triangles: colloidal
= 5 K nophase & A &A_' Th(OH)4(am) (without phase separation). The
> o A_ ‘separation & A ah | lines are calculated for 1=0.5 M with hydrolysis
E -7 o constants and solubility products for crystalline
-, I » & - FY ] ] and amorphous Th oxide/hydroxides phases
8) -8 58 %(iQ%éX*& g8 ;}‘: :»{ i_ (see. Tab. 2.1)
= 9 -E’% + T '.I'I N
FS > Hy
10F° < T
1L ThO,(cr) \5& ]
r® ThO,xH,O(microcryst.) Q
-12 | precipitated from oversaturation ~ ]
-13 '

PURN (NN W T TR (N0 W NN TR (NN TR NN WO NN TN N S N PR I T Y
1 2 3 45 6 7 8 9 10 11 12 13 14
- log [H™]
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Solubility of crystalline thorium dioxide

The solubility of thorium oxides of different degree of crystallinity was investigated at 25°C
(see Fig. 1.2) [7]. The dissolution of bulk crystalline ThOx(cr) is a very slow process and the
Th(IV) concentrations measured after one year in solutions at pH 1 - 3 do not represent
equilibrium data. Coulometric titration of thorium nitrate solutions in the low pH range of 1.5
- 2.5 in 0.5 M HCI-NaCl solution resulted in the formation of ThO,xH,O(mcr) particles
agglomerating to a microcrystalline precipitate. The solubility of this solid, which is in
equilibrium with Th*'(aq), was measured from oversaturation experiments [7] and also by
using the titration method combined with LIBD detection [7, 8]. A solubility product of log
K°p = - 53.2 + 0.4 was obtained, close to the thermochemical value for crystalline ThO,(cr)
and about 6 orders of magnitude lower than that of X-ray amorphous Th(IV) hydroxide or
hydrous oxide. The differences in the solubility products can either be explained as an effect
of the particle size or as the different solubility of the different solid phases. Above the onset
of Th(IV) hydrolysis at pH > 2.5, the dissolution of microcrystalline ThO,xH>O(mcr)
becomes irreversible. In near-neutral to alkaline solutions, the measured thorium
concentrations approach those of amorphous Th(OH)4(am). Similar results are obtained for
undersaturation experiments with crystalline ThO,(cr) in 0.5 M NaCl-NaOH solutions,
indicating that the solubility is not controlled by the bulk crystalline solid but by layers of
amorphous phases formed at the solid surface.

Characterization of all Th oxide/hydroxide solid phases has been performed by EXAFS and
XANES at the Th L3 edge [5]. The microcrystalline ThO,xH,O(s) phase shows a clearly
different EXAFS spectrum compared to the anhydrous crystalline ThO,(cr) and the
amorphous oxide ThO,(OH),.2,xH,O(am), whereas the spectra of the colloids at -log [H'] =
3.7 and the amorphous oxide exhibit very similar structures. In the XANES regime a
noteworthy decrease of the intensity of the white line with increasing particle size is observed.
This effect is the subject of a theoretical study (FZK).

Hydrolysis of U(IV)

The hydrolysis of U(IV) was studied by UV/Vis and laser-induced photoacoustic
spectroscopy (LIPAS or LPAS) experiments. No changes of the spectral properties in the
visible wavelength range have been found for the first hydrolysis product of U(IV).
Nevertheless it was possible to derive the formation constant for the first hydrolysis step using
the decrease of the absorption of the solution between 620 nm and 690 nm. The formation
constant for the reaction

U* +H,0 S UOH)" +H"

was found to be log K =-1.64 + 0.07 at ionic strength I = 2.0 M and to be log K = -1.53 +
0.13 at ionic strength I = 0.5 M. (FZR)

Solubility, hydrolysis and colloid formation of Np(IV)

The solubility and hydrolysis of Np(IV) have been investigated by UV/Vis/NIR spectroscopy
and LPAS [9]. LPAS spectra of Np(IV) in acid solution could be obtained for the 723 nm
absorption band down to 2107 M Np(IV) concentration using DClO4/D,O instead of
protonated electrolyte to reduce background absorption. No change of the spectral shape was
found in the range -log [H'] = 0 to 2.5 and -log [D'] = 1. However, a sudden decrease of
intensity was observed above a pH threshold. LIBD measurements confirmed the formation
of colloids at the threshold. Varying the Np(IV) concentration between 10~ and 10° M from
spectroscopic and LIBD results the solubility product of Np(OH)4(am) was determined to be
log K’ =-54.4 £ 0.4 in 0.1 M HClO4-NaClO; and log K, = -56.5 £+ 0.4 (converted to I = 0

19



ACTAF FINAL Report 23.04.2004

with the SIT) [9], which is consistent with the value of log K°, =-56.7 + 0.5 selected in [1].
The dominating solution species over the pH range is Np(OH),”" and thus no change of the
spectra is to be expected. (FZK)

Solubility, hydrolysis and colloid formation of Pu(IV)

LIBD, LPAS and absorption spectroscopy at [Pu] = 10~ - 10° M in 0.5 M NaCl-HCI (pH 0.3
- 2) have been applied to study the hydrolysis and polymerisation of Pu(IV) up to colloid
formation during careful titration by dilution with pH-neutral NaCl solution. Similar as in the
study with Np(IV) [9] the solubility, log [Pu(IV)] vs. - log [H'] at the onset of colloid
formation, decreases with a slope of about -2. The preliminary solubility product derived from
these data (log K°, =-59.0), is somewhat lower than the value of -58.5 + 0.7 calculated in [1]
from the widely scattered solubility data reported for Pu(OH)s(am). The extremely strong
tendency of Pu(IV) towards polynucleation and colloid formation, even at low pH, is
confirmed by EXAFS and XANES measurements at the Pu L3 edge. The spectra of a 16.1
mM Pu(IV) solution in 0.4 M HCI and of 1 mM Pu(IV) solutions in 0.5 M HCI-NaCl (- log
[H] = 0.6 - 1.4), compared to those of 1 mM Pu(IV),, in 1 M HCIO4 and a solid
Pu(OH)4(am) precipitate, clearly show the predominance of Pu(IV) polymers. (FZK)

Solubility and complexation of Th(IV) in carbonate solution

The formation of hydroxo-carbonate complexes was investigated by solubility experiments
with Th(OH)4(am) in NaHCO3-Na,CO;-NaOH-NaCl solution (I = 0.5 M, 22°C) [10]. The
concentrations of OH™ and CO;” were varied in wide ranges by performing three series of
closed system experiments at constant total carbonate concentrations of [HCO;] + [COs*] =
0.1, 0.04 and 0.015 M, (-log [H'] = 8.5 - 13.5) and two series of open system experiments
under CO, partial pressures of 1.0 and 0.1 bar (-log [H'] = 4.5 - 7.5). The simultaneous
evaluation of the different sets of experimental data show that Th(OH)(COs;),” and
Th(OH),(CO3),” are the most important complexes predominant under these conditions.
Further significant contributions are coming from Th(OH),(COs)(aq), Th(OH)3;(CO;)" and
Th(OH)4(CO3)*. The formation constants, converted to I = 0 with the SIT and combined with
the solubility product of log K°, = - 48.7 + 0.3 [4], are calculated to be log B°114 =35.8 £ 0.3,
log B°122 =37.0 £ 0.4, log B°121 = 30.7 £ 0.4, log B°131 = 38.5 £ 0.6 and log 3°14;= 40.7 £ 0.5.
The evaluation of the experimental data gave no significant values for the pure carbonate
complexes (the formation of the limiting complex Th(COs)s® requires carbonate concentra-

Open system experiments Closed system experiments

-2 T T T T T T T T T T
o ...sthols et al.'94 I=0.5M

T T T T
circles: ultracentrifugation /

triangles: 1 kD (1.2 nm) filtration

Cit =0.10M

Ciot=004M ]
Ciot = 0.015 M

log [Th(IV)]

t pCo,=0
| x Osthols et al. '94

gL t Necketal 02
| + LIBD
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- log [HY] - log [H*]

Fig. 1.2: Solubility of ThO,xH,O(am) in carbonate solution: Open system and closed system
experiments at | = 0.5 M and 22°C compared to the solubility in carbonate-free solution [10].
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tions considerably above 0.1 M) and other ternary complexes. Only upper limits could be
derived for their formation constants. (FZK)

— Number of CO32--ligands ——>

— Number of OH--ligands —>

Fig. 1.3: Possible mononuclear complexes (1yz) = An(OH)y(CO3)Z4'y'22 : Dark colored squares

indicate predominant complexes in neutral and alkaline solution (ternary complexes in red). Less
important but quantified complexes are shown in light red. These data form a base for the
thermodynamic modeling of tetravalent actinide solubility in presence of carbonate [10].
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5.1.2 Complexation of actinides with small organic ligands

Introduction

The activities in this subtask have addressed the complexation of U(VI), Np(V) and
An/Ln(IIT) by various small organic ligands especially in alkaline solutions, which may
favour the formation of ternary complexes. The studies apply both spectroscopic techniques
as well as computational methods to gain chemical and structural information. Formation of
various ternary complexes are investigated as they are supposed to be of major importance in
multi component natural systems. The primary goal of this work besides derivation of
thermodynamic data is to improve the scientific understanding of actinide chemistry in
laboratory systems and to assess their relevance for natural conditions. Contributions came
from KTH, FZR and FZK.

The rationale for this work package is to provide a theoretical and experimental basis for the
estimation of equilibrium constants of actinides with the multitude of ligands present in
ground and surface water systems. Special consideration has been taken to the formation of
ternary complexes that in addition to the organic ligand also contains inorganic ligands like
hydroxide and fluoride. The data cover the pH range 4 — 8.5 commonly encountered in
ground and surface waters, but also highly alkaline conditions such as those resulting in the
near-field of nuclear repositories containing cement. By using fundamental information on the
coordination chemistry (coordination geometry / coordination number) and the preferred
donor atoms it is possible to estimate both the stoichiometry and bonding modes of ligands
based on information on the functional groups that they contain, such a theory based approach
is much more rational than “brute force” methods where one makes attempts to do
experimental studies of all conceivable ligands. Ligands containing a-hydroxy carboxylate
functional groups with variable steric positions within the molecule are investigated. These
ligands are assumed to represent the complexing moieties relevant in natural systems as soils
or ground or surface water humic matter or wood degradation products. An array of
experimental methods has been used to support these conclusion, conventional potentiometry,
laser induced fluorescence spectroscopy, extended X-ray absorption spectroscopy (EXAFS)
and nuclear magnetic resonance spectroscopy (NMR). The theory-based method often makes
it possible to identify the ligands that are of dominating importance in safety and performance
assessment.

Complex formation with hexa-valent and pentavalent actinides, MO, MO,"

UO,”" was used as a model ion and the experimental studies were made using small ligands
like a-hydroxy-carboxylates [11]. At low pH (less than 2.5) the a-hydroxy-carboxylates form
fairly weak complexes in which only the carboxylate group is coordinated. At pH>3 very
strong complexes are formed through deprotonation of the a-hydroxy group. Hence even
small amounts of these ligands have a large effect on the speciation (KTH, FZR).

To study the role of phenolic and carboxylic groups in complexation reactions with U(VI),
various carboxyphenolic acids were investigated spectroscopically, exploiting the
fluorescence properties of uranium and also the organic ligand if possible. All reaction
constants referred to later in this section were determined at an ionic strength of 0.1 M
NaClOy4 (FZR).

Interaction with 2,3-dihydroxybenzoic acid as a ligand does not influence the fluorescence
spectrum of uranium. This means that only the non-complexed uranium emits photons. The
complex formation therefore can be studied by observing the decreasing fluorescence
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intensity with increasing complex formation [12, 13, 14](see Fig. 1.4). Additionally to this
static fluorescence quenching a dynamic quench effect of the protonated ligand on the
fluorescence of uranium was observed. The dynamic quench effect can by estimated by
fluorescence lifetime measurements. So both the complex formation and the dynamic quench
effect can be determined. A one to one complex formation between uranium and 2,3-
dihydroxybenzoic acid was thus established. Studies as function of pH also proved that two
protons are released from the ligand during the complex forming reaction. The complex
formation constant is calculated to be log K =-3.99 + 0.44. From the fluorescence properties
of the ligand a formation constant of log K = -3.11 + 0.16 was derived. The agreement
between both methods is acceptable. However, we have to take into consideration excited
state reactions of the ligand, when the complex formation is studied by the fluorescence
properties of the ligand. As the release of two protons during the complex formation was
observed, the reaction may be written as:

CeH3(OH),COOH +UO,”" & CeH;3(OH)(0)COO(UO,) + 2H"

The complex formation of uranium(VI) with 2,5-dihydroxybenzoic acid in a pH range 2.5 —
4.5 was observed. Besides the static fluorescence quench effect caused by the complex
formation, a dynamic fluorescence quench effect caused by the protonated ligand (self
quenching) and by the non-complexed uranium appeared. The fluorescence lifetime of the
ligand was determined to be 5.7 ns []. Formation of a one to one complex is derived. The
number of released protons was less than 1 (0.62 + 0.12). The complex formation constant
was calculated to be log K =0.92 + 0.38 and a complexing reaction:

CeH3(OH),COOH +UO,*" & C¢H3(OH),COO(UO,)" + H'

was assumed. In the pH range 2.5 to 4.5, the formation constants not corrected for the proton
release increase from log K = 2.36 to log K = 3.68. The study of the complex formation based
on the fluorescence properties of the metal ion (uranyl) yields comparable results with log K ~
3.8. However the dependence on pH is negligible. The difference between both methods may
be caused again by excited state reactions of the ligand. Further studies are necessary to
explain this effect.

Studies of the complex formation with 2,6-dihydroxybenzoic acid were carried out using the
fluorescence properties of the uranyl ion. The deprotonation of the carboxyl group is at pH >
2.5 already complete. The formation constant for the reaction:

CeH3(OH),COO™ +UO,*" 5 C¢H3(OH),COO(UO,)"
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was found to be log 3;; = 3.85 £ 0.29.

In addition to the above acids with two carboxylic groups, also the complex formation
between uranyl ions and 3-hydroxybenzoic acid and 4-hydroxybenzoic acid were
investigated. The experiments relied on both potentiometric and spectroscopic titrations. The
complex gross stability constants thus determined for 3-hydroxybenzoic acid and 4-
hydroxybenzoic acid were 3.14 £ 0.05 and 2.81 + 0.07, respectively.

Finally, the complex formation of Np(V) with 2,3-dihydroxybenzoic acid was studied by fs-
TRLFS using the fluorescence properties of the organic ligand. At pH < 5.0 a one to one
complex formation was found. At higher pH values the results leads to the conclusion that a
two to one complex is formed. The preliminary complex formation constants are calculated to
be log K1 =3.33 £0.04 and log K5, = 6.92 + 0.03.

Organic ligands undergo upon excitation excited state reactions. These excited state reactions
do not influence the complex formation with the metal ion. However, the change in the
protonation / deprotonation of the ligand in the excited state leads to differences in the
fluorescence signal of the ligand used for the calculation of the formation constants. This
difference seems to be very small in the case of extreme fast and complete transfer reactions
(as 2,x-dihydroxybenzoic acids), when only one form can be observed. In the case of slower
and non-complete reactions these excited state reactions have to be taken into consideration
for the calculation of the formation constant. As a first example we have studied the excited
state reaction of 2-naphthol. This species undergoes at pH < 7 a deprotonation step in the
excited state. Using the time resolved laser induced fluorescence spectroscopy we were able
to confirm the kinetics of the deprotonation. We found a value of 4.3*107, which is in
agreement with literature data (6.0*107). Applying such mechanism to the small organic
ligands, we deconvolute the measured spectra and can calculate the correct concentrations of
the non-complexed ligand in the ground state. (FZR)

Moreover, the complexation of U(VI) with malonate has been studied by TRLFS
spectroscopy of the uranyl fluorescence [15] (FZR). Stability constants were determined for
the complexes UO,C3H,04°,q) and UOz(C3H204)22' from results of spectra deconvolution
using a least square fit algorithm (logf;°=4.48+0.06, logB,°=7.42+0.06 or logK,°=2.94+0.04).

Complex formation with tetra-valent actinides, m*

Th*" was used as a model ion and the experimental studies involved a-hydroxy-acetate and 5-
sulfosalicylate, i. €. model ligands representing aliphatic and aromatic hydroxy acids [16, 17].
Both ligands formed complexes with very similar stoichiometry where ternary di- and tetra-
nuclear species are prominent. The complexes with aliphatic hydroxy acids are weak in
comparison with the hydrolysis, while the complexes with aromatic hydroxy acids are very
strong, the former will not influence the speciation in ground and surface water systems, but
ligands of the latter type must be considered. In the pH range 2 to 4 the complex formation is
dominated by the formation of binary mononuclear complexes MAp, n = 1 — 4, where A =
HOCH,COO™ and HOC¢H3(SO5)COO" at higher pH di- and tetranuclear species are formed.
By using NMR techniques we have been able to determine the constitution of the different
complexes and to prove that the very strong complexes are formed at pH>4 involve
deprotonation of the a-hydroxy group and the aromatic OH-group. The a-hydroxy group can
be deprotonated for both ligands resulting in the formation of very stable chelate complexes.
This deprotonation takes place in very different pH regions for the two ligands as the aliphatic
hydroxy group is a much weaker acid than the aromatic one.
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This study has been made by KTH in cooperation with FZR and /FZK. Trivalent lanthanides
and Cm(III) were used as model ions and a-hydroxy-acetate as the model ligand [18, 17]. The
spectroscopic properties of the Ln(Ill) and Cm(III) complexes have been studied using
fluorescence spectroscopy. Three complex species of Cm(III) have been identified and
quantified by TRLFS. In Fig. 1.5 the species distribution is shown as a function of pH. The
Cm complexes are assigned to the following species. Whereas the deprotonation of the first
complex is a fast reaction, the formation of the chelate at pH above 10 is slow.

'Y

The complexes formed are very similar to those formed by Th(IV), a result that can be
rationalized by the similar coordination chemistry of tri and tetra-valent actinides; both groups
have similar ionic radii and are characterized by high and variable coordination numbers. The
rate of equilibration is very slow for the Th(IV) system and also for Cm(III), while the
corresponding Eu(Ill) system is dynamically much more labile. These findings indicate that
dynamic phenomena are important when interpreting experimental results; they also indicate
a possible method to use dynamic methods for group separations of tri-valent actinides and
lanthanides. (KTH, FZR, FZK)

Structure of complexes in solution, identification of isomers

Most solution chemical methods do not provide information on the presence of isomers of a
complex with a given stoichiometric composition. Information of this type is very important
when using coordination chemistry as a predictive tool and studies of isomer formation have
therefore been made within the work package using quantum chemical methods and EXAFS
spectroscopy. The financing has largely been made by other sources than the ACTAF
program. In section 5.1.5 on Computational Actinide Chemistry it is demonstrated what has
been achieved. (KTH)
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5.1.3 Complexation with minor ligands

Introduction

The work performed in this task is focussed on the complexation of actinides with phosphate,
arsenate and glyphosate. The latter is as an organic ligand with different functional groups as
phosphate, carboxylate and amine. Despite the fact that phosphate may influence speciation of
actinides in natural groundwaters or in a phosphate containing engineered barrier, the
thermodynamic data are insufficient or lacking. Contributions have been made by UPC, EP,
FZR, and KTH.

U(IV) complexation with phospate and arsenate

Including the protonation constants for phosphoric and arsenic acid we obtained the formation
constants according to the complex formation reaction

UY + 2H" + X0, S UHXO0,"
for X = P with log 8°=25.23 + 0.13 and for X = As with log B°=23.94 + 0.08.

When comparing these data with the corresponding uranium(VI) systems it can be seen that
the binding tendency of the dihydrogen arsenate is lower than that of dihydrogen phosphate.
Also the binding tendency of the uranium(VI) is lower than that of uranium(IV). This is an
expected behaviour. Using the ionic strength depend