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Foreword

The present report describes progress within the third year of the EC-project “Effects of
Humic Substances on the Migration of Radionuclides: Complexation and Transport of
Actinides“. The project is conducted within the EC-Cluster “Radionuclide Transport/
Retardation Processes®. Without being a formal requirement of the Commission or co-funding
bodies, this report documents results of the project in great technical detail and makes the
results available to a broad scientific community. Results of the first and second years of the
project are published in an equivalent form [1,2].

The report contains an executive summary written by the coordinator. More detailed results
are given by individual contributions of the project partners in 20 annexes. Not all results are
discussed or referred to in the executive summary report and thus readers with a deeper
interest also need to consult the annexes.

[1] Buckau G. (editor) (1998) “Effects of Humic Substances on the Migration of Radio-
nuclides: Complexation and Transport of Actinides, First Technical Progress Report®,
Report FZKA 6124, August 1998, Research Center Karlsruhe.

[2] Buckau G. (editor) (1999) “Effects of Humic Substances on the Migration of Radio-
nuclides: Complexation and Transport of Actinides, Second Technical Progress
Report“, Report FZKA 6324, June 1999, Research Center Karlsruhe.
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INTRODUCTION

The project started 01.97 and had a duration of three years. This report covers the third year,
i.e. the period 01.99 - 12.99. Work has been conducted on all Tasks of the project. (Task 1
(“Sampling and Characterization*); Task 2 (“Complexation®); Task 3 (“Actinide Transport*),
Task 4 (“Migration Model Development and Testing*) and Task 5 (“Assessment of Impact on
Long-Term Safety*).

The “First Technical Progress Report“ [1] and “Second Technical Progress Report" [2] have
been published, covering the achievements of the first and second years, respectively. The
present third technical progress report covers the third and final year of the project. Through
these technical progress reports, individual contributions of different project partners and
results in great technical detail are accessible to the scientific community. The final report [3]
gives a summary of results and achievements from the whole project, however, in less detail.
For demonstration of the impact of humic colloid mediated actinide transport in the far-field
of radioactive waste disposals, three migration case studies have been formulated. The
outcome of these migration case studies is given in a separate report [4].

The project encompasses development of the necessary input to judge upon the influence of
humic substances on the long-term safety of radioactive waste disposal. The project focuses
on long-lived radionuclides with high radiotoxicity, i.e. actinides and technetium, and their
behavior in the far-field. To assess the impact of humic substances on the radionuclide migra-
tion in the far-field, relevant processes need to be introduced into models. These models rest
on a step-wise approach where data of individual processes from relatively well defined
systems are tested for their applicability on more complex laboratory systems on natural
material (especially batch and column experiments under near-natural conditions). The
processes described by models developed from laboratory experiments are limited by the size
and time constraints of such studies. Furthermore, large-scale inhomogeneities and deviation
from equilibrium in the real, more or less open, system cannot be easily developed through
investigations on the laboratory scale. In order to achieve adequate confidence that relevant
processes have been regarded in models developed, the real system is also investigated with
respect to for example, chemical behavior of actinide analogue trace elements in natural
humic colloids and the migration behavior of humic colloids present at a real site. A
schematic description of the overall approach of the project is shown in Fig. 1.

Contrary to original intentions and for reasons beyond the reach of the project partners, an
encompassed research site in France did not materialize and the Sellafield is not anymore a
candidate site for disposal. Sellafield, however, is used as a reference site for such geochemi-
cal conditions. Material relevant for the German “Konigstein“ and “Johanngeorgenstadt*
uranium mining and milling sites is also used within the project. Some aspects are investi-
gated on Boom Clay material. The German Gorleben site presently is questioned as a candi-
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Fig. 1: Schematic description of the overall project approach.




date site. For this site, however, a tremendous amount of data on geology, hydrology and geo-
chemistry, are available. Furthermore, material for laboratory investigations still is available.
For these reasons, site-specific work focuses on this site.

The project has been tremendously successful. (1) Material, methods and experimental results
have been well documented. (2) The data-base on actinide humate interaction has been
extended considerably. (3) For the first time, results from designed laboratory systems and
near-natural systems (batch and column experiments) have been brought to a consistent
description by introduction of the kinetic concept. (4) Analysis of real aquifer systems has
resulted in validated answers to the fate of humic colloids in the far-field. (5) Fundamental
process understanding of metal ion humate interaction under laboratory conditions has been
improved. (6) Codes have been developed for immediate application to real site predictions.

Humic colloid mediated actinide transport relies on two issues, namely (i) the origin, stability
and mobility of humic colloids, and (ii) the interaction between actinide ions and humic
colloids. With respect to the first issue, one great achievement has been demonstration that
humic colloids in natural groundwater show no significant decomposition or retention, but
migrate like ideal tracers until discharged [3]. In one case this was shown to be the case for
humic substance introduced 15.000 years ago that until present has migrated as an ideal tracer
over a distance of approximately 25 km. In the Gorleben aquifer system, also no indication
for decomposition or retention of humic colloids was found. With respect to the second issue,
a major achievement has been introduction of a kinetic approach. The outcome is consistency
and predictability, including upscaling, of near-natural systems in the laboratory. The question
of actinide humate interaction, nevertheless remains an unresolved problem. The reason is
that the chemical behavior of actinide ions added under laboratory conditions and the
behavior of natural trace metal ions, including naturally occurring actinides, deviate strongly
from each other. A great portion of natural trace element constituents of natural humic
colloids is found to be practically irreversibly bound, including natural actinide ions. This is
of major concern, because selection of input-data for application of the developed codes,
therefore remains an unsolved problem.

Application of kinetic data from laboratory investigations results in a considerably enhanced
humic colloid mediated actinide migration velocity compared to application of an equilibrium
concept (Kd concept) or even worse, ignoring humic colloids. A much greater enhancement
of predicted actinide transport, however, is the result of applying data obtained from analysis
of natural chemical analogues. In this case, one portion of humate bound actinide ions is
found to migrate like an inert tracer. The consequence for safety assessment is that, until
otherwise can be proven, humic colloid mediated actinide transport will lead to unhindered
transport for a portion of actinide ions. This portion will govern the individual dose from acti-
nide ions in case of a release.




1. OBJECTIVES

The main objective of the project is to determine the influence of humic substances on the
migration of radionuclides. For the long-term safety, long-lived highly radiotoxic nuclides are
the most relevant. The project therefore focuses on actinide elements and technetium. In order
to achieve the main objective a thorough understanding is needed for (i) the complexation of
actinides with humic substances, (ii) the influence of humic substances on the sorption prop-
erties of sediments, and (iii) the mobility of actinide humic substance species in groundwater.

2. PARTNERS AND PROJECT STRUCTURE

The project had 11 partners and one additional temporary partner. Three partners are associ-
ated to other contractors. The partners and their partnership is as follows:

Partner No. 1 (Coordinator): FZK/INE, D

Partner No. 2: BGS, UK

Partner No. 3: CEA-SESD, F

Partner No. 4: FZR-IfR, D

Partner No. 5: KUL, B

Partner No. 6: LBORO, UK

Partner No. 7: CEA-LASO, F, (Associated to Partner No. 3)
Partner No. 8: GERMETRAD, F, (Associated to Partner No. 3)
Partner No. 9: RMC-E, UK

Partner No. 10: NERI, Dk

Partner No. 11: GSF-IfH, D, (Associated to Partner No. 1)
Temporary Contributor: Uni-Mainz (EC-TMR grant FI4W-CT97-5005)

The project is divided into five tasks with a project structure as shown in Fig. 2.

3. SUMMARY OF RESULTS

A brief summary of major achievements during the third (and last) year of the project is given
below. Details can be found in the annexes.
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3.1 TASK 1 (Sampling and Characterization)

The objectives of this task are to ensure sampling and appropriate characterization of relevant
experimental material, ensure appropriate documentation of the sampling and characterization
and thus provide the basis for trustworthy interpretation of results and intercomparison studies
between different laboratories. Natural experimental material from Gorleben (D), Sellafield
and Derwent Reservoir (UK), Johanngeorgenstadt (D), Konigstein (D) and reference sites
have been sampled and characterized.

Although this task was formally finalized already in the first year of the project, results have
shown the benefit in developing new experimental systems. In this last year of the project,
this includes generation and characterization of '*C synthetic humic acid (*C-M1) allowing
for direct determination of humic acid distribution and exchange velocity between different
phases. A set of columns with different sediments conditioned with one Gorleben ground-
water allows insight in the impact of differences in characteristic properties of sediments. This
work also reconfirmed the importance of extended (several months) conditioning of near-
natural column systems and thorough monitoring of hydraulic and chemical parameters.

Characterization data for the large variety of experimental material can be found in different
individual contributions in the foregoing and the present technical progress reports as well as
different publications. In addition to this, in Annex 20 some important characteristic data are
summarized.

3.2 TASK 2 (Complexation)

The objectives of this task are to provide relevant basic data on actinide/technetium humate
complexation and the reduction of the redoxsensitive elements. Considerable progress has
been achieved in a number of issues: (i) critical assessment of experimental methods; (ii)
humate and fulvate complexation of the trivalent europium ion, the tetravalent neptunium,
thorium and technetium ions, and hexavalent uranyl ion; and (iii) actinide desorption kinetics.

There has been a general continuation of the generation of actinide humate complexation data.
Most significant achievements are initial data on the tetravalent actinide and technetium
humate interaction and more insight in the formation of mixed complexes. The amount of
data on the desorption kinetics of actinide ions has grown considerably. Nevertheless, further
studies on these issues are required in order to provide the required scientific basis. One
example is the desorption kinetics of humic colloid bound actinide ions that is shown to
depend on a variety of parameters, including pH, ionic strength and the humic colloid
concentration. This experimental basis, however, has not yet allowed establishing adequate
process understanding.

10




For this purpose, characterization of local binding environment by EXAFS and FTIR has been
initiated. Further such studies will be required in order to provide the necessary experimental
basis for firm and exhaustive conclusions. In addition, further development of possible
collective polyelectrolyte properties or humic-humic association/agglomeration is required
(cf. task 4 "model development and testing").

3.3 TASK 3 (Actinide Transport)

The objectives of this task are to identify, describe and quantify relevant mechanisms influ-
encing the actinide and technetium transport by batch and column experiments on both
defined/designed and natural material. This includes not only migration of actinide elements
and technetium on natural material under near-natural conditions and covalently humic acid
coated silica beads, but also for example, the sorption of humic acid on mineral surfaces and
the influence of humic acid and various minerals on the reduction of redoxsensitive elements.

The transport behavior of uranium, europium and technetium has been investigated by
column experiments on Gorleben groundwater and sediments from Gorleben and various sites
in Bavaria. The importance of humic colloid mediated transport, as already previously
demonstrated for trivalent americium and europium, is verified. Results show that the scav-
enging function of sediments for actinide ions desorbed from aquatic humic colloids appears
largely independent of the type of groundwater equilibrated sediment. Possible impact of
grain size and thus the total sediment surface still needs to be verified.

Experiments with a variety of sediments (hematite, goethite, silica, muscovite, kaolinite and
aluminum oxide) shows that aquatic humic acid sorbs on fresh sediment surfaces and that
specific sediment surface properties, and not only the surface area, are essential for the humic
acid sorption. One promising approach is inclusion of the protonation of functional groups of
humic acid and sediment surface functional groups. The actinide distribution in binary (no
humic acid) ternary systems is investigated. Investigations on the kinetics of equilibration of
ternary systems show that irrespective the order of addition of the ternary system components,
within less than 24 hours the same species distribution is found.

“In addition, the key question concemning the origin, long-term stability and mobility of natural
humic colloids in real aquifer systems has been analyzed in real aquifer systems [3].
Geochemical and isotope-geochemical analysis show no indication for decomposition or
sorption of humic colloids. This is of great importance because indications of unhindered
mobility of humic colloids in column experiments cannot be up-scaled for distances, time-
scales and conditions relevant under real conditions. For the assessment of the impact of
humic substances this means that it needs to be assumed that humic colloids in the far-field

1




will remain stable until their discharge with surface water takes place. This also simplifies
modeling, because retention of humic colloids can be omitted.

3.4 TASK 4 (Migration Model Development and Testing)

The objectives of this task are to rationalize the state of understanding by establishing
numerical models, test these models to ensure their applicability or identify processes still not
adequately understood. Following conclusions already during the first project meeting, devel-
opment of new models for transport modeling was necessary. The major achievement has
been to develop and test models taking the above mentioned non-equilibrium in batch and
column experiments into account.

In the past, interpretation of actinide transport based on the thermodynamic equilibrium
approach and filtering of humic colloids has been subject to major difficulties. Application of
such approaches does not allow for comparison of different systems, nor scaling within the
same experimental system. The solution was development of a kinetic approach, successfully
implemented in the open transport code K1D allowing for incorporation of equilibrium and
kinetics of different reactions, as required. '

A mechanistic model has been developed based on humic colloids as penetrable dispersed
polyelectrolyte microgels where the metal ion complexation is governed by the exchange of
metal ions with polyelectrolyte counterions. An important question is the size or molecular
weight necessary for reaction energy from the collective polyelectrolyte properties to domi-
nate over the local interaction with functional groups. Furthermore, association/agglomeration
as a consequence of local charge neutralization by metal ion complexation may need to be
considered. None of presently available metal ion humate complexation models provide
process understanding with respect to the observed kinetic processes. Therefore, despite the
great progress within the present project, continued efforts on the development of metal ion
humate interaction process understanding is required.

3.5 TASK 5 (Assessment of Impact on Long-Term Safety)

Task 5 consists of (i) implementation of the developed migration models into actinide trans-
port code; (ii) development of generic criteria for optimization of the transport code; and (iii)
development of migration cases for application of the transport code to real site conditions.
The latter is serves the visualization of the impact of humic substances on the predicted
migration of actinide ions at different sites making use of different input-data.

12




Three different migration case studies have been formulated for the Gorleben and Dukovany
sandy aquifer sites and for a uranium mining and milling rock pile [4]. The Dukovany migra-
tion case is a valley near the Dukovany power plant, 300 m south from a shallow low-level
waste repository in the Czech Republic [5]. Exhaustive mineralogical, petrological and
geochemical data are available for this shallow site in a sand deposit with some silt and clay.
The Dukovany site is very similar to the British low-level disposal site at Drigg in Cumbria.

Transport calculations of Pu in Dukovany are shown in Fig. 3. This figure illustrates the
dilemma of predictive actinide transport calculations at real sites. The tool for modeling has
been developed and is ready for immediate application. The process understanding, however,
is insufficient to decide upon appropriate input data. Calculations on the Dukovany site
demonstrate the grave underestimation of Pu migration if humics are ignored. Furthermore,
application of equilibrium data (cf. Kd concept) also leads to drastic underestimation of the
mobility of plutonium. The same is true for application of the "conservative roof" approach
[6]. It is therefore clear that a kinetic approach needs to be applied. However, the dilemma is
that (a) laboratory investigations, where plutonium is contacted with groundwater humic
colloids under conditions and time-frames that can be applied in the laboratory and (b) disso-
ciation of tetravalent trace metal ions from natural humic colloids, lead to very different
results. The overall outcome is that actinide ions possibly irreversibly bound to humic
colloids is the main concern, whereas ionic non-humic colloid bound species will show exten-
sive retention.

0 1 T T T T

R
~~ -2 i
= Real System Kinetics
a 30
g 4l
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o 5L
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-7 F \
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Fig. 3: Development of plutonium concentration in groundwater for a release according to
the Dukovany migration case study and application of different approaches reflecting
absence of humic substances, the "Conservative roof approach" [6] and differences in
kinetics of relevant processes in the presence of humic substances.
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Actinide transport in column experiments: Influence of humic colloids

(R. Artinger, T. Schifer and J.I. Kim (FZK/INE))
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Actinide transport in column experiments: Influence of humic colloids

R. Artinger, T. Schdiifer and J.1. Kim

Forschungszentrum Karlsruhe, Institut fiir Nukleare Entsorgung
Postfach 3640, 76021 Karlsruhe, Germany

Introduction

In natural aquifers, aquatic humic colloids are ubiquitous and take part in geochemical solid-
water-interface reactions. Due to their strong interaction with multivalent actinide ions, humic
colloids exert a crucial influence on the mobility of actinides.

The humic colloid-mediated actinide migration can be studied by column experiments, which
enable the variation of different parameters like flow velocity and column length. Column
experiments with natural sandy sediments and groundwaters rich in humic colloids
demonstrate that a fraction of actinides, such as Am(III), U(VI), Np(IV/V) migrates as humic
colloid-borne species by the same velocity as a conservative tracer, e.g. tritiated water [1-3].
The fraction of humic colloid-bome actinides is generated by kinetically controlled processes
governing the actinide/humic colloid interaction [2, 4] and the redox behavior of actinide ions
[5]. From inorganic colloids, such as iron oxides, a mobilization by humic substances is also
reported [6]. Where actinide ions interact with inorganic colloids, by surface sorption or
incorporation via alteration processes, this humic substances enhanced inorganic colloid
transport is of special importance.

The influence of aquatic humic colloids on the migration behavior of tetravalent Th is studied
by column experiments with natural sandy sediment and groundwater rich in humic
substances, both from the Gorleben aquifer (Lower Saxony, Germany). The influence of the
groundwater residence time in the column and the equilibration time of Th with groundwater
prior to the injection into a column are investigated. The results are compared with data from
other column experiments studying different actinides. Furthermore, first results are presented
on the humic stabilized transport of inorganic colloids on low cristalline colloidal Fe(III)

phase 2-line ferrihydrite (HFO) in presence of Am(III).
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Experimental

Migration experiments were performed under inert gas conditions (Ar + 1 % CO3) in a glove
box using columns of 250 and 500 mm length and 50 mm in diameter, tightly packed with
pleistocene aeolian quartz sand sampled from the near aquifer surface at the Gorleben site.
Tritiated water, HTO, was used as a conservative tracer to determine the hydraulic properties
of the columns. The sand columns were equilibrated With a Gorleben groundwater, indicated
as GoHy-532, for more than 1 year. Due to equilibration under 1 % CO; partial pressure, the
pH shifted to 7.6 compared to 8.9 of the original groundwater. Detailed characterization of the
sediment and groundwater can be found elsewhere [7].

Th migration experiments were carried out with flow lenghts of 25 and 75 cm (connecting a
25 and 50 cm column in series) and a Darcy velocity varying from 0.02 to 0.35 m/d. The
corresponding migration time was between 6 hours and 17 days. For all experiments, 1 mL of
24Th spiked initial solution with a Th concentration of ~510"'? mol/L was injected into the
column. Th was allowed to react with the groundwater GoHy-532 for 0.5 hour to 18 days.
Ultrafiltration experiments with a nominal molecular size cutoff from 10* to 10° Dalton
(Filtron Co., Microsep™ Microconcentrators, USA) confirm the quantitative binding (>99 %)
of Th onto the humic colloids. The elution of HTO and radionuclides investigated were
measured by single fraction analysis by liquid scintillation counting (HTO, **Th) and by y
spectrometry (°Fe, *'Am, **Am).

For prepafation of radioactive 2-line-ferrihydrite (HFO), the synthesis described by
Schwertmann and Comell [8] was modified using an irradiated 99.99+ % pure iron foil
(GoodFellow, Germany). The activated iron foil was dissolved in HNO;, adding 2.5 g of
inactive Fe(NO;)3'9H,0 salt. HFO was formed by adding 1 M KOH to adjust the pH to 7-8
for 2 hours at room temperature. The purification of HFO was performed by washing up to
five times with Milli-Q water (centrifugation, decantation and re-dispersion). By this
procedure stabile HFO colloid suspensions were obtained.

HFO colloid migration experiments were carried out using a column length of 25 cm and a
Darcy velocity between 0.2 and 0.3 m/d. 24! Am was allowed to sorb onto HFO colloids for 1
hour. Afterwards, the 2*' Am spiked HFO colloids were added to the groundwater GoHy-532
with a contact time between 1h and 18 hours prior to injection into the column. 2*Am had
reacted previously also for 1 hour with GoHy-532. Fig.1 shows a simplified diagram of this

spike procedure prior to injection into the column. Total injected americium *'Am and *¥
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Am) concentration was 7.7'107 mol/L for all experiments. The HFO colloid concentration
used for pulse injections was 2.95 mg/L for a molar mass of 89 g HFO/mol Fe and 6.72 mg/L
for continuous injection. The total injection volumes were 1 ml for pulse injection and 168.2
ml (~1 pore volume) for continuous injection. In order to determine changes in the humic
colloid concentration in eluted groundwater, UV/Vis spectroscopy was performed using a
CARY-5E spectrometer (Varian Co., USA). For analysis of the relative humic colloid

concentration the absorption signal at 300 nm was used.

GoHy-532 HFO
+ 243Am + 24Am
Contact: 1 h Contact: 1 h

N/

GoHy-532 / 243Am
+
HFO /22 Am

Contact: 1 h, 18 h

l

Column injection

Fig. 1: Simplified diagram of the preparation of Am spiked groundwater GoHy-532 used for HFO
colloid migration experiments.

Results and discussion

Th migration experiments

Humic colloid-mediated Th migration was studied varying the groundwater residence time in
the column and the equilibration time of Th with groundwater prior to the injection into the

column. In Fig. 2, the Th breakthrough curves are shown. In all experiments humic colloid-

borne Th migration is about 5 % faster than the groundwater flow velocity. This is attributed
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to a pore size exclusion process of humic colloid-bound Th. The fraction of humic colloid-
borne Th is increased with increasing equilibration time and decreasing migration time. This
is attributed to a kinetically controlled association/dissociation of Th with humic substances
and a subsequent sorption onto the sediment surface. This kinetically influenced migration

behavior is also observed for Am(III) and U(VI) [9] and discussed in more detail in [10].
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Fig. 2: Th breakthrough curves as a function of the equilibration time of Th with groundwater prior to
the injection into the column (left) and the migration time in the column (right). R is the
recovery of humic colloid-borne Th.

Depending on the migration and equilibration time of the Th humic colloid complex, the
fraction of unimpeded humic colloid-borne Th varies from 3 to 36 %. This Th fraction is
comparable to that of Am(III), which was investigated under comparable conditions. Due to
the long-term equilibration between groundwater and sediment as well as an almost
quantitative recovery of Np(IV) humate colloids [7], retention of humic colloid-bome Th is
unlikely. Therefore, one may conclude that Th(IV) is retained by the dissociation from the
humic colloid and av subsequent sorption onto the sediment. Accordingly, the dissociation
kinetics of Th(IV) from humic colloids seems to be comparable to that of Am(III) under the

given groundwater conditions.
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Overview of column experiments studying humic colloid-borne actinide migration

Results from column experiments performed at different laboratories studying the humic
colloid-borne migration of different actinide ions are shown in Fig. 3. Here, results from the
Research Center Karlsruhe (FZK) (partly obtained in cooperation with Research Center
Rossendorf and University of Mainz) [2, 7, 9], the Technical University of Munich (TUM) [1,
11, 12] and the National Research Center for Environment and Health (GSF) [1, 13] are
shown. The recovery of unimpeded humic colloid-bome actinides (including the lanthanide
Eu) in these different column experiments shows a clear dependency with the concentration
of actinides bound to humic colloids. All these experiments were performed with
groundwaters rich in humic colloids (GoHy-532 and —2227) and a Pleistocene aeolian quartz
sand from the Gorleben site. Common features of the experiments are: i) a humic colloid
concentration of 60 to 160 mg/L, ii) pH of about 7.5, iii) an equilibration time >2 days
between actinide ions and humic colloids and iv) a migration time of 5 to 20 hours. Within
this bounds a variation of the recovery of humic colloid-bome actinides is expected.
However, the variations shown in Fig. 3 are much larger than expected. As seen in Fig. 3, in
general, the recovery of humic colloid-borne actinides increases with increasing
concentrations of actinide ions bound to humic colloids. To get a stoichometric relation
between the humic colloids and the actinides an average molecule weight of 1000 g/mol is
assumed [14]. From this number equimolar conditions may derived at an actinide
concentration of about 10 mol/L. This region of an estimated equivalent stoichiometry of
actinides and humic colloids calculated for the different groundwaters is shown in Fig. 3 by
the shaded vertical line. At lower actinide concentrations, one humic colloid should be loaded
with only one (or none) single actinide ion (single actinide complexation), whereas at higher
actinide concentrations one humic colloid should be loaded with more than one actinide ions
(multiple actinide complexation). Thereby, the loading is still low enough to maintain stable
humic colloids under given groundwater conditions. In case of migration experiments with
23pa concentrations of about 10! to 1072 mol/L, the concentration of the simultaneously

present mother nuclide 2*'Np is used. The following can be concluded from Fig. 3:
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Fig. 3: Recovery of unimpeded humic colloid-borne actinides in column experiments as a function of
the actinide concentration bound to humic colloids. The shaded area represents an estimated
equivalent stoichiometry of actinides and humic colloids (see text). Migration experiments from
the Research Center Karlsruhe (FZK), the Technical University of Munich (TUM) and the
National Research Center for Environment and Health (GSF) are shown. Common features of
the experiments are: i) a humic colloid concentration of 60 to 160 mg/L, ii) ~pH 7.5, iii) an
equilibration time >2 days between actinides and humic colloids and iv) a migration time of 5

to 20 hours.

i)  The fraction of humic colloid-bome actinides is comparable for Th(IV), Pa(V) and U(VI)
between FZK and TUM. For Np(IV) concentrations >10”° mol/L the fraction of humic
colloid-borne Np is also similiar. This agreement between both laboratories emphasizes
the capability and reproducibility of column experiments to investigate the humic colloid-
borne actinide transport. However, a discrepancy is found for Np(IV), Am(III) and

Eu(IIl), respectively, for the transition from single actinide loading onto the humic

colloids to equivalent concentrations with a possible multiple actinide complexation.
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ii) A high mobilization of humic colloid-borne actinides (recovery >75 %) is observed for
Am(III), Np(IV) and Pa(V) only at actinide concentrations close to an equivalent humic
colloid concentration. Contrary to this, the recovery of Am(III) and the tetravalent
actinides Th(IV), Np(IV) and Pu(IV) is much lower for low actinide concentrations. Even
in the case of a long-term equilibration period of Pu(IV) with humic colloids up to four
years, the fraction of colloid-borne Pu is lower than 75 % [12].

iii) The humic colloid-facilitated mobilization of trace amounts of tri- and tetravalent

actinides is much higher than that of U(VI).

In summary, the comparison of numerous column experiments reflects the influence of the
chemical behavior of the actinide on its humic colloid-borne mobilization. Furthermore, the
experiments performed at different laboratories indicate an influence of the concentration of
actinide ions bound to humic colloids. It is obvious that a higher actinide concentration may
change the nature the humic colloid, e.g. due to charge neutralization effects. Therefore,
beside the humic colloid concentration in groundwater and the kinetically controlled
association/dissociation of actinides with humic substances, it may also be necessary to take
into account the stoichiometric ratio of actinides and humic colloids. Additional experiments
are indispensable to study this concentration dependency under well defined conditions and

its effect on the humic colloid-borne mobilization of actinides.
Migration of humic stabilized HFO in Gorleben groundwater

The recovery for pulse injections of americium (*'Am, **Am) and HFO (*°Fe) are listed in
Tab. 'l. Fe as an indicator for HFO colloids could not be used for pulse injection
experiments, due to the effects of dispersion. The migration velocity for Am in the
HFO/humic colloid system is up to 6 % higher than for HTO as it is typical for humic colloid
borne actinide migration (see above). Higher migration velocities due to the larger colloid size
of HFO and a more pronounced effect of pore size exclusion could not be observed. An
increase of the equilibrium time of **' Am spiked HFO with **Am spiked GoHy-532 from 1
hour to 18 hours enhanced the mobility of both americium isotopes. This effect of higher Am
recoveries with increasing contact time is comparable with that from previously performed
migration experiments without addition of inorganic colloids demonstrating a similar

association/dissociation kinetics [2].
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Fig. 4: Column experiment on HFO colloid facilitated Am migration
a) Breakthrough curves of 2'Am, 2**Am and **Fe (HFO indicator).
b) Conductivity and absorbance at 300 nm of effluent.
c) Size characterization of eluted 2'Am and 2*Am determined by ultrafiltration.
d) 2*'Am/A*Am and 2*'Am/*°Fe isotope ratios in effiuent.
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Table 1: Results from HFO/Americium column experiments in GoHy-532 groundwater

Equilibrium Injection Total  Retardation Total Retardation Total

time (h): type: Recovery  Ry*'am Recovery Ri®am) Recovery
HAm; Am: PFe:
1h Pulse 0.5 % 0.97 0.9 % 0.97 n.d.*
18h Pulse 4.6 % 0.95 72 % 0.94 n.d*
18h Continuous 4.6 % - 9.3 % - 14.6 %

* : not detected

In the continuous injection experiment the sorption and remobilization behavior of HFO and
humic colloids was monitored (Fig. 4). Due to insufficient purification of the HFO colloid
suspension (KNOsj residues), the electrical conductivity was increased from ~1 mS/cm in
GoHy-532 to 2 mS/cm (Fig. 4b). The increase in ionic strength results in a significant
immobilization of HFO and humic substances in the column. For the HFO (*°Fe signature)
and 2" Am breakthrough (**'Am, **Am) no plateau value was reached as it is expected and
visible in the conductivity measurements (Fig. 4b). After reaching a first breakthrough
maximum a steep decline can be observed in Fig. 4a. Parallel to this, the UV/Vis absorbance
at 300 nm chahged from 0.4 to 0.1 relative units indicating an immobilization of humic
substances in the column. Analysis of this first breakthrough leads to a recovery of 9.1 % Fe
spiked HFO, 2.5 % **' Am and 5.4% 2**Am. At the early beginning of this first breakthrough a
single peak with significantly higher >*' Am/***Am and 2‘“Am\/ngc: ratios is detected (Fig. 4d).
This signal indicate an unretarded HFO colloid transport even faster than the mean travel time

of humic colloids due to size exclusion from smaller pores.

Changing thé permeating fluid to the non-spiked groundwater a decline in ionic strength and a
mobilization of HFO and organic colloids are observed. This second breakthrough results in
recoveries of 5.5 % HFO, 1.5 % **'Am and 1.9 % *Am. After three pore volumes,
remobilization of humic substances is found as indicated by an increase of the absorbance
signal at 300 nm. Parallel to this, for 2*Am a third broad breakthrough with a recovery of
additional 2.0 % is found. A colloid size of approximately 10 nm (corresponds to a nominal
filter pore size of 100 kD) is found to be suitable to discriminate between humic (<10 nm) and
HFO colloids. HFO showed a maximum in colloid number in the range of 60-70 nm as
determined by Photon Correlation Spectroscopy (PCS). Ultrafiltration of the effluent

measured in all three breakthrough sections revealed that the fraction of *"Am bound to
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colloids >10 nm is significantly higher than that of **Am (Fig. 4c). These ultrafiltration
results indicate, that a fraction of *' Am remains on HFO colloids throughout the retention
period in the column (about 20 h for three pore volumes), which doesn’t achieve equilibrium
with 2> Am initially bound onto humic colloids. This observation is confirmed by the constant

24! Am/*°Fe isotope ratio.

The lower recovery of **'Am compared to *Am is attributed to the HFO retention in the
column as shown by the total HFO recovery of 14.6 %. Contrary to this, for humic substances
no significant interaction with the sediment is expected due to the long-term equilibration
procedure. The 2*' Am/***Am isotope ratio reflects the different breakthrough behavior of the
americium isotopes. Accordingly, changes in the 2 AM*Am isotope ratio could be related

to the different immobilization and mobilization behavior of the HFO and humic colloids.

From the column migration experiments the following results can by summarized:

i) Initially positively charged HFO colloids are partly mobile in pH neutral Gorleben
groundwater GoHy-532 rich in humic substances.

ii) Humic stabilized HFO colloids facilitate the Am migration. A fraction of Am is bound
onto HFO colloids, which doesn’t achieve equilibrium with the solution within the
retention period in the column. The fraction of HFO colloid-borne Am is relativély low
compared to the humic colloid-borne Am migration due to the high retention of 85 % of
the HFO colloids onto the sediment.

iil) Humic stabilized HFO cdlloids immobilized in the sandy aquifer can be mobilized by

changes in the groundwater conditions.

Conclusion

Column experiments studying the influence of humic colloids on the Th(IV) migration
confirm the kinetics of the metal humic colloid association/dissociation as a key issue for the
actinide migration behavior. Comparison of numerous actinide migration experiments
performed in different laboratories indicates an additional influence, namely the actinide

loading onto the humic colloids. Therefore, beside the actinide speciation in groundwater and
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the kinetics of the actinide humic colloid interaction, it may also be necessary to take into

account the stoichiometric ratio of actinides and humic colloids.

First migration experiments demonstrate the mobility of humic stabilized colloidal 2-line-
ferrihydrite (HFO) under near natural conditions. Otherwise, positively charged HFO colloids
should not migrate. Am(III) was found to be partly mobilized as HFO colloid-bome species.
Therefore, humic substances may intervene in the aquatic subsurface actinide migration not
only as immediate actinide carrier but also as stabilizing agent for an inorganic colloid
mediated mobilization. Further experiments are in progress to study this influence of humic
stabilized inorganic colloids on the actinide migration. The results obtained from actinide
migration experiments with groundwaters rich in humic colloids emphasize the complexity of

the humic colloid facilitated actinide transport.
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Annex 2

Some Aspects on the Influence of Photochemical Reactions on
the Complexation of Humic Acid with Europium(III)
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P.O. Box 3640, 76021 Karlsruhe, Germany

Abstract

Photochemical reactions in the Eu(III)-humic acid system are investigated by fluorescence
spectroscopy. For comparison, humic acid without europium is also studied. Irradiation is
performed by high energy laser beam. The impact of photodegradation of humic acid is
monitored by different indicators showing strong variations in response. The decrease in DOC
content with increasing irradiation dose is lower than the decrease in UV/Vis absorption. The
highest impact is found for the fluorescence intensity. At 3 kJ/mg humic acid absorbed energy
and in absence of europium, fluorescence diminishes by more than 90 %. In the presence of
Eu(IIl), however, fluorescent groups are partly stabilized in this range of absorbed energy.
With the photodegradation, smaller entities are observed. The photodegradation of the humic
acid leads to a decrease of the europium-humate complexation constant. Furthermore,
europium is reduced to the divalent state. The present study shows that for metal ion humic
acid complexation studies by laser-fluorescence spectroscopy, great care is needed to avoid
significant experimental artifacts, such as photodegradation and metal ion redox reactions.

Introductioh

Numerous investigations have been performed on the complexation behavior of humic acid
with actinide ions applying a large variety of experimental methods. Depending on the
. method, the results vary considerably. Time resolved laser fluorescence spectroscopy
(TRLFS) has the advantage of direct speciation and allows measurements at the very low
metal ion concentrations required for the low solubility of multivalent metal cations. Thereby,
spectral information is obtained from excitation, emission and the lifetime of emission. When
TRLFS is used to evaluate the metal ion complexation, it is generally assumed that no
photodegradation accompanies the excitation of these multi-functional macromolecules. Such
photodegradation, however, has been reported for excitation of the Eu- and Tb-humate at 308
and 394 nm using an excimer laser [1]. The objective of the present work is to evaluate photo-
chemical reactions induced by laser irradiation and the influence on complexation studies of
the Eu(III)-humic acid system by time-resolved laser-induced fluorescence spectroscopy.
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In the wavelength range where irradiation is done, humic acid is the dominant light absorber
and absorption by other components can be omitted. The dose imposed by the irradiation is
expressed in energy absorbed per unit weight humic acid (kJ/mgHA). The resulting photo-
degradation is measured by different methods. The complexation constant of Eu(IIl) with
non-photodegraded and photodegraded humic acid is determined by means of ultrafiltration.

Experimental

Reagents

The humic acid investigated is Gohy-573(HA), which originates from a groundwater at 139 m
depth of the Gorleben aquifer system located in Northern Germany. The purification and
characterization of Gohy-573(HA) can be found elsewhere [2]. Its proton exchange capacity
(PEC) determined by pH titration under Ar atmosphere is 5.38+0.20 meq/g [2]. Stock solu-
tions are prepared by dissolving a known amount of humic acid in 0.1 M NaOH rapidly
followed by dilution with 0.1 NaClO,. The pH is adjusted to 6.0 by addition of HCIO4. With
few exceptions, 10° M MES buffer (2-mospholine-ethane sulfonic acid) is used for stabili-
zation of pH. The molar humic acid concentration is obtained by multiplying a given weight
concentration (g/L) by the PEC (meq/L) divided by the charge of the metal ion under investi-
gation (z). Thus, for europium(III), the humic acid concentration is expressed as [HA(III)] [3].

Laser Induced Fluorescence Spectroscopy

The laser system used for irradiation of humic acid solution and for laser fluorescence spec-
troscopy of complexed and non-complexed europium is an excimer pumped dye laser system
(Lambda Physics, Compex 205 and Scanmate II). Dye-laser pulse at 394 nm (dye: Qui), ImJ
pulse energy and a pulse duration of 25 ns at FWHM is used for irradiation of the sample
solution. The sample cell is a rectangular silica cell (HELLMA). The fluorescence emission
light is monitored perpendicular to the laser pulse, spectrally resolved by a polychromator
(Acton Research, Spectra Pro 275; entrance slit width: 0.5 mm; grating: 300 lines /mm) and
detected by an intensified time gated diode array detector (Princeton Instruments, OSMA IRY
700 GR, 1024 linear arranged Si photo diodes). The experimental equipment operates in a
spectral window of 210 nm width with a wavelength resolution of about 1.1 nm. Using a
beam splitter, a small fraction of the laser pulse is reflected onto a pyroelectric detector con-
nected to a powermeter (Newport 1835C) to monitor the pulse energy. Reading out and digit-
izing the data from the diode array detector is controlled by an SI180 camera controller
(Spectroscopy Instrument). The system components are synchronized by a digital delay/pulse
generator (Stanford Research Systems: DG535) as a master trigger unit. With the software
POSMA (Spectroscopy Instruments), a PC is used to control the system and analyze the data.
Final emission spectra obtained are the results of 10 to 25 averaged single spectra. The
resulting emission spectra are normalized to the average pulse energy.
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Ultrafiltration

Ultrafiltration is used to investigate the Eu complexation with photodegraded and non-
photodegraded humic acid. This method allows the separation of the non-complexed Eu ion
from its humate complex by size fractionation [4]. The filtration system uses a membrane of
nominal cut-off 1000 Daltons (Filtron Co., Microsep™ Microconcentrators). Europium
concentrations in filtrates are quantified by ICP-MS. A correction is used for the partial reten-
tion of the non-complexed Eu ion, and possibly sorption on the membrane (at pH 6.0, 0.1 M
NaClOs, 75% of the non-complexed Eu®* ion is found in the filtrate). The Eu species distri-
bution is calculated by the total Eu concentration and the concentration in filtrate, applying
the correction factor. Published results [4] show the validity of the method for non-photode-
graded humic acid. Alteration of humic acid by photodegradation, including changes in size
distribution, could introduce experimental artifacts. As shown in this work, however, this
method can be applied also for photodegraded humic acid.

Results and discussion

Humic acid has a broad UV/Vis absorption, increasing strongly towards shorter wavelength
without distinct features. It has broad excitation and emission bands and a complex fluores-
cence decay time dependency. Part of the complexity in fluorescence properties has been
attributed to excited state processes (e.g., intramolecular energy transfer) [4,7]. Due to irra-
diation, a number of different photochemical processes can be induced, including breaking of
bonds, change in functional groups and structures that may also change intramolecular inter-
actions. Through examination of UV/Vis absorption and fluorescence, including comparison
of fluorescence decay between irradiated and non-irradiated humic acid, information is
obtained on structural changes induced by photodegradation.

A) Humic acid solution without europium

Humic acid solution is irradiated at wavelengths of 308 and 394 nm by the pulsed laser
system. 308 nm is chosen because at this wavelength the highest dose rate is achieved. 394
nm is chosen because of its relevance for Eu-humate interaction studies. For comparison, an
absorbed energy of 3.0 kJ/mg HA reflects the typical situation for measurement of the Eu
fluorescence lifetime for speciation purposes under these conditions.

Influence on UV/Vis absorption
In Fig. 1, UV/Vis absorption spectra are shown for humic acid after irradiation at 308 nm with

absorbed energy up to 418 kJ/mg humic acid. The UV/Vis absorption decreases over the
entire wavelength range and for the highest dose the absorption decreases with almost 80 %.
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In Fig. 2 the absorption relative to non-irradiated samples is shown for different irradiation
doses, with and without presence of MES buffer. The decrease in absorption is higher around
the irradiation wavelength than at shorter and longer wavelengths. Nevertheless the decrease
in absorption is relatively uniform and also takes place at shorter wavelengths than that of
irradiation. In the presence of MES buffer, the decrease in UV/Vis absorption is lowered
compared to samples without the buffer. This indicates that the organic buffer acts as a
scavenger for photochemically generated reactive species.

0.5 T | |
lrradiation
Wavelength Energy absorbed :
(kJ/mg humic acid)
0.4 E (from top to bottom){
i 0
64.0
; 117
S 0.3 : 206 N
= : 275
g 367
Qo 418
< 02 -
01 .
0 | ———
300 400 500 600
Wavelength (nm)

Fig. 1: UV/Vis absorption spectra of humic acid for different absorbed energy from pulsed
laser irradiation at 308 nm.

A key question is to which extent UV/Vis absorption can be used as an indicator for decom-
position of humic substances. As seen in Fig. 2, the decrease in DOC concentration with
increased absorbed irradiation dose is lower than the decrease in UV/Vis absorption. This
shows that the decrease in UV/Vis absorption is the result of a variety of photochemical reac-
tions including modification of the electronic structure and bond-breakage. Separate investi-
gations by gel permeation chromatography show the generation of smaller entities.
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Eig. 2: UV/Vis absorption and DOC concentration relative to non-irradiated samples of humic
acid for different absorbed energy from pulsed laser irradiation at 308 nm. Samples a and b
are without MES buffer and 28.1 and 66.8 kJ/mg humic acid absorbed irradiation energy,
respectively. Sample ¢ is with 102 mol/L MES buffer and 64.0 kJ/mg humic acid absorbed
irradiation energy.

Influence on fluorescence spectrum

The decrease in fluorescence intensity with irradiation is much stronger than the decrease in
UV/Vis absorption. In Fig. 3, the fluorescence spectra of humic acid are shown for irradiation
at 394 nm. In Fig. 4, the fluorescence emission intensity at 500 nm is shown as a function of
the absorbed energy. The fluorescence intensity decreases with increasing absorbed energy.
At an absorbed energy of approximately 3.0 kJ/mg HA, the fluorescence intensity is
decreased by approximately 95 %, compared to an only marginal decrease in the UV/Vis
absorption at 250 nm for the same irradiation dose (cf. Fig. 1).

B) Irradiation of a humic acid solution containing Eu
Influence on the emission spectrum of Eu and humic acid

When exciting a non-complexed Eu®* ion solution at 394 nm, two main bands (D, — 'F; and
Dy — 'F,, at 592 and 617 nm, respectively) are observed. Another weak band can also be seen
(SDo - 7F4 at 697 nm), whereas the other transitions (5Do - 7F3, Do — 'Fs and *Dg — 7F6) are
very weak. For the non-complexed Eu’* ion, the band at 592 nm is the most intense. Upon
complexation, the peak positions do not change, but the relative intensity of the different
bands change and for Eu(III)-humate, the Do — ’F, (617 nm) band becomes the most intense.

39




Relative fluorescence intensity

(Excitation at 394 nm)
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Eig. 3: Influence of irradiation by laser at 394 nm on the fluorescence of humic acid. Fluores-
cence spectra from excitation at 394 nm are shown for different absorbed irradiation energy.

Relative fluorescence intensity

Eig. 4: Decrease in europium fluorescence bands (592 nm and 617 nm)) and humic acid fluo-
rescence at 500 nm with and without europium as a function of absorbed irradiation dose.
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Humic acid is complexed with europium at pH 6.0 (buffered with 10~ mol/L MES) in 0.1
mol/L NaClO4. Europium concentrations are equivalent to 20, 40 and 65 % of the fraction of
humic acid functional groups that can be complexed under these conditions (the loading
capacity) [3]. This ensures that the concentrations of non-complexed europium are negligible
in the starting solutions. The solutions are equilibrated for 48 hours prior to irradiation

experiments.

Relative Fluorescence Intensity

(Excitation at 394 nm)

400

Absorbed Energy r__'Eu(III)
(kd/mg humic acid) n
(from top to bottom)

0.012 !
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A
i
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Eig. 5; Fluorescence of europium complexed with humic acid and that of humic acid (500 nm)
as a function of absorbed irradiation energy by laser at 334 nm. The europium concentration
is equivalent to occupation of 40 % of the fraction of humate sites that can be complexed
(loading capacity) under these conditions (pH 6.0, 1=0.1 (NaCiO,)).

Figure 5 shows the europium and humic acid fluorescence as a function of the absorbed
energy at 40 % europium loading. The irradiation energy is delivered by the laser source used
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for the fluorescence measurements (394 nm). The fluorescence intensities of both europium
bands and that of humic acid decrease with increasing irradiation dose. Irrespective of the
absorbed energy, the ratio between the two bands at 592 and 617 nm remains basically
constant (2.36+0.17). This observation suggests that during photodegradation, the ratio of free
Ewcomplexed Eu is not affected. However, the fluorescence intensity of free Eu being much
smaller than that of Eu humic acid complex, a small change in the free Eu concentration is
difficult to observe by the Eu emission spectrum. Furthermore, to which extent the mode of
complexation between humic acid and Eu (III) is affected by degradation of humic acid
cannot be determined.

In Fig. 4, the relative fluorescence intensities of humic acid with and without europium as
well as the two europium emission bands are shown. The relative fluorescence intensity ratio
of the two europium emission bands remains virtually constant with increasing irradiation
dose. In absence of europium, the humic acid fluorescence diminishes rapidly and, as
discussed above, decreases by approximately 95 % at an absorbed irradiation dose of 3 kJ/mg
humic acid. In the presence of europium, the humic acid fluorescence becomes stabilized for
absorbed doses above approximately 1 kJ/mg humic acid. The reason for the stabilization of
humic acid fluorescence by europium in this range of absorbed energy is not yet clear.

Photolytic generation of Eu(Il)

Irradiation with laser light at 394 nm not only leads to changes in the absorption, fluores-
cence, size distribution and functional group content of humic acid but also leads to the
generation of divalent europium. In Fig. 6, the ° Dy-'F transition (592 nm) of Eu(Ill) is shown
for photodegraded humic acid in the presence of europium. This spectrum is recorded for the
highest europium concentration, i.e. 65 % of the humic acid europium loading capacity and
photodegradation by an absorbed energy of 4 kJ/mg humic acid. Around 460 nm a band
corresponding to Eu(II) is observed.

Influence on the Eu-humate complexation

Stability constants of europium with non-photodegraded and photodegraded humic acid are
determined by the ultrafiltration method at pH 6.0 and 1=0.1 M (NaClO,). Separate investi-
gations showed that less than 8 % of europium in the filtrate was complexed, and thus the
ultrafiltration method can be applied also to photodegraded humic acid. Degradation of humic
acid is done by laser irradiation at 308 nm with an absorbed energy of 80 kJ/mg HA. After
laser irradiation, europium is added in concentrations equivalent to 20 and 65 % of the humic
acid europium(III) loading capacity. The stability constants are evaluated by the charge
neutralization model [3]. The results are summarized in Table 1. For the investigation on the
non-photodegraded humic acid, as expected, no influence of the loading is found. The overall
average of the europium-humate stability constant is found to be 6.37+0.10, which is in good
agreement with values determined for different trivalent f-elements by ultrafiltration and

42




spectroscopic methods (log=6.24+0.28 [3]). For the photodegraded humic acid results are
different. Again, no significant influence of the loading of humic with europium is found,
however, the overall average of the stability constant is much lower, namely 5.19+0.12.

Eu(ill)
Absorbed Energy: (°Do - ’F4)
4 kJ/mg humic acid

Fluorescence intensity (arb. units)
(Excitation at 394 nm)

1 1 1 1

400 450 500 550 600
Wavelength (nm)

Eig. 6: Photolytic generation of Eu?* in humic acid solution irradiated by laser at 394 nm (4
kd/mg HA). The europium concentration is equivalent to 65 % of the loading capacity of the
humic acid.

[able 1: Europium-humate complexation constants at pH 6.0 (I=0.1 M (NaClO,). Non-
photodegraded and photodegraded humic acid is investigated for europium concentrations
equivalent to 20 and 65 % of the effective humic acid concentration. No correction is made
for the impact of photodegradation on the functional group content®.

Humic Acid log B (L/mol)

20 % Loading 65 % Loading
Non-photodegraded 6.31 + 0.06 6.40 + 0.10
Photodegraded* 5.13 £ 0.11 5.26 + 0.08

Photodegradation leads to changes both in the functional group content of humic acid and
decrease in molecular size. Investigations on different size fractions of humic acid show that
with decreasing size the complexation strength decreases [5]. Comparison of the metal ion
complexation with humic and with fulvic acid also shows lower complexation strength for the
smaller fulvic acid [6]. Simultaneously, photodegradation results in modification of the func-
tional group content. Delineation of the impacts from decrease in the molecular size and
change in the functional group content, cannot be performed by the present data.
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Summary and Conclusions

The sensitivity of different properties of humic acid towards photodegradation varies strongly.
Photodegradation leads to generation of smaller entities. The decrease in dissolved organic
carbon is lower that the decrease in UV/Vis absorption. The decrease in fluorescence inten-
sity, however, is much more pronounced that the former two decomposition indicators. Addi-
tion of europium leads to stabilization of humic acid towards photodegradation.

Application of laser-induced fluorescence spectroscopy for studying the europium-humate
interaction may be subject to considerable experimental artifacts through photochemically
induced reactions. These artifacts are due to changes in functional group content and lowering
in molecular size of humic acid. Simultaneously, photolytic reduction of europium from the
trivalent to the divalent state takes place. Due to the relatively low fluorescence efficiency of
europium, significant photolytic impact can occur. This is especially true for high absorbed
irradiation doses, for example where europium lifetime measurements are conducted. There-

fore, great care is needed to ensure that significant experimental artifacts are avoided where
the europium humic acid system is studied.
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Abstract

For the appraisal of humic colloid facilitated migration of a given tetravalent actinide ion
under reducing conditions of aquifer systems, in this work, the tetravalent neptunium ion
Np(IV) was chosen for the spectroscopic study of its fulvate complexation behaviour. Fulvic
acid was taken because of its solubility at low pH (< 2), at which the Np(IV) undergoes
minimal hydrolysis and no carbonate complexation. Two main kind of experiments were
carried out by spectroscopic speciation at pH 1 and 1.5, a batch and a titration experiment.
The studies were performed in Np(IV) concentration range from 2.5x10° to 9.7x10> M and at
fulvic acid concentration in the range from 6.5x10 to 8.5x107 eq/l. The concentrations of
total Np(IV) and Np(IV) in solution were measured by liquid scintillation counting. All other
species were estimated by absorption spectroscopy, the uncomplexed Np(IV) at 960 nm and
the Np(IV)-fulvate at 967.5 nm with molar absorption coefficients of 162 and 63 L mol! cm™,
respectively. Additionally, a absorption maximum of complexed Np(IV) is found at 974.5 nm,
but nature of this species is unknown up to now. By mixing Np(IV) and FA(IV) a neptunium
fulvate aggregate is formed, which alters with time. The reaction between aggregate and
species in solution reaches equilibrium after 3 days. The amount of NpFA(IV)-aggregate
varies not only with time but also depends on the method (batch or titration) the studies were
made. The complexation constant is evaluated by the metal ion charge neutralisation model
by taking into account -the loading capacity (LC) and the hydrolysis given by the
corresponding hydrolysis constants for NpOH>* and Np(OH),** from literature. For pH 1 and
1.5 15 % and 75 % LC were evaluated yielding in log B's of 7.86 £ 0.09 and 9.18 £ 0.17,
respectively. The values both LC and log 8 show a discrepancy, that cannot explained without

further investigations on the Np(IV)-fulvate complexation.
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1. Introduction

Neptunium can exist simultaneously in different oxidation states in aqueous solutions. In
solutions without reducing components (aerobic), pentavalent neptunium is stable as neptunyl
ion (NpO,"). But under reducing conditions, as expected in groundwaters of deep geological
formations, the NpO," can be reduced to tetravalent neptunium (Np(IV)). Especially, in humic
colloid containing ground waters (Boom Clay, Belgium and Gorleben, Germany), NpO," is
reduced into tetravalent oxidation state [1]. Column experiments with these groundwaters
showed that tetravalent Np will be bound onto humic colloids under pH neutral conditions [2].
Consequently, the neptunium migration is facilitated in the tetravalent oxidation state.
Hitherto, it is unknown in detail in which form and to which strength the tetravalent
neptunium is bound to the humic colloids. But for safety assessment the knowledge of
binding mechanisms with all related thermodynamic and kinetic parameters is necessary.

The goal of the present work is to elucidate the complexation (mechanism and strength) of
tetravalent neptunium by humic colloids.

One of the biggest problem investigating tetravalent actinide ions is the high tendency for
hydrolysis, the reaction with water molecules resulting in monomeric, polymeric and solid
species An(OH),**. Due to that, data concerning the complexation of tetravalent actinides
with humic substances under environmental conditions are missing in the literature. The
hydfolysed species undergoes polymerisation at higher ion concentration resulting in colloid
and particle formation. In order to impede such reactions and to facilitate calculations and
interpretations, we have started the experiments at low pH in the slight hydrolysed range
pH < L.5). In this acidic pH range the fulvic acid fraction (FA) of the humic colloids can be
used as soluble fraction in contrast to non-soluble humic acid fraction. Many earlier studies
showed that both humic colloid fractions (humic and fulvic acids) have very similar

complexation behaviour [3,4] and studies of one can be compared with each other.

In the present work we have examined the reaction between Np(IV) and fulvic acid at pH 1
and 1.5. For the work purpose, UV-VIS spectroscopy was chosen, as it provides a direct
quantification of the species involved in the reaction and the accessibility to the ratio of the

free Np(IV) on the complexed Np(IV).
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2. Experimental details

All experiments were performed under argon atmosphere to avoid oxidation of Np(IV), at pH
I and 1.5 in hydrochloric acid solutions at room temperature. The fulvic acid (FA) is initially
originated from the Boom Clay interstitial water, sampled in the underground research facility
in Mol (Belgium) but was provided in a freeze-dried form by the Institute fiir Nukleare
Entsorgungstechnik (INE, Forschungszentrum-Karlsruhe). The fulvic acid was extracted,
isolated, and purified in the frame of the laboratory intercomparison exercise in the MIRAGE
project of the CEC [5]. The proton exchange capacity is determined to be 3 meq/g from the
first derivative of the titration curve obtained by potentiometric titration. Stocks solutions of
FA of different concentrations are prepared by dissolving appropriate amounts of freeze-dried
FA in a small volume of 0.1 M NaOH and fixing the appropriate pH with HCl. The FA
concentration in the UV-VIS cuvette is determined by Total Organic Carbon (TOC)
measurement. The tetravalent Np stock solution is obtained by electrochemical reduction of
pentavalent Np solution in 1M HCIl. The purity of tetravalent Np stock solution was
confirmed by spectroscopy by means of the Np(IV) absorption band at 960 nm and Np(V)
absorption band at 980.4 nm. The molar absorption coefficients of 162 [6] and 395 L mol™
cm™' [7] were used to calculate concentrations of Np(IV) and NpO,', respectively. For all
solutions UV-VIS spectroscopy was used to study the complexation reactions at the
wavelength interval between 920 and 1040 nm (Varian, Cary 5 spectrophotometer). The total
Np concentration and the Np concentration in solution were determined by LSC (Liquid
scintillation counting, Beckman) with discriminating the -decay of its daughter Pa-233.

Two main kinds of experimental approaches are carried out at pH 1. First, samples were
prepared in a batch method by adding certain volumes of fulvic acid solution to a Np(IV)
solution. For each Np/FA ratio one separated cuvette was used. Within this study the Np(IV)
ion concentration was maintained consfant at about 1.1x10*M while varying the FA
concentration from 6.47x10* to 8.47x10> eq/l. Second, complexation was examined by
adding Np gradually to a FA solution with a certain concentration in one cuvette (titration
method). The Np(IV) ion concentration is varied from 2.5x10° to 9.73x10° M and from
3.48x10® to 6.87x10” M while maintaining the fulvic acid concentration constant at 2.86x107
eq/l. At pH 1.5, two experiments were carried out by varying the FA concentration from
1.52x10™ to 5x107 eq/l while the Np is maintained constant at two different concentrations,

3.5x107 and 8x10° M.
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When Np was added, an instantaneous aggregation being observed for most of the samples to
the fulvic acid solutions. The total and soluble Np and FA concentrations were measured at
the end of the experiments by LSC and TOC methods, respectively, which allow to obtain the
amount of Np and FA involved in the brownish aggregate by substraction. The aggregation
was not observed for very low ratios of [Np(IV)]/[FA(IV)]. After addition of Np(IV) in the
different cuvettes and equilibration, the solution was analysed by spectroscopy with a Cary 5

spectrophotometer (VARIAN).
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Fig.1: Absorption spectra for the complexation of Np(lV) with fulvic acid at pH 1 (The
concentration of Np is kept constant to 1.1x10* M , while varying the FA concentration from
6.47x10" to 8.47x107 eq/l.

3. Results and discussion

3.1 Absorption spectroscopy of Np(1V) in FA(IV) solutions
The spectroscopic speciation was started with samples of different FA concentrations

(6.47x10* to 8.47x107 eq/l) at constant Np concentration of 1.1x10* M (batch method, see
appendix: Table 1). The obtained spectra are shown in Figure 1. In each spectrum two
absorption bands can be recognized. The Np(IV) ion absorption band is characterized by a
well-known maximum at 960 nm and a FWHM of 6 nm and the absorption of the Np(IV)-
fulvate complex appears with a maximum at 967.5 nm and a FWHM of 10.3 nm. By
increasing the total FA concentration the Np(IV) ion peak becomes smaller whereas the

absorption band of Np(IV) fulvate complex grows due to rising complexation.
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Fig.2: Absorption spectra for the complexation of Np(IV) with fulvic acid at pH 1 (The
concentration of fulvic acid is kept constant to 2.8x10° eg/l , while varying the Np
concentration from 2.53x10® to 9.73x10°° M by a titration method.

In a second experiment the titration as well as the batch method was used for lower ratios of
Np(IV), to FA(IV),. By increasing the Np concentration from 2.5x10° to 9.73x10° M in a
solution with a constant FA concentration of 2.8x107 eq/l (see appendix: Table II), we
observed a new absorption band in addition to the peak characteristic of the Np(IV)-fulvate
complex at 967.5 nm (designated as NpFA(IV)oes). This is illustrated in Figure 2 and 3. It is
assumed that this absorption band with a maximum at 974.5 nm and a FWHM of 14.5 nm is
related to another Np(IV) fulvate species and is called Np(IV)FAg;s. Increasing the ratio
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Fig. 3: Absorption spectra for the complexation of Np(1V) with fulvic acid at pH 1 (The
concentration of fulvic acid is kept constant to 2.85x10%eq/l , while varying the Np
concentration from 3.48x10°® to 6.87x10"° M by a batch experiment (different cuvettes).
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[Np(IV)]/[FA], the absorption band of NpFA(IV)oss appears as well.

In order to look at the pH dependency of the fulvate complexation experiments were done at
pH L.5. The spectra (see Figure 4) of the solutions at pH 1.5 show the same characteristics
with the same band maxima at 960 nm, 967.5 and 974.5 nm for the Np(IV) ion and the two
Np(IV)-fulvate complexes, respectively. At pH 1.5, we can expect a higher deprotonation of
the fulvic acids and hence, a higher complexation strength of the fulvic acids towards the

Np(dV).

3.2 Complexation behaviour and Kinetic aspects

After adding Np(IV) to different concentrated FA solutions, parts of the FA aggregates for all
the ratios of [Np(IV)]/[FA(IV)], except at large excess of fulvic acid compared to the Np
(about 1000-fold). After the brownish aggregate has deposited on the bottom, UV-VIS
spectra of the solution have been recorded regularly with time. As shown in Figure 5, a
change in the spectrum can be followed with time and an increasing amount of Np(IV) in
solution has been measured simultaneously by radiochemical analysis. These observations

indicate that obviously most of Np(IV) is bound onto the aggregates and subsequently, free
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Fig.4. Absorption spectra for the complexation of Np(IV) with fulvic acid at pH 1.5 (The
concentration of Np is kept constant at 8x10°M for the left graph and 3.3x10°°M for the
right one , while varying the fulvic acid concentration from 1.5x10™ to 4.94x10 eg/I.
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Np(IV) and Np(IV) fulvate are released into the solution with time. The presence of Np in the
aggregated fulvate is confirmed by radiochemical analyses of it. This leads to the conclusion
that the aggregated fulvate on one hand is re-dissolved by forming smaller Np(IV) fulvate
particles and on the other hand that parts of the Np(IV) ions are able to leave the fulvic
molecule. An equilibrium among Np(IV), Np(IV) fulvate in solution and aggregated Np(IV)

fulvate is obviously reached after about three days.

0,006 ——— — Y , . . —

~——2 days after preparation

0,005 | .
5 days after preparation

0,004
0,003

0,002

Absorbance

0,001

0,000

940 960 980 1000 1020
Wavelength (nm)

Fig.5: Kinetic evolution of the UV absorption spectrum representing the complexation of
Np(IV) with fulvic acid at pH 1 as a function of the time.

Aggregation of the FA implies the saturation of some fulvic acid sites by Np(IV) ions and the
formation of less hydrophylic structures by molecular aggregation. The kinetic was different
for the experiments of Figure 1 and 2 and depends obviously on the different ratios of
[Np(dV)}/[FA],.. Adding a small volume of concentrated neptunium solution to a large volume
of fulvic acid solution might form a local oversaturation of fulvic acid and hence a fast
aggregation takes place. All of the free neptunium, which is not bound to the fulvic can be co-
extracted inside the aggregates and only a small absorption of all neptunium species is
observed in the spectrum (Fig. 5). With time, the fulvic acid can be rearranged and neptunium
is released due to diffusion into the bulk solution. Contrary to this, adding small volumes of
concentrated fulvic acid solution to a large volume of neptunium solution seems to prevent
local saturation of the fulvic acid and is the better choice for the experiment.

These kinetic aspects seem to be important in the system involving different ratios of Np(IV)
ions and fulvic acid and, the way the complexes are prepared. Consequently, the kinetic

effects have been taken into account for recording the spectra.
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Evaluation of the complexation reactions at pH 1

The total neptunium concentration [Np], is known from LSC and o-spectroscopy. Impurities
of oxygen can oxidize Np(IV) to NpO," with time. The amount of NpO," ([NpO;']) is
estimated spectroscopically by the absorption band at 980.4 nm and hence, the difference
[Np]; — [NpO>"] corresponds to the total Np(IV) concentration ([Np(IV)],). The NpO," ion
shows no significant interaction with the fulvic acid at such low pH values. In order to
facilitate interpretations of the spectra the absorption band of the NpO," was mathematically
substracted from the total spectrum and can not be recognized in the presented figures. As
mentioned before, after mixing Np(IV) and FA sometimes the fulvate aggregates as Np(IV)-
fulvate. The amount of aggregated neptunium fulvate ([NpFA(IV)].g;) Was calculated by the
difference of [Np(IV)]; and Np(IV) measured radiometrically in solution ([Np(IV)].) after
aggregation. Parallel to that, the FA concentrations in solution and in the aggregates are
obtained by TOC measurements. The concentrations of free Np(IV) and of the Np-species in
solution are deduced from the absorption spectra. However, the peak and the corresponding
absorbance coefficient of the free Np(IV) ion is well known and give reliable values, whereas
the characteristics of the fulvate species had to be find. Each spectrum has been numerical
deconvoluted with Gaussian-Lorentzian functions by the GRAMS program (Galactic)
resulting in pure spectra of each neptunium species. From the pure species spectrum the molar
absorption coefficients are evaluated by the Lambert-Beer-Law & = €y-cpd at each
wavelength i for each species m and with concentration of the species cy,, which was known
from radiometric measurements. The concentration of neptunium fulvate in solution
[NpFA(IV)]lyq is calculated by substracting the spectroscopically determined Np(IV)
concentration [Np(IV)] from [Np(IV)],q . The absorption coefficient for the NpFA(IV) at
967.5 nm, was calculated to 63 + 8 L mol’ cm™. In Table I (appendix) the concentrations of
the species are listed.

For better illustration of the data from table 1 and 2 (appendix, batch experiment, pH 1), the
relative concentration of free Np(IV), Np(IV) fulvate and aggregated Np(IV) fulvate are
plotted in Figure 6. It is obvious, that at [Np(IV))/[FA(IV)], ratios below 0.10 the total
Np(IV) is complexed and NpFA(IV),ge and NpFA(IV),q are present in similar concentrations.
Above 0.1 the free Np(IV) concentration and NpFA(IV),q increase, whereas the NpFA(IV ),ggr

remains roughly constant.
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The interaction of Np(IV) with fulvic acid is expressed by this relation in a first approach:
Np(1V) + FA(IV) < NpFA(1V) (eq.1)

according to the charge neutralization model described in earlier publications [8], where
Np(IV) represents the concentration of uncomplexed Np(IV) ion, Np(IV)FA(IV) the total
concentration of the fulvate complex (Np(IV)FA(IV)ager + NpUIV)FA(IV),q). FA(IV) denotes
free fulvic acid concentration, i.e. the uncomplexed functional groups of the fulvic acids given

by the following substraction [FA],x — [NpFA(IV)],. The molar concentration of binding sites
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Fig. 6: Relative concentrations of Np(IV) species in fulvic acid solution at pH 1.0. The line
for NpFA(IV), is fitted according to [10].

([FA]io1) can be calculated by multiplying the proton exchange capacity (PEC, (eq/g)) with the

weighted amount of FA expressed in g/l.

The tetravalent neptunium is readily hydrolysed, and it is not expected that only the Np** ion
exist in solution at pH 1 and 1.5. Calculations of the hydrolysis of Np(IV) with log By, Bi2,
B13 and By4 of 14.5, 28.2, 39.2 and 47.2 gives a species distribution of the Np(IV) at given pH

values, which is shown in the table:
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pH Np* NpOH™ Np(OH),** Np(OH);" Np(OH)4
mol/l mol/l mol/l mol/l mol/l

1.0 519x10® 1.64 x 10° 8.22 x10° 8.22x10% 26x 102
0.5 % 16.4 % 82.2 % 0.8 % -

1.5 576x10° 5.76 x 107 9.13 x 10° 2.89 x 107 2.89 x 10"
0.06 % 5.76 % 91.3 % 2.89 % -

The values for the hydrolysis are critical selected from literature for B,;, B12 and calculated
with correlation of the constants and the electrostatic interaction energy between the actinide
and OH’ ion [9]. The calculations were made by the MINEQL-program. From the data it is
obvious, that Np(IV) can be present as hydrolysed species NpOH>* (164 %) and
Np(OH)22+(82.2 %) at pH 1. The Np(OH)4 is undersaturated in solution and consequently
forms no precipitate, which was confirmed by the experiment.

The absorption band observed at 960 nm is caused by the absorption these hydrolysed species.
Unfortunately, no change can be observed in the spectra varying the pH from 0 to 1.5 and
conseqﬁently, the release of one or two protons from one or two water molecules in the
hydrated shell does not change significantly the absorption peak of the Np(IV). But
nevertheless, the hydrolysis has to be taken into consideration for calculations of
complexation constants. In a first approach we assume that only Np** reacts with fulvate

molecule. The following reactions with the corresponding reaction constants can be

considered:
Np* + H,0 < Np(OH)** + H' log Ky =0.5 ()
Np* +2 H,0 = Np(OH),** + 2H" log B2 =0.2 (3)
Np** + FA(IV) = NpFA(IV) log B = to be found )

For fulvate complexation reaction the complexation constant log B is defined according to the

law-of-mass-action and the charge neutralization model to:

g = [NpFA(IV))
[Np* I[FA(IV)]

)
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with
[FA(IV)] = FA(IV), LC —-[NpFA(IV)] 6)

The free Np4+ concentration is determined by the hydrolysis reactions and rearrangement of

equation (1) and (_2) gives

2+ +12

[Np* ] = [NP(OHB)z 1[H7] 7
h2

B= [NpFA(1V)] 1 ®)

" [Np(OH)ZJIH'F [FA(IV)],LC ~ [NpFA(IV)]

No we have to consider that, however, the measured Np absorbance band is the sum of
Np(OH)** and Np(OH),>*. The ratio between both species should be constant and is fixed by
the equilibria between the two hydrolysis reactions (Eq. 2 and 3). If we assume that the
hydrolysed species is not involved in interactions with fulvic acid, the mol fraction can be
picked directly from the above shown Table. From the measured absorbance the Np(OH),>* is
calculated by [Np(OH)22+]=e 0.822/¢p, with 0.822 as the mol fraction of the second hydrolysis
species at pH 1.0.

The evaluation of the fulvate complexation has been made only for the experimental results
when free Np(IV) could be observed (Table I). The Np(IV)r ion concentration being not
available from the other sets of data. In Figure 7 the data are plotted according to the

neutralization model in a linear relationship with the slope LC.

INp™WFAUVY), o ) | poc ] ©)

N 4+ -
(NP~ [Np(IV)FA] B B
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Fig. 7: Evaluation of loading capacity (LC) for Np(IV) fulvate complexation at pH 1.0.

The [Np*'] is calculated by Eq. (7) and for the loading capacity a slope of 0.145 by linear
regression is obtained and this result coincides with the saturation curve
(INpFAAV)I/[FA(IV)]; versus [Np(IV)I/[FA(IV)]) in Figure 6. A numerical solution of this

relations is given elsewhere [10].
The reaction stoichiometry can be obtained by rearranging equation (1) in the following way:
log [NpFA(IV))/[Np**] = log B + n 10g[FAJfrec 10)

When the ratio [NpFA(IV)]/[Np'“] is plotted versus [FAlyee On a log-log scale a linear
relationship is obtained with a slope of n. This equation has been applied to our data for the
total neptunium fulvate and for only the neptunium fulvate in solution (Figure 8). For both
data sets a slope near unity (1.12+0.2 and 1.01 % 0.23) has been found at pH 1.0 for the
Np(V)-fulvate complex and only a insignificant difference between the aggregate and the
solution species can bve assumed. At higher ratios Np(IV)/FA(IV), and hence, higher loading
of the fulvate, the slope changes, maybe due to more a aggregation of FA molecules. These

values were rejected and are not shown in the graph.
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Fig. 8: Validation of the complextion of Np(IV) with fulvic acid at pH 1.0 postulated by Eq.
(1). The free fulvate concentration is evaluated by Eq. (6).

For the data a complexation constant log 8 can now be calculated by equation (8) at pH 1. For
the reaction
Np** + FA(IV) « NpFA(IV) (D
a complexing constant of
log B =7.86 £ 0.09
is yielded.

Discussion of experiments at Np(IV)/FA(IV); ratios < 0.1.

Two remarkable observations (see Fig. 2 and 3) are made at lower Np(IV)/FA(IV), ratios
(<0.1). First, in the absorption spectra no absorbance of the free Np(IV) is observed, but it
must be emphasized, that the detection limit of the Np(IV) by absorbance spectroscopy is of
about 8 x 107 mol/L. For the experiment about 0.8-30 % of the applied total Np(IV)
concentration are not detectable, and hence, the data cannot be used for calculations of the
complexation constant. Second, at ratios lower than 0.01, only one absorbance peak at 974.5
nm is observed and a maximum at 967.5 nm does not exist. But with increasing ratio,
corresponding to increasing loading of the fulvate, the absorbance at 968 nm arises and
overlays the absorbance at 974.5 nm. From this observation two Np-fulvate species can be
assumed, which are denoted as NpFA(IV)ss and NpFA(IV)yss. The spectra were
deconvoluted in both absorbance bands, and the yielded absorbances at given
[Np(IV)J/[FA(IV)], ratios are illustrated in Figure 9. From this plot the absorbances of
NpFA(IV)e75 complex reach a saturation, whereas the NpFA(IV)o¢s-absorbances still increase.

The two fulvate species are obviously not dependent of each other and are formed
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Fig. 9: Absorbances of NpFA(IV)gss and NpFA(IV)g75 depending on the loading of
fulvate at pH 1.

simultaneously. For the molar absorption coefficient for the NpFA(IV)y75 complex, which was
calculated from data where NpFA(IV)ggs is zero, a first rough value of 51 L mol”! L was
obtained. What kind of species is formed at very low loading of the fulvate is unknown and
speculative. On one hand, maybe a limited number of strong sites are responsible for a strong
binding of Np(IV). Such sites might be carboxylic groups which are in near vicinity, like
oxalic acid, and hence, have low pK; values. In this case the binding mechanism is governed
by a more chelating effect. The shift of the absorption band to longer wavelengths points to
such a mechanism. On the other hand, we have seen a kinetic effect for the complexation
according to Fig. 5. It is conceivable that a more condensed species is formed due to local
high concentrations of Np(IV) or fulvate by adding them to the solution. The re-organization
of such a colloid than may be hindered kinetically. Unfortunately, a more detailed evaluation
of the data is not possible, because the free Np(IV) species cannot be determined under the
given experimental conditions.

Another remarkable observation is made when batch experiments are compared with the
titration method at almost same conditions. In Figure 10 the relative concentrations of total
NpFA(IV).q, NpFA(IV)ag,: and free Np(IV) for both methods are plotted against the ratios
Np(IV)/FA(IV),. and the values are picked out from Table II (appendix). It is cleared out, that
the relative concentrations of Np(IV)FA,q and Np(IV)FA,g; are more close and increase
parallel for the batch experiment contrary to the titration method. But for the titration method

a constant value of NpFA(IV),g is reached at [Np(IV)]/[FA(IV)]; ratios >0.08, in contrast to
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Fig. 10: Relative concentrations of Np(lV) species at pH 1.0 obtained by both batch
experiments and titration method.

the batch method. But nevertheless, when the total formed neptunium fulvate (NpFA(IV),) is
compared, they are identical for both methods. The distribution of the two different fulvate
species ( aggregate and solution species) depends on the history of the preparation, but does

not influence the total amount of neptunium fulvate.
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Fig. 11: Relative concentrations of Np(lV) species in fulvic acid solution at pH 1.5. The
data of the total Np(IV)-fulvate is fitted according [10] (solid line). The other lines are free-
plotted in order to make clear trends of each species.
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Fulvate complexation at pH 1.5

It is known from many studies that metal fulvate complexation depends on the pH value. In
order to prove the influence of the pH experiments were performed at pH 1.5. The absorption
spectra of Np(IV) in fulvic acid solutions at pH 1.5 (Fig. 4) resemble the spectra at pH 1 (see
Fig. 1-3). The absorption bands for the free Np(IV) at 960 nm and the two Np(IV)-fulvate
species at 967.5 nm and 974.5 nm are observed. The evaluation was made in the same way
described for pH 1. In Table III (appendix) the concentrations of the Np(IV) species are listed
and in Figure 11 the mol fractions of each species is shown as a function of the
Np(IV)/FA(IV), ratio. The limit, where no free Np(IV) can be measured is shifted to
Np(IV)/FA(IV), ~ 0.4 (pH 1 ~ 0.1), and this shift represents a higher complexation of Np(IV)
by fulvic acid. At higher loading more NpFA(IV),g;, is observed and consequently, smaller
amounts of neptunium fulvate are found in sblution. By fitting the data of the total amount of
neptunium fulvate a LC of 0.833 + 0.044 is deduced. This is much higher than at pH 1 and
can at the moment not explained. However, a deconvolution of the NpFA(IV) absorption peak
in two contributions, one peak at 968 and the other at 975 nm, have yielded no reliable data
for the absorbances of NpFA(IV)ess and NpFA(IV)ess, as seen in Figure 12. Obviously, no
relationship between [Np(IV)]/[FA(IV)], ratios and the absorbances of the pure NpFA(IV)
species can be observed. But if only samples are considered, that show only the absorption

band at 974.5 nm a molar absorption coefficient for Np(IV)FAg;s is estimated to 51 £ 5 L
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Fig. 12: Absorbance of NpFA(IV)sss and NpFA(IV)ezs obtained by deconvolution of the
spectra as a function of [Np(IV)J/[FA(IV)):
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Fig. 13: Evaluation of the loading capacity for the Np-fulvic acid complexation at pH 1.5
according Eq. (9).
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Fig. 14: Verification of the Np(IV) fulvate complexation according the assumed reaction (1)
at pH 1.5. The unfilled points are data evaluated at high Np(1V) loading of the fulvic acid.

mol”' cm™ which is similiar with the value estimated at pH 1.0. Seemingly, the spectroscopic
properties of the Np-fulvate species are sensitive against the conditions in solution and maybe

the state of aggregation .

The loading capacity, which is calculated according to the linear relationship Eq. (9) is
0.76 £ 0.03 (Figure 13) and, comparable with the high value deduced from the saturation

curve in Fig. 11. Finally, the complexation constant log B is calculated at pH 1.5 by taking
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into consideration the LC and the hydrolysis with the same assumptions made at pH 1. A log
B of
logf=9.18+0.17

is obtained:

In the same manner as for pH 1 the complexation reaction (1) is verified according to Eq. (10)
by plotting log [NpFA(IV)]/[Np“] against log [FA(IV)]s. The free fulvate complexation is
deduced from Eq. (6). The data point, illustrated in Figure 14, results by a linear regression in
a slope of n = 1.20 + 0.15, which is a little higher than 1. At high loading of the fulvate data
points are calculated which do not fit in the line of unity and confirm again the unknown

mechanism of interaction of Np(IV) with fulvic acid.

4. Conclusion

This work reveals a strong interaction of tetravalent neptunium with fulvic acid at pH 1 and
1.5. Three problems arise from the results. First, the degree of deprotonation of fulvic acid is
at such acidic conditions very small. Loading with metal and neutralizing the charge of the
fulvic acid lead to destabilization of the colloid behaviour and the fulvic acid aggregates to
bigger particles. The role of the aggregates in the binding of Np(IV) is up to now unclear.
Second, the spectra show two simultaneously existing fulvate species, which can not be
characterized in detail up to now. Especially for the species at 974.5 nm the nature is unclear.
Third, the hydrolysis of the Np(IV) occurs in the used pH range and two main hydrolysed
species, Np(OH)3+ and Np(OH)22+, are proposed by calculations. In the interpretation of the
results it is assumed, that the hydrolysed species are not involved in the fulvate complexation.
From earlier studies with trivalent actinides mixed complexes can not be ignored and the role
of them for the tetravalent actinides has to be elucidated.

These problems are expressed in a very high loading capacity of 75 %, which is much more
than expected from the degree of deprotonation, and a higher complexation constant log B at
pH 1.5 compared to pH 1.

The understanding of the fulvate complexation of tetravalent actinides is far away and the

present contribution is only the beginning of a lot of necessary activities.
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Appendix

Table |: Experimental results of the complexation of Np(lV) ion with fulvic acid at pH 1
([Np(1V)] constant)

- the subscript "t" means the total concentration.
- the subscript “aq” means concentration in solution.
the subscript "agg" means concentration of aggregated NpFA(IV)

[FAIV)Jt [Np(IV)]t [Np(IV)]  [NpFA(IV)]aq [NPFA(IV)]age
(x10-4eq/l)  (x10-4M) (x10-5M) (x10-5M) (x10-5M)

1.62 0.79 6.17 1.50 0.18
4.23 1.03 3.15 4.08 3.07
6.35 1.23 3.58 5.52 3.20
7.41 1.18 24 5.80 3.61
8.47 1.11 0.99 6.14 3.97
9.53 1.15 0.89 5.52 5.09
10.6 1.02 ~0 3.93 6.27
12.7 1.13 ~0 6.13 5.17
2.12 1.17 ~0 5.52 6.50

Table Il: Experimental results of the complexation of Np(IV) ion with fulvic acid at pH 1
([FA(IV)] constant) by a titration method for the first set of data and by a batch experiment for
the second set of data.

[FA(IV))t [Np(IV)}t [Np(IV)]  [NpFA(IV)]aq [NpFA(IV)]age

(x10-4eg/l) (x10-5M) ™M) (x10-5M) (x10-5M)
Titration 7.15 047 ~0 0.397 0.075
7.12 0.82 ~0 0.746 0.074
7.08 243 ~0 1.70 0.727
7.05 4.53 ~0 3.20 1.33
7 5.99 ~0 4.10 1.90
6.97 7.10 ~0 5.12 1.98
6.94 8.43 ~0 6.70 1.73
Batch 7.125 0.35 ~0 0.218 0.13
7.125 0.72 ~0 0.388 0.33
7.125 1.65 ~0 1.14 0.51
7.125 4.34 ~0 1.84 2.50
7.125 4.88 ~0 2.72 2.16
7.125 6.06 ~0 2.80 3.26
7.125 6.87 ~0 3.67 3.20
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Table Ill: Experimental results of the complexation of Np(lV) ion with fulvic acid at pH 1.5
([Np(1V)] constant at 2 different values)

[FAIV)]t [Np(IV)]t [Np(IV)]  [NpFA(IV)laq [NpFA(IV)]agg
(x10-4eq/l)  (x10-5M) (x10-5M) (x10-5M) (x10-5M)

0.79 8.03 201 2.23 3.79
0.93 7.88 1.64 1.79 445
2.2 7.89 0.12 4.39 3.38
5.00 7.59 ~0 241 5.18
5.69 8.12 ~0 2.53 5.59
9.75 7.49 ~0 2.37 5.12
0.38 2.81 0.53 0.72 1.56
0.63 3.15 0.13 237 0.65
0.70 3.15 0.14 1.39 1.62
0.81 3.36 0.083 1.96 1.32
1.19 3.19 ~0 1.12 2.07
1.25 2.54 ~0 2.90 2.25
4.75 3.49 ~0 1.89 1.60
55 3.85 ~0 1.55 2.30
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Annex 4

Modeling of Humic Colloid Borne Americium(III) Migration
using the Transport/Speciation Code K1D

(W. Schiifller, R. Artinger, J.I. Kim, N.D. Bryan and D. Griffin
(FZK/INE, Uni-Manchester and RMC-E))
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Abstract

The humic colloid borne Am(III) transport was investigated in column experiments for
Gorleben groundwater/sand systems. It was found that the interaction of Am with humic
colloids is kinetically controlled, which strongly influences the migration behavior of
Am(III). These kinetic effects have to be taken into account for transport/speciation modeling.

The KICAM (KInatically Controlled Availability Model) was developed to describe actinide
sorption and transport in laboratory batch and column experiments. It is an approach based on
association/dissociation kinetics of actinides onto or from humic colloids and mineral
surfaces. The application of the KICAM requires a chemical transport/speciation code, which
simultaneously models both; kinetically controlled processes and equilibrium reactions.
Therefore, the code K1D was developed as a flexible research code that allows the inclusion
of kinetic data in addition to transport features and chemical equilibrium.

The application of the KICAM concept is presented using the KID code for column
experiments which show the unretarded breakthrough of humic colloid borne Am as well as
retarded Am migration. The model parameters were determined for a Gorleben groundwater
system of high humic colloid concentration. A single set of parameters was used to model a
series of column experiments. Model results correspond well to experimental data for the
unretarded humic borne Am breakthrough. Modeling of the distribution of Am sorbed onto
sediment in a column was less successful because the interaction between Am and the humic
coated sediment surface could not be characterized in detail from experimental data.

1. Introduction

The colloid borne transport of contaminants is widely recognized (Honeyman, 1999; Kim,
1994; Kim et al., 1984; McCarthy and Zachara, 1989; Ouyang et al., 1996). There is evidence
for the potential impact of colloid facilitated mobilization of actinides (Artinger et al., 1998;
Buddemeier and Hunt, 1988; Kaplan et al., 1994; Kersting et al., 1999; Kim et al., 1994;
Marley et al., 1993; McCarthy et al., 1998; Nagasaki et al., 1997; Randall et al., 1994; Saltelli
et al.,, 1984). Therefore, this process has to be quantified for the safety assessment in high
level radioactive waste disposal.

Laboratory investigations on humic colloid facilitated actinide transport has been conducted
by both, column and batch experiments. Some of the important chemical processes

75




controlling the behavior of actinides in such experiments were found to be kinetically
controlled (Artinger et al., 1998; Artinger et al., 1999a; Artinger et al., 1999b). To describe
these experiments the KICAM model (Klnetically Controlled Availability Model (SchiiBler
et al., 1999)) was developed. The KICAM is an approach based on the kinetics of
association/dissociation reactions of metals with humic colloids and mineral surfaces.

To implement the KICAM for reactive transport modeling, adequate numerical tools
(computer codes) have to be developed. Although some of the chemical processes controlling
the actinide migration in column experiments were found to be kinetically controlled
(Artinger et al., 1998; Artinger et al., 1999b; Davies et al., 1999; Geckeis et al., 1999; Pompe
et al.,, 1999), others can be assumed to be in local equilibrium. It is possible to simulate
equilibrium reactions using rate constants. However, this is very inefficient in terms of
computing time. For this reason, the K1D code (Bryan et al., 1999) was developed for this
work instead of using existing codes (e.g. (Bo and Carlsen, unpublished)).

The aim of this paper is to verify and test the applicability of both the KICAM model and the
K1D code, in order to-establish a reliable tool for quantifying colloid facilitated radionuclide
migration. :

2. Description of the Kinetically Controlled Availability Model (KICAM)

The reasons for the special structure and a detailed description of the KICAM development is
given in SchiiBler et al. (1999). The reaction scheme adopted in the KICAM model (Fig. 1)
considers the following Am(III) species: dissolved inorganic Am(III) (Am*°); Am(III) sorbed
onto the sediment (AmSurf ); and humic colloid bound Am(III); two binding modes: “fast‘
( Am(HA™") ) and “slow*“ ( Am(HA") ).

sediment Humic colloid Humic colloid

Fig. 1 Concept of the Kinetically Controlled Availability Model (KICAM) (for details see
text).

Taking into account the experimental data the KICAM consists of three chemical reactions
(Table 1) resulting in four coupled differential equations (Table 2). The rate constants k;-ke
controlling the interaction of Am(III) with humic colloids and mineral surfaces are
determined from batch and column experiments using equations (1-4). The set of rate and
corresponding equilibrium constants derived is shown in (Table 3).
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Table 1 Chemical reactions considered in the KICAM.
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Table 2 Differential equations for the Am species considered in the KICAM.
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Table 3 Equilibrium and rate constants for Am(III) association/dissociation reactions
determined from the GoHy-2227 system using the KICAM.

rate constants equilibrium constants
log(k;-sec-mol-I"") 32 |log(K'molI") | 2.8+0.1
log(k,-sec) 6.0  Jlog(K"mol1") | 56£0.5
log(ks-sec-mol-"") 1.5  |log(K™moll") | 6.2£0.5
log(ks-sec) 4.1
log(ks-sec) -3.9
log(ke-sec-mol-1™") 23

3. Description of the K1D

The KID code was developed to be used as tool for modeling humic colloid borne
radionuclide migration. It is able to use equilibrium and rate constants to describe the
association/dissociation reactions of radionuclides with humic colloids and mineral surfaces.
The code uses three different sets of equations to solve for the chemistry of the system: mass
balance equations, equilibrium equations, and kinetic or rate equations. The transport of the
chemical species is described by a simple 1-dimensional advection/dispersion model (for
details see Bryan et al. (1999)). The K1D source code is written in FORTRAN and was
compiled for different systems (Windows, Unix, Linux). Numerical calculations are based on
equidistant space increments and time steps. The numerical tool KI1D allows the
implementation of the KICAM for reactive transport modeling

4. Verification of the K1D

The KICAM model was applied to the Am batch and column experiments of Artinger et al.
(1998). A set of these experiments was used to determine the KICAM rate constants for Am
(SchiiBler et al., 1999). The Am breakthrough in the column experiments was calculated using
this parameter set and the K1D code. The experimentally determined and calculated Am
breakthrough curves for three column experiments are shown in Fig. 2. The K1D code allows
the implementation of the KICAM to model the humic colloid mediated Am migration. Real
recoveries (Artinger et al. 1998) were found to agree with those predicted using the K1D
code. Hence, the code has been verified by comparison with experimental data.

5. Application of the KICAM using the code K1D

The KICAM now is applied to a column experiment investigating the unimpeded and retarded
Am migration. Due to the high distribution coefficient of Am onto the sediment surface (up to
Rs = 100-1000 ml-g"' (Artinger et al., 1998)) only the breakthrough of the unimpeded Am
migration could be observed in the effluent. The retarded Am migration could only be
quantified by examining the spatial distribution of the Am sorbed in the column. The Am
distribution in the column was modeled using the data set determined from the GoHy-2227
batch and column experiments (Table 3). From the modeling results of SchiiBler et al. (1999)
it is expected, that the direct application of these parameter set to the GoHy-412 system will
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qualitatively describe the experimental results. However, comparing the absolute values of the
experimental data to the calculated data, a discrepancy of about a factor of 3 is expected (Am
recovery calculated for the Gohy-412 system-by SchiiBler et al. (1999) Rec = 2 %,
experimental determined recovery Rexp = 6 %).

0.012
| GoHy-2227 (103 mg DOC/)

o 0.010- 4 "

© - I\

‘=' 0.008 - / 1

o . i oo ‘\ pre equilibration time
- .o i \ ¢ 1h
E 2 0.006 ! i ° 2 d
'E ) | l ’ u 36d
) 0.004 o*

O i .I \nm

c o

O 0.002
o

0.8 0.9 1.0 1.1
Volume ratio (V/V,)

Fig. 2 Experimental determined (symbols) and calculated (lines) Am breakthrough curves
for GoHy-2227 column experiments varying the Am groundwater equilibration time. The Am
breakthrough was calculated by means of the KICAM/K1D tool.

Two model approaches, local chemical equilibium and kinetically controlled Am
association/dissociation (KICAM), were tested. Fig. 3 shows that both approaches are not
able to describe the Am distribution in the column satisfactorily. For the equilibrium approach
this reflects the fact, that the principle processes controlling the humic colloid facilitated Am
migration in the column are not in local chemical equilibrium.
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Fig.3  Experimental determined and calculated spatial distribution of Am sorbed onto the
sediment in a GoHy-412 column experiments after 400 days.

The KICAM approach describes qualitatively the experimental data but, as expected from the
modeling results, problems exist with quantification. Compared to the experimental data, the
model result for the GoHy-412 system shows a broader Am distribution within the column of
a lower concentration level and a higher Am recovery. The recovery calculated by means of
the KICAM/KI1D approach corresponds to the values given by SchiiBler et al. (1999). The
calculated distribution and the calculated recovery for the GoHy-412 system do not fit to the
experimental data, but they are consistent: If the dissociation of Am from the humic colloid
becomes slower, the recovery increases. Also, the mass transfer of Am from the humic colloid
onto the mineral surface becomes slower. Thus a higher Am recovery corresponds to a
broader Am distribution and a lower concentration level in the column. The consistency of the
modeling results show, that the KICAM in principle is able to describe the experimental
findings. However, the reaction scheme used in the KICAM approach seems to be to simple
to allow a direct application of the GoHy-2227 KICAM rate constants to the GoHy-412"
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system. This is due to the system differences, i.e. solution speciation, which are neglected in
the KICAM model. In addition, the systems also differ in humic colloid composition. To
produce a better model with parameter transferability, system diversity has to be taken into
account.

5. Discussion

The KICAM approach using the K1D code is an appropriate tool to access the humic colloid
mediated actinide migration. The tool is able to describe and predict laboratory experiments.
However, the kinetically controlled association/dissociation processes of Am with humic
colloids and sediment surfaces must be described on a more sophisticated level, to allow a
better quantification of the Am migration behavior and a better transferability of rate
constants. To reach this goal, the reactions and species have to be verified by independent
methods (e.g. EXAFS or TRLFS). Also, the influence of relevant system parameters (e.g. pH,
carbonate, and composition of the humic colloids) must be described and quantified.

The tool (KICAM/K1D) can be used in performance assessment studies. The impact of humic
colloids on the actinide migration may be quantified and scenarios relevant to PA can be
identified.

The computing time required to calculate the 400 day column experiment presented in this
paper, was about 3 weeks CPU time on a PC Pentium III 550 MHz. This long computing time
is due to the fact, that the kinetic reactions of the KICAM could not be approximated by
equilibrium equations. The columns were discretisised by 200 equidistant space increments
and 3-107 time steps (corresponding to a spatial increment of about 1 mm and a time step of
about 1 second). In order to reduce the computing time, the K1D code will be improved
further.
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