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Foreword

The present report describes progress within the third and final year of the EC-project
“Humic Substances in Performance Assessment of Nuclear Waste Disposal: Actinide and
Iodine Migration in the Far-Field”. The work conducted within the present project builds on a
number of previous activities/project supported by the Commission. It finds its continuation
within different EC FP 6 instruments and also provides for additional continued cooperation
through network structures resulting from the broad cooperation within the project.

Without being a formal requirement of the Commission or co-funding bodies, this report
documents results in great technical detail and makes the results available to a broad scientific
community. The report contains an executive summary written by the coordinator. More
detailed results are given as individual contributions in the form of 12 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.

The report also reflects the successful integration of a temporary contributor via a Marie-
Curie Fellowship (MCFI-2001-01983) (Annex 12). Involvement of this Marie-Curie grantee
also successfully contributes to training. A broad European dimension has been achieved
by involvement of two new EU member states.

Results of the first two project years of the project have been published in the same form, i.e.
as open FZKA reports (FZKA 6800 and FZKA 6969).






The consortium

Partner:

1:  Forschungszentrum Karlsruhe GmbH (FZK/INE), D (Coordinator)

2:  Forschungszentrum Rossendorf (FZR-IfR), D

3:  GSF-National Research Center for Environment and Health (GSF), D

4:  Commissariat a I'Energie Atomique (CEA-DPC), F

5. University of Nantes - Presidence (U-Nantes), F

6:  University of Manchester (U-Manch), UK

7:  Technical University of Prague (CTU), Cz

8:  Fodor Joszef National Center of Public Health, Frederic Joliot-Curie National
Research Institute of Radiobiology and Radiohygiene (FJC), HU

9:  University of Cyprus (UCY), Cy

Temporary reporting contribution by Francis Claret, FZK/INE through EC
Marie-Curie Grant






Table of contents

Executive Summary I
Buckau G.
Annex 1: 1

Coordination of Trivalent Actinides by Humic Acids: A TRLFS Study
Stumpf Th., Buckau G., Fanghénel Th.

Annex 2: 9
Study of the Redox Stability of Uranium(VI) in Presence of Humic Substances
Sachs S., Geipel G., Bernhard G.

Annex 3: 19
Study of the Neptunium(V) Reduction by Various Natural and Synthetic Humic Substances
Schmeide K., Geipel G., Bernhard G.

Annex 4: 33
Molecular Mass and Size Distributions and of Europium Complexed Humic Substances

Measured by TOF-SIMS and AFFFF

Szymczak W., Wolf M., Chanel V., Buckau G.

Annex 5: 45
Iodination of the Humic Samples from HUPA Project
Reiller P., Mercier-Bion F., Gimenez N., Barré N., Miserque F.

Annex 6: 57
Accounting for Chemical Kinetics in Field Scale Transport Calculations.

Bryan N.D.

Annex 7: 81

Migration Case Studies and the Implications of Humic Substances for the Radiological
Performance Assessment of Radioactive Waste Repositories.
Bryan N.D., Bernhard G., Geipel G., Heise K.H., Schmeide K., Benes P.

Annex 8: 115
Study of Uranium Release from Uranium Waste Rock Pile Material: Column Experiments
Vopalka D., Doubravova K., Benes P.

Annex 9: 125
Use of Free-Liquid Electrophoresis for Analysis of Thorium Complexation with Humic Acids
Benes P.



Annex 10: 143
The Assessment of Mean Molecular Weight of Aldrich Humic Acid (HA) Using

MMWM-Model and Experimental Data on Eu-HA Complexation

Stamberg K., Benes P.

Annex 11: 151
IR (DRIFT) Spectroscopic Studies on Temperature Impact of Humic Acid
Pashalidis I., Colocassidou C., Costa C.N., Efstathiou A.M., Buckau G.

Annex 12: 161
Photodynamic Processes of Cm(I1I) with different Fulvic Acids
Claret F., Rabung Th., Schéfer Th., Buckau G.



Executive Summary
G. Buckau
(FZK/INE)



II



Content

INEEOAUCTION ...ttt et sttt sttt ettt e bt et satesae e b e eneesneenee A%
1. Summary of work and key CONCIUSIONS .........cccvieiiiieiiiieiiecie e VI
2. Progress within WOrk packages ........ccueeuieiiiiiiiiiieciieie e VII
WP 1 (Critical assessment of experimental methods).........cccccvieeiiiiniiiiniiieciieciees VII
WP 2 (Generation and characterization of humic material)..............cccceeevieieiieeennenn. VIII
WP 3 (Radionuclide humate interaction data by designed system investigations)......... IX
WP 4 (Characterization of radionuclide humate complexes): ......c.cccoeveeviieiieniiieneennnen. XI
WP 5 (Natural chemical analogue studi€s): ..........cceevvieriieriienienieeieeeie e XIv
WP 6 (Radionuclide transport €Xperiments): ......c..eecvereererreerieneenieneeneeeeeeesieeeeseeenne XV
WP 7 (Model devVelopment): .........ccueeeiieiiiiiieiieeieeiee ettt XV
WP 8 (P A ettt ettt ettt e e sat e te e s e eneeseenteesaenneennans XVI
3. Overall outcome of the HUPA project with respect to PA .........cccceeviiiiieiiieiieee. XVIII
3.1. Generalization of humic substances properties.........cccceevreerveeeriieeerveeerree e XVIII
3.2. Applicability of 1aboratory data ..........ccceeceeeeiieriieiiieniieieeceee e XVIII
3.3. Impact of humic colloid mediated transport versus mineral bound humics/organics
....................................................................................................................................... XIX
3.4 Amendment of mineral SUrface Properties ..........cecvevveeviierieesieenieeiieeeeereesre e XIX
3.5 Overall importance of humic SUDSTANCES ........ccceevueriiriiniiiiieicreeeneecec e XIX
3.6. Availability of knowledge, data and models............ccceevveeciieniieiiieniicieeeeeee, XIX
3.7. Implementation in PA ..o XX
4. Remaining main UNCETTAINEICS .......ccveerureerrrerrreeiteerteeeteesteeeteesseeesseesseessseesseessseesseessseesseensns XX

III



v



Executive Summary
G. Buckau

Introduction

The overall objectives were to generate knowledge about the impact of humic substances on
the migration of actinides and iodine in the far-field of a nuclear waste repository. In the
beginning, focus was rather on the potential enhancement due to humic colloid mediated
radionuclide transport. Thereby, sources, inventory, stability and mobility of dissolved humic
substances in their colloidal form formed a key topic. Other key topics were the interaction
with actinides and iodine, transport studies under near-natural conditions in the laboratory,
rationalization of knowledge in models and application to three migration cases for visualiza-
tion of the overall outcome. Changes relative to the original objectives were given by moving
emphasis of natural chemical analogue studies from the question of kinetic exchange con-
stants for different inventories in natural and laboratory systems to the study of anthropogenic
actinide contaminants in the Irish Sea. Furthermore, by the involvement of a Marie-Curie
grantee, the question of additional sources from the high alkaline natural clay near-field was
brought into the project.

The objectives of the project cover (i) generation of relevant scientific-technical results, (i1)
visualization of the concerned impact on performance assessment, (iii) provision for knowl-
edge transfer, and (iv) provision of a European dimension and training, especially in view of
the EU enlargement during the project implementation period. The present report refers to the
third and final project reporting year. For the two foregoing reporting years, please make
reference to the preceding Technical Project Reports (FZKA 6800 and 6969, below). General
conclusions with respect to the overall outcome are also reported in this third and final
technical progress report.

Buckau, G. (Editor) “Humic Substances in Performance Assessment of Nuclear Waste Disposal: Actinide and
lodine Migration in the Far-Field (First Technical Progress Report)”’, Report FZKA 6800, Research Center
Karlsruhe, 2003, and

Buckau, G. (Editor) “Humic Substances in Performance Assessment of Nuclear Waste Disposal: Actinide and
lodine Migration in the Far-Field (Second Technical Progress Report)”, Report FZKA 6969, Research Center
Karlsruhe, 2004.



1. Summary of work and key conclusions

The project is finalized and all main objectives have been achieved. During the present third
and final reporting period, work has continued on several work packages. Within work pack-
age 1, additional investigations have been conducted. These include additional work on
experimental methods and testing of electrophoretic mobility for its application to determin-
ing the composition of ternary Th(IV) humic acid complexes. Some general observations are
made with respect to the formation of different charged Th(IV)-humate species at different
pH.

Within work package 2, characterization of humic substances has continued and provided
data well beyond the standard level. In the present work period, the thermal stability and
spectroscopic characterization of thermal processes have continued. These results provide the
basis for thermodynamic complexation studies but may also provide important aspects for the
thermal stability of humic material and its precursors in natural systems.

Within work package 3, studies on redox functions and processes with humic substances have
continued. Synthetic humic acids with designed properties have been generated and used
together with natural humic substances. The reduction of Np(V) to Np(IV) was followed by a
number of analytical methods. It was shown that careful selection of analytical methods is
required in order to obtain trustworthy results. Three different types of humic wafers (silica
wafers with humic acid bound in, presumably covalent form) have been generated and a
series of advanced analytical methods have been applied. An intercomparison study between
the three humic wafers was conducted for the actinide interaction. Finally, the iodine humic
acid interaction was characterized by three advanced analytical methods. lodine is probably
covalently bound to humic acid, the reason for the possible sensitivity of this binding to the
electro-spray process still needs to be resolved.

Within work package 4, a number of prominent studies have been performed aiming at char-
acterizing the coordinative environment of humate complexed actinide ions. Furthermore, the
potential for intermolecular humic acid association induced by actinide complexation was
studied. In the former case, new interpretation approaches for time-resolved laser-induced
fluorescence spectroscopy and new data were obtained. These data provide important infor-
mation potentially clarifying the coordinative environment of complexed Cm(III). It also pro-
vides for a further development in the general approach to interpretation of photodynamic
processes of actinide-humate complexes. With respect to the potential for intermolecular
humic acid association induced by actinide complexation, a combination on most prominent
size and mass distribution methods were applied (AFFFF, ESI-MS and TOF-SIMS). The
flocculation at high metal 1on loading of humic acid is verified. A shift of the molecular mass
distribution towards higher masses is found for high loading. To which extent this is related to
variation in ionization efficiency or actually reflects the generation of associates is not fully
clear. The question to which extent complexation induced association takes place already at
low loading, i.e. is part of the complexation process irrespective of overall ligand loading, is
also not yet fully clear. Final conclusions will require studies beyond the present project.
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Within work package 5, work has been finalized and key conclusions for the main objectives
of the project could be drawn. It is (i) verified that laboratory studies can provide the data
required for long-term predictive modeling, and (ii) shown that the basic approaches apply to
an anthropogenic several decades long contact time case, providing trust that data and
approaches can be applied to PA relevant spatial and time scales.

Work package 6 has already been finalized and no additional results are reported from the
present reporting period.

Within work package 7, model description of humic acid association has been refined. The
kinetic approach applied predicts a distribution of associates. This is in good qualitative
agreement with experimental observations and thus contributes to improvement of the overall
humic system behavior.

Work package 8 was scheduled to be the focus for the present final reporting period. Three
already defined and documented migration cases are used for visualization of the humic
colloid mediated impact under different conditions. The migration cases represent (i) shallow
sandy aquifer systems, (ii) deep sandy aquifer systems, and (iii) uranium mining and milling
rock piles. For the definition of the three migration cases, considerable development had been
done on geochemical and isotope-geochemical process analysis. The transport predictive
calculation code k1d was applied to the three migration cases. General conclusions concern-
ing the potential impact of humic colloid mediated actinide impact have been drawn and the
application of the tools developed for PA has been described. In addition, reporting of results
from a Marie Curie Grant through the project has added valuable information concerning clay
organic matter as a potential additional source for humic colloids under chemically amended
near-field conditions. Finalization of this work package concludes the project, providing all
the scheduled main deliveries.

2. Progress within work packages

WP 1 (Critical assessment of experimental methods)

The work contributions provide (i) a broadening of the experimental database for acti-
nide/lanthanide humate interaction, (ii) additional information concerning limitations and
restrictions for the use of different analytical methods, and (iii) new characterization data with
the key information on the charge of complexes in course of progressive metal ion complexa-
tion.

Electrophoretic study of Th(IV) humate complexation can be complicated by a number of
phenomena, such as sorption loss of thorium possibly accompanied by distortion of equilib-
rium, errors in measurement of electrophoretic mobility, and formation of mixed ternary
complexes, polynuclear species, pseudocolloids and carbonate complexes. Occurrence and
effect of the phenomena depends mainly on pH and concentration of thorium. In addition, the
mutual effect of positively and negatively charged Th species on their mobility needs to be
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considered. Nevertheless, appropriate interpretation of electrophoretic data enables obtaining
important information on the abundance and charge of Th humate complexes, for example on
changes due to progressive ligand loading by Th(IV).

First the behavior of Th(IV) without humic acid is investigated. Depending on the nature of
the Th(IV) ions, i.e. accompanying hydroxyl and carbonate ions, the charge will vary with
pH. At very low Th concentrations, positive mobility is lower and negative species are found
also below the pH neutral range, indicating association with impurities. At higher Th(IV)
concentrations (around 10” mol/L), impurity impact should be suppressed with the disadvan-
tage of super-saturation in the non-acidic pH range. With increasing pH, carbonate complexes
may also contribute to the formation of negative species, complicating study of Th humate
complexes.

Addition of humic acid suppresses positive mobility of Th and enhances its negative mobility,
which can be used for determination of abundance and mobility of Th humate complexes. In
general, negative thorium humate species are found. The mean negative mobility of ThHA
complexes increases with pH from 2 to 4 and does not strongly depend on thorium/humic acid
molar concentration ratio unless the ratio increases close to 1. Incomplete neutralization of
charge of dissociated (COQO") groups of humic acid is observed even at this rather high ratio,
when the amount of bound Th(IV) cations evidently exceeds exchange capacity of these
groups.

The U(VI) humate complexation was studied by ion-exchange method as a function of pH,
ionic strength and concentration of U(VI) and Aldrich humic acid. Preliminary evaluation
indicates that the interaction constant depends not only on pH and ionic strength but also on
metal ion concentration. Final evaluation will need to include the effect of possible formation
of polymeric products of U(VI) hydrolysis.

WP 2 (Generation and characterization of humic material)

The objectives are to provide well characterized natural and designed humic material for the
different project studies. Characterization includes deduction of various properties important
for other studies and overall interpretation and process understanding..

The thermal stability of humic substances is investigated. This is important for the generation
of thermodynamic data, i.e. entropy and enthalpy. The present findings may also form the
basis for basic understanding of evolution of sediment organic carbon under thermal influence
and the relation to the characteristic properties, including the tendency of release of/ conver-
sion into aquatic mobile complexing humic and fulvic acid.

In previously reported results, release of water from humic acid was observed at increasing

temperature by mass spectroscopy. Two distinct water releases were observed at around 60 °C
and around 100 °C. Just above this temperature, carbon dioxid and carbon monoxide were
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released showing thermal decomposition. The question was to which extent the first water
release peak at around 60 °C is reversible, i.e. represent strongly associated water, or if irre-
versible decomposition/rearrangement takes place already at this temperature. Evaluation of
previous data showed around 6 % of loss in mass via release of water at 100 °C, with the cor-
responding number being around 7 % at 130 °C. In the present study FTIR/DRIFTS was used
in order to identify changes in IR absorbing functional group and water content.

It was verified that the water content is decreased between room temperature and 100 °C. In
addition, the band at 1600 cm™ decreased. At higher temperatures the release of carbon diox-
ide is also verified by the strong IR absorption of gaseous CO,. After the present verification
of previous results by FTIR/DRIFTS data, further more detailed studies will be conducted in
the lower temperature range (especially around 60 °C). These further studies will include re-
saturation of humic acid and testing of irreversibility criteria.

As already mentioned above, these studies may also be extended to the question of nature of
natural Clay Organic Matter in light of the burial history (maximum temperature) and the pos-
sible impact of elevated temperature in the disposal near-field.

WP 3 (Radionuclide humate interaction data by designed system investigations)

The objectives are to provide data for the actinide and iodine interaction with humic
substances of different types and systems. The studies are closely related to characterization
of humic material, complex characterization and modeling. In the present third project year,
investigations ere made on, (i) reduction processes of actinide ions with humic acid (ii) inter-
comparison study of An/Ln interaction with humic wafers, and (iii) iodine humate interaction.

The first topic is of key importance for the chemical state of actinide ions in the far-field. It
has not yet been possible to directly relate the actinide reduction by humic substances to a
single well identified process. The second topic reflects the delay in generation and charac-
terization of humic wafers, relative to original planning. The unexpected difficulties in gener-
ating humic wafers led to a project amendment, as agreed upon with the Commission, already
in the beginning of the project. At this stage of the project, wafers from different generation
approaches are available and an actinide interaction intercomparison study between such
wafers from different generation approaches and laboratories has been conducted. The third
topic is related to the application of recent advanced analytical methods in addition to the
originally planned activities on iodine humate interaction.

Studies have continued on the reduction of actinide ions by humic acid. Previous studies have
shown that humic acid can reduce, amongst others Np(V) and U(VI). For studies of the proc-
esses involved, synthetic humic acids have been generated designed with high reducing
strength and capacity. The strong reducing character of the designed synthetic humic acids is
based on high phenolic OH group content. Comparison between different natural and
designed humic acids shows a strong relation between the phenolic OH group content and

IX



reducing strength/capacity. Another direct evidence for phenolic OH groups being key players
in the reducing character of humic acids is that chemical blocking of the phenolic OH groups
results in strong decrease in the reducing character. As a number of studies reported through
the HUPA project have shown, however, the phenolic OH group content is not a sole
parameter capable of directly describing the overall reducing function.

The present study also verified the need to use a spectrum of analytical methods for trust-
worthy interpretation of results. At high concentrations, the reduction of Np(V) to Np(IV) can
be followed in UV/Vis/NIR spectroscopy by the disappearance of the Np(V) absorption.
Laser-induced photoacoustic spectroscopy (LIPAS) was applied for direct spectroscopic
detection on Np(I'V) and Np(V) species in solution. At low concentrations, however, spectro-
scopic identification especially of the resulting tetravalent neptunium species, is not possible
due to low extinction coefficients. At low neptunium concentrations, indirect methods need to
be applied. The frequently used liquid-liquid extraction was shown to be hampered by the
distribution behavior of the tetravalent neptunium humate complex. Contrary to this, ultra-
filtration allows for determination of the non-humate complexed pentavalent form, not
retained on the filter, with the humic acid associated tetravalent form retained on the filter.

Three types of humic coated silica wafers generated by different approaches were selected for
studying the possibility to use surface bound humic acid in studies on the humate complexa-
tion behavior and application of surface specific methods making use of the high local ligand
concentration in a defined surface layer. One wafer type is used where the entire generation
process has been thoroughly characterized by TOF-SIMS and AFM studies on the starting
wafer material and all intermediate as well as the final process products. Two silica wafers
coated with humic acid by other approaches were also used. An adequate characterization also
of these wafers is on the way aiming for inclusion in the final scientific-technical reporting.
An interaction intercomparison study was also finalized by determining the Am(III)/Nd(III)
interaction with the three different wafers. It was shown, that using two different approaches
give very similar sorption isotherms. As expected, a deviating behavior is found where water
is used during synthesis leading to undesired and uncontrolled hydrolysis.

In conjunction with the generation and characterization of wafers aimed for fixed covalent
binding of humic acid via spacer molecules, analysis of complexation data for systems with
actinide ions, mineral surfaces and humic acid distributing between solution and physico-
sorption on the mineral surface is reported. The data do not allow distinction between the
humate complexation behaviors of humic acid physico-sorbed on the surface and dissolved
humic acid. More detailed complexation data and spectroscopic evidence would provide
desired additional information on this important topic, eventually determining to which extent
geochemical data-bases need to be extended by different complexation data for the sorbed and
the dissolved humic acid or if the same set of numbers can be used for the two groups of
humic substances.

The binding of iodine to humic acid has been studied in order to provide an answer to the
question if there is a trustworthy basis for iodine retention by sediment humic substances.



Previous results showed the iodine does bind to humic acid under specific conditions. A natu-
ral humic acid with high iodine content also shows the potential relevance for iodine humic
acid binding. One question that remained without a satisfactory answer was the nature of
iodine humic acid binding. The character of humic acid bound iodine was studied by three
different advanced analytical methods. These are XPS, ESI-MS and XAFS. Both XAFS and
XPS indicate dominance of covalent binding. ESI-MS, however, showed separate mass spec-
troscopy peaks for iodine and humic acid. To which extent the latter is a consequence of the
electro spray ionization process and the other two methods show the actual binding nature still
needs verification.

In summary, work on this work package has continued with investigations using advanced
analytical approaches in order to provide further process understanding required for trust-
worthy long-term predictions on the geochemical behavior of concerned radionuclides. These
investigations will be carried over into future investigations within and outside the EC sup-
ported RTD activities.

WP 4 (Characterization of radionuclide humate complexes):

The objective of this work package is to provide structural information of the different sys-
tems and complexes. At the end, this is the key for providing trust in the overall outcome of
the project, namely trustworthy long-term predictions on the impact of humic substances on
the radionuclide migration

A key question in the characterization of actinide humate complexes is related to the direct
coordinative complex environment (coordination) and the question to which extent humic
acid molecules associate by the actinide complex via binding to functional groups of different
humic acid molecules. The former question can be investigated by spectroscopic methods,
however, so far not having delivered an unambiguous answer. The second question can be
investigated by possible increase in mass/size of actinide complexes compared to individual
humic acid molecules. The slow humate complex dissociation kinetics observed is frequently
assumed to be related to intermolecular processes, especially because such slow dissociation
kinetics is not reported for model organic ligands, including chelating ones. The idea that the
slow dissociation kinetics is related to the formation of intermolecular complexes may be
approached by studying the dissociation kinetics in the presence of simple acids, expected to
provide for dissociation.

Time resolved laser induced fluorescence spectroscopy has been used for about two decades
for studying the humate complexation using actinide and lanthanide ions with fluorescence
life-times in the microsecond range. Especially the fluorescence behavior of the complexed
ions has been characterized with respect to shift in transition energy (shift in peak position)
relative to the aquo ion, or change in distribution between different transitions (shift in inten-
sity distribution between different transitions/peaks), and the fluorescence life-time. A pre-
condition for fluorescence is that part of absorbed energy is transferred to an excited state
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from which light is emitted with time delay compared to prompt return to the starting point
prior to absorption (the ground state). One specific issue with humic acid is energy transfer
from the ligand to the complexed metal ion, providing for an enhancement of fluorescence
intensity relative to direct excitation of /absorption by the complexed ion. Simultaneously,
energy can be withdrawn from the excited state by transfer to the organic ligand. The latter is
one of several processes diminishing the yield of emitted fluorescence light from the excited
state (“(fluorescence) quenching”). One contribution deals with the energy transfer from the
ligand to the complexed curium(Ill) ion and the magnitude of this curium fluorescence
enhancement relative to the photodynamic properties of fulvic acids of different origins.
Another contribution deals with clarification of the quench impact of humic acid, possibly
resolving a long-standing question.

The topic of energy transfer from humic/fulvic acid to complexed curium(Ill) was investi-
gated by varying the excitation wavelength over the range of the direct excitation of the
curium itself using four different fulvic acids from different origin and with different specific
absorption and fluorescence of the fulvic acids themselves. The latter differences are also
related to differences in functional entity distribution as determined by C-XANES. Conditions
are chosen so as to have basically all the curium complexed by the fulvic acids. Varying the
excitation wavelength over the range where there is one of the Cm(III) absorption peaks, the
total Cm(III) humate complex fluorescence becomes the sum of (i) direct excitation (via
absorption of the complexed curium), and (ii) curium fluorescence enhancement via energy
transfer form the fulvate ligand. Delineating the two contributions it is found that (i) the fluo-
rescence contribution from direct excitation is independent of the nature of the fulvic acid
used, whereas (i1) the contribution by the energy transfer is strongly dependent of the pho-
todynamic properties of the fulvic acids.

As an immediate outcome this means that measurement of the complexation constants by
TRLFS can be done irrespective of the nature of the fulvic acid by evaluation of the fluores-
cence contribution from the direct excitation. By this approach, the variation in total fluores-
cence due to different contributions from energy transfer, i.e. due to differences in the nature/
photodynamic properties of the humic/fulvic acids is removed. This approach still needs to be
verified by studies on further substances, especially different humic acids. A second aspect is
the desire to understand the nature of energy transfer. Present investigations indicate that the
frequency of fluorescent states of the humic and fulvic acids populated for a specific excita-
tion wavelength used is the precondition for energy transfer. These follow-up investigations
will be conducted after the HUPA project, requiring networking of several institutions also
from outside the HUPA consortium.

The second aspect, namely the quench impact of humic and fulvic acids has been puzzling the
community of involved researchers for around two decades. The fluorescence life-time of
complexed curium(Ill) has four components. These are the measured emission of fluores-
cence light, quenching (removal of excited states by processes that diminish/drain the emis-
sion of fluorescence light) by coordinated water molecules and two components originating
from the energy exchange with the humate/fulvate ligands. By measurement in both water and
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heavy water media, the two different life-time quench components of the humate ligand could
be subtracted and the difference allocated to quenching by water. The quenching by heavy
water is much lower than that of water and thus the difference can be set to be the quench
influence of water. The quench rate for water is equivalent to three water molecules in the
inner coordination sphere. The total coordination number at room temperature is set to nine,
leaving a six-fold coordination by humic acid functional groups. The key to this new
approach in interpreting time-resolved fluorescence is that the two different life-time quench
components from humic acid represent one complex and can be subtracted by comparison of
water and heavy water media. This is a great step forward in interpretation of time-resolved
fluorescence data where the key point is showing that the two quench components of the
humic acid is not related to different species and remains sufficiently constant when changing
medium from water to heavy water. Use of the basic approach for other related questions,
such as resolution of kinetic components and formation of ternary complexes, is under discus-
sion for investigations beyond the HUPA project.

The second key topic is related to the humate complexation process, namely to the possible
intermolecular complexation of multivalent metal ions. This topic is tackled by studying the
impact of complexation with Eu®* ions on the size and the mass distribution.

Size distribution measurements are conducted by AFFFF with different humic and fulvic
acids at different degrees of ligand loading with Eu’", as well as impact of contact time in
order to regard possible rearrangements along with progressive occupation of kinetically more
stable complexation modes. In the case of fulvic acid, no impact was found on the size distri-
bution, including different ligand loadings and contact times. For humic acid, a slight increase
in size distribution and broadening of the elution peak was found. This modest effect was not
observed except for upon approaching humate ligand saturation. Also a slightly larger size is
observed with 7 days contact time. The modest impact observed at high loading and with long
contact time for humic acid may indicate complexation mediated humic-humic association,
i.e. an intermolecular complex formation. The lack of such an observation in fulvic acid,
however, makes conclusions difficult. In addition, if the complexation is followed by dehy-
dration of ligand functional groups and the relatively bulky humic and fulvic acids associate
in a favorable fashion, a large impact on the size distribution is not expected. The fluid
medium used for AFFFF measurements is 10 mmol/L ammonium acetate without Eu’".
Therefore, decomplexation at least of fast dissociation modes during measurement may also
be important. Last but not least, previous investigations within the HUPA project with AFFFF
fractionation into what is expected to be different size fractions followed by mass distribution
of these fractions by TOF-SIMS showed no significant correlation between the size distribu-
tion obtained by AFFFF and their humic acid mass distribution.

In summary, the AFFFF results are difficult to interpret, but may indicate generation of larger
entities with complexation at high metal ion ligand loading. This is also expected because of
the known flocculation of humic acid for ligand saturation with multivalent metal ions. The
lack of such an observation for fulvic acid is in qualitative agreement with the lack of floccu-
lation of fulvic acid at high metal ion ligand loading. Nevertheless, changes in size distribu-
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tion could be expected also for fulvic acid reflecting observations on sharp increase in scatter
light under such conditions.

Mass spectrometry shows a strong impact of complexation on the mass distribution of humic
acid. ESI-MS and TOF-SIMS show a decrease in overall signal with increasing Eu(III)
humate loading. Thereby, the relative peak at high masses increased. To which extent ioniza-
tion of europium complexed molecules with lower masses was preferentially suppressed or if
the abundance of higher masses increases due to complexation induced humic acid molecule
association is not fully clear. The impact is lower on fulvic acid than on humic acid. In addi-
tion, longer contact times enhance the impact on humic acid.

Bringing together the results of size fractionation by AFFFF, and mass distribution by TOF-
SIMS and ESI-MS it is clear that the impact of europium(IIl) complexation (i) is very low on
fulvic acid, (ii) becomes significant on humic acid when approaching ligand saturation, and
(ii1) increases with increasing contact time, where this impact is increased in size and pre-
sumably also mass distribution. The results agree with solubility behavior of humic and fulvic
acids under progressive metal ion complexation with multivalent metal ions, namely that (i)
humic acid flocculates whereas fulvic acid does not, and (ii) a significant increase in
size/mass of humic acid is not seen by dynamic light scattering until the humate ligand
approaches saturation. The results may support the assumption of complexation mediated
humic acid association as supported by modeling (cf. below, WP 7) and the occupation of six
coordination sites by humate ligands (cf. above), difficult but not impossible to arrange with
one molecule alone with the functional groups density of humic and fulvic acids.

The assumption that humic acid associates are responsible for the slow dissociation kinetics
of multivalent humate complexes was investigated by addition of simple acids reported to
dissociate humate associates. There was no significant impact on the dissociation kinetics by
addition of reactants presumable dissociating humic acid associates. Intermolecular com-
plexation, thus is not expected to be responsible for the gradual population of slow dissocia-
tion modes. The question remaining is to which extent intermolecular complexation by multi-
valent metal ions is very strong compared to the weak hydrophobic associative forces where
the added simple acids are reported to lead to humic acid dissociation. A final conclusion is
still pending.

WP 5 (Natural chemical analogue studies):

Reflecting project amendment, as accepted by the Commission, emphasis of work was shifted
relative to original intentions and studies focused of anthropogenic actinide contaminant
behavior. The objectives are to demonstrate the validity of findings on comparably large spa-
tial and time scales.

Some additional rounding-up investigations were conducted beyond the scheduled project

contribution period. The overall results may be summarized as follows:
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(1) The anthropogenic actinides are about 10 times more concentrated in the humic acid
fraction than in the overall top-soil,

(1) The differences in dissociation rates observed between anthropogenic actinides and
actinide ions added in the laboratory are related to the actinide concentrations but there
is no additional impact of the decades of contact time for the anthropogenic ones, and

(iii)) There is, however, an impact of the decades long contact time for the anthropogenic
actinides, namely a higher population of the slow dissociation mode.

The results are extremely important because they provide an answer to one of the key ques-
tions of the HUPA project. This key question is related to the observed differences in disso-
ciation kinetics between actinide ions added in the laboratory and the natural multivalent trace
metal ion inventory in natural humic acid. Contrary to the former one, the latter shows a large
fraction of especially tetravalent trace metal ions with basically irreversible association to
humic acid. If there is a simple contact between humic acid and actinide ions, the population
distribution between different slow but not basically irreversible dissociation rates can be used
for long-term predictive transport modeling. Only if actinide ions are built into mobile humic
substances in a quasi irreversible mode under geochemical conditions different than the pre-
sent ones, a non-retarded humic colloid mediated transport is expected to occur. Focus on the
anthropogenic actinides instead of the original intention of providing more precise data for the
difference between added and natural inventory actinides thus has proven to contribute the
delivering desired key information.

WP 6 (Radionuclide transport experiments):

No work was done on this work package during the third and final reporting year.

WP 7 (Model development):

The objectives of this work package are to rationalize findings and bringing them into con-
sistent mathematical descriptions. These descriptions serve the basis for predictive modeling,
but also for testing and feed-back to experimental work providing the knowledge base.

Models developed and associated accessible input data provide the basis for migration case
modeling during the final reporting period as reported under WP 8. Nevertheless, modeling of
humic acid self-association has continued due to (i) the great interest in the potential for
intermolecular humic acid complexation of multivalent actinide ions, as supported by numer-
ous experimental observations (cf. above), and (ii) the complexation process suggested in the
Second Technical Progress Report where the total ligand concentration is described as the
concentration of humic acid molecules, and the actual humic acid ligand concentration at
given pH is a function of deactivation of molecules with respect to complexation through
sequential protonation of molecules.
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The previous state of model development was hampered by the use of flat wall surface
approach. The present development is using a more realistic curved surface approach and
results agree much better with different experimental observations. The formation of associ-
ates is a kinetic process where the association and dissociation depends also on the size of the
entities. Diffusion-controlled association, counteracted by Coulomb repulsion, drives this
process. For a specific charge density, the coulomb repulsion increases with increasing mass.
The reversed reaction, namely the dissociation is also size/mass dependent. The dissociation
rate increases with increasing size/mass of associates. The overall results show qualitative
agreement with experimental observations. An exact prediction still requires understanding of
the shape and density (mass to effective hydrodynamic size) of individual molecules and
associates. This is especially true when calculating the effective charge density. It may be
expected that work will continue beyond the HUPA project, aiming at providing the required
process understanding. For this purpose additional fundamental understanding of basic
parameters will be required and thus depends also on a general development of the field.

WP 8 (PA):

The objectives of this work package are to summarize the overall outcome with respect to the
impact of humic colloid mediated actinide transport on the radionuclide migration in the far-
field, and to visualize this by three migration cases. The overall outcome is discussed under
section 3.

Work in this reporting period has focused on providing the overall outcome of the HUPA
project by predictive modeling of the migration cases. The focus is on showing basic features
of predictive modeling requirements for the impact of humic substances on the actinide trans-
port. In addition, a work is reported on the nature of aquatic humic acid fulvic acids originat-
ing from clay organic matter as well as the potential impact of radiation damage in the near-
field. This work is related to potential additional humic colloid sources in the clay near-field.

Humic and fulvic acids from clay organic matter were characterized with respect to the clay
mineral origin and the solubilization process. For this purpose, spatially resolved C-XANES
was used on clay samples and C-XANES on isolated aquatic humic and fulvic acids originat-
ing from the clay. It is shown that humic and fulvic acid precursors are present in clay organic
matter. The fulvic acid precursors are covalently bound to mineral surfaces whereas humic
acid precursors are mainly sorbed. Consequently, more humic acid dissolves than fulvic acid
when clay is contacted with alkaline solution. The main difference between the clay organic
humic and fulvic acid precursors and the aquatic humic and fulvic acids resulting from disso-
lution in alkaline solution is that the aquatic humic substances have higher concentration of
carboxylic groups. This on one hand explains the selective dissolution of these acids, but it
also raises the question concerning the complexation behavior of the precursors and the
aquatic substances. It will need thorough future investigations in order to quantify the com-
plexation capacity and overall behavior of clay organic matter relative to that of aquatic
humic substances. The presently frequently argued for approach that the properties of aquatic
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humic substances can be applied to the precursor material in the clay organic matter may need
revision.

The three migration cases defined for the HUPA project are (i) Gorleben, (i1) Dukovany, and
(IIT) uranium mining and milling rock pile Schlema-Alberoda. The outcome of the Gorleben
and Dukovany migration cases may be summarized as:

(1)  Equilibrium approaches are insufficient and underestimate the humic colloid mediated
actinide transport,

(1)) The “quasi irreversible” transport is not relevant if not specific near-field conditions
result in such inclusion of actinide ions into humic colloids,

(iii) The interaction with humic colloids will increase the mean residence time of actinides
in the mobile state and thus enhance the actinide transport,

(iv) Even if there is a contribution of humic colloid sorption (not verified in isotope-geo-
chemical real site analysis), this will only have a marginal impact,

(v) In all groundwater systems investigated, the humic colloid concentrations are found to
be sufficiently high and thus the absolute concentration of humic colloids is not critical,
and

(vi) There are considerable but quantifiable uncertainty ranges for the impact of humic col-
loid mediated actinide transport, depending on the specific conditions and uncertainty
ranges of dissociation constants.

The uranium mining and milling case is very different compared to the other two cases. The
humic colloid mediated uranium transport is well described by two kinetic humate complex
dissociation constants with the other parameters set to equilibrium. The uranium transport is
enhanced by the humic colloids with a strong influence of the slow dissociation mode. The
overall outcome of the uranium transport is determined by the uranium distribution in the pile.
In the beginning there is a wash-out phase of an easily accessible uranium inventory, followed
by an about one order of magnitude lower elution rate. This wash-out takes only one or few
years. These results are in agreement with observations from comparison of uranium concen-
trations in water in medieval and recent uranium mines. Both mines have been subject to
wash-out of the easily accessible inventory, and despite the long difference in time span
between the two, after this first wash-out the uranium concentrations in contacted water are
similar.

The overall result of the mining and milling residue pile migration case is that the main fac-
tors are given by the distribution and accessibility of uranium in the pile material and that the
humic colloid mediated transport enhances the initial uranium wash-out process as well as the
mobility in the later phase.
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3. Overall outcome of the HUPA project with respect to PA

Below the overall outcome with respect to application to PA is briefly discussed in the form
of different topics.

3.1. Generalization of humic substances properties

In a first approximation, characteristic properties of humic substances can be generalized.
Despite individual differences, definition of humic substances over a large number of com-
mon characteristics, varying within limits, is possible. If more detailed results are required,
however, knowledge about specific properties is needed.

The complexation properties are shown to partly depend on the specific nature of humic and
fulvic acids of different origin. More problematic, however, is that a correlation between
different properties and the interaction kinetics is still an open issue. This specifically refers to
the question of the relatively large basically irreversibly bound part of the inventory of trace
metal ions found in natural humic colloids. Contrary to this, only a small fraction of actinide
ions added under near-natural laboratory conditions and time-scales show dissociation kinet-
ics so slow that it cannot be quantified by laboratory column transport experiments. In this
context, especially the potential role of inorganic/mineral constituents has not yet been clari-
fied.

Another issue is the question of mobility of dissolved humic substances in its natural colloidal
form. Investigations in real systems ((isotope-)geochemical analysis of groundwater systems)
show that humic colloids in general are stable (directly shown for up to 15.000 years) and
mobile like ideal tracers. One exception is the Gorleben aquifer system, where fulvic acid
from deep groundwater in-situ generation is not mobile into high ionic strength groundwater
near the salt dome, whereas fulvic acid from recharge is. For the recently identified potential
additional source of dissolved humic substance from high pH influence in the clay near-field,
prediction of their mobility over relevant time and spatial scales is not yet possible (no natural
chemical analogue available).

3.2. Applicability of laboratory data

The principle agreement between laboratory transport studies and the anthropogenic actinide
contaminant studies in the Irish Sea shows, that there is an agreement between laboratory and
large scale anthropogenic systems. However, the short-term laboratory studies and the chemi-
cal environment in the Sea may not adequately reflect natural groundwater conditions and the
time-scales involved. This may be specifically true for chemically amended near-field condi-
tions and the potential for actinides to become built into humic colloids in a comparable
fashion as found for the natural trace element inventory, presumable in mineral inclusion
form. When it comes to prediction of mobility in the aqueous phase, only real system analysis
provides trustworthy information, presently missing for the clay near-field and other addi-
tional sources (cf. above).
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3.3. Impact of humic colloid mediated transport versus mineral bound humics/organics

The kinetics of radionuclide interaction with the aqueous humic inventory (humic colloids) is
comparably well known. The slow dissociation kinetic mode leads to an enhanced actinide
transport irrespective of the presence of other sinks. The magnitude of the impact is deter-
mined by the groundwater flow rate relative to the magnitude of the slow dissociation kinet-
ics, and may be negligible especially in diffusion controlled systems.

Corresponding radionuclide interaction data for the stationary organic/humic inventory is not
known. Characterization of clay organic matter shows that humics and humic precursors are
present. The solubilization and release of humic matter from this source is very much associ-
ated with formation of carboxylic groups. This means that distinction between the two inven-
tories (mobile and stationary organics/humics) is not the result of sorption/desorption equilib-
rium exchange but reflects structural differences, especially the lower content of complexing
carboxylic groups in the stationary inventory. Furthermore, solubilization is associated with
breaking of strong bonds to the mineral surfaces (not only sorption through the less hydro-
philic nature). This clear distinction in the two inventories by their very different nature is
also reflected in the capability to perform '*C groundwater dating by dissolved fulvic acids.

In summary, adequate knowledge about the stationary humic/organic inventory is still miss-
ing, especially the radionuclide interaction kinetics required for application to PA.

3.4 Amendment of mineral surface properties

As mentioned above, organic/humic substances are bound to mineral surfaces. This leads to
an amendment of mineral radionuclide sorption properties. Organic coating may be found on
less active surfaces, changing the chemical properties, but will have a more specific impact by
sorption on otherwise active sites. Determination of this impact of organic substances on the
mineral surface properties is still at an infant stage.

3.5 Overall importance of humic substances

With respect to humic colloid mediated transport enhancement, humic substances appear to
be important for the long-term assessment of a repository in many systems. With respect to
the interaction with stationary organic/humic substances, the situation is not yet clear, how-
ever, the radionuclide retention by minerals will be strongly influenced by the organic coating
and sorption on active sites. Consequently, for a large number of systems, as a minimum the
impact of humic substances should be considered and brought into comparison with other
possibly more important impacts.

3.6. Availability of knowledge, data and models

Actinide humate interaction data is available with exception for the tetravalent ions in the
relevant pH range, some other mixed/ternary complexes and description of the competition
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impact by other cations. Ranges of kinetic radionuclide humic colloid interaction data are
available.

With reference to the HUPA project, interaction of iodine with humic substances gives partly
contradicting results, and thus the potential retention via the stationary humic/organic sub-
stances is still not resolved.

To some extent, models and associated data are available for trustworthy prediction of the
humic colloid mediated actinide transport. This especially refers to the agreement between the
“several decades long migration case” with anthropogenic contaminants at the shore of the
Irish Sea and other sources of knowledge and data. Transport codes for the modeling of col-
umn experiments under near-natural conditions are available, correctly predicting the magni-
tude of the “ideal tracer mobile fraction”. The capability to predict the transport of the resid-
ual inventory still is not fully demonstrated. This especially refers to decoupling of the
unknown dissociation kinetics from the stationary phase and the transport enhancement in the
mobile phase.

3.7. Implementation in PA

For the purpose of application to PA, a broad basis of data and knowledge is available,
reaching from progress in detailed complex coordination to large scale real system analysis.
At the end, however, data that will enter into PA will probably be restricted to overall
description of humic colloid sources and their mobility, and the radionuclide interaction
kinetics with both humic colloids and the stationary inventory. The sorption on/ coating of
mineral surfaces will probably be included via the sorption behavior of the minerals. Intro-
duction of the kinetics in the exchange of radionuclides between different compartments in an
element along a potential flow path is possible in PA codes. The underlying mechanisms,
however, are still unclear and trustworthy data for stationary organic/humic substances are
missing. Therefore, confidence in long-term predictions over many thousands of years
remains hampered.

4. Remaining main uncertainties

Uncertainties are still given with respect to:

- Lack in process understanding resulting in lack in trust in long-term predictions,

- The problem of selecting processes observed in different types of experiments under dif-
ferent types of conditions and by different systems investigated, for their regard or disre-
gard in the predictive long-term modeling,

- The potential for especially near-field processes that may incorporate actinides in a com-
parable fashion as found for the natural trace element inventory,

- The magnitude of some interaction data is still unsatisfactorily, especially (i) the lack in
trustworthy data for the tetravalent actinide ions forming ternary complexes under rele-
vant conditions, and (ii) lack of adequate data for some other ternary complexes,
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- The impact and treatment of cation competition is unclear, especially with metal ions
abundant in natural groundwater systems,

- The potential differences between the frequently studied aquatic humic and fulvic acids,
and the basically unknown properties of their sediment organic carbon precursors of
aquatic humic substances, key substances for actinide retention, still needs to be resolved,

- Potential additional sources need to be quantified, especially under non-natural near-field
conditions,

- Stability and mobility of humic substances depending on their properties/origin, espe-
cially in view of potential additional sources for which no natural chemical analogues are
available, and

- Stationary humic/organic substances as a potential source for retention of iodine is still
not clear.

Based on the great progress within the HUPA project, including the established knowledge
network(s) where the foundations have been laid also during earlier EC supported RTD
activities/programs, these topics will be subject to further studies beyond the present project,
especially the Integrated Project “Fundamental processes of radionuclide migration” (IP
FUNMIGQG), starting January 2005 with a duration of four years.
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Summary

The fluorescence lifetime of humate complexed Cm(lIl) is studied in water and D,O media.
The fluorescence decay function is a combination of the impact of the humic acid ligand
backbone and quenching by hydration water in the coordination sphere of the complexed
Cm(l1l) ion. The energy transfer between the complexed Cm(lll) ion and the humic acid
backbone results in a bi-exponential fluorescence decay function. The additional quench
impact of water molecules in the inner coordination sphere of the complexed Cm(lll) ion is
evaluated by the difference in water and D,O medium. The outcome is that three water
molecules are found in the inner coordination sphere, presumably with the residual six coor-
dination sites occupied by functional groups of the humic acid.



Introduction

Besides sorption and desorption processes on mineral surfaces, organic ligands in natural
water are well known to have significant impact on metal ion bioavailability and mobility in
aquifer systems. In natural water, toxic heavy metals, rare earth elements and radionuclides
such as actinides are frequently found to be attached to natural organic matter as humic/fulvic
acids. These complexes are known to be of high kinetic and thermodynamic stability under
given geochemical conditions and therefore may control trace metal transfer to bioorganisms
and their transport in soil and groundwater systems. For those reasons the interaction of metal
ions with humic matter is a major issue in a number of research fields such as environmental
monitoring, risk assessment of contaminated sites and nuclear waste disposal. In order to
understand and to assess the impact of humic/fulvic acids on the behaviour of trace metals we
need to know the interaction mechanisms and associated complexation kinetic and thermody-
namic data that can be implemented into geochemical speciation and transport codes.

Cm(l11) is a representative of the trivalent actinides which are common in nuclear wastes. It is
chosen as because its fluorescence spectroscopic sensitivity allowing studied on a molecular
level at nano-molar concentrations. Time resolved laser fluorescence spectroscopy (TRLFS)
has been proven to be a versatile tool for Cm(l11) speciation studies (e.g.>%**°). It is capable
of identifying different species as well as determining their hydration status (®). TRLFS
enables the speciation of Cm(l1l) in solution and suspension. Investigations of complexation
reactions as well as sorption reactions at mineral surfaces are possible with this method. The
characterization of the different Cm(l1l) species is performed by the interpretation of excita-
tion and emission spectra. The record of the Cm(lll) fluorescence emission lifetime gives
information about the number of O-H ligands in the first coordination sphere of the metal ion
(®). Moreover it is possible to deduce the kinetic of complexation reactions from these meas-
urements (°).

Material and Methods
Humic Acid

The purified natural humic acid investigated, Gohy-573(HA), originates from a 139 m deep
groundwater of the Gorleben aquifer system in Northern Germany. The isolation, purification
and detailed characterization of this humic acid is described elsewhere (*°). The proton
exchange capacity (PEC) determined by pH titration under Ar atmosphere is 5.38 + 0.20
meq/g (*°). Stock solutions of the purified humic material are prepared by dissolving a known
amount of humic acid in 0.1 M NaOH/H,O or NaOD/D,0, respectively. After about ten
minutes the pH is adjusted to 6.0 by addition of HCIO,4 (0.1 M) or DCIO,.

TRLFS (time resolved laser fluorescence spectroscopy)

TRLFS measurements were performed using a dye laser (Lambda Physics, scanmate) pumped
by a XeCl-eximer laser (Lambda Physics, EMG, 308 nm, 24ns) for excitation. Emission
spectra were recorded from 580 nm to 620 nm. The fluorescence emission is detected by an
optical multichannel analyzer consisting of a polychromator (Jobin Yvon, HR 320) with a
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300/600/12000 lines/ mm grating and a photodiode array (Spectroscopy instruments, ST 180,
IRY 700G). The Cm(lll) was excited at 396.6 nm. The emission spectra of Cm(lll) were
recorded in the 580 — 620 nm range (1200 lines/mm grating). For measuring the time depend-
ent emission decay (300 lines/mm grating), the delay time between laser pulse and camera
gating was scanned with time intervals between 5 and 10 us. For measuring the decay time of
the fluorescence emission the delay time was shifted in steps between 15 (in H,O) and 20 ps
(in D20) using a constant time window of 1 us and 10 us, respectively.

Lifetime (fluorescence decay) of Cm(ll1l).

The fluorescence emission lifetime provides information on the composition of the first coor-
dination sphere. According to the method developed by Horrocks Jr. & Sudnick (*!) and
Barthelemy & Choppin (*%) for Eu(l11) and later applied to Cm(111) by Kimura & Choppin (),
there is a linear correlation between the observed decay rate and the number of H,O or OH"
molecules in the first coordination sphere. In the case of Cm(lIl) this linear correlation takes

the form of:
n(H,O/OH") = 0.65Kps - 0.88 Q)

where kqps is the observed decay rate (reciprocal lifetime) of the excited state [ms™] and
n(H,O/OH") is the number of coordinated water molecules or hydroxyl ions. Cm(H,0)¢>*
corresponds to a lifetime of 68 + 3 us (****). When all water molecules are removed from the
first coordination sphere, the lifetime is calculated to be 1250 + 80 us (*°). The decay rate is
obtained by measuring the fluorescence signal at different delay times after the laser pulse.

Results and Discussion

Figure 1 shows the emission decay in logarithmic scale of 2x10” mol/L Cm(l11) in 10 mg/L
humate solution at pH 6. The curium shows a bi-exponential fluorescence emission decay
behavior, indicating two different Cm-humic acid complexes. The emission lifetimes are
calculated to be A;=76 us and A ,=145 us. According to equation 1, a lifetime of 76 + 3 us
corresponds to 8 water/OH™ molecules in the first coordination sphere of Cm(Ill) whereas a
lifetime of 145 + 15 us indicates the loss of more than half of the Cm*" aquo ion hydration
sphere by formation of the second Cm(lll)-humate species. Two Cm-humate species with a
different curium hydration sphere should differ significantly in their emission spectra. Figure
2 shows emission spectra of Cm(lll)-humate at pH 6 measured at different delay times. The
spectra are scaled to the same peak area and show no differences, neither in peak maximum
nor in the peak shape. Therefore, the emission decay behaviour can be explained only under
the assumption that the humic acid is responsible for the bi-exponential Cm(I11) fluorescence
quenching and not a variation in the curium hydration sphere. To verify this suggestion the
fluorescence emission of Cm(l1l) in humate D,O suspension was investigated by TRLFS.

Figure 3 shows the fluorescence emission decay behaviour of 107 mol/L Cm(I11) in 20 mg/L
humic acid in D,O at pH 6. The decay behaviour is bi-exponential again with lifetimes of
A3=129 + 5 us and A4=570 £ 7 us. A quench influence of OH vibronics can be ruled out
because exclusively D,O, NaOD and DCIO,4 were used. The quench impact of D,O and OD’



is negligible compared to the water counterparts. Hence, the humic acid itself is responsible
for the Cm(l11) fluorescence quenching and for the bi-exponential emission decay.
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Figure1: Cm(lll) humate fluorescence decay.
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Figure 2: Cm(lll) emission spectra along with fluorescence decay

In literature it is shown, that the experimental lifetime depends on the sum of the rates of the
fluorescent, radiative processes ks and the rates of non-radiative processes ks (*°).

Uh=ks+ kg (2)
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Figure 3: Cm(lll) humate fluorescence decay in D,O medium.

In order to calculate the proportion of OH vibronics on the Cm(I11) emission quenching the
quenching in D,O have to be subtracted from the quenching measured in H;O.

/N on) = (ks + Ka)(H20) - (ks + Ka)(D20) (3)

From that follows for Cm(I11)/humic species 1 1/A 1ony = 0.0054 and for Cm/humic species 2
1/\ 20my = 0.0052, corresponding to the lifetimes A,;=185 us and A,=192 us. The quenching
rate and the emission lifetime of Cm(lll)-humate species 1 and Cm(lll)-humate species 2
show the same value within the uncertainty. Hence, the "two" curium species have the same
hydration sphere and the same ligand field, indicating that ONLY ONE Cm(ll1)-humate
complex exists at pH 6. This finding is in good agreement with the delay spectra presented in
figure 2, which show only one Cm(I11) spectrum independent of the delay time.

The lifetimes A, and A, correspond to ~ 3 water molecules in the first hydration sphere of the
Cm(I11) after Cm(l1)/humic complex formation at pH 6. Hence, we conclude that one
Cm(l1)/humic complex predominate the speciation at pH 6 and that curium is six-fold coor-
dinated by the humic acid.
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Study of the Redox Stability of Uranium(VI) in Presence of Humic Substances
S. Sachs, G. Geipel, G. Bernhard

Forschungszentrum Rossendorf e.V., Institute of Radiochemistry, P.O. Box 510 119, 01314 Dresden, Germany
(FZR-IfR)

Abstract

We studied the stability of the oxidation state of U(VI) in the presence of natural humic acid from
Aldrich and synthetic acids Hyd-Glu and Cat-Gly representing humic acid model substances with
pronounced redox functionalities. Using laser-induced photoacoustic spectroscopy, we obtained
the first spectroscopic proof for the reduction of U(VI) to U(IV) by synthetic humic acids. In con-
trast to that, no spectroscopic indications were found for an Aldrich humic acid-mediated reduc-
tion of U(VI). Therefore, we concluded that both humic acid-like products show higher U(VI)
redox capacities compared to Aldrich humic acid.
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1 Introduction

Humic acids play an important role for the mobilization of radioactive and non-radioactive toxic
substances in the environment which is attributed to their strong ability for complex and colloid
formation. In addition to that, humic acids are characterized by redox properties that can influ-
ence the oxidation state of metal ions which also effects their speciation and therefore, their mi-
gration in natural aquifers. Thus, the trustworthy modeling of the migration of radioactive and
toxic metal ions in the environment requires knowledge on the influence of humic acids on the
oxidation state of metal ions in addition to the understanding of the humic acid-metal ion-
complexation.

From literature it is known that humic acids are able to reduce actinide ions. For instance, in the
presence of humic acids, Pu(VI) is reduced to Pu(IV), Np(VI) to Np(V) (Choppin, 1999) as well
as Np(V) to Np(IV) (Zeh et al. 1999, Schmeide and Bernhard, 2005). The stability of the oxida-
tion state of U(VI) in the presence of lignin, wood degradation products and natural humic acid
was investigated by Abraham (2002). For the first time, it was shown that these organic materials
are able to reduce U(VI) to U(IV). Using laser-induced photoacoustic spectroscopy, the direct
spectroscopic proof for the occurrence of U(IV) after equilibration of U(VI) solutions with lignin
and wood degradation products at pH 9 and pH 8, respectively, was obtained.

Based on the oxidation of diphenolic compounds, we developed synthetic humic acid model sub-
stances with pronounced redox functionalities (Sachs et al., 2003 and 2004) in order to study the
redox behavior of humic acids and the redox stability of actinide humate complexes in more de-
tail. In the present work we investigated the redox stability of U(VI) in the presence of these syn-
thetic humic acids in comparison to one natural humic acid. Before use, these synthetic products
were characterized with regard to their elemental, structural, functional and redox properties in
comparison to natural humic acids.

2 Experimental

Humic acids

Our studies were performed using synthetic humic acid Hyd-Glu (oxidation product of hydro-
quinone synthesized in the presence of glutamic acid) and Cat-Gly (oxidation product of catechol
synthesized in the presence of glycine) with distinct redox properties (Sachs et al., 2003 and
2004). These model substances were synthesized in alkaline solution at 60 °C using potassium
peroxodisulfate as oxidizing agent. The humic acid-like fractions of the oxidation products were
separated by precipitation with HCI, purified by dialysis against purified water (MWCO <1000),
and lyophilized (Sachs et al., 2004). For comparison, we used the commercially available natural
humic acid from Aldrich (AHA) after purification (Kim and Buckau, 1998).

The applied humic materials were characterized for their elemental composition, functional group
content, and structure. In order to characterize the redox properties of these substances, we de-
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termined their formal redox potentials according to Osterberg and Shirshova (1997) and Mack
(2002) as well as their Fe(Ill) redox capacities at pH 3.0 and pH 9.2 according to Mack (2002)
and Matthiessen (1995), respectively.

Redox studies

The redox stability of U(VI) in the presence of the synthetic humic acids Hyd-Glu and Cat-Gly as
well as of natural humic acid AHA was studied at pH 6, 8, and 9 in 0.1 M NaClO;, solutions ac-
cording to Abraham (2002). U(VI) humic acid solutions with initial U(VI) and humic acid con-
centrations of 1-10* M and 0.4 g/L, respectively, were prepared applying CO,-free solutions un-
der nitrogen atmosphere and exclusion of light. The pH values were adjusted using NaOH and
HCIO, solutions. In order to keep the pH values of the solutions constant, they were periodically
checked and reset.

Laser-induced photoacoustic spectroscopy (LIPAS) was applied for the direct spectroscopic de-
tection of U(IV) in the test solutions. For this a tunable laser system, that is described in detail by
Geipel et al. (1998), was used. The wavelength range between 600 and 675 nm was studied. Con-
trary to U(VI), U(IV) shows characteristic absorption bands in this wavelength range. For sample
preparation, 1 mL 6 M H,SO4 was added to 5 mL of the sample solution in order to precipitate
the humic acid, to decompose U(IV) humate complexes and to stabilize U(IV) in solution in form
of its sulfate complex. After acidification, the humic acid precipitate was separated by centrifuga-
tion and the supernatant was studied by LIPAS.

3 Results and discussion
Characterization of humic acids

Table 1 summarizes results of the humic acid characterization. Synthetic humic acid Hyd-Glu
and Cat-Gly show elemental compositions that are close to those of AHA and other natural hu-
mic acids cited in the literature. Due to the use of nitrogen-containing precursors, both synthetic
products show higher nitrogen contents than AHA.

The carboxyl group contents of both humic acid-like oxidation products of diphenolic com-
pounds are comparable to those of natural humic acids. However, due to the use of phenolic start-
ing materials the synthetic products show significantly higher phenolic/acidic OH group contents
than AHA.

From FTIR results (not shown) it was concluded that synthetic humic acid Hyd-Glu and Cat-Gly
exhibit structural components which are also found for natural humic acids (Sachs et al., 2004).
The formal redox potentials of humic acid AHA and Hyd-Glu agree with those of Aldrich humic
acid (578 £ 16 mV, -(57 = 10) mV/pH) and lignin (579 = 6 mV, -(54 + 1) mV/pH) determined by
Mack (2002). The formal redox potential of humic acid Cat-Gly was found to be slightly lower.
However, it shows a similar pH dependence compared to those of the other humic materials.
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Table 1: Characterization of the studied humic acids.

Elemental composition C (%) H? (%) N (%) S (%) o’ (%) Ash (%) Moisture (%)
Hyd-Glu (batch R13/02) | 53.7+0.1 23+01 20+01 02%+01 282z%01 1.6 11.9
Cat-Gly (batch R18/02) 488+01 28+02 51+01 09+01 311+%02 1.7 9.5
AHA (batch A2/98) 586+01 30+0.1 08+01 38+01 235%0.1 24 7.9
Natural HA (Stevenson,
53.8-58.7 32-62 08-43 01-15 328-383
1994)
Functional groups COOH € (meq/g) Phenolic/acidic OH ° (meg/g)
Hyd-Glu (batch R13/02) 3.65+0.14 5.8+0.2
Cat-Gly (batch R18/02) 4.16 £ 0.04 6.6+0.7
AHA (batch A2/98) 449+0.14 3.1+01
Natural HA (Stevenson,
1.5-57 21-57

1994)

. Fe(lll) Redox capacity f (megq/
Redox properties E”® (mV) AE/ApH (mV/pH) L Paclty (med/g)

pH 3.0 pH 9.2

AHA (batch A2/98) 5709 -65+ 1 1.2+0.1 72+19
Hyd-Glu (batch R13/02) 565 + 12 -64 + 12 10.7£0.2 33.6+4.0
Cat-Gly (batch R18/02) 517 £ 12 -57 +12 145+1.6 36.9+0.2

@ Corrected for the water content of the humic acid. ® The oxygen content was calculated from the difference to 100 %
under consideration of the ash and moisture content of the humic acid. © Determined by calcium acetate exchange
(Schnitzer and Khan, 1972). d Radiometrically determined (Bubner and Heise, 1994). ¢ Formal redox potential. " After

~3 weeks reaction time.

The redox potentials of humic acids are deciding for their ability to influence the oxidation state
of metal ions. Comparing the redox potentials of the redox couple U(IV)/U(VI) (Fig. 1) with
those of the humic acids it becomes clear that these are close together in the studied pH range

between pH 6 and 9. Therefore, it can be concluded that a humic acid-mediated reduction of
U(VI) to U(IV), especially by synthetic humic acid Cat-Gly, becomes possible.

u(Iv)

pH 0O:
pH 8:
pH 14:

338 mV
-70 £ 80 mV
-360 £ 120 mV

u(vI)

Fig.1: Redox potentials for U(IV)/U(VI) (according to Choppin, 1983).

The comparison of the Fe(IIl) redox capacities of all studied humic acids shows that the humic
acid alike products Hyd-Glu and Cat-Gly exhibit a significantly more pronounced redox behavior
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towards Fe(III) ions than AHA. Due to the fact that phenolic/acidic OH groups play a significant
role for the redox properties of humic substances (Sachs et al., 2003 and 2004), this results can be
basically ascribed to the higher phenolic/acidic OH group content of both synthetic products
compared to AHA.

LIPAS results

Figure 2 shows the photoacoustic spectra of the uranium solutions that were equilibrated with
humic acids at pH 9 after humic acid separation including their peak deconvolutions.

6000 I T T T T T T T T ]

5000

4000 +
Hyd-Glu

(0]

2000+

PA Intensity (AU)

1000 +

L ! L L
600 620 6t|1.0 660 680
Wavelength (nm)

Fig. 2: LIPAS spectra of the uranium solutions equilibrated with humic acids at pH 9 after humic acid separation.

Numbers in brackets indicate the contact time of humic acid with uranium.

In contrast to the spectrum of the AHA sample, the spectra of the synthetic humic acid test solu-
tions show high background absorption intensities. This fact is due to an incomplete humic acid
exclusion from the solutions resulting in a humic acid contribution to the absorption signal. How-
ever, from the spectra it becomes clear that no absorption signals were detected for the uranium
solution of the AHA sample. In contrast to that, the uranium solutions of the Hyd-Glu and Cat-
Gly samples show absorption bands at 646.2 and 661.6 nm and at 640.3 and 655.2 nm, respec-
tively. Thus, we conclude that after 93 days contact time no detectable U(IV) (detection limit 10
mol/L; Abraham, 2002) was formed by an AHA-mediated U(VI) reduction. In absence of humic
acid the solvated U(IV) ion shows characteristic absorption maxima at 629.5 nm, 649.1 nm and
671.7 nm (Table 2). These are close to those observed in the uranium solutions of the Hyd-Glu
and Cat-Gly samples. This result points to the occurrence of U(IV) in the uranium solutions of
the synthetic humic acids with pronounced redox functionality. Furthermore, the spectra of both
synthetic humic acid test solutions are similar to that of a uranium solution after equilibration of
U(VI) with wood degradation products, where the spectroscopic evidence for the reduction of
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U(VI) to U(IV) by these substances was given (Abraham, 2002). From this it can be concluded
that U(VI) was reduced to U(IV) by both synthetic humic materials.

Figure 3 depicts the LIPAS spectra of the uranium solutions equilibrated with synthetic humic
acid Cat-Gly for 52 days at pH 6, 8, and 9. In case of this humic acid, which shows the lowest
formal redox potential and the highest Fe(Ill) redox capacity among the considered materials,
U(IV) absorption bands were detected in all studied solutions. Therefore, we conclude that this
humic acid-like product is able to reduce U(VI) to U(IV) already at pH 6.

15000 T . T T T y T T T
. Cat-Gly Equilibration at: |

12500

10000 -
7500 +
A

5000 -

PA Intensity (AU)

2500 +

Equlibration time: 52 d

T T T T T T T T
600 620 640 660 680
Wavelength (nm)

Fig. 3: LIPAS spectra of the uranium solutions of humic acid Cat-Gly equilibrated at pH 6, 8, and 9 after humic acid

separation. The spectra are shifted along the y-axis for clarity.

In all LIPAS spectra the observed absorption bands are shifted compared to those of the solvated
U(IV) ion. Similar peak shifts were already identified for the U(IV) complexation by arsenate,
phosphate and sulfate (Table 2).We attribute the observed shifts of the absorption maxima to the
formation of U(IV) sulfate complexes. Sulfuric acid was added for sample preparation. The final
H,SO,4 concentration was 1 mol/L. The deviations of the observed peak maxima compared to
those of U(IV) in 1.2 M H,SO4 given in Table 2 could be explained by an additional complexa-
tion of U(IV) by not completely removed humic acid molecules.

Table 2: Absorption maxima of U(IV) reference substances.

U(IV) Species Absorption maxima (nm) Reference
U(H20),* 629.5 649.1 671.7 Geipel et al., 2002
U(H2P0O,)* 645.0 656.6 667.0 Geipel et al., 2002
U(H2AsO4)*" 645.1 662.9 Geipel et al., 2002
U(IV) in 1.2 M H2SO4 634.6 652.8 670.0 this work
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From our studies we conclude that synthetic humic acids Hyd-Glu and Cat-Gly with pronounced
redox functionalities are able to reduce U(VI) to U(IV). Both substances show higher Fe(III) and
U(VI) redox capacities than AHA. Similar results were also observed for the reduction of Np(V)
to Np(IV) (Schmeide and Bernhard, 2005) and can be expected for other heavy metal and acti-
nide ions. The higher redox capacities of the synthetic materials compared to Aldrich humic acid
can be attributed to their higher phenolic/acidic OH group. From our former studies it is known
that phenolic/acidic OH groups play a significant role for the redox behavior of humic acids
(Sachs et al., 2003 and 2004). The obtained results represent a first spectroscopic proof for the
reduction of U(VI) by humic acids. Further studies are in progress in order to quantify the U(VI)
redox capacity of the studied humic acid alike substances.
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Study of the Neptunium(V) Reduction by
Various Natural and Synthetic Humic Substances

K. Schmeide, G. Geipel, G. Bernhard
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Abstract

The time dependence of the reduction of Np(V) to Np(IV) by various natural and synthetic
humic substances was studied under anaerobic conditions between pH 3.5 and pH 9. For Np
speciation in solution liquid-liquid extraction, NIR absorption spectroscopy, laser-induced
photoacoustic spectroscopy (LIPAS) and ultrafiltration were applied. In comparison to natural
humic substances, synthetic humic acids lead to a stronger reduction of Np(V) to Np(IV). The
Np(IV) formed in the course of the experiments is stabilized in form of Np(IV) humate
complexes, whereas the remaining Np(V) occurs as NpO," ion or Np(V) humate depending
on pH. The higher reduction potential of the synthetic humic acids can be attributed to their
higher phenolic/acidic OH group contents compared to natural humic substances. The
influence of phenolic/acidic OH groups on the redox behavior of humic substances was
verified applying a synthetic humic acid with blocked phenolic/acidic OH groups.
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1 Introduction

The migration behavior of actinide contaminants in natural aquatic systems can be effected by
humic substances (humic acid (HA) and fulvic acid (FA)) due to their strong complexing and
redox properties and their ability for colloid formation. Therefore, risk assessments,
predicting the fate and transport of actinides in the environment, require basic knowledge of
the interaction of humic substances with metal ions. The complexation of Np(V) by humic
substances has been studied in a number of publications (e.g., [1-4]). In a study of Np(IV)
complexation by fulvic acid at pH 1 and 1.5, first values for conditional complexation
constants were estimated [5]. The redox behavior of humic substances of different origin
towards Np and Pu in higher oxidation states (mostly hexa- or pentavalent) was reported in
[6-14].

Due to reduction of Np(V) to Np(IV), the migration behavior of the actinide changes strongly.
Compared to Np(V), which shows a relatively weak interaction with HA, Np(IV) is generally
stronger complexed by HA [13]. The humic colloid-borne Np(IV) species is known to remain
stable in groundwater and to be easily mobile in porous aquifer systems [10,13].

Recently, synthetic HA with distinct redox properties were synthesized by oxidation of
diphenolic compounds in the presence of amino acids in alkaline solution by Sachs et al. [15].
The most promising synthetic HA were the HA type Cat-Gly, which is an oxidation product
of catechol and glycine, and the HA type Hyd-Glu, which is an oxidation product of
hydroquinone and glutamic acid. These synthetic HA have shown significantly higher Fe(III)
redox capacities [15] and also higher U(VI) redox capacities than the natural Aldrich HA [16].
In this work, the stability of Np(V) in contact with various natural and synthetic aqueous
humic substances was studied. For redox speciation liquid-liquid extraction, NIR absorption
spectroscopy, laser-induced photoacoustic spectroscopy (LIPAS) and ultrafiltration were
applied.

2 Experimental

2.1 Humic substances

Two natural humic substances and three synthetic humic acids were used in this study: The
natural Kranichsee fulvic acid (KFA) was isolated from surface water of the mountain bog
‘Kleiner Kranichsee’ (Saxony, Germany) [17]. The commercial Aldrich humic acid (AHA,
charge A2/98) (Aldrich, Steinheim, Germany) was purified before use according to the
procedure described in [18]. The synthetic products were the humic acids type Cat-Gly
(charge R1/03) and type Hyd-Glu (charge R13/02), as well as the humic acid with blocked
phenolic/acidic OH groups type Hyd-Glu-PB (charge R20/02). Details to the synthesis and
characterization of the synthetic humic acids are given in [15]. The functional group contents
of the humic substances are compiled in Tab. 1.

2.2 Sample preparation
The Np(V) stock solution was obtained by dissolving solid **’"NpO,NO; in 0.1 M HNOs. The
pentavalent oxidation state of Np in the stock solution was verified by NIR absorption
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spectroscopy and liquid-liquid extraction. Prior to the preparation of the various humic
substance stock solutions, the humic material (50 mg each) was suspended in about 4 mL 0.1
M NaClOy4 and degassed under vacuum. The Np(V) humate samples were prepared in a glove
box under nitrogen atmosphere using carbonate-free solutions. The initial Np(V) and humic
substance concentration was 100 M and 100 mg/L, respectively. The ionic strength of the
solutions was 0.1 M NaClOy4. The pH value of the samples (pH 3.5, 5, 7, 9) was adjusted
applying diluted NaOH and HCIOy solutions, no buffers were added. During the experiment,
the pH value of the solutions was checked and readjusted repeatedly. Blanks without Np were
prepared from each humic substance at pH 3.5 to pH 9. All samples were stored in the dark to
minimize degradation of the organic material.

Tab. 1: Functional group contents of humic substances

Humic substance COOH* Phenolic/acidic OH °
(meq/g) (meq/g)

Cat-Gly (batch R1/03) 439+0.13 6.6+0.9

Hyd-Glu (batch R13/02) 3.65+0.14 5.8+0.2

Hyd-Glu-PB (batch R20/02) 2.67+0.03 1.4+0.1

AHA (batch A2/98) 4.49+0.14 3.1+0.1

KFA 6.05+0.31 48+0.7

* Determined by calcium acetate exchange [19].
b Radiometrically determined [20].

2.3 Methods for Np speciation

The Np(V) reduction was determined by monitoring the Np(V) and Np(IV) concentrations in
solution over time. For this, samples were taken after different time intervals and
characterized by the redox speciation methods described in the following.

Liquid-liquid extraction

The separation of Np(V) and Np(IV) was performed by liquid-liquid extraction using
2-thenoyltrifluoroacetone (TTA) as complexing agent [21]. For this, 1.5 mL of the Np(V,IV)
sample solution (pH 1) were shaken vigorously with 2 mL of 0.5 M TTA in xylole for 15 min,
and separated by centrifugation. By this method, Np(IV) is extracted into the organic phase,
while Np(V) remains in the aqueous phase. The Np concentration was determined by liquid
scintillation counting (Wallac system 1414, Perkin Elmer) using a-f3 discrimination. For this,
200 pL aliquots were mixed with 15 mL of a Ultima Gold™ scintillation cocktail (Packard
BioScience Company).

NIR absorption spectroscopy and laser-induced photoacoustic spectroscopy (LIPAS)

For the direct spectroscopic detection of Np species in the sample solutions, NIR absorption
spectroscopy (CARY-5G, Varian) and LIPAS were applied. For LIPAS, a tunable laser
system was used which is described in detail in [22]. Quartz cuvettes with 1 cm pathlength
(Hellma) were used and thermostated at 20°C. The sample solutions were measured directly,

without any further preparations, in the spectral range from 920 nm to 1050 nm. For
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quantitative determination of uncomplexed Np*" and NpO," aquo ions, the absorption bands
at 960 nm and 980.4 nm with molar absorption coefficients of 162 L mol” ecm™ [23] and
395+5 L mol™” cm™ [2], respectively, were used. For Np(IV) and Np(V) humate complexes,
the absorption bands at 967.5 nm and 990 nm with molar absorption coefficients of
63+8 L mol™ cm™ [5] and 230+8 L mol™ cm™ [2], respectively, were used.

Ultrafiltration

For ultrafiltration experiments, MicroSep'™ centrifugal concentrators (PallGelman
Laboratory) of different pore sizes were used: 1 kDa, 10 kDa, 30 kDa, 100 kDa, 300 kDa,
1000 kDa.

3 Results and discussion

In Fig. 1, the Np(V) speciation in the starting solutions is shown for the experimental
conditions applied in this study. It was calculated with the geochemical computer code EQ3/6
[24] applying the Np(V) hydrolysis constants compiled in the NEA data base [25], the Np(V)
humate complexation constant log 5 = 3.6 and the pH function of the loading capacity (LC)
with LC =-0.589 + 0.101 « pH [15]. The results show that the free neptunyl ion predominates
the Np speciation in aqueous solution. The NpO,HA(I) species is formed increasingly in
solution between pH 6 and pH 10. For the pH region higher than 9, the formation of the
mixed complex (NpO2(OH)HA ). is suggested by Marquardt et al. [2]. However, presently,
this complex cannot be quantified thermodynamically. The formation of the neptunyl
hydroxyl species NpO,OH,q) can be neglected in the considered pH range.

The Np(IV) which is produced in the course of the experiments, occurs either as Np(IV)
hydrolysis species or their mixed hydroxo fulvate/humate complex species (Np(OH),FA(II)
and Np(OH)FA(III)) as was proposed by Marquardt et al. [5].
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Fig. 1: Np(V) speciation at start of equilibration of the Np humic substance solutions.
(INpO,"] = 1x10™* M; [HA] = 100 mg/L; I = 0.1 M NaClOy; N, atmosphere).
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The reduction of Np(V), determined by TTA extraction, is shown in Figs. 2 and 3 as plot of
the ratio of pentavalent Np to total Np versus equilibration time. It is obvious, that the Np(V)
reduction is dependent on equilibration time, on the type of humic substances as well as on
pH value of the sample solutions. In the initial phase of the equilibration of the Np humic
substance solutions, the formation of Np(IV) is fast. With increasing equilibration time the
rate of Np(IV) formation slows down. The synthetic HA type Cat-Gly and Hyd-Glu show a
stronger Np(V) reduction in comparison to the natural humic substances AHA and KFA.
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Fig.2: Reduction of Np(V) to Np(IV) by HA type Cat-Gly and AHA between pH 3.5 to pH 9.0.
Determination of Np(V) by TTA extraction.
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Reduction of Np(V) to Np(IV) by HA type Hyd-Glu and KFA between pH 3.5 to pH 9.0.

Determination of Np(V) by TTA extraction.

Fig. 3:

The strongest Np(V) reduction is found for the HA type Hyd-Glu at pH 9. After 865 h (36 d)
62% of the Np(V) is converted to Np(IV). Also in case of HA type Cat-Gly, the strongest
Np(V) reduction is found at pH 9 (961 h (40d), 49% Np(IV)). The pH dependency
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determined for the Np(V) reduction by AHA correlates with that found by Marquardt et al. [1]
for the same HA. Generally, however, no trend is observable for the pH dependency of the
Np(V) reduction for the various humic substances.

The redox capacity, which decreases in the sequence synthetic HA > KFA > AHA, can be
correlated to the phenolic/acidic OH group contents of the humic substances (cf. Tab. 1). A
comparable correlation between the phenolic/acidic OH group content of various synthetic
and natural HA and their Fe(IIl) and U(VI) redox capacities was observed in [15,16].
Contrary to the partial reduction of Np(V) under the experimental conditions applied in this
work, a nearly complete reduction of Np(V) was found in experiments applying the same Np
concentration but the fourfold HA concentration (400 mg/L HA type Cat-Gly).

As already mentioned, by liquid-liquid extraction with TTA as complexing agent, Np(IV) is
extracted into the organic phase, while Np(V) remains in the aqueous phase. However, in case
of the humic substance solutions studied here, the Np(IV) could not be extracted
quantitatively into the organic phase but partly remained bound in the humic substance
precipitate. Exemplary this is shown for HA type Hyd-Glu in Fig. 4. With increasing
equilibration time, the amount of Np(V) determined in the aqueous phase decreases but the
amount of Np(IV) determined in the organic phase does not increase to the same extent. This
results in a decreasing Np recovery during TTA extraction. The part of Np that cannot be
extracted represents a fraction of tetravalent Np which is strongly bound to the HA and which
is not released from the HA even at pH 1. Np(V), however, would decomplex from the HA
under these pH conditions and remain in aqueous solution as NpO," ion. This effect was even
more pronounced in experiments applying the fourfold HA concentration (not shown here)
which confirms again the strong complexation of Np(IV) by HA. Too low activity recoveries
were also reported for liquid-liquid extraction of Pu species [26].

The total amount of Np in the sample solutions remains constant in the course of the
experiments (cf. Fig. 4), i.e., Np adsorption onto the vial walls is negligible, even at pH 9.0.
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Fig.4: Recovery of Np during TTA extractions in comparison to the total Np content for HA type
Hyd-Glu equilibrated at pH 3.5 and pH 9.0.
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To study influence of phenolic/acidic OH groups on the redox behavior of humic substances
further, the synthetic HA with blocked phenolic/acidic OH groups of type Hyd-Glu-PB was
equilibrated with Np(V) under the same experimental conditions as described above. Due to
methylation with diazomethane [27,28], the phenolic/acidic OH group content of HA type
Hyd-Glu-PB is 76% lower than that of HA type Hyd-Glu (cf. Tab. 1), which was used as
starting material. The carboxylic group content of HA type Hyd-Glu-PB is also somewhat
lower than that of HA type Hyd-Glu. Possible reasons are a partial decomposition of HA
molecules in acid-soluble components and/or leaching of smaller HA molecules with a higher
carboxylic group content from the HA mixture [27] or an incomplete hydrolysis of the methyl
ester groups that were previously formed during methylation with diazomethane.
Nevertheless, Table 1 shows that the molar ratio of phenolic OH to carboxylic groups
becomes significantly smaller due to the modification process.

The amount of Np(IV) formed by the modified HA with blocked phenolic/acidic OH groups
type Hyd-Glu-PB is very small compared to the strong Np reduction by the unmodified HA
type Hyd-Glu (Fig. 5). After 865 h (36 d) the amount of Np(IV) formed by HA type Hyd-Glu-
PB is about 55% lower than the amount of Np(IV) formed by HA type Hyd-Glu (pH 9). This
again shows that the phenolic/acidic OH groups play a major role for the redox behavior of
humic substances. The slight Np reduction in the initial phase of the experiment can be
attributed to the small amount of phenolic/acidic OH groups that could not be blocked by
methylation (1.4 + 0.1 meq/g).
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+
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/
/
i
/1
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Time (h)
Fig.5: Reduction of Np(V) to Np(IV) by HA type Hyd-Glu and HA type Hyd-Glu-PB between pH
3.5 to pH 9.0. Determination of Np(V) by TTA extraction.

By NIR absorption spectroscopy the gradual decrease of the Np(V) absorption peaks is
observed, while the total Np concentration in the sample solutions remains constant in the
course of the experiments (cf. Fig. 4).

Because of the higher sensitivity of LIPAS compared to absorption spectroscopy [29,30],
LIPAS was applied for direct spectroscopic detection of the Np species in the sample
solutions. Exemplary for all sample solutions the photoacoustic spectra of Np(IV,V)/HA type
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Cat-Gly equilibrated at pH 3.5 and pH 7 is shown in Fig. 6 together with the peak
deconvolution of the spectra. As expected, at pH 3.5, the LIPAS spectrum shows the Np(IV)
humate complex at 967 nm together with the NpO,” aquo ion at 980 nm. At pH 7, the
spectrum shows both the Np(IV) humate complex at 967 nm and the Np(V) humate complex
at 990 nm. In addition, in all LIPAS spectra obtained from solutions equilibrated between pH
3.5 and pH 9, a further peak at about 1018 nm is observed which cannot be assigned to a
certain Np species so far.

The formation of Np(IV) hydrolysis products besides the formation of Np(IV) humate cannot
be excluded completely by these methods since the various Np(IV) hydrolysis species and
their mixed hydroxo fulvate or humate complex species cannot be distinguished by NIR
absorption spectroscopy [5] or EXAFS [31].
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Fig. 6: Photoacoustic spectrum of Np(IV,V)/HA type Cat-Gly equilibrated at pH 3.5 and pH 7.

The results of ultrafiltration of the Np(IV,V)/HA type Hyd-Glu sample solutions with
membrane filters of pore sizes between 1 kDa and 1000 kDa are shown in Fig. 7. At pH 7 and
pH 9, where 36% and 64% Np(IV) are detected by TTA extraction, a Np fraction of 43.1%
and 86.6%, respectively, is found to be retained on a 1 kDa filter, whereas at 1000 kDa, Np
passes quantitatively through the filter. That means, that a fraction of about 43.1% or 86.6%
of the Np is bound onto HA colloids, mostly as Np(IV) and but also as Np(V) (especially at
pH 9, cf. Np(V) speciation given in Fig. 1). At pH 3.5 and pH 5, where 47.4% and 43%
Np(IV) are detected by TTA extraction, a Np fraction of 49.2% and 45.8%, respectively, is
found to be retained on a 1 kDa filter, showing the fraction of humic colloid-bound Np(IV). In
this pH range, no Np(V) humate is formed (cf. Fig. 1), and the NpO," ion, detected by LIPAS,
passes through the filter. The Np humate solution at pH 3.5 shows the peculiarity that the
amount of Np retained on the filters of pore sizes between 1 kDa and 1000 kDa is nearly
constant. This is attributed to the precipitate and/or large aggregates that are formed by the
humic colloid-bound Np(IV) in the sample solution at pH 3.5.
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Fig. 7:  Ultrafiltration of Np(IV,V)/HA type Hyd-Glu equilibrated at pH 3.5 to pH 9.0 for 1543 h
(04 d).

4  Conclusions

The redox properties of various natural and synthetic humic substances towards Np(V) were
determined. In comparison to the natural humic substances (AHA, KFA), the synthetic HA
(type Hyd-Glu and Cat-Gly) lead to a stronger reduction of Np(V) to Np(IV) and to a
stabilization of the tetravalent oxidation state in form of Np(IV) humate complexes. The
various Np species in solution (uncomplexed NpO,' ions as well as Np(IV) and Np(V)
humate complexes) could be identified spectroscopically by LIPAS and NIR absorption
spectroscopy. The stronger reduction behavior of the synthetic HA in comparison to the
natural humic substances can be attributed to their higher amount of phenolic/acidic OH
groups. The reduction rates also depend on the concentration of humic substances. However,
attempts to derive correlations between the reduction strength and pH value for the various
humic substances did not yield any strong relationships. By application of the synthetic HA
with distinct redox properties actinides can be stabilized in lower oxidation states, e.g. in
complexation and sorption studies.
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1. Introduction

Humic substances (HSs) are very complex mixtures of organic acids with only partly known
structures, can be subdivided in fulvic acid (FA), humic acid (HA) and humin and are
ubiquitous in the terrestrial and aquatic environment. The chemical properties of HSs to form
relatively stable complexes with heavy metals and radionuclides have a strong influence on
the migration of these pollutants in groundwater. To get a better knowledge of the type of HS
complexes formed characterization of these complexes is necessary. The aim of this paper is
the determination of the mass and size distribution of Eu-HS complexes with the methods
time-of-flight secondary ion mass spectrometry (TOF-SIMS) and asymmetrical flow field-
flow fractionation (AFFFF) to get a better understanding of the physical/chemical interactions
of HSs with radionuclides. For this purpose different HSs (Gohy-573 FA and HA, Aldrich
HA) loaded with europium (1%, 10% and 50% PEC/3, reaction time 1 day and 7-8 days) were
investigated.

2. Materials and Methods
2.1 Materials

2.1.1 Humic Substances. Natural aquatic humic and fulvic acids (Gohy-573 HA and FA)
were isolated from groundwater of the deep borehole Gohy-573 in the Gorleben aquifer (Wolf
et al. 2004a). Purified Aldrich humic acid (Aldrich HA) was obtained from Dr. Mizera (CTU
Prague).

2.1.2 Other Materials. Eu(l1l) acetate (purity 99.9 %) was obtained from Aldrich; ammonium
acetate (purity > 98 %) was obtained from Merck. All substances were used as delivered and
all aqueous solutions were prepared with high purity water (Milli-QpLus, Millipore).

2.2 Methods

2.2.1 Time-of-Flight Secondary lon Mass Spectrometry (TOF-SIMS). Time-of-flight

secondary ion mass spectrometry (TOF-SIMS) in combination with oblique 30 keV SFs" ion
bombardment produces highly reproducible mass spectra of HSs which cover up to five
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orders of magnitude in dynamic range without background subtraction (Szymczak et al.
2000). The recorded spectra were highly reproducible, not just with respect to characteristic
spectral features but also in absolute terms. Usually the measured yields were the same to
within 10% or better. Spectra in the negative ionization mode are less affected by
fragmentation than in the positive mode. Therefore, spectra are presented in the negative
mode.

The time-of-flight secondary ion mass spectrometer used in this work has been described
elsewhere (Szymczak and Wittmaack 2002). The bombardment parameters were as follows:
primary ions SFs’, ion source terminal voltage 30 kV, target bias -6 kV (for negative
secondary ions), ion impact energy 36 kV, stationary beam current 1-2 nA, pulse width about
3 ns, repetition rate 19 kHz, 1-3 x 10’ pulses per spectrum, channel width 0.5 ns/bin. The
nominal angle between the primary ion beam line and the surface normal of the sample is 60°.
The area of ion bombardment was ~ 0.3 x 0.4 mm? The corresponding upper limit of detect-
able mass was m/z 6000. Neutrals generated along the first half of the beam line were
removed by tilting the second half of the drift tube by a few degrees (both sections straight).
The secondary ions were directed to the detector electrostatically. Postacceleration by biasing
the detector was not applied.

Solid samples for TOF-SIMS analysis were prepared by spray-deposition on cleaned silicon
substrates with a hydrophilic character (Szymczak et al. 2000). Solutions of 30 mg/L of HSs
were dissolved in a dilute aqueous solution of NH,OH. Typically 400 pL of solution were
sprayed at a nozzle-to-substrate spacing of at least 35 mm. The area covered by the spray was
a factor of about three to four larger than the area spanned by the silicon substrates (8x8
mm?). The total amount of sprayed HSs was about 12 pug. This converts to areal densities of
roughly 4.7 — 6.2 pg/cm?.

2.2.2 Asymmetrical Flow Field-Flow Fractionation (AFFFF). Field-flow fractionation is a
technique for size fractionation of macromolecules and colloids. It was first proposed in 1966
by Giddings (Giddings 1966) and later also applied for humic substances (e.g. Ngo Manh
Thang 2001). In this method the analyte, dissolved in a carrier medium, is pumped with
constant velocity through a thin ribbon-like channel equipped with a membrane permeable for
the carrier. The flow-field is established by a cross-flow perpendicular to the channel flow and
the size fractionation is a function of the diffusion coefficient of the analyte. Two types of
equipments are available: a) the first developed symmetrical flow field-flow fractionation
(FFFF) using a symmetrical channel with constant width and two permeable walls and b) the
more recently developed asymmetrical flow field-flow fractionation (AFFFF) using an
asymmetrical channel with continuously reduced channel width and one permeable wall
(Wahlund and Giddings 1987).

The AFFFF measurements were carried out at room temperature with a system delivered from
Woyatt Technology using an asymmetrical fractionation channel from ConSenxus (Germany)
with a length of 286 mm and a spacer thickness of 0.54 mm. The used regenerated cellulose
membrane has a cut-off of 1 kDa (related to globular proteins). As eluent 10 mM ammonium
acetate with a pH of ~6.8 at room temperature was used at a channel flow of 0.6 mL/min and
a cross-flow of 3.0 mL/min. The absorbance of the effluent was recorded with an UV/Vis
detector (K-2500, Knauer, Germany) at 210 nm. The fractionated sample volume was 20 pL.
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Eu-HS complexes were prepared with HSs (30 mg/L) dissolved in 10 mM ammonium acetate
and different Eu loads (1, 10 and 50 % PEC/3).

3. Results and Discussion
3.1 Molecular mass distribution of Eu-HS complexes

The measured molecular mass distributions by TOF-SIMS of the Eu-HSs complexes change
with the amount of Eu-loading. In comparison to the pure HSs the overall outcome is that a
higher mass region appears to grow with europium complexation at the expense of a decrease
in lower mass region (Fig. 1).

The absolute yields are influenced by the topographic features of the Eu-HS deposit. With
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Fig. 1: Molecular mass distributions of pure and Eu-loaded (1, 10 and 50 % PEC/3) Gohy-573 FA
measured from a deposit of an 1 d aged solution.
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Fig. 2: Normalized integrated yields of molecular mass distributions of pure and Eu-loaded (1, 10
and 50 % PEC/3) Gohy-573 FA measured from deposits of 1 and 8 d aged solution. The
microscopic picture insets depict the Eu-loaded FA spray deposit on Si-wafer.

increasing Eu-loading the topography becomes more jagged (cp. insets in Fig. 2). By
normalizing the summed yield [Y] over broad mass ranges to the summed yield [Y]o.150 Of the
lowest mass region below 100 u the effect of topographic induced changes in the absolute
yield can be included. The normalized integrated yield around the broad maximum [Y]1s0-1000
decreases slightly with the Eu-loading whereas in the mass region of the tail [Y]2000 -5000
increases with Eu-loading. The same tendency is seen with the deposits from a 8 day aged Eu-
HS solution (Fig. 2).

From the analysis in the positive mode the EuOH® peak intensity increases roughly
proportional with the Eu-loading. Compared to the spectrum of the pure Eu-acetate deposit
where the Eu” signal is as high as the EUOH™ signal the Eu” peak is strongly suppressed. This
may indicate, that the EuUOH" is rather cleaved from an Eu-HS complex than from segregated
Eu.

The ratios of the pure HSs to the europium loaded samples calculated at integrated mass
intervals (AM = 5 u) depict the affected mass regions in more detail (Fig. 3). With the Gohy-
573 FA the ratio have a common peak maximum around 385 u roughly independent of the
europium content and with increasing europium complexation the grow at masses above the
ratio peak maximum becomes more pronounced.
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With the Gohy-573 HA and the Aldrich HA there is only a peak maximum of the ratio at the
highest europium load (50% PEC/3) which is roughly twice the FA value in the case of the
Gohy-573 HA (690 u) and only slightly shifted in the case of the Aldrich HA (415 u). Aging
of the solution add to the change of the mass distributions of the Gohy-573 HA and the
Aldrich HA at already lower europium loading (10% PEC/3), cp. Fig. 4.

3.2 Molecular size distribution of Eu-HS complexes

The transformation of the AFFFF fractograms into the size distribution (relative mass
concentration related to the mass of the used standards) plotted on a logarithmic mass scale
was done after Wolf et al. (2004b). The derived molecular size distributions of the analyzed
HSs are plotted in Fig. 5-7. The molecular size distributions of the pure Gohy-573 FA and the
Eu-loaded (1, 10 and 50 % PEC/3) Gohy-573 FA measured 1 d (Fig. 5) or 7 d (Fig. 6) after
preparation show no detectable differences. The reasons for these results may be that 1) the
formed Eu-FA complexes have probably similar size than the pure FA and no further
aggregation between Eu-FA complexes, between Eu-FA complexes and FA or between
different FA molecules happens by Eu loads up to 50 % PEC/3 or 2) during the measurements
existing Eu-HS complexes are dissociating very fast. On the other side show size distributions
of Eu-HA complexes of Gohy-573 (Fig. 7) in comparison to the size distributions of the pure
HA small differences with a tendency to slightly larger molecular sizes (particularly the
complexes with the highest Eu load). Contrary to FA also the size distributions of the pure
HA show after 7 days a tendency to larger size distributions probably caused by small
changes in the aggregation state.

Cpa=30mglL  1d AFFFF (PCA 3mg/L)

— FA Gohy-573

1.0 1 FA + Eu: 1% PEC/3
— FA + Eu: 10% PEC/3
—FA + Eu: 50% PEC/3

0.5

Rel. mass concentration

0.0 - —— . e e
102 108 104
Molecular size (PCA) [Da]

Fig. 5: Molecular size distribution of pure and Eu-loaded (1, 10 and 50 % PEC/3) Gohy-573 FA
measured 1 d after preparation.
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1.0 ) FA + Eu: 1% PEC/3
—FA + Eu: 10% PEC/3

——FA + Eu: 50% PEC/3

Rel. mass concentration

Molecular size (PCA) [Da]

Fig. 6: Molecular size distribution of pure and Eu-loaded (1, 10 and 50 % PEC/3) Gohy-573 FA
measured 7 d after preparation.

AFFFF (PCA 3mg/L)
—— HA Gohy-573 1d
- —— HA Gohy-573 7d
CHA 30 mg/L —— HA+Eu:50% PEC/3 1d
HA+Eu:50% PEC/3 7d

Rel. mass concentration

0,0 4— —

10° 10*
Molecular size (PCA) [Da]

Fig. 7: Molecular size distribution of pure and Eu-loaded (50 % PEC/3) Gohy-573 HA measured 1 and
7 d after preparation.
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4. Conclusions

The spectral changes in the mass distribution of the Eu-loaded samples with its displacement
of species frequency from low to higher mass regions support the formation of Eu-HS
complexes. But the distinct changes in the mass of Eu-HSs complexes are not significantly
related to the size of europium loaded HSs as measured by AFFFF. Mass spectrometry shows
a strong impact of complexation on the mass distribution of HSs, e.g. higher mass region
appears to grow with europium complexation at the expense of a decrease in lower mass
region. The impact is lower on fulvic acid than on humic acid and in addition longer contact
times enhance the impact on humic acids. Topographic changes in the deposit from the Eu-HS
solutions onto the Si-wafer modify the absolute intensities of the TOF-SIMS yield and inhibit
the evaluation on an absolute scale.
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Introduction

The interaction of iodine with natural organic matter in generalatihdhumic substances (HS)
in particular, has been the subject of numerous studies. It has e@e®hsensus that in soils
as well as in aquatic systems, the speciation of iodinesel¢l related to the redox potential of
the medium. In oxidizing media, as in sea water or upper horizons)ajoe part of iodine is
found in iodate form 1Q whereas in reducing media, iodide ik the major specie.
Nevertheless, it has been shown that in some cases, organicallyibdimedcan dominate the
speciation either as methyl iodide [1] or bounded to humic substances [2-6].

It is now also clear that this reactivity is closely rethto the occurrence of molecular iodine
I>(aq) and its disproportionation to HIO and The reaction scheme can be viewed as an
electrophilic substitution of an hydrogen to an iodine atom on a phenolic ring [7]:

OH OH OH

+21(a0) < + 2 Hi

This reaction is well known in water treatment with HOCI tdl¢o trihalomethane [8, 9]. This
scheme has been validated in the case of HS on different sanghlesng HUPA [10-12], and
the covalent character of this interaction has been shown usktgosfgay ionization mass
spectroscopy (ESI-MS) [13], X-ray photoelectron spectroscopy [14-16].

Nevertheless, in some of the latter studies, the charactenzstthe final reaction products did
not satisfied the authors completely as total separation ffazould not be achieved. Thus,
further studies were led using HUPA samples: natural humicudwid &xtract from Gorleben

and synthetic samples obtained from FZ Rossendorf. Dialysis dunase were envisaged to
improve the incomplete separation between the colloidal humic naatterthe iodide ions

either unreacted or produced by the reaction [12].
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Materials

Humic and fulvic acids from Gorleben deep borehole Gohy-573 was obtagmed38F [17],
and synthetic samples were obtained from FZ Rossendorf [18]. Webiglat@ples were
dissolved in 1d NaOH (pH= 10) in order to attain a thorough dissolution of HA and to have
the samples in the same conditions before iodination procedure.

The stock saturated solutions gfalq) was prepared from bisublimed iodine (Prolabo), at a
concentration of 1&mol/L [19]. Nal was obtained from Merck.

UV-Visible absorption spectra were obtained using a Cary 1 spectrophotometer.

As in previous studies [10, 12], kinetics of consumption of iodine by HS m@sitored
through the decrease in UV-Visible absorbance of triiodide complex (351 nm).

The XPS experiments were carried out at the “Surfaces anthbes Laboratory” of the CEA
(Saclay, France), with a VG Instrumeh20i spectrometer by using an monochromated,AlK
X-ray source (incident energy: 1486.6 eV). A source power of 15 kV and miA2@as used.
The dimensions of the X-ray beam were approximately 8 mm pen.7The analysis chamber
pressure was in the range of®L0orr. The BE resolution of the spectrometer was estimated to
0.2 eV. No charge effect compensation was achieved during the XPSeanahd so all the BE
values were corrected using thg €ignal of contamination carbon at 285 eV.

Results and discussion
UV-Visible spectrosocopy

Firstly, the reaction pattern was verified on the sample® HKinetics of the triiodide
consumptions by Gohy HA and FA are reported in figure 1. The dexgea absorbance are
somewhat faster than in the previous studies on Mol and Aldrich samslés the previous
cases, the kinetics cannot be linearalised.

s o o
S8 8
\

0 5 10 15 20 25 30
t {min)

Figure 1 : Kinetics of consumption of triiodide complex by HA and FA Gohy-573 at pH =
S and 7=0.1 M NaClO,.

The same experiments were performed on the synthetic samplaadvM42 from Rossendorf.
The kinetic patterns are even faster than the natural humic samplesralsatsesen in figure 2.
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Figure 2 : : Kinetics of consumption of triiodide complex by synthetic HA at pH =5 and 1
=0.1 M NaClO,.

The kinetics of the different samples can be compared in figuas they were acquired in
comparable conditions at pH = 5, except for the Mol sample (pHIE@n be seen in figure 3
that the kinetics increases from Aldrich to M42 samples. This balnragan be related to the
elementary ration H/C, which in turn can be related to the aratyaif the humic sample. The
H/C ratios calculated from the elementary compositions oktsamples are reported in table
1. Hence, the increase of the iodination kinetics can clearly be relatexidedrease of the H/C
ratio, i.e. to the increasing aromaticity of the samples. The case of18Bl sample, which
appears to be faster than Aldrich whereas its H/C valuenewhat higher is not surprising
knowing that the kinetics has a negative order ifj,[F. it increases with pH [10, 12].

1,0
09 F
- [ — HA Aldrich
o —FA MolpH=6
< o7 ¢ — FA Gohy
< [ — HA Gohy
I M1
0,6
[ —M42
05 f
0’4 L L L L L L L L L L L L L i L L L L
0 5 10 15 20 25 30
Time (min)

Figure 3 : Kinetics of triiodide complex consumption by humic samples at pH = 5.
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Table 1: Elementary ratio for the different iodinated samples.

Sample H/C
Mol 15B 0.98 [20]
Aldrich 0.97 [21]
FA Gohy 0.93[17]
HA Gohy 0.92 [17]
M1 0.89 [18]
M42 0.87 [18]

Warneret al. [10] and Reiller & Moulin [12] already identified the decreaéhe [ absorption
bands in the near UV region. The release alule to the halogenation can also be evidenced in
the UV region whem < 250 nm. The same experiment was performed with Gohy-573 HA (20
ppm) and 4(aq) (10° M). The absorption spectra were acquired in the range 190-260 myn eve
1.25 minutes (

Figure 4).

The initial absorption represents the cumulative spectrura(ad)| I, I3 and HA. With time,
absorbance at = 230 nm representing the first UV band oinktreases, shifted by the addition
of HA absorption. The second iodide UV-bandAat 190 nm also increases as the broad
absorption band ot(aq) atA = 205 nm decreases resulting in two isobestic points.

The different contributions of iodide and molecular iodine are reported in figure 5.

1.55 4

——O0min

—F1.25
25
3.75

1.35 1

—6.25
— 75
—38.75
10
11.25
—23.75
= AH

absorbance
[
HN
(5]

o
©
a

0.75 A

0.55

190 200 210 220 230 240 250 260

longueur d'onde (nm)

Figure 4 : UV-visible Spectra resulting from the reaction between Gohy-573 HA and
I>(aq): [HA] =20 ppm ; [I2(aq)] = 10 M.
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Figure 5: Absorption spectra of iodide, molecular iodine and iodate.

X-ray Photoelectron Spectroscopy results

XPS spectroscopy is a surface analysis technique (the athadgpeh is of some nanometers
under the sample surface), well adapted to derive information ormémeical environment of
one atom. The principle of the technique lies in measuring the binderg\e (BE) of core
electrons ejected from this atom under photoionization. The measureddbies to determine
the nature of the chemical bonds in which the atom is implied (m@mmovalent character,
nature of associated ligands).

Before XPS analyses, the powdered humic substances were fixed on double-bioe degze.

To determine the chemical environment of iodine, the BE position obtieelevel regioniys/.
of iodine was followed for all the humic substances, such as natura BubstancesGOHY
5737 (Fulvic Acid FA) extracted from the Gorleben groundwaters, amthsyic humic acids
“MI1” and “M42” obtained from FZ Rossendorf contacted to diiodine solutions. sjheXPS
spectra were deconvoluted by using the VG Instrumestitware “AVANTAGE"”.

The preparation of the binary system “humic substances/diiodine comsifthte contact of
50 mL of HS (stock solution : HS powder dissolved in NaOH and prejrangd = 5 solution
of concentration 2 g/L) with 50 mL of a diiodine solution of concentrati®hmol.L™. The
solutions were then dialysed against pure water. The outer compaitiae renewed until no
I~ could be detected in UV-Visible spectrophotometry (LoD = M)

The four humic substances samples contacted with diiodine were eshbly2XPS (humic and
fulvic acids “GOHY 573" and synthetic humic acids M1 and M42). ABSXis a solid
investigation technique, a drop of the solution was set on a glassasliddried under hood
until the solvent evaporation.

All the samples revealed the presence of iodine, as showed by tbe®by, signal (Figure 6
to 9), and so relatively to the same samples non contacted witlngi solutions (see Figure 8
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for M1 and Figure 9 for the comparison of the survey spectra of M#®dutiand with contact
to the b solution).

The deconvolution of theyds;, peak of all the samples indicates a major contribution at 620.8
eV, corresponding to iodine atoms attached by covalent bonds to the orgdtec, as already
evidenced in our previous studies by XPS and XANES on natural hubstasices of different
geological media [15, 16, 22].

A0

720 Qurts/s

Birdng Energy (V)

Figure 6: 13452 region of the fulvic acid GOHY 573 contacted to diiodine

8000
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7600
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7200
7000
6800
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' ‘ ; ; ‘ ‘ 6400
625 624 623 622 621 620 619

Binding Energy (eV)

Figure 7: I345 region of the humic acid GOHY 573 contacted to diiodine
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Figure 8: I345 region of the humic acid M1 contacted to diiodine
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Figure 9: Survey spectra of the humic acid M42 and of the humic acid contacted to
diiodine
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Abstract

The modelling of column experiments has shown that the humic acid mediated transport of
metal ions is dominated by the non-exchangeable fraction. Metal ions enter this fraction via
the exchangeable fraction, and may transfer back again. However, in both directions these
chemical reactions are slow. Whether or not a Kkinetic description of these processes is
required during transport calculations, or an assumption of local equilibrium will suffice, will
depend upon the ratio of the reaction half-time to the residence time of species within the
groundwater column. If the flow rate is sufficiently slow or the reaction sufficiently fast then
the assumption of local equilibrium is acceptable. Alternatively, if the reaction is sufficiently
slow (or the flow rate fast), then the reaction may be 'decoupled’, i.e. removed from the
calculation. These distinctions are important, because calculations involving chemical kinetics
are computationally very expensive, and should be avoided wherever possible. In addition,
column experiments have shown that the sorption of humic substances and metal-humate
complexes may be significant, and that these reactions may also be slow. In this work, a set of
rules is presented that dictate when the local equilibrium and decoupled assumptions may be
used. In addition, it is shown that in all cases to a first approximation, the behaviour of a
kinetically controlled species, and in particular its final distribution against distance at the end
of a calculation, depends only upon the ratio of the reaction first order rate to the residence
time, and hence, even in the region where the simplifications may not be used, the behaviour
is predictable. In this way, it is possible to obtain an estimate of the migration of these
species, without the need for a complex transport calculation.
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Introduction

Over the last 6 years models have been developed that are able to predict the humate mediated
transport of metal ions in laboratory column experiments (e.g. Warwick et al 2000, Bryan et
al 2003). At the same time, there have been a number of batch experimental studies that have
improved our knowledge of the metal ion-humate system. All of these studies have shown
that humic substances bind metal ions in two different modes. The initial uptake is to the
exchangeable fraction, where the metal ion is bound very strongly, but it may be removed
instantaneously if a stronger competing sink is encountered. Over time, the metal may transfer
to the non-exchangeable fraction. In this state, the metal is not necessarily more strongly
bound, but may not desorb instantaneously, rather its release is kinetically controlled. It is
effectively isolated from all direct contact with solution and mineral surface chemistry, and
the rate at which it desorbs from the humic is fixed and independent of the concentration or
strength of any competing sink. This fraction is not irreversibly bound, and will desorb from
its humic complex, but the process is slow.

While it is effectively 'trapped’ within the non-exchangeable fraction, the metal ion (or
radionuclide) takes on the characteristics of the humic itself. Recent column experiments and
associated modelling have shown that the interaction of humic material, and hence also metal-
humic non-exchangeable complexes, with mineral surfaces may significantly affect transport
(Bryan et al 2003). Moreover, the interaction between the humic and surface may be slow.

It has been demonstrated that chemical kinetics may have implications for field scale
migration studies (Bryan et al 2003). However, calculations that include chemical kinetics are
computationally expensive, and hence, should be avoided if at all possible. Further, all
approaches to Performance Assessment calculations assume equilibrium, and, to include
kinetics directly would not be feasible immediately. Therefore, it is important to identify
exactly when it is necessary to include them explicitly in mathematical calculations.

The aim of this work is to examine the relationship between chemical rate constants, and the
groundwater column residence time. Rules have been developed that predict when, and in
what manner, chemical kinetics should be considered in field scale studies, and when other
approximations may be used. Here, humic Kkinetics have been examined, but clearly the
approach is equally applicable to other slow chemical processes. In this report the general
problems of accounting for chemical kinetics in field scale calculations are considered.
However, the specific implications of humic substances for radionuclide migration and
radiological performance assessment calculations are discussed elsewhere (Bryan et al 2005).

The System

The very complexity of the humic/metal ion/surface ternary system makes it an ideal choice
for a study of the effects of chemical Kkinetics, because it would be hard envisage a more
complex system of reactions, since in this system we have the potential for multiple
simultaneous kinetic chemical reactions.
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Metal ion humic acid interactions

Batch experiments have shown that metal ions do not bind to humics via a single mode: there
are exchangeable and non-exchangeable interactions. However, it is important to appreciate
that even this two fraction model is a simplification of the true system. The true complexity is
shown in Figure 1.

Mtree Mrixz | ee® "7

HUMIC ACID

FIGURE 1: The conceptual model metal ion/humic interactions, My, represents uncomplexed metal ion,
Mgq exchangeably bound metal ion, and Megix;, » .n successively more slowly desorbing non-exchangeably
bound metal fractions.

Initial uptake is to an exchangeable site (Mgg). With time, metal ions may transfer to a number
of non-exchangeable fractions, which have a spectrum of first order desorption rates (Mgix 1
- Mrxn). However, it is clear that there is a distinct, most long lived fraction (most slowly
desorbing) fraction that accounts for a significant amount of the non-exchangeable metal
(between 10 and 80%). Column modelling over the last few years has shown that in order to
simulate transport adequately, it is necessary to consider only two fractions: the exchangeable
and this distinct non-exchangeable fraction. All the intermediate (Mrix1 = Megixn-1) fractions
effectively behave as if they were exchangeable. Many authors have found that even for the
exchangeable fraction, there is a wide spectrum of binding strengths. However, it seems that
this too need not be included in order to simulate transport. These simplifications work for lab
column experiments, and we would expect them to hold true for field-scale cases.

Mineral surface humic acid interactions

It has been known for many years that humic substances may sorb to inorganic surfaces (e.g.
Gu et al 1995), and recent column modelling (Bryan et al 2003) has shown that these
processes may affect the transport of metal ions. However, there is some uncertainty about
the correct description of the system, since some column experiments can be simulated using
a simple equilibrium approach, whilst others require a full kinetic description, and in some
cases it is not necessary to include humic sorption at all. It is important to consider the effect
of humic sorption, because metal 'trapped’ in the non-exchangeable fraction will behave with
the characteristics of the humic until such time as it has had chance to leave the humate
complex.
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The Full ternary system: metal ion/humic/surface

Potentially, the full ternary system is very complex. The humic has multiple bound fractions,
and these will be present in both humics in solution and sorbed to surfaces. The reaction
between the humic and mineral surface is no less complex than the metal humic system, and
is less well understood. However, it is necessary to make some simplifications in order to
make the problem soluble even for short term migration predictions, let alone full field scale
calculations. Therefore, we define a simplified model. Figure 2 shows the system of processes
and equations that have been used here.

Surface
KS KEq
M S I\/Iaq E \ki
KEq kb
MEq K HA,S

HA,Sb
A/)
kHA,Sf

HA soreeD

PROCESS KEY
<+«——— Equilibria

—>l Kinetic

FIGURE 2: Chemical processes used in the Dukovany and Gorleben calculations. Maq represents
uncomplexed metal ion, Ms metal bound to the surface, Mgq exchangeably bound metal ion, and Mg x the
non-exchangeable fraction, whilst HAgrge and HAsoreep represent humic free in solution and sorbed to
the mineral surface, respectively; Ks and Kgq are the equilibrium constants used to describe the
interaction of the metal ion with the mineral surface and humic exchangeable fraction, respectively, and ks
and ky, are the rate constants that describe the transfer of metal to and from the non-exchangeable
fraction. The treatment of the sorption of humic and humic-radionuclide complex is uncertain, and may
be described either with an equilibrium constant, Kua s, or a pair of forward and backward rate constants
kua st and kpa sp. The corresponding mathematical equations are given in full in Bryan et al (2005).

Even with these simplifications, this is still a complex system of reactions and equations.
Therefore, we will start with a simpler system with only one kinetic component, and this is
shown in Figure 3. This simpler system contains no humic sorption onto the surface. We will
return to the more complex full ternary system in Figure 2 later.
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The Binary (humic/metal ion) System (no humic sorption).

Surface
M &» M 4—@» J\/l k
S aq E \Af
Kp
PROCESS KEY
<+<— Equilibria HAErEE

. .
—>| Kinetic

FIGURE 3: The processes and parameters included in the binary model, which excludes humic sorption

(symbols defined in caption to Figure 2).

Are reactions equilibria or kinetic?

The distinction between equilibrium and Kkinetic reactions is always artificial, since it depends
upon the time scale of the observation. A reaction which is ‘equilibrium’ over periods of
hours, may well be 'slow' on the time scale of seconds. Given the conditions of the transport
calculation, for example, flow rate, distance travelled and total time of interest, it is possible
to reduce any series of reactions to just three classes:

1. Those reactions that are sufficiently fast to be treated as equilibria.
2. Those that are sufficiently slow that they effectively do not take place.
3. Those reactions that can only accurately be described by the use of rate equations.

This will be true for all processes, regardless of origin or chemistry. Approximations are
common in science, but there is a special requirement here that any approximations must lead
to conservative estimates, that is, they must over-estimate radionuclide migration, because
this methodology is being developed for radiological performance assessment.

Exchangeable and Non-exchangeable Metal lon Binding

Although the humic exchangeable interaction shows a high affinity for metal ions, the vast
excess of surface sites means that any exchangeably bound radionuclide would not be
expected to travel very far before being sorbed onto a surface. Experiments have shown that
the non-exchangeable fraction is not particularly more strongly bound, at least in terms of the
free energy difference between the bound state and the free metal ion. However, the
desorption of the metal from the humic site is kinetically controlled, and the number or
affinity of surface sites is no longer sufficient to prevent the movement of the radionuclide.
The critical factor becomes the time available for transfer from the non-exchangeable to the
exchangeable to take place. If there is time for the metal to transfer, then it will not migrate,
but, for example, if the flow rate is sufficiently fast, then it will.

64



The best way to demonstrate the difference between the exchangeable and non-exchangeable
fractions is with an example calculation. Figure 4 shows the results of a calculation using the
simple system of reactions shown in Figure 3.
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FIGURE 4: Metal ion profile obtained using column modelling parameters from Bryan et al (2003); Kgq =
5x10° dm?® mol™, Ks = 1x10” dm® mol™, k; = 2.4x107 s, k, = 5x107 s, flow rate = 1x10° ms™, [S] = 1.0 mol
dm, [HA] = 6.8x10°° mol dm™, total simulation time = 5x10° s.

The values of the constants are those typically found in batch experiments (King et al 1999,
Monsallier et al 2003). The two distinct types of metal ion behaviour are discernible. The
metal held in the exchangeable site is very easily removed by the mineral surface, and this is
responsible for the sharp fall in concentration at short distances. The majority of the metal has
not moved past the top of the column. Beyond the sharp initial fall, there is a long, shallow
curve at medium to long distances. This is metal from the non-exchangeable fraction (Mgix)
that has been transported much further down the column. Clearly, the two fractions are
behaving very differently. For the purposes of their migration, it is possible to treat the two
fractions as essentially independent, once they are exposed to a surface. Kinetics are having
an effect, but how does this depend upon the specific values of the rate constants?

Figure 5 shows the effect of changing the rate constants, ks and ky,, whilst keeping all other

parameters fixed. The ratio between them (i.e. ki/ky,) has been kept constant during these
calculations.
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FIGURE 5: Effect of changing metal ion desorption constant (ky) on the metal ion profile (same general
conditions as Figure 4).

As the rate constant, ky (Figure 3) for the desorption reaction increases, the extent of metal
migration decreases, and as kj, falls, the behaviour seems to tend to some limit. For example,
ko = 5x10® s produces virtually identical behaviour to that with ky= 5x10™*? s*. The
behaviour of the exchangeable fraction is completely unaffected by the changes in k. In order
to understand the behaviour of the non-exchangeable fraction, it is necessary to separate out
its contribution from that of the exchangeable. Figure 6 shows a ratio plot for the same values
of ky as in Figure 5: in a ratio plot the distribution of the non-exchangeable down the column
IS expressed as a ratio of its concentration at the top of the column. The advantage of this
type of plot is that it allows direct comparison with other species regardless of absolute
concentration. In addition to the non-exchangeable fractions, the behaviours of a conservative
tracer and the exchangeable fraction are also shown in Figure 5. These are the limiting
behaviours that are useful when considering the behaviour of the non-exchangeable fraction.

As the rate constant, kb, increases, the non-exchangeable metal fraction migrates less
effectively, because it transfers from the non-exchangeable to the exchangeable increasingly
quickly, and as soon as it does, it is instantaneously removed to the mineral surface. It is clear
that as ky increases, the non-exchangeable fraction behaves increasingly like the
exchangeable, and for k, > 5x10® s*, the non-exchangeable can be considered virtually
identical to the exchangeable fraction. Conversely, as ky, decreases, its behaviour tends
towards that of a conservative tracer, and for k,=5x10"? s™*, the behaviour is identical: it can
never migrate faster than the conservative tracer, the behaviour of its host humic acid.
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FIGURE 6: Ratio plot showing the dependence of the behaviour of the non-exchangeable fraction upon
metal ion desorption rate constant (kp); conservative tracer (cons. tracer) and exchangeable fraction

(exch.) behaviour also shown. Same general conditions as Figure 4.
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FIGURE 7: Ratio plot showing behaviour of the non-exchangeable fraction at a flow rate 10 times greater
than that for the calculations in Figure 6, and a total simulation time 10 times smaller.

These observations are significant, since the exchangeable may be described by an
equilibrium constant. Hence, for this case, humic desorption rate constants greater than 5x107
s may be estimated via the exchangeable equilibrium constant, whilst those with ks, less than
approximately 1x10™° s can be modelled as a conservative tracer. In between these values
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though a Kkinetic description is required. It is useful to repeat the calculation shown in Figure
6, but with the flow rate increased by a factor of 10 and the simulation time reduced by a
factor of 10. The results are shown in Figure 7.

It is immediately obvious that the plots in Figures 6 and 7 have exactly the same shapes. The
difference is that to get a plot in the same position in Figure 7 has required a rate constant a
factor of 10 higher. If the flow rate had been reduced by a factor of 10 and the simulation time
increased by a factor 10, then the rate constants would also need to be reduced by the same
factor in order to achieve the same result. Hence, whether a kinetic description is required or
the equilibrium or conservative tracer approximations will suffice depends upon the ratio
between the first order desorption rate (kb) and the groundwater flow rate. Further, for the
same column, systems with the same ratio of rate constant to flow rate behave in the same
way.

At this point it is useful to introduce the concept of Damkohler numbers (Jennings and
Kirkner 1984). The dimensionless Damkohler number for the non-exchangeable fraction,
D(M), is defined by:

L
D(M) = kb

H

where, L is the length of the column, k; is the chemical (first order) rate constant and Vy is
the effective linear velocity of the metal containing species through the water column. In the
current system defined by Figure 2, there is no humic sorption, and so the effective velocity of
the non-exchangeable fraction is identical to the flow rate of the groundwater. In this work, a
second dimensionless number, T has been defined:
tV,

L
where, tis the total elapsed (simulation) time.

T =

If we examine the plots for k, = 2.5x10” (s™%) in Figure 6 and k, = 2.5x10°° (s™) in Figure 7,
then they lie in exactly the same position, and if we calculate the Damkohler numbers for
these two systems, then we find that they both have D(M) = 2.5. Also, the calculations in
Figures 6 and 7 have the same T number, since the product of simulation time and flow rate is
the same. This is no coincidence: in the binary system, calculations with the same D(M) and T
numbers always give the same shape plots.

The combination of D(M) and T numbers are sufficient to define uniquely the behaviour of
these systems. Any system with the same D(M) and T numbers will show the same profile
along a column. The term ‘column’ here is used to define the distance over which any
calculation is based, whether in the laboratory (real column) or the field (hypothetical
column). Figure 8 shows the results of a series of calculations with different values of ky
(plotted again as ratio plots), but this time the results are expressed in terms of Damkohler
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number. The plots in this figure again have the same shape as those in Figures 6 and 7. The
advantage is that this figure serves for all the systems in both Figures 6 and 7, and indeed for
any combination of rate constant, simulation time, length and flow rate that give the same
D(M) and T values.

1.0
TRACER
0.9 - - - =-Egm
A 500
0.8 A % 50
A 25
0.7 - . 10
0.6 [ 5
o o 25
O 05 x 1
© e 05
0.4 - O

0.3

0.2 4

0 10 20 30 40 50 60 70 80 90

distance (%)

FIGURE 8: The variation in non-exchangeable fraction transport with Damkohler number, D(M), shown
with exchangeable (Egm) and conservative tracer (TRACER) behaviours.

Given that all systems with the same D(M) number behave in exactly the same way, we may
use D(M) to judge the impact of chemical kinetics, and hence to judge when it is necessary to
include chemical kinetics explicitly in transport calculations. As the value of D(M) increases,
the non-exchangeably bound metal tends towards the behaviour of a conservative tracer. In
fact, for any system with D(M) <0.02, the behaviour is virtually the same. This gives us our
first approximation method, or alternative to including chemical Kinetics in the transport
calaculations, the "decoupled’ approximation.

Decoupled Approximation

If the value of D(M) is sufficiently small, then the value of ky is so small, that virtually no
metal ion can leave the non-exchangeable fraction in the time it takes to traverse the column.
Therefore, we merely need to calculate the distribution of metal between exchangeable and
non-exchangeable at the start of the column, but from that time on, we delete the reaction that
connects the exchangeable and non-exchangeable from the calculation and treat them as
independent species. Given that the exchangeable may be simulated with an equilibrium
constant, and the non-exchangeable is to be treated as a conservative tracer, we have removed
all the inconvenient kinetic calculations. Beyond the fact that it drastically reduces the
mathematical complexity of the system, the great advantage of this technique is that it is
inherently conservative. The non-exchangeable metal only tends towards the behaviour of a

69




conservative tracer. Therefore, if we assume that it moves as a conservative tracer, then we
will always tend to overestimate its migration.

Equilibrium Approximation

At the other extreme of high D(M) values, the behaviour of the non-exchangeable tends
towards that of the exchangeable. Therefore, the alternative approximation, the equilibrium
approximation, assumes that the non-exchangeable may be treated in exactly the same way as
the exchangeable. Therefore, at the start of the column, all humic bound metal is 'moved'
(within the calculation) into the exchangeable fraction, and the non-exchangeable fraction and
the kinetic reaction linking it to the exchangeable is deleted. Again, this will remove the
kinetics from the calculation. However, it is clear from Figure 8 that although the behaviour
of the non-exchangeable does tend towards that of the exchangeable, it always moves slightly
further that the exchangeable, i.e., the approximation is no longer guaranteed to be
conservative. The size of the error will decrease as D(M) increases, but it will always be there.
The importance and implications of the error will depend upon many factors, such as the
absolute concentration of the radionuclide in the non-exchangeable at the start of the column
and the properties of the radionuclide, such as half-life, radiotoxicity etc. Therefore, we must
exercise care when using the equilibrium approximation.

Dimensionless approach

At the limits we have the two approximations. However, in the region around D(M) = 1, no
approximations will produce accurate predictions, and we must include kinetics in the
calculations to produce an accurate result. However, there is a potential method that would
allow an estimate of migration without the need actually to perform a costly calculation. For
example, suppose we have the following system: rate constant, k, = 1x107 (s%); column
length = 300 m; linear flow rate = 6x10° (ms™). The Damkohler number for this system is
D(M) =5, and in Figure 8 we already have a prediction for that D(M) value. Therefore, it
would be possible to produce a library of calculation results by performing a series of these
calculations for a range of these intermediate D(M) values, and a series of T values, giving a
matrix of results. If one were to calculate the D(M) and T values for a unknown problem case,
then the closest appropriate library calculation with the nearest D(M) and T values could be
used as an 'instant' estimate. If the library result with lower D(M) and higher T values than for
the real migration case where used as an estimate, then the result would be conservative.

An interesting observation is that the change in the plots in Figure 8 with D is gradual and
steady. Therefore, it is possible to fit the plots to produce a series of approximations: Figure 9
shows a series of approximations to the correct result shown in Figure 8 (the lines are the
approximations and the symbols show the exact results, copied from Figure 8).

All of the plots (curves) in Figure 9 were produced using the simple polynomial function,

(C/ICo)=ax3+bx2+cx +k
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FIGURE 9: Approximations (lines) to exact ratio plot results (symbols), as shown in Figure 8.

where X is the distance from the start of the column expressed as a percentage of the total
column length, L. The useful fact is that the parameters, a, b, ¢, and k, change consistently
with, D(M). As an example, Figure 10 shows the variation in the parameter a with D(M).
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FIGURE 10: variation in fitting parameter, a, with D(M)

Therefore, it is possible to fit the change in a with D(M) (curve in Figure 10) with the
polynomial,

a = 1.87x10°D(M)? - 4.55x10°D(M)? - 2.11x10'D(M) + 8.89x10”
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In the same way, the other parameters may also be fitted:

k = 7.28x10'D(M)? - 9.18x10°D(M)? + 7.24x10°D(M) + 1.00
¢ =-1.57x10°D(M)? + 1.52x10™*D(M)?*- 6.68x10°D(M) - 1.09x10°
b = -4.35x10°D(M)® + 7.14x10'D(M)? + 1.14x10™*D(M) - 2.41x10™

Now, these equations are valid for only one value of T, but if the procedure were repeated for
other T values, then it might be possible to produce estimates of migration that take account
of chemical kinetics, but which may be obtained with only a spreadsheet, and with no need
for a direct transport calculation.

Therefore, whether a calculation library method or fitting procedure is adopted, the
dimensionless approach, using the D(M) and T numbers, can provide estimates in the
intermediate region not covered by the decoupled and equilibrium approximations.

Ranges of Validity

Using the fact that humic first order desorption rates from the non-exchangeable fraction have
a fairly narrow range, we can define regions of flow rate and calculation distance where the
three different approaches should be used, Figure 11.
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FIGURE 11: Ranges of validity for approximation methods (labels explained in text).

In the figure, the plot area is divided into a series of regions. In region A, the decoupled
approximation is appropriate, and this will be still be true moving into the slice labelled ‘&',
but as we move down and right, the error introduced with the decoupled approximation will
get larger and larger, although the prediction will always be conservative. In the bottom right
hand corner (region B): the equilibrium approximation will be more appropriate, although as
we move up and to the left towards slice b, the error incurred will become larger, and this
time it will not be conservative. Therefore, care is required when using the equilibrium
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approximation. In region C, the dimensionless approach is best. Since the decoupled approach
is always conservative, it might be tempting to adopt it in all cases, the problem is that
assuming that the radionuclide moves as a conservative tracer would lead to a gross
overestimation of transport in many cases.

Of course one does not have to use an approximation, a full coupled chemical transport
calculation including the kinetic equation will always give the correct answer, but it may be
computationally expensive.

The implications of kinetics in the full ternary system

Thus far, we have been studying the simpler binary system (shown in Figure 2), ie., we have
assumed that the humic and metal humic complexes do not sorb, but transport as conservative
tracers. If we allow them to sorb then we have a 'full' ternary system, as shown in Figure 2.
An added complication is that the humic sorption reaction may also be slow on the time scale
of the column residence time. Hence, it may be more appropriate to describe the humic
sorption process as an equilibrium with equilibrium constant Kyas or as a kinetic process
with forward and backward rate constants, kua sr and kya sp, respectively. Hence, each system
will now have two Damkohler numbers, one for the metal, D(M), as defined above, and the
other for the humic, D(hum),

L
D(hum) = —Kk
(hum) v, HASD
The same value of T will be valid for both metal and humic. Once again, the best way to

demonstrate the effect is with an example calculation. Figure 12 shows the results for a range
of D(M) values.
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FIGURE 12: Variation in migration of non-exchangeable fraction with D(M) for a system where humic
and humic-metal complexes may sorb to the mineral surfaces; behaviour of conservative tracer (Con.
Tracer), humic and exchangeable fraction (exch.) also shown.
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The most obvious difference, is that, although the behaviour of the non-exchangeable still
tends towards that of the exchangeable as D(M) increases, it no longer tends towards the
conservative tracer in the other direction. Instead, the non-exchangeable now tends towards
the behaviour of the humic itself. This is no surprise, since this metal fraction is increasingly
fixed within the humic as D(M) falls, and so it increasingly takes on the behaviour of the
humic itself. Most importantly, the radionuclide cannot transport faster than its host humic
acid. For all of the calculations represented in Figure 12, the behaviour of the humic is fixed,
and so it provides the limiting behaviour.

If we perform a series of calculations where the behaviour of the metal ion is fixed, whilst the
rate constants for the humic sorption reaction (kuass and kpasp) change, then similar
behaviour is observed (Figure 13). As for the calculations where kj, varied, the ratio between
the humic forward and backward rate constants has been kept constant.
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FIGURE 13: Variation in transport of non-exchangeable fraction with D(hum); conservative tracer (Con.
Tracer), humic fast sorption (humic egm sorption) and behaviour with no humic sorption at all (full line)
also shown.

In these systems, the first order rate constants for the transfer of metal between exchangeable
and non-exchangeable, ki and k,, have been fixed at 2.4x107 (s) and 5.0x107 (s™),
respectively. As the humic rate constants and hence D(hum) fall, the metal ion travels further,
because less and less humic-metal non-exchangeable complex sticks to the surface in any
given time period (and distance travelled), and so more is free to migrate down the column.
This time the behaviour tends towards that which those non-exchangeable fraction constants
would produce if there were no humic sorption at all, i.e. if the humic moved as a
conservative tracer. Here, the metal cannot travel more than its own rate constants (ks and Kkp)
will allow it to. At the other extreme, there is another limiting behaviour, as the rate constants
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and D(hum) increase, the behaviour tends towards that shown by the humic itself if its
sorption is described by an equilibrium constant, i.e. sorption is fast. As the humic sorption
rate constants increase, more humic and humic-metal complex sorbs per time period, and
hence the humic bound metal travels less far, but as the constants increase, the humic/surface
interaction tends towards equilibrium behaviour, such that if the rate constants are sufficiently
high, then the amount sorbing depends only upon the ratio of the forward and backward rates,
and is independent of the absolute values. Once again, the non-exchangeable metal transport
is limited by the fact that it cannot travel faster than the host humic.

Hence, for a fixed value of D(hum), the result is controlled by D(M), whilst for fixed D(M), it
is D(hum) that determines the behaviour. In the case of the simpler binary system (Figure 3),
it was shown that even for systems where kinetics played a significant role, the behaviour was
surprisingly predictable, and depended only upon D(M) and T. In the case of the ternary
system, the situation is much more complex. For example, we may not define ranges of D(M)
where different approximations and approaches will be best. For example, for the calculations
in Figure 13, D(M) = 5, which in a binary system would imply that kinetics were important.
However, if the humic sorption reaction is fast then, even though D(M) = 5, Kinetics need not
be included, and the behaviour of the non-exchangeable may be described with the humic
sorption equilibrium constant, Kyas. Hence, it is the combination of D(M) with D(hum)
which is important, and we may not have a set of simple, rigid rules.
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FIGURE 14: behaviour of two different systems with the same D(M) and D(hum) numbers.

However, systems with the same Damkohler numbers do seem to behave in similar ways. For
example, consider two quite different calculation scenarios. In scenario 1, the linear flow rate
is 110 ms™, k, = 5x107 s and kua sp(HA) = 1x10°® s%;, whilst in scenario2, linear flow rate
is 1x10% ms™, k, = 5x10°® st and kya so(HA) = 1x107 5. The results for these two scenarios

75



(at constant T) are shown in Figure 14. The two scenarios have the same values of D(M) and

D(hum). Now, in the binary system with only one kinetic reaction, two systems
D value would give identical results. However, for the ternary system, the two r
close, but not quite identical. Therefore, although we still have some predicta
less certainty.

Figures 15 and 16 show the results of two calculations with the same value o
with different D(M). In both figures, the limiting behaviour at low D(hum),

with the same
esults are very
bility, there is

f D(hum), but
is shown for

comparison. Not surprisingly, the two results are different, because they have different D(M).
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FIGURE 15: Behaviour in system with D(M) = 5x10°°.
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FIGURE 16: Behaviour in system with D(M) = 5.
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However, it is found that in many cases, the ratio between the C/Co value for a calculation
and the limiting (D(hum) = 0, no humic sorption) value is surprisingly constant for given
values of D(hum). Figures 17 and 18 show examples, four different scenarios each, for
D(hum) = 0.1 and D(hum)=1, respectively.
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FIGURE 17: Plot of ratio of C/Co for D(hum)=0.1 to that for D(hum)=0 for 4 different systems.
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FIGURE 18: Plot of ratio of C/Co for D(hum)=1 to that for D(hum)=0 for 4 different systems.

Now, the plots

in Figures 17 and 18 are not in exactly the same place, but the variation is

really quite small considering the complexity of the system.
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Conclusions

For a system where there is no humic sorption, we now have a set of rules that allow us to
determine when humic non-exchangeable metal binding will have a significant effect upon
the results of migration calculations. A combination of the Damkohler, D(M), and T
dimensionless numbers are sufficient to define the behaviour of the system.

At low D(M) numbers, the decoupled approximation, where the exchangeable and non-
exchangeable are treated as independent species, and the reaction between them is removed,
provides a reasonable and conservative estimate. At higher values, the equilibrium
approximation, where the non-exchangeable behaviour may be approximated with an
equilibrium constant, will provide an estimate, although it will not be conservative. At
intermediate D(M) values, the dimensionless approach, which makes use of the fact that the
value of D(M) serves to define the behaviour of the non-exchangeable fraction, can provide
an estimate of the behaviour.

For the full ternary system, the general behaviour is still easy to understand, and the results in
Figures 14 - 18 show that the system is still behaving in a predictable way, although estimates
will be harder to obtain. Further, it is not possible to define a set of rigid rules to define when
kinetics will have an effect.

This report has concerned the general problems of coping with chemical kinetics in transport
calculations. The likely effects of humic substances upon radionuclide migration and the
implications of humic substances for Radiological Performance Assessment are discussed
elsewhere (Bryan et al 2005).
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Abstract

Using the information obtained during the experimental and modelling tasks a series of
migration case studies have been performed. These are not full performance assessment
studies, but are merely intended to demonstrate the likely impact of humic substances upon
the migration of radionuclides in the environment. Three separate sties have been
investigated: (i) a shallow waste repository site at Dukovany in the Czech Republic; (ii) the
formerly proposed, but now withdrawn, waste repository site at Gorleben in Germany; (iii) a
large rock pile, consisting of tailings from a uranium mine, Schlema Alberode, near Dresden,
Germany. To provide the maximum information, a variety of 'release scenarios' have been
defined: continuous leakage in the Dukovany case study; a short pulsed release at Gorleben,
and steady leaching in the case of the rock pile. The effects of the magnitudes of the chemical
rate constants have been studied along with the effects of the initial distribution between
exchangeable and non-exchangeable. Further, modelling during the HUPA project has shown
that in certain lab column experiments the sorption of humic and humic-radionuclide
complexes onto mineral surfaces could have an impact upon migration. Therefore, the likely
impact of these processes on the field scale was investigated. In each of the three cases,
humics are predicted to have a significant impact upon migration. However, whereas for the
repository cases, it is the presence of the non-exchangeable fraction that results in migration,
and the exchangeable fraction plays no significant part in transport, for the rock pile, the
model predicts that the humic should promote migration even with the exchangeable
interaction alone. Humic sorption may affect the degree of migration, but even in the case of
maximum impact, the net effect of humic substances is still to enhance migration
significantly. In fact, the initial distribution of radionuclide upon entry to the far-field is much
more significant. Finally, conclusions are drawn about the likely impact of humic substances
upon radiological performance assessment. Although there are still uncertainties and the
underlying processes are not understood, all the evidence suggests that humic substances
should have an impact, and their effects should at least be considered in performance
assessment calculations.
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Introduction

This work describes migration test cases to demonstrate the effects of humic substances upon
the transport of radionuclides in the environment. There are 3 specific case studies: (i) a
shallow waste repository site at Dukovany in the Czech Republic; (ii) the formerly proposed,
but now withdrawn, waste repository site at Gorleben in Germany; (iii) a large rock pile,
consisting of tailings from a uranium mine, Schlema Alberode, near Dresden, Germany. The
aim is to demonstrate how the models, codes and information generated as part of the HUPA
project might be used in the context of a Radiological Performance Assessment (RPA)
exercise, and to determine the likely implications of humic substances for the migration of
radionuclides in the environment.

It is important to emphasise that the case studies are not full, post-closure radiological
performance assessment studies. They are merely intended to be examples that illustrate the
application of the methodology, which has been developed during this project. For this
reason, the model predictions described within should not be taken as a definitive prediction
of the movement of radionuclides in the environment at any site.

During the HUMICS and HUPA projects, models have been developed that can describe the
influence of humic substances upon the transport of metals. Column experiments have shown
that the interactions of metal ions with humic substances are dominated by chemical kinetics.
A coupled chemical transport code, k-1D, has been produced, which is able to perform
transport calculations, taking chemical kinetics into account. All calculations presented in
this report were made using k1D. The model and code have been presented and described
elsewhere (Bryan et al 2003; Warwick et al 2000), and hence, they will not be discussed again
here.

Humics and RPA

Experiments have shown that in column experiments humic substances may promote the
migration of radionuclides (Bryan et al 2003 etc.). Further, it is known that it is the ability of
the humic to bind metal ions non-exchangeably that is responsible for this effect.

Metal ions bind to humics via two distinct modes, the exchangeable, where the metal ion is
bound strongly, but may be removed instantaneously by a stronger competing sink; and the
non-exchangeable, where the netal is no more strongly bound, but the desorption process is
slow. The situation is made more complex by the fact that both modes exhibit heterogeneity.
Many authors have found a distributon of binding strengths for the exchangeable fraction,
whilst a range of first order dissociation rates are found for the non-exchangeable. However,
in the case of the non-exchangeable, there is a distinct, most long-lived fraction that may be
described with a single first order rate constant, and which accounts for a substantial
percentage of the bound metal (King et al 1999; Monsallier et al 2003).
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FIGURE 1: The conceptual model metal ion/humic interactions, My, represents uncomplexed metal ion,
Mgq exchangeably bound metal ion, and Megix;, » .n successively more slowly desorbing non-exchangeably
bound metal fractions.

Figure 1 shows the conceptual model of humic substance metal ion binding developed over
the last few years. Although there is evidence for heterogeneity, it has been found that
adequate descriptions of column transport may be obtained by models that contain single
exchangeable and single non-exchangeable binding sites, and so this is the approach adopted
here.

Surface

PROCESS KEY

<«<—— Equilibria
HAFRee

<« Kinetic

FIGURE 2: The mathematical model of metal ion/humic interactions used in transport modelling, Maq
represents uncomplexed metal ion, Ms metal bound to the surface, Mg, exchangeably bound metal ion,
and Mgx the non-exchangeable fraction; Ks and Kgq are the equilibrium constants used to describe the
interaction of the metal ion with the mineral surface and humic exchangeable fraction, respectively, and ks
and ky, are the rate constants that describe the transfer of metal to and from the non-exchangeable
fraction.

Hence, the complex conceptual model in Fig. 1 may be simplified to that shown in Figure 2,
where a single equilibrium constant, Kgeq, describes initial, exchangeable binding, and a pair
of rate constants, ks and k;, describe the gradual transfer to the non-exchangeable, itself a slow
process, and any subsequent removal of metal back to the exchangeable. This is the approach
that has been applied in this work.
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The Dukovany and Gorleben migration case studies comprise 'standard’ medium to large
distance and long-term migration calculations, i.e., they are essentially the type of calculations
that might be required in the RPA of a waste repository (although they are not intended as full
RPA studies; see above). The calculations for the U-tailings pile on the other hand are more
distinct, and are very much specific to their individual test case. More than this, the chemistry
for this study is quite different to that of the deep and shallow (Gorleben and Dukovany)
repository type cases. Thus, while it has been possible to adopt a common general approach to
the Gorleben and Dukovany cases, the U-tailings case study is treated separately here.

From the results of the case studies, we make conclusions about the impact of humic
substances upon the migration of radionuclides and the implications for RPA, and these are
discussed following the migration case studies.

U-tailings Plie Case Study

The first migration case study concerns a pile of waste rock (tailings) from a mine in
Schlema-Alberode, near Dresden, Germany. The pile was large (300m long by 30m high).
The past tense is used, because since its selection as a study site, the pile has been removed by
the authorities. The pile has been described in detail elsewhere (Schmeide et al 2003).

This case study presented more of a problem than the others, because the chemistry at the site
IS quite unique. Experiments were performed at CTU, Prague and the results modelled at
Manchester (Bryan et al 2004). It was this work that provided the chemical equations to
describe the dissolution of the uranium from the rock surface into the solution.

The water flowing through the pile contains significant concentrations of inorganic
components. Those that have an effect upon uranium speciation are listed in Table 1. Given
that these concentrations are large compared to the concentrations of uranium within the pile,
it was found that these components had a ‘constant’ effect, and so conditional constants were
defined, which took their effects into account implicitly. This allowed simplification of the
migration calculations.

Table 1: Composition of simulated Schlema-Alberode Water, SAW.

Component Concentration mol dm™
MgSO, 0.0175

CaS0Oq, 0.0091

NaHCO; 0.00258

If these conditional surface sorption parameters are used to make transport predictions, then
the effects of the background speciation will be included, but without making the calculations
very 'expensive'. In effect, this approach treats all of the non-humic, solution phase uranium
as UO,* 4. This approach and the derivation of the chemical model has been discussed
elsewhere (Bryan et al 2004). To summarise, the following reactions, equations and
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parameters were used to describe the interaction of U with the mineral surface in the
migration case study. Two components were required, fast and slow.

The Fast component,

M+ S[] MSgast [Eqgn 1]
Keas = IMSeasTl 1 424105 dm3 mol 2 [Eqn 2]
[M1.IS]

where [MSgast] [M] and [S] represent metal ion bound in the fast surface component, free
metal ion, and free surface site concentrations, respectively, and Keast is the equilibrium
constant that describes sorption to the fast site.

The Slow component,
M+ S _ MSsLow [Eqgn 3]

d[MSg ow]

dt = kslow,f [M][S] - kslow,b [MSs ow] [Eqn 4]

where Kgows = 2x102 mol™ dm?® s K gowp = 1x107 s, where [MSsLow] represents metal ion
bound in the slow surface component, and Kgow  and K siow,p are the rate constants that describe
sorption to the slow surface site. A single surface site concentration for both components,

St=S 4+ MSgast + MSg 0w = 2.38X10-7 mol g'l [Eqn 5]

This system of equations and parameters provided the best possible fit to the batch
experimental data (Bryan et al 2004). The parameters to describe the interaction of UO,**
with the humic substance were determined previously (during the HUMICS project). Note,
these calculations have assumed that the U within the pile behaves as UO,?* rather than "U**™".
The exchangeable is described using,

[M Eq]

= T a—— [Eqgn €]
T [Mgql[HA]
and the non-exchangeable with,
d[M
%41‘['\/I Eql ~Kp[Mpix]. [Ean 7]

The parameters Kgq, ks and k, are as defined in Figure 2, and their values are 2.24x10° dm®
mol™, 2.2x107 s, 2.0x10° s, respectively.

Ternary system experiments to study the desorption of U in the presence of humic acid were

inconclusive, and no systematic or dramatic effect was observed. Therefore, in this case
study, the sorption of humic or humic-metal ion complex has not been included, since there
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was no evidence that this behaviour was significant. The effects of humic sorption are
considered during the other two migration cases.

It is important to point out that the calculations for this case are limited by the available
information. In a three year project, the time available to observe desorption is quite limited.
It is clear that there will be two types of U present within such a rock pile: firstly, that which
forms part of the mineral lattice, and then that which is sorbed onto the rock surfaces. The U
within the lattice will be very strongly held, and will only desorb very slowly, particularly
under the relatively mild conditions within the pile. Hence, the dissolution of this fraction was
not observed during the experiments. Instead, only the desorption of the surface sorbed U was
observed. Hence, the parameters (Krast, Ksiows and K sowp above) describe the behaviour of
this part of the U only. The net result is that the predictions for this case study represent the
fate of this fraction only and not the lattice bound fraction.

Unfortunately, the distribution between lattice and (weakly) sorbed U within the pile itself is
unknown (the pile had been removed before the migration case study started). Hence, for this
calculation, it was assumed that all of the uranium was available for desorption. Hence, the
concentrations eluting and migrating in these caculations represent an over estimate, although
the results are scalable to the starting concentrations, so for example, if the sorbed fraction
actually accounted for 50% of the total, then all of the concentrations in the results (Figs. 3 to
7) should be divided by 2.

The calculation scenario is very simple: simple linear flow from the top of the pile straight to
the bottom is assumed. The linear flow rate is 9.5x10”" ms™ taken from measurements made at
the site. The dispersivity is not known, and so an arbitrary value of 3m over a total column
distance of 30m was selected. The k1-D code used to make the calculations is a simple 1-D
advection-dispersion model, which is clearly suited to saturated systems. It is highly unlikely
that the pile itself was saturated, but there was no scope within the project to produce a
transport model for an unsaturated system that could cope with chemical equilibria and
kinetics simultaneously. Hence, the k1-D model was used with a very low porosity (0.003) in
order to achieve the correct linear flow rate. This was acceptable, because:

1. This is not a RPA study, and it is not the intention for any of the migration case studies to
generate a credible prediction, rather, the aim was to determine the impact of humic
substances upon migration in general;

2. This project was not concerned with the modelling or the interpretation of transport
phenomena.

Despite the problems with the transport model, all of the relevant chemistry is included in the
model, and so the general conclusions from the calculations will be valid, although for this

reason the absolute predicted concentrations should be treated with caution.

The chemical composition of the seepage water is given in Table 1. As explained above, these
species were included in the batch experiments from which the conditional constants Keasr,

89



Ksiows and K gowp Were derived. Therefore, there was no need to include these in the
calculations: indeed, it would have been wrong to do so. The humic acid concentration
measured in the seepage water is ~5 mg DOC dm?®, which equates to an effective binding site
concentration, [HA], of 3x10™ mol dm’.

Separate hypothetical vertical columns were defined at two positions in the pile, labelled 1
and 2. This was to make sure that the conclusions were not dependent upon the initial
distribution of U in the column. The pile is quite heterogeneous, and the U concentration
varies with depth. The initial distribution of uranium down each of these columns is shown in
Figure 3

or e 0
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FIGURE 3: Initial distribution of uranium in hypothetical columns 1 and 2.

For each column 3 calculation types were performed:

1. including humic substances with both the exchangeable and non-exchangeable fractions
present, i.e., using all of the chemical equations (1 to 7), and labelled "with humic" in the
figures.

2. including humic substances with the exchangeable fraction, but with the non-exchangeable
excluded, i.e., in these calculations the humics were not 'permitted’ to bind metal ions non-
exchangeably (equation 7 was removed). These results are labelled "humic (exch only)™ in the
figures.

3. excluding the humic substances completely, i.e. [HA] was set to zero. These results are
labelled "no humic™ in the figures.

The results of these calculations are shown in Figures 4 to 7.

90



Figures 4 and 5 show the predicted variation in the uranium concentration of the effluent
seeping from the bottom of the pile with time for hypothetical columns 1 and 2, respectively.
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FIGURE 4: predicted uranium effluent from hypothetical columnl

The variation in elution concentration clearly differs between the two columns; number 1
(with humic) climbs to a steady value after a small, initial dip, whilst number 2 falls steadily.
This difference is a direct result of the different initial uranium distributions.

For column 1, initially the majority of the uranium sits at the start, and this slowly shifts
towards the bottom with time, and hence the increasing effluent concentration represents the
movement of U towards the bottom. Obviously, given long enough, the elution concentration
starts to decrease, as the column becomes depleted in U. Column 2 is much less
heterogeneous then number 1 (note the difference in the x-axis scales in Figure 3. The steady
drop in effluent concentration with time here represents the gradual depletion of the column,
which leaves less U to elute as time increases.

Both figures indicate that the humic is predicted to have an effect, and the effluent
concentration is significantly higher than in the absence of humic. The surprise is that the
humic is predicted to have an effect purely as a normal ligand, even in the absence of the non-
exchangeable interaction. The model predicts that the exchangeable on its own is sufficient to
prevent, or at least reduce, readsorption of U once it has left the surface. This result is unique.
All real column experiments require the non-exchangeable interaction in order to explain
migration, and the exchangeable is thought to play a negligible part in transport. The
observation is also at odds with the other migration case studies in this project (see below),
and other transport calculations (e.g. Bryan 2005, Bryan et al 2003, Warwick et al 2000).
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FIGURE 5: predicted uranium effluent from hypothetical column 2
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FIGURE 6 variation in uranium concetration profile in column 1 with time for ‘with humic' calculation,
[U]T represents total uranium concentration, solution and surface phases together.
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FIGURE 7: variation in uranium concetration profile in column 2 with time for ‘with humic' calculation,
[U]T represents total uranium concentration, solution and surface phases together.

Figures 6 and 7 show the variation in the column profiles with time for columns 1 and 2,
respectively. The total uranium concentrations (effective mol dm™), regardless of chemical
form and whether solution or solid is plotted vs distance from the top of the column. Not
surprisingly, the area under the profile decreases steadily with time as U is removed from
each of the columns. In column 1 (Figure 6) a transient peak moves down the column as the
high initial concentration at the top is flushed towards the bottom. This behaviour matches
that in Figure 4.

The more homogeneous column 2 shows much simpler behaviour: the same general profile
shape is retained over time as the U is removed. At all times, there is a dip in concentration at
the top of the column, which rises to a fairly steady level further down. This is due to the in
flow of 'clean' seepage water at the top of the column that scours U from the surface there:
further down the column, the arriving pore water will already be U-loaded, and there will be
more of a balance between desorption from the surface and readsorption.

U-Tailings Pile Summary

In this migration case the humic is predicted to promote migration significantly, which is not
particularly surprising. However, the calculations suggest that the presence of the non-
exchangeable binding mode does not make a significant difference. This second result is at
odds with all other studies. In mathematical terms, the origin of the effect is easy to identify.
The reason that the exchangeable is not able to compete with the surface in real column
experiments and in other modelling work is that it is unable to compete with the strong and
numerous surface sites, and any metal ion in the exchangeable is immediately removed onto
the surface at first contact. Here though, the exchangeable is able to compete, hold on to metal
and pull metal off the surface, promoting migration. It seems highly unlikely that this
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modelling result has application beyond this specific study, since it is so at odds with
experiment: even in column experiments using relatively high humic concentrations and acid
washed sand packing (not a particularly effective metal ion sink), none of the exchangeably
bound metal fraction transports.

Either there is something very special about the material in this tailings pile, which seems
unlikely, or the origin lies in the definition of the surface-uranium interaction (Eqns 1 to 5).
The chemical parameters Keast, Ksiows and K siowp Were determined from batch desorption
experiments only, and no sorption studies were performed. Hence, it may be that the
parameters give a faithful description of the desorption process, but that they do not fully
represent the sorption step.

It is worth remembering that the k1-D computer code is here being used for a purpose for
which it was not intended, and for this reason alone, we should treat these predictions with
caution. Whatever the origin of the effect, we should not draw the conclusion that the non-
exchangeable fraction may not be important in some circumstances. Beyond the riddle of the
non-exchangeable effect, this case study does represent a unique and esoteric scenario, which
probably has limited application to the more usual RPA scenarios.

The Repository Cases (Gorleben and Dukovany)

Although the Gorleben and Dukovany case studies have their own scenarios and conditions,
there is sufficient similarity that we may describe many aspects together. The system of
chemical equations used to describe the two cases is the same, and these are illustrated in
Figure 8.

Mathematical equations were defined to describe each of the chemical processes in Figure 8.

The interactions of the metal ions with the humic exchangeable site and the mineral surface

were defined with equilibrium constants, Kgq and Ks, respectively,
[M Eq]

_ Bl Eqn 8
B9 M g1 [HA] [Ean 8]
_ [Ms] Ean 9
S Mg 1IS]' [Ean 9]

whilst the transfer between the exchangeable and non-exchangeable fractions was described
with rate constants, ks and kp,

d[Mpx]

g0 =K Mgl -kpMeix]. [Eqn 10]
where [My] is the concentration of free metal; [S] is the effective concentration of surface
sites; [HA] is the concentration of humic exchangeable sites; [Mgq] is the concentration of
metal in the exchangeable site; [Mgix] is the concentration of metal in the non-exchangeable
site.
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Figure 8 Chemical processes used in the Dukovany and Gorleben calculations. Maq represents
uncomplexed metal ion, Ms metal bound to the surface, Mgq exchangeably bound metal ion, and Mg x the
non-exchangeable fraction, whilst HAgrge and HAsoreep represent humic free in solution and sorbed to
the mineral surface, respectively; Ks and Kgq are the equilibrium constants used to describe the
interaction of the metal ion with the mineral surface and humic exchangeable fraction, respectively, and ks
and ky, are the rate constants that describe the transfer of metal to and from the non-exchangeable
fraction. The treatment of the sorption of humic and humic-radionuclide complex is uncertain, and may
be described either with an equilibrium constant, Kuas, or a pair of forward and backward rate constants
Knast and Kpa sb.

In the case of the interaction of the humic substance (and humic/metal ion complexes) with
the mineral surface, there was some uncertainty about whether the interaction should be
described with an equilibrium or kinetic equation. Therefore, two alternatives were adopted:
either,

[HA ]
Kias= SORBED [Eqn 11]
[HAEReE]
where Kpyas = 60, or,
d[HAsorBED ]
it = Kpasf[HAgRee] - Knpasp[HAsoreeD] [Eqn 12]
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where ki, A,S](:G.Oxlo'6 s* and K, A,Sb:]"OXlOJ s, and [HAeree] and [HAsoreep] represent the
(effective, HAsorsep) concentrations of free and sorbed humic or humic metal complex,
respectively. These parameter values (Kuas, Kyagr and kyagp) are derived from column
experiments (Bryan et al 2003).

In a repository there will be a very large number of isotopes. This study, however, has been
limited to the study of the three actinide elements: Np, Am and Pu. In the case of Am the
choice of oxidation state is clear, since it has only one stable state under realistic far field
conditions. In the case of Pu, there will be some uncertainty. However, the +IV state was
selected, since it is more likely to be transported by humics, and hence, is a conservative
choice. For Np, the NpO," ion, oxidation state V, was selected as a contrast to the Pu
calculations.

Both of these sites were studied very briefly during the previous HUMICS project. At that
time, the non-exchangeable interaction was less clearly understood. In particular, many rate
constants had been determined in the laboratory, but these were derived from experiments
where the humic and metal ion had only equilibrated for a period of several weeks, and there
was some uncertainty regarding the rate constants that might be observed on a larger, field
time scale, and indeed whether the percentage of metal entering the non-exchangeable would
also be different. It was not clear that the data determined under short time scale artificial lab
conditions were applicable to the environment. Indeed, some had even suggested that under
the long time scales of a waste repository scenario, metal ions might become pseudo-
irreversibly bound to their humic. Such a position would have a profound impact upon
migration, because any pseudo-irreversibly bound metal ion would remain isolated from the
mineral surface indefinitely, and in the absence of the sorption of the humic itself, would
transport as a conservative tracer. This was one of the scenarios adopted during the original
Gorleben calculations during the HUMICS project. However, during this (HUPA) project, the
kinetic parameters (ks and ky) for a series of radionuclides have been determined from a soil
sample naturally labelled with anthropogenic radionuclides over the last several decades.
Table 2 shows the values that were obtained.

Table 2: Desorption rate constants and amounts of isotopes in the non-exchangeable fraction for the
sample from the Esk Estuary, U.K. A range for ** #°pu concentrations is given, as the proportion of each
isotope is unknown.

Isotope Experiment Equilibration | Logio (Rate | Amount in | Metal
Type Time Constant) /s | non-exch. Concn. (mol
+ Log (Error) | Fraction dm?)
= Error %
ZINp natural 25-30a -7.4 (1.17) 60 (40) 1.1x 10"
239, 240py natural 25-30a -7.4 (0.06) 44 (4) 7.3 x 10" -
1.89 x 10™
2 Am natural 25-30a -7.2 (0.09) 28 (3) 1.8x 10"
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Clearly, in any series of calculations such as this, there will be some uncertainty regarding
precisely which values of the various chemical parameters are the most suitable. However,
these are not intended as 'full' RPA studies, and the calculations are not intended to provide
predictions for the behaviour at each site. Rather, our aim is to demonstrate the general effects
of humic substances. Therefore, values for the chemical parameters were selected (arbitrarily)
as those determined for Gorleben and used for both sites. Table 3 shows the common
parameters and associated values.

Table 3: equilibrium and rate constants used in the Dukovany and Gorleben case studies. The values of kf
and kb are taken from HUPA Work Package 5 (Table 2). values for Kgq and Kg are standard values for
the Gorleben site

Keg (Imol™) | Ks (Imol™) | ke (s™) | ko (s)

NpO," | 597 4.35x10° | 5.97x10® | 3.98x10®
Am (I11) | 4.80x10° 3.50x10° | 2.45x10°® | 6.31x10°
Pu (1V) | 2.50x10° 1.82x10"° | 3.13x10°® | 3.98x10°

In order to calculate the migration of the radionuclides in the far-field, it is necessary to define
an input concentration from the waste repository, i.e. an upper boundary concentration or C,.
A value of 1x10™ mol I* was chosen, since this would prevent any of the metal binding
fractions from becoming saturated. The limiting factor is the concentration of humic
substance. The fraction of metal that ends up in the non-exchangeable fraction is independent
of humic concentration until a threshold concentration is reached (King et al 1999). The
metal ion concentration representing the saturation point, [M]sar (mol I%), is related to the
DOC (mg I™) via,
[M]sar =~ DOC(1x107).

For both Dukovany and Gorleben, the 1x10™° mol I"* input concentration is below the limit.
The advantage of choosing a concentration below the limit is that, if the results are presented
as concentrations divided by the input concentration (i.e. C/C,), then they will be the same for
all input concentrations below the limit. Hence, although calculations were made with C, =
1.0x10™ mol I}, they are equally valid for all values of C, less than approximately 3.1x10~
mol I for Dukovany and 1x10°® mol I'* for Gorleben.

Another significant source of uncertainty in these types of calculations is the initial chemical
state of the humic/radionuclide complex. Metal may be bound either in the exchangeable or
non-exchangeable states. Initially, metals bind at the exchangeable site and then transfer,
with rate constant ks, to the non-exchangeable. Hence, some time is required to populate the
non-exchangeable fraction. In a real situation, it is unclear how much time the metal will
have to interact with the humic before migration commences. This uncertainty is
problematic, since the non-exchangeable fraction is responsible for long distance migration.
The answer to the problem will depend largely upon whether humic materials penetrate the
near or local fields. In the absence of any evidence to the contrary, the only conservative
approach must be to assume that population of the non-exchangeable site is complete prior to
the onset of migration.
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Beyond this point the conditions, scenarios and calculations for the two sites will be discussed
separately.

The Dukovany Case Study

The Dukovany site in the Czech Republic contains a power station and low level waste
repository all within the same complex. The site was considered originally because it was
used for field studies as part of the CARESS Framework 1V, E.U. project, which studied the
role of inorganic colloids in the transport of the actinides.

The geology at the site is complex. However, it has been characterised as a sandy deposit with
some silt and clay. The groundwater flow at the site runs from North to South with an
average flow rate of 1x10® m s*. The CARESS borehole (HV3) lies to the South of the
complex. It was found that the transmissivity at the borehole was 2x10° m?s™, and the linear
dispersion was 0.1m over a distance of 3m. The CARESS and other work were not 'humic
specific' and so there are no in situ data from borehole experiments. The pumping studies
using the inert, and notionally conservative, tracers Rhodamine, Fluorescein and SFg, plus
silica colloids found that there was significant spatial heterogeneity.

The Scenarios

The calculations described here use a scenario based (loosely) upon the Dukovany site.
However, the purpose is merely to demonstrate the likely effect of humic substances at this
sort of site. If this were a rigorous performance assessment exercise, then very much more
information would be required, in particular, detailed knowledge of geochemistry, geology
and hydrology. The scenario is based upon the notional transport of radionuclides away from
the low level waste repository at Dukovany. However, the results are applicable to any
shallow, sandy site.

The scenario assumes that the repository near field containment has failed, allowing
radionuclides to enter the far field (geosphere). The leak of contamination is assumed to be
constant over time. Calculations have been performed over a 300m distance. A linear flow
rate of 1x10°® ms™ was used. The linear dispersion observed in the CARESS experiments was
scaled to give a value of 10m over the 300m hypothetical column. A porosity of 0.3 (30%)
was used. However, provided the linear velocity was constant, the calculations were found to
be extremely insensitive to this parameter. Molecular Diffusion was assumed insignificant.
Calculations were routinely performed on a time scale of 100 years from the onset of
repository failure.

The in situ concentration of humic substances at the Dukovany site is 3.1 mg DOC I, The
value of [HA] (3.1x10™ mol I™) was obtained by analogy with the standard Gorleben humic
values, allowing for the different humic concentrations. [S] was set at 5.7x10 mol I, again
by analogy with Gorleben. Other chemical parameters are shown in Table 3.
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Calculations were performed using the k1D code. A hypothetical column cross-sectional area
of 1 m? was used, although this has no effect upon the results, provided that a constant linear
flow rate is maintained. The 300m column was split into 50 subdivisions, and 0.1 year time
steps were used.

Using the information and parameters from this HUPA project, 4 calculation scenarios (A -
D) were used for each radionuclide:

A: Including humic sorption on the mineral surface described with a kinetic reaction,
with the exchangeable and non-exchangeable metal fractions in equilibrium, i.e. non-
exchangeable full at the point of entry to far field,;

B: No humic sorption at all: i.e. the humic and humic/radionuclide complexes move as
conservative tracers, humic exchangeable and non-exchangeable metal fractions in
equilibrium;

C: Including humic sorption on the mineral surface described with an equilibrium
reaction, and with the humic exchangeable and non-exchangeable metal fractions in
equilibrium;

D: Including humic sorption on the mineral surface described with a kinetic reaction, but
with exchangeable and non-exchangeable metal fractions not in equilibrium, i.e. non-
exchangeable fraction empty at the point of entry to far field.

All of these scenarios used the values of the parameters given in Table 3.

In addition to these four new calculations, some other calculation results are shown in the
figures.

The results of the calculations from the previous HUMICS project are labelled as ‘old
kinetics'. These calculations did not include humic (or humic radionuclide complex) sorption
to the mineral surfaces, i.e. neither equations 11 or 12 were used. Also, the first order
desorption rates were larger than those in Table 3, since they were determined from short term
synthetic laboratory batch experiments: the values are shown in Table 4 The values that were
used for Ks and Kgq were the same as those in Table3

Table 4 values of rate constants used in calculations during the humics project (To produce plots labelled
‘old kinetics').

ke (s | ke )
NpO,** | 2.22x107 | 2.00x10°®
Am (111) | 4.03x107 | 9.30x10”
Pu(1V) | 2.44x107 | 2.00x107
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In the next set of calculations the non-exchangeable interaction is excluded completely from
the calculation, i.e. equation 10 excluded (humic sorption is still excluded). These results are

labelled "No kinetics at all".

In the final set of calculations, the humic is removed completely from the scenario (eqn 8 also

removed). These are labelled ‘no humic’.
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FIGURE 6: Dukovany 100 year Am migration predictions, y-axis = total radionuclide concentration, all

species, solution and sorbed.
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FIGURE 7 Dukovany 100 year Np migration predictions, y-axis = total radionuclide concentration, all
species, solution and sorbed
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FIGURE 8 Dukovany 100 year Pu migration predictions, y-axis = total radionuclide concentration, all
species, solution and sorbed

Figures 6, 7 and 8 show 100 year migration predictions for Am, Np and Pu, respectively. In
each case, the data are plotted as the sum of the radionuclide concentrations, regardless of
chemical form, and whether in solution or sorbed, versus distance from the point that the
radionuclide enters the far field. In all three cases, there is little difference between the 'no
humic' and 'no kinetics at all' plots. Hence, these calculations confirm that in the absence of
the non-exchangeable interaction, humic substances are predicted to have very little effect
upon the migration of radionuclides. The predictions using the values of k; and k, from short
term lab systems (‘old kinetics') show much less migration than the predictions using the rate
constants from the 'natural’ sample (scenarios A - D). This is expected, since the 'natural’ rate
constants are significantly lower than for the lab systems. As soon as the humic metal
complex enters the start of the column, any radionuclide in the exchangeable fraction is
instantaneously removed from the humic and sorbs on the mineral surface, because the
exchangeable is unable to compete with the mineral surface. With the exchangeable depleted,
radionuclide will start to leave the non-exchangeable and enter the exchangeable, and then
will instantaneously sorb onto the surface. For the new calculation scenarios (A - D) it will
take longer for the radionuclide to leave the non-exchangeable fraction, because the rate
constants are lower. Hence, the radionuclides will travel further before being immobilised. In
Figure 8, the 'old kinetic' plot shows more migration than in Figures 6 and 7, because the old
rate constants were smaller anyway, and so the switch to the new constants has made much
less difference. However, it is important to remember that the 'old kinetics' plots do not
include the effects of humic sorption, and so to see the real differences between the HUMICS
and HUPA rate constants, we must consider scenario B, and hence, even in Figure 8, the
HUPA constants produce significantly more transport.
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Out of the scenarios A - D, scenario B shows the most pronounced migration, because it does
not include humic sorption, and hence, the humic-radionuclide complex will transport as a
conservative tracer. Scenario D shows the least migration out of A - D, because the non-
exchangeable fraction here is empty at the start of the column, hence, only the small amount
of metal that manages to access the non-exchangeable, once the solution has entered the far
field will be transported: note, although D seems close to the others (A,B,C), at least
compared to the old predictions, there is in fact a significant difference (note log y-scale).

Figures 9 and 10 show the effect of changing some of the parameters in the calculations.
Figure 9 shows the effect of increasing the humic acid concentration by a factor of 10 (lines):
for comparison the original results are also shown (points). Similarly, Figurel0 shows the
effect of dividing the surface interaction equilibrium constant (Ksure) by a factor of 10. Both
of these changes have no significant effect upon the predicted transport, since the difference
in affinity between the humic exchangeable site and the mineral surface is so great that the
surface will always strip all metal ion from the exchangeable, even if the conditions are
changed significantly. Since, the non-exchangeable is responsible for the transport, it is only
the parameters that affect this fraction and its transport that have a significant effect, i.e.
Kuas, Kuast, Knasn, K, Ko (See Figures 6, 7 and 8). Note, the humic acid concentration does
not affect the distribution of metal ion between the exchangeable and non-exchangeable
fractions ([HA] does not appear in equation 10).
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FIGURE 9: Effect of increasing humic concentration by factor of 10 upon 100 year Pu migration
predictions.

Hence, for all of the radionuclides, humic substances are predicted to promote migration,
compared to a humic free system. It is the non-exchangeable that is responsible for the
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transport phenomenon. Further, the predictions seem relatively insensitive to the equilibrium
parmeters that describe the interaction of the metal ions with the humic exchangeable fraction
and the mineral surface.
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FIGURE 10: Effect of reducing surface metal ion affinity constant by factor of 10 upon 100 year Pu
migration predictions.

Although the results are relatively insensitive to Kgq, and Ksurr, there is still some
uncertainty. Any of the calculation scenarios A - D are plausible. In the case of the non-
exchangeable fraction itself, there is little uncertainty about the best way to describe the
interaction and the transfer to and from the non-exchangeable, and HUPA work package 5 has
provided suitable values for the rate constants. However, in the case of the interaction of the
humic itself with the mineral surface, there is more uncertainty, since separate column
experiments have been successfully modelled: excluding all humic sorption (Warwick et al
2000), and including humic sorption described with both equilibria and rate constants (Bryan
et al 2003). Hence, scenarios A, B and C are all credible. Further, we have no way of knowing
what state of equilibrium we would expect between the exchangeable and non-exchangeable
at the start of the far field. If humic material enters the near field, and complexes with the
radionuclide there, before entry to the far field, then there is a chance that the non-
exchangeable fraction could be fully populated. However, if radionuclide and metal only meet
at the near/far field boundary, then it is possible that the non-exchangeable will start empty.
Hence, scenario D is also possible. Therefore, there is some uncertainty in the predictions, and
we have a range of possibilities: note, we may reject the old calculation results, 'old kinetics'
and 'no kinetics at all’, since these have used data that we now know to be false. Figures 11,
12 and 13 show the range of predictions for Am, Np and Pu, respectively. These ranges of
uncertainty include only the humic specific effects.
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FIGURE 11: Range of Am predictions for Dukovany case study
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FIGURE 12: Range of Np predictions for Dukovany case study
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Figure 14 shows the effect of simulation time (100 and 1000 years) upon the Pu predictions
for scenarios A and D. There are no changes in the patterns with increased time, and the order
of results seen in Figures 6, 7 and 8 are retained.

FIGURE 13: Range of Am predictions for Dukovany case study
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FIGURE 14: Dukovany 100 and 1000 year predictions for Pu
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The Gorleben Case Study

Scenario

The Gorleben case study is based loosely upon the Gorleben proposed nuclear waste
repository in Germany. In a number of ways, the scenario is different to that for Dukovany.
Instead of horizontal flow, here the flow is vertical away from the repository itself. Rather
than the continuous release that was assumed during the Dukovany case, pulsed release is
adopted. It is assumed that the activity enters the far field during a period of only 100 years.
After 100 years, it is assumed that the repository will become sealed, and no further
radionuclide will enter the farfield. Hence, a pulse of activity will travel along the length of
the hypothetical column. Calculations were performed for upto 10000 years following the end
of the pulsed release.

The hypothetical column was 150m in length with a linear dispersivity of 10m. The linear
flow rate was 4.8x10™° ms™. A porosity of 0.3 was used, although the results were insensitive
to this parameter, providing that the linear flow rate was maintained constant. Molecular
diffusion was assumed to be insignificant. These parameters were taken from studies of the
geochemistry at the site. The effective humic exchangeable binding site concentration, [HA],
is 1x10™ mol dm™, equivalent to a D.O.C. concentration of 10 mg dm™.

The four calculation scenarios defined previously for the Dukovany case study (A - D) have
also been used here.

Calculations for the Gorleben site were performed as part of the previous HUMICS project,
and have been included in some of the plots as a comparison. All of these assumed that both
humic and humate complexes could not sorb. These used two approaches to account for the
non-exchangeable fraction:

1. using rate constants (ks and kp, Table 4) measured in short term lab experiments,
labelled as 'old lab kinetics' in the figures;

2. treating the non-exchangeably metal fraction as pseudo-irreversibly bound to the
humic. Here, the distribution between exchangeable and non-exchangeable on entry to
the far field (top of column) was calculated using the ratio between the rate constants ks
and ky (Table 4), but once the material had entered the column, the values of ks and kj
were both set to zero, isolating the non-exchangeable from all other chemistry. Hence,
this fraction transported conservatively (since metal-humic complexes were not
permitted to sorb). These results are labelled as ‘irrev binding' in the Figures.

Results

Figure 15 shows the development of the Np distance profile with time for scenario A: unlike
the continuous release Dukovany case, a definite peak develops in the profile with time as the
activity is swept down the column. The progress is relatively slow, compared to the
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Dukovany case, but this reflects the much lower flow rate here, rather than an intrinsic
difference in behaviour.
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FIGURE 15: development of Np profile with time, Gorleben calculation, scenario A.
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FIGURE 16: Np, Am and Pu 10000 year profiles, Gorleben calculation, scenario A.
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Figure 16 shows the model predicted profiles for 10000 years for Np, Am and Pu, all using
scenario A. The Np has migrated much further than the other two radionuclides. This is due to
the fact that the affinity of the mineral surface for this radionuclide is much weaker than for
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the other two, because the data are for the NpO," species. In the case of the humic interaction
data though, the Np species present in the natural sample (from which ki and k, were
determined) is unclear, since the amounts concerned are too low to allow determination of
speciation. Hence, these data could be for the reduced Np(1V), certainly, the amounts found in
the non-exchangeable fraction (Table 2) could be consistent with a highly charged cation.
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Figures 17 and 18 show the predictions for Pu migration after 1000 and 10000 years,
respectively. The behaviour of the plots for the irreversible binding scenarios might seem very
odd: after 1000 years, this plot shows the most migration, but some of the lowest after 10000
years. This is because of the radically different behaviour of the non-exchangeable and
exchangeable in this scenario. The non-exchangeable moves as a conservative tracer, and
moves quickly down the column (responsible for the broad peak beyond 20m in Figure 17).
The exchangeable though is easily removed from the humic and sticks at the start of the
column (material in O - 20m range, Figure 17). After 10000 years, all of the non-exchangeable
has been removed from the column, and only that which was bound exchangeably, but is now
stuck to the mineral surface, is left (Figure 18). Hence, if pseudo-irreversible binding were to
take place, then it would result in the maximum possible migration. However, this behaviour
was not observed in the natural anthropogenic sample.

Figure 18 shows that once again, the 'no humic' and 'no Kinetics' plots show the least
migration, and for the same reasons as before. However, the scenarios A - D are behaving
very differently. In the Dukovany cases, there was a significant spread in the results.
However, here there is very little difference, and the reason is the much lower flow rate.
Considering the treatment of the sorption of the humic and humic-radionuclide complex, the
flow rate is so slow that the sorption reaction reaches equilibrium, even when modelled using
rate constants, rather than an equilibrium constant, and so we expect scenarios A and C to be
coincident. In fact, humic sorption has no effect upon the behaviour of the radionuclide: note
that scenario B is also coincident with A and C. The low flow rate also means that even if the
humic and its complex transport as conservative tracers, the radionuclide still has ample time
to desorb from its humic, before the enhanced migration of the humic makes a difference.

Another difference this time is that the initial distribution between exchangeable and non-
exchangeable seems to make virtually no difference. This is because, there is sufficient time
for the radionuclide to leave the non-exchangeable before significant migration takes place,
and so the distribution at the near/far field boundary makes little difference. Given this, one
might ask why there is a difference between the results for the scenarios that include a non-
exchangeable interaction and the one that does not. The answer is that at each stage a very
small amount of radionuclide will manage to enter the non-exchangeable, and this will be able
to migrate slightly further than radionuclide that has remained in the exchangeable. This
effect depends only upon the values of k, and ks (Figure 8), which are the same for all of the
scenarios A - D, and hence they are all coincident.

Perhaps the most surprising result is that the 'old kinetics' plot using the old rate constants
actually shows slightly enhanced migration compared to A - D. This is the opposite behaviour
to that observed in the Dukovany case. The effect is subtle. The forward and backward rate
constants for the 'old kinetic' plot are faster than those for A - D. That might lead us to expect
that this plot would show less migration, because the radionuclide would leave the non-
exchangeable fraction faster. However, as we have seen, there is sufficient time to deplete the
non-exchangeable in this system. The faster rates show slightly more migration, because the

109



radionuclide finds is 'easier' to access the non-exchangeable, due to the faster forward rate,
and this effect counteracts the effect that we expect, because of the faster backward rate (kb).

Another general difference, between the Gorleben and Dukovany cases is the relative
importance of the humic kinetics. For Dukovany, the presence of non-exchangeable binding
had a very significant effect. There is still an effect here, and we predict that humics and
especially the non-exchangeable interaction, will promote migration relative to a humic free
system. However, the effect is smaller here.
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FIGURE 19: range of predictions for Pu, 10000 years.

Figure 19, shows the range of Pu predictions, equivalent to the Dukovany plots (Figures 11,
12 and 13). Note that the range of uncertainty is much smaller here, entirely due to the lower
flow rate. Similar results were obtained for the other isotopes.

Conclusions

The results of many column and batch experiments along with the Gorleben and Dukovany
migration case studies have shown that humic kinetics are vitally important in controlling the
behaviour of metal-humate interactions. All the evidence suggests that it is the non-
exchangeable interaction that will be responsible for the movement of metal ions (including
radionuclides) in the environment. The U-tailings pile study did suggest that merely as strong
ligands, humics might act as transport vectors. However, this reflects the definition of the
chemical model for that particular case study, and is almost certainly not applicable to other
cases.
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There have been a number of significant advances during this project. For example, we now
have a greater understanding of the non-exchangeable interaction itself. Before this project,
there was uncertainty about the most suitable values for the rate constants, ks and kp, and the
only conservative approach was to assume that the non-exchangeable metal was (pseudo-)
irreversibly bound. This assumption has a dramatic effect upon migration (see e.g. Figure
17). However, we now have pairs of values for Np, Am and Pu derived from the 'natural’
sample (W.P. 5). Hence, an assumption of irreversible binding is no longer required.

Some uncertainties do remain. Will there be retardation of the humic or humic/radionuclide
complex, and if so, will it be a fast or slow process, or will they transport as conservative
tracers. Also, what will be the distribution of radionuclide between exchangeable and non-
exchangeable on entry to the far field? Of course, this will depend upon whether humics are
able to penetrate the near field, how long they would have to equilibrate, and what the
chemical conditions were inside the repository, e.g. the strength of any competing
sinks/surfaces, pH ,I etc. However, probably the greatest problem at the moment is that the
mechanisms responsible for the non-exchngeable interaction are still not understood. In the
case of the less important (for transport) exchangeable interaction, some process detail is
available, and models exist that explain the origin of the interaction (loss of water from metal
ion upon bonding, coupled with double layer relaxation)

Performance Assessment: Questions and Answers

Performance assessors have certain questions concerning the role of humic substances in the
migration of radionuclides. At an NEA workshop in 1994, several key questions were
identified which were unknown at the time, but which required answers before humics could
be adequately included within PA (Zuiderma 1994). These questions are still valid today.

Are natural organics from different origins comparable and can characteristics be
generalised?

The evidence would suggest that, although humic samples from different sites may have
certain intrinsic differences, molecular weight, etc., in terms of their interaction with metals,
to a first approximation their behaviour is remarkably uniform. This applies to both the
exchangeable and non-exchangeable. That said, there are some subtle differences between
samples (Monsallier et al 2003).

Are laboratory studies able to provide suitable parameters for field scale studies and what is
the applicability of those parameters to the field scale?

Laboratory batch and column experiments and associated modelling can provide mechanistic
information about the general behaviour of these systems. However, the study of completely
synthetic systems, i.e. where metal ions and humic are mixed in the lab and their behaviour
monitored, may not provide suitable parameters. It may be that more reliable data are
obtained by the study of metal ions that have complexed to the humic under natural
conditions. But, once such a 'natural’ sample has been obtained, the parameters may be
determined in the laboratory.
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Are models for the interpretation and prediction of complexation available and are the
simplifications and assumptions made within the models conservative?

All the evidence suggests that we do have the mathematical tools to allow us to include the
effects of humic substances in transport calculations, and that the predictions made with those
models can be conservative. More than this, we have experimental methods to provide the
input parameters for these models. However, the underlying mechanisms of the crucial non-
exchangeable interaction that appears to control transport are completely unknown. Hence, we
are able to predict the behaviour of metal ions in transport experiments, but we are not yet
able to explain why that behaviour occurs. In those circumstances, it is hard to have
confidence in predictions made outside the conditions, and most importantly the time scales,
of the laboratory experiments that have been used to calibrate the models. After all, they may
be some dramatic effect that becomes very important on a time scale of a few tens of years,
but because we do not understand the mechanism, we have no way of knowing. Therefore,
work should continue to provide the physicochemical model to describe the system to support
the current semi-empirical approach.

One potentially significant uncertainty concerns the state of the humic-radionuclide complex
as it enters the far field: will the radionuclide have had chance to access the non-exchangeable
interaction, or will all of the metal be bound exchangeably? This can make a significant
difference to the degree of transport, depending upon the linear flow rate: at low groundwater
flow rates, there is little difference in behviour (e.g. Gorleben case study), but at higher flow
rates, the difference can be significant (e.g. Dukovany case study). The answer to this
question depends upon whether humic material is able to penetrate the near field and complex
the radionuclides before their subsequent entry to the far field. This will depend upon the
specific conditions at the repository in question.

What are the effects of natural organics, including a comparison with competition from
other sinks, e g mineral surfaces?

In the absence of the non-exchangeable interaction, the conclusion of this project would
probably have been that humics were of minor importance at most, and that any effects would
be small compared to the effects of uncertainty in for example, hydrology. The modelling
predicts that the humic exchangeable binding site would not compete effectively with mineral
surfaces, or other important sinks. However, those same calculations have demonstrated that
metal in the non-exchangeable fraction will migrate regardless of the affinity of the mineral
surface for the metal. Rather than the affinity of the mineral surface, it is the groundwater
flow rate that is the critical parameter: the extent of migration increasing with flow rate. The
non-exchangeably bound fraction transports with the properties of the humic substance, and
here there is some uncertainty: column experiments have been modelled that have (1) had
humic and humic radionuclide complexes transporting conservatively; (2) undergoing rapid
sorption, such that could be described by an equilibrium approach; (3) undergoing sorption,
but as a slow process that required a kinetic description. At present, it is unclear which of
these approaches is the most appropriate for the real world. Once again, the magnitude of the
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flow rate is crucial, if it is sufficiently slow, then humic sorption becomes irrelevant, and the
system is dominated by the non-exchangeable backward rate constant (ky, Figure 8), but at
higher flow rates, then the differences are significant.

When these questions are addressed, the final question must be:
Are humics important for the safety of a repository?

Are Humics Important?

This work indicates that humic chemical kinetics are crucially important in controlling the
migration behaviour of metals in the environment. Rate constants and methods for
determining rate constants now exist

The calculations performed in this work were relatively simple in chemical terms. Apart from
the humic/surface/radionuclide ternary system, all other chemical effects have been excluded.
It might be possible that one of these other effects might serve to prevent migration.
However, the factor that makes this form of mobilisation unique is that the metal appears to
be insulated completely from all solution and solid phase chemistry, whilst it is isolated
within the non-exchangeable fraction. In the repository type calculations (Dukovany and
Gorleben), to a first approximation, any metal which is not within the humic non-
exchangeable fraction, is immediately removed by the strong affinity of the solid surface.
Hence, it is highly unlikely that any other effects would significantly reduce migration. The
only processes that might influence the result are those that cause the destruction of the humic
molecule itself. At present, no such mechanisms are known.

In the past, it might have been suggested that the overall influence of humic substances would
be benign, since at any site, the vast majority of humic substances remain immobile and
therefore, even if humics bind nuclides very strongly, the overall effect would be to retard
migration. However, this argument only holds true if the metal-humate interaction is an
equilibrium and metal is completely free to 'jump’ instantaneously from one humic molecule
to another. This would not appear to be the case. If a nuclide starts its journey through the
geosphere trapped within the humic, then the chemical affinity of any surfaces or other humic
materials will not prevent its movement. Only desorption from the non-exchangeable fraction
or the retardation of the humic-radionuclide complex itself will prevent migration.

The general conclusion of this work must be that, given the current state of knowledge, humic
substances are expected to have an impact upon the transport of actinides, fission products
and other toxic metals in the environment. Their effects should at least be considered in
radiological performance assessment studies until there is further evidence to the contrary.
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Study of Uranium Release From Uranium Waste Rock Pile Material:
Column Experiments

Vopalka D., Doubravova K., Benes P.

Czech Technical University, Department of Nuclear Chemistry, Brehova 7, 115 19 Praha 1, Czech Republic

Abstract

Uranium release from the waste rock pile material was studied using modelled seepage water
with various humic acid contents and flow-through velocities. The dynamic elution
experiments using 2**U-spiking, which were prepared on the basis of evaluated batch
experiments, were preceded by equilibration of the rock material with solution in which the
uranium total concentration was near to equilibrium determined in batch experiments. This
type of experiments models real conditions in the waste rock pile for situations in which the
release of uranium from the rock layer dominates. The observed influence of the presence
humic acid on the release of uranium from the layer of rock pile material was variable and
ambiguous, also due to the large retention of humic acid in the rock layer.
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Introduction

The study of environmental impact of uranium mining waste rock piles has a large importance
as the piles are often situated, e.g. in Germany or in Czech Republic, in urbanized
environment. These wastes can also serve as a geological analogue of other kinds of nuclear
waste repositories. Understanding of contaminat migration processes at the basic level in a
laboratory study can help to develop models, which may be used with transport codes to
predict the fate of pollutants on the field scale. An extensive environmental study was
performed in the waste rock piles region at Schlema-Alberoda (Saxony, Germany) mainly
between 1990-2000, but, as it was reported (Schmeide et al., 2003), necessary observations
and data for performance assessment modelling are still missing. The work performed with
waste materials from uranium mining was therefore aimed at better understanding of uranium
release/uptake processes and at obtaining suitable input data for modelling of uranium
migration.

Waste material from rock pile No. 66 at Schlema-Alberoda was selected for the study.
Sampling of the rock material, which included sieving under 1 mm of particle size, and its
characterization (elemental composition, mineralogy, total carbon, inorganic carbon and
specific surface area) was organized by Research Center Rossendorf (Sachs et al., 2004).
Granulometric analysis, determination of exchangeable uranium and sorption/desorption
studies by batch and column experiments were performed in our laboratory. Most of these
experiments were carried out by radiotracer method using ***U as the tracer. Distribution of
28 was measured with liquid scintillation counting. Some evaluations were based on
determination of *®U and ?*U by means of ICP-MS. The experiments, results of which are
presented in this contribution, were performed with the simulated seepage water from the pile
No. 66 (0.0175 M MgSO,, 0.0091 M CaSQ,, 0.00258 M NaHCO3) aiming to obtain data that
could be used in subsequent modelling of uranium migration on the field scale.

Batch experiments
Determination of exchangeable uranium

First experiments aimed at determination of uranium in the rock sample accessible to leaching
with natural water and exchangeable with ions in the water. This so called exchangeable or
“labile” (Davis and Curtis, 2003) uranium U, was determined by isotope exchange with 23U
in two aqueous media with different initial composition: (i) 10* M HNO3 and (ii) simulated
seepage water from the pile No. 66 (Sachs et al., 2004). For the latter medium neither
concentration changes of total uranium and concentration of “U nor the change of phase
ratio V/m from 20 to 100 mL/g caused a significant change in Uy, that with value of 20 ug/g
(8.4x10° mol/kg) represented approx. 34 % of total uranium in the sample. This stability
seemed to be caused by only small changes in total composition of liquid phase in the system
due to the changes of phase ratio, as the use of simulated seepage water hindered further
leaching of waste rock material.

Additional determination of U, performed by isotope exchange with **U showed the
kinetic character of the complex sorption/desorption and isotope exchange process. One of the
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time dependences of Ug, measured is presented on the Fig. 2A jointly with two
sorption/desorption kinetics of total uranium. A lower Ug value (14 pg/g) was obtained by
evaluating of the balance of total uranium in the mentioned couple of experiments that were
performed without spiking by 23U, but higher experimental error was ascertained for this
method of the determination of exchangeable amount, as the standard uncertainty of ICP-MS
was about 10%.
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Fig.1: Equilibrium sorption/desorption isotherms for different concentration of added humic acid (HA).
The full line shows the value of U, determined.

Sorption/desorption equilibrium and kinetics

Batch experiments carried out with simulated seepage water (pH 8) examined effects of
concentration of added uranium and humic acid on uranium distribution and kinetics of
uranium sorption and desorption. The near-to-equilibrium distribution data of total uranium
(labile + added) corresponded to approximately linear sorption isotherm (Fig. 1), with no
significant dependence on the volume to mass ratio (V/m = 10-100 mL/g). The effect of added
Aldrich humic acid (HA, 10 and 50 mg/L) was almost negligible with exception of
experiments at the highest concentration of added uranium, when the addition of HA caused
an increase of Ky to 25-30 mL/g. The small effect of HA could be explained by saturation of
added HA by Ca and Mg present in the simulated seepage water.

Slow kinetics of 2*U uptake was found with about two weeks required to obtain a steady-
state distribution at V/m =10-100 mL/g (Bryan et al., 2004). Rather complicated effects of
experimental conditions (total uranium added, V/m, concentration of HA, the pre-equilibration
of phases preceding addition of the spike) on the kinetics were observed. Most of these effects
can be explained if the distribution of uranium initially present in the rock material and of
uranium added are considered separately. E.g., when very small concentration of labelled
uranium is initially present in the solution, uptake of 2*U is measured but the flow of total
uranium in the system can be dominated by the release of exchangeable uranium from the
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rock. These facts are demonstrated on Fig. 2 by comparison of sorption and desorption
kinetics without 23U added with experime nts in which only uptake of 23U was measured.
By evaluation of experiments that used 33U spiking one can obtain Ky values, that are not
possible for the first type of experiments (if Ue is not known). On the other hand measured
kinetics of 22U uptake always partly represents also isotope exchange ***U-Unat, which
dominates if the initial concentration of total uranium in liquid phase is near to that in
equilibrium with Ug.
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Fig. 2: Kinetics of uranium sorption/desorption from the rock material with simulated seepage water at
room temperature and V/m = 20 mL/g for two experiment types: (A) without spiking by 23 U, and (B)
with 23U — spiking. The time change of U corresponded to experiments performed with initial
concentration Uy = 9.5x10°® mol/L, V/m = 20 mL/g or V/m = 100 mL/g.

Kinetics of uranium release from the rock material was studied both by radiotracer method
and by direct (ICP-MS) measurement of released uranium. In the first case, the rock material
was pre-equilibrated with 22U. In order to avoid premature release of uranium, the pre-
equilibration was made with 5.6x10° M solution of uranium (see Fig. 1) labelled with *U.
The direct measurement of released uranium was also made without pre-equilibration of the
rock with the simulated seepage water. Good agreement between the results of the direct U
measurement and of the radiotracer method was obtained (Vopalka et al., 2004). This
suggests that the radiotracer method used (elution after pre-conditioning of solid phase with
spiked solution) is suitable for determination of input data for modelling of uranium release
from the pile.

Column experiments
Humic colloid-mediated uranium migration can be studied by columns experiments that

together with batch experiments might provide an insight into U migration in subsurface
aquifers (Artinger at al., 2002). Presence of colloids mostly lowers the retardation quality of
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porous rock layer (Roy and Dzombak, 1998; Warwick et al., 2000) and the kinetic character
of interaction of contaminant with natural colloids requires more complicated techniques of
migration modelling (e.g., Zurmiihl, 1998). Preparation and accomplishment of our dynamic
experiments aimed at simple modelling of dynamic conditions of uranium leaching and
migration in waste rock pile using the method developed with use of batch experiments, as
well as at testing applicability of batch data and column data for the modelling on larger scale.
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Fig. 3: Dynamics of uranium release from the layer of rock material eluted by simulated seepage
water (I - height of the sediment layer, v - linear flow velocity).

Dynamic experiments were carried out with small columns (inner diameter 0.9 cm, height
of rock layer 3 and 5 cm) and linear flow-through velocities between 0.02 and 0.11 m/h. The
elution experiments using “**U-spiking were preceded by equilibration of the rock sample
with spiked uranium solution directly in the assembled circuit (column and tubing) unless a
steady state, characterized by approx. the same values of input and output activities of the
spike (Ap), was attained (7-10 days). This procedure was based on method of preliminary
equilibration with spiked solution that was verified in kinetic elution experiments. Also here,
parallel experiments were run with the non-spiked and non-equilibrated rock and the
comparison of results was satisfactory.

The first experiments using flow-interruption technique (e.g. Kookana et al., 1994)
showed that non-equilibrium conditions existed during the experiments (Fig. 3, curve A).
Some of the column experiments validated the results of batch experiments that showed a
small influence of the presence of HA, e.g. beginning of time dependence of uranium outflow
presented on Fig. 3 by curves B and C. In contrast to batch experiments, a significant
influence of humic acid on U release was observed in other dynamic experiments (see curves
B and C on Fig. 4). These results, which are presented in the form of cumulative activities that
is more demonstrative with respect to balance considerations and seems to be also convenient
for the calibration of transport models, proved the expected enhancement of uranium transport
by complexation with HA. The discrepancy found between the different effects of HA
presence was not yet explained and therefore the quantification of the effects is not yet
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possible. Large retention of humic acid in the waste rock layer was observed, probably aided
by the high content of small particles in the sample (33 wt. % of particles with size under 0.1
mm).

Because of the small amount of the waste rock material in the column, used for technical
reasons (e.g. to limit duration of the experiment to 7-10 days for both equilibration and
elution steps), sorption of uranium on the walls of column and tubings has also to be taken
into account. Further discussion and computational modelling of uranium leaching and
sorption under dynamic conditions is under way.
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Fig. 4: Influence of experimental conditions on the relative cumulative outflow of uranium from the
apparatus (I - height of the sediment layer, v - linear flow velocity).

Conclusions

The results of batch experiments enabled the preparation of column experiments that should
model real conditions in the waste rock pile:
1. By means of tracer technique using U in the isotope exchange experiments, the value of
exchangeable uranium Ue (about 20 pg/g) and equilibrium release/uptake isotherm were
determined. The data obtained were needed for settig of the initial concentration of U in the
liquid phase for equilibration that preceded the elution experiments in column arrangement.
2. The good correspondence of release kinetics of naturally present uranium and of 23U pre-
equilibrated with the studied rock material in conditions near to release/uptake equilibrium
enabled to perform a set of dynamic elution experiments in which the release of 22U from the
layer of rock pile material represented the release of exchangeable uranium.
3. Measured kinetics of 23U uptake does not correspond to kinetics of release/uptake of total
uranium (labile + added) due to a complex character of the isotope exchange. Therefore
radiotracer arrangement using *2U is not suitable for dynamic sorption experiments.

The results of dynamic elution experiments proved the kinetic character of uranium
release for experimental conditions used. The observed influence of the presence of HA on
the release rate of uranium from the layer of rock pile material was variable and ambiguous.
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Substantial release of uranium from the layer of rock pile material in near natural conditions
was found: 10 days leaching by simulated seepage water that did not contain uranium released
about 50% of accessible uranium.
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with Humic Acids
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Czech Technical University, Department of Nuclear Chemistry, Brehova 7, 115 19 Praha 1, Czech Republic

Abstract

Free-liquid electrophoresis was used for the study of thorium complexation with Aldrich
humic acid (HA) with the aim to test applicability of the method under difficult conditions
and to obtain missing data on the complexation at low pH values. Electrophoretic mobility u
of thorium labelled with ?*Th was measured in aqueous solutions of 0.01M (HCIO, +
NaClO,4) as a function of pH (2-4), concentration of thorium ([Th] < 107 - 10° M) and
concentration of HA (0 — 10 mg/L). It was found that in the absence of HA the mobility .u
towards cathode decreased with pH and decreasing [Th]. This was due to hydrolysis of Th**
and formation of thorium pseudocolloids by adsorption of thorium ([Th] < 10° M) on
colloidal impurities ever present in solutions. The mobility towards anode _u was negligible
except for that of carrier-free 2*Th. Addition of HA caused decrease in +u and increase in _u
due to formation of negatively charged or neutral complexes ThHA.

Abundance of ThHA (%ThHA) was calculated from the decrease of .u assuming that only
Th**, monomeric products of its hydrolysis and neutral or negatively charged ThHA
complexes were present. Accuracy of this assumption and the effects of Th sorption losses
were examined. The values of %ThHA obtained indicated nearly complete transition of Th to
ThHA complexes upon addition of 10 mg/L HA except for 10° M Th at pH 2 and 3, where
significant effect of saturation of HA capacity for Th was found. Similar effect was observed
with 107 M Th and 0.1 mg/L HA. In these two cases, however, the binding of Th by HA
exceeded capacity of dissociated carboxyl groups of HA thus pointing to at least partial
displacement of H* ions from non-dissociated carboxyl groups.

The values of %ThHA obtained were used for calculation of mean electrophoretic
mobilities of ThHA complexes _urhua from the corresponding values of _u of Th found in the
presence of HA. The values of _umnya mostly increased with pH and decreased with [Th]/[HA]
ratio. Surprisingly, complete charge neutralization of ThHA complexes was not found even in
cases, when these complexes were formed from large excess of positively charged Th ions
over dissociated carboxyl groups of HA.
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Introduction

In the frame of HUPA project, applicability of the free-liquid electrophoresis (Benes and Glos
1979, Benes and Majer 1980) for the study of formation and properties of actinide humate
complexes was tested with europium and Aldrich humic acid (HA), when data on the
abundance of EuUHA complexes obtained with the method and three other methods were
compared (Benes et al. 2004). It has been found that the method can yield correct data, if
carried out and interpreted appropriately. In this paper, additional insight to conditions for the
use of the method is provided by the study of formation and properties of thorium humate
complexes at pH 2-4.

Use of the method for the purpose is based on several assumptions: First it is assumed that
individual physicochemical forms (species) of studied metal migrate independently in electric
field, so that the measured electrophoretic mobility of the metal towards cathode .u and anode
_u can be calculated as a sum of the mobilities of individual positively or negatively charged
species Ui , multiplied by their abundances &;:

+(_)U =X +(_)Ui - Oj. (1)

This need not be true, if separation of species due to electrophoresis is not significantly more
rapid than establishment of equilibrium between them. Incorrectness of this assumption
causes no problem when the metal migrates only to one electrode (-u or _u = 0), since the
interaction among only positively (or negatively) charged and neutral species will not change
value of .u (or _u). Rapid establishment of equilibrium between positively and negatively
charged forms simultaneously present can, however, lead to mutual retardation of migration
of these forms and to a decrease in both ,u and _u compared to that calculated from Eq. (1).

The second assumption in the use of the method for analysis of metal humate
complexation is that metal humate complexes are negatively charged or neutral, and thus their
formation leads to a decrease in .u and increase in _u of the metal. If no other negatively
charged forms of the metal are present, abundance of metal humate complex can be calculated
as

%MeHA = 100 Spena =100 (1 - +u/4up) 2)

where .U is metal mobility measured under the same conditions but in absence of HA. An
implicit third assumption for the validity of Eq. (2) is that addition of HA does not change
mutual ratio of positively charged forms of metal remaining in the solution. This is true when
only monomeric cations and neutral complexes of the metal are present (Me"™ and
mononuclear complexes), but need not be the case if polynuclear complexes, (colloidal)
precipitates or pseudocolloids of the metal are formed in the absence of HA.

Free-liquid electrophoresis is unique in that it enables determination of mean
electrophoretic mobility of metal humate complexes depending on their charge. It can be used
for the study of charge neutralization phenomena in the formation of metal humate
complexes. In absence of other negatively charged forms of metal the mean mobility of
MeHA complexes is equal to
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_UmeHA = —U/ OmeHA. (3)

In order to obtain correct values of Spena and _U vena, the mobilities used in Egs. (2) and
(3) have to correctly represent metal speciation in analyzed solution. This requirement means
that specific conditions for accurate performance of the electrophoresis must be observed (see
Benes and Majer 1980) and that the mobilities measured should not be significantly affected
by the adsorption of the metal on the walls of mixing vessel and electrophoretic cell. A large
adsorption loss of metal from solution prior to (in mixing vessel) and during electrophoresis
can change speciation of metal in solution, and the adsorption on central part of
electrophoretic cell during electrophoresis can affect the mobility measured. The last
mentioned effect is accounted for in the evaluation of mobility and suitable correction is
applied (Benes and Glos 1979, Benes and Majer 1980) but the exact correction requires
knowledge of the adsorption kinetics, seldom available. Analysis of errors caused by this
effect was given by Mizera et al.(2003) for Eu-HA complexation.

In the present paper, applicability of the method was tested for complexation of thorium
with Aldrich humic acid. Thorium hydrolyzes already at low pH values (2-3, Neck and Kim
2001, Reiller et al. 2003), readily precipitates as hydroxide (Neck and Kim 2001, Walther
2003) and strongly adsorbs on any available surface from its very dilute solutions (Rydberg
and Rydberg 1952). Thus the study of its complexation represents rather difficult problem and
an opportunity to analyze different complicating effects. At the same time, speciation of Th in
its very dilute solutions and properties of its humate complexes are not well known.

Experimental

Reagents and solution preparation

Ultrapure water (Millipore Milli-Q 50 system) and A.R. reagents were used for preparation of
all solutions in this work. Carrier-free 2*Th was prepared by dissolution of UO2(NOs),.6H,0
crystals in diethylether, purification of ***Th in the aqueous phase thus formed by extraction
with several portions of diethylether saturated with nitric acid and final separation of **Th
from traces of uranium by anion exchange using Ostion AT 807 resin and solution in 9.5M
HCI. For further use, **Th was transformed into Th(CIO,)s form and stored in 1M HCIO,.
Purification, characterization and preparation of stock solutions (500 mg/L) of Aldrich humic
acid were described in detail previously (Mizera et al. 2003).

Experimental solutions were prepared in 50 mL polypropylene vessels by mixing
stock solution of #*Th with water, 0.1 M NaOH and humic acid (in this order) so as to obtain
the desired pH and concentration of humic acid and thorium. Other concentrations of thorium
than “carrier-free” (<< 107 M) were obtained by addition of **Th at beginning of the mixing.
The ionic strength of the solutions was maintained at 0.01 mol/L. The solutions were used for
experiments 24 hours after their preparation. Before the use, pH of each solution was
measured and, if necessary, readjusted.

Apparatus and procedures

The apparatus and procedure for free-liquid electrophoresis used in this work were
described in detail earlier (Benes and Glos 1979, Benes and Majer 1980). The electrophoretic
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cell consisted of three parts made of plastic tubings connected with two three-way Teflon
stopcocks. The central part of the cell was filled with working solution labelled with 2*Th, the
side arms contained a working solution of the same pH and composition except for the label.

The electrophoretic experiments were carried out at a constant current (around 1 mA,
with potential difference at the electrodes 230-240 V) at 22 + 3 °C. The electrophoretic
mobilities were calculated from the relationship

_k-V Ao+ A

+ ()

u= .
O7 it A+KA A A A A )

Here x (in S.cm ™) is the specific conductivity of the solution, V (in ml) is the volume of the
central part of the cell, i (in A) is the mean current during the electrophoresis, t (in s) is
duration of electrophoresis. A.) stands for the activity of thorium found after the
electrophoresis in the side arm close to cathode (anode), A"y is the activity of thorium
desorbed from the wall of the corresponding side arm, A is the activity of thorium found in the
central part after the electrophoresis and A" is the activity desorbed from the central part. k is
coefficient depending on the kinetics of thorium adsorption in the central part during
electrophoresis. Its value was set equal to 0.5, corresponding to a linear Kkinetics of the
adsorption.

In all experiments, thorium was desorbed from the cell for 1 h using 1M HCI. Percentage
of thorium adsorption loss on the central part of the cell as well as overall activity balance
were calculated from all measured activities. The activity balance served as check for
unaccounted activity losses during the experiments. In most cases, its values deviated from
100% by less than 5%, but deviations up to 20% were also encountered. Total adsorption loss
of thorium on the walls of mixing vessel prior to electrophoresis was calculated from the
difference between activity filled into the cell and that added to the mixing vessel (represented
by a standard). All activity measurements were made by liquid scintillation counting in glass
vials using Triathler Multilaber Tester and Rotiszint eco plus scintillation cocktail. No
correction was necessary for the presence of humic acid at concentrations used in this work.
Specific conductivity of the solutions was determined with a conductometer OK 102/1
equipped with a bell electrode OK-9023 (Radelkis, Budapest), pH was measured with
combined glass electrode and Orion 525A pH meter.

Results and discussion

Electrophoretic mobilities and sorption data presented in this paper are the mean values
obtained by two to four independent experiments carried out with one (two experiments) or
two (more experiments) thorium solutions. Their accuracy depends on the concentration of
thorium used and on the adsorption of thorium in the electrophoretic cell. Due to the number
of data needed for their calculation (Eqg. 4) and to the small number of repeated experiments it
is difficult to give any exact error for the mobilities presented. However, our long time
experience with the method suggests that the total error of mobility determined usually does
not exceed + 0.3x10 cm?s™ V! and can be due to the inaccuracy of the measurement of

130



o
N

|

=
(¢;]
N
N
(¢}
w
w
1
N

4.5

Fig.1: Mobility of thorium (in 10* cm?®s™ V'l) in solutions of 0.01 M (HCIO4 + NaClOy) as a function of
pH and initial concentration of Th: 1 — 1x10° M, 2 = 1x10° M, 3 — 1x107 M, 4 — carrier-free ?**Th.

thorium distribution in the cell (including cross-contamination in filling and sampling of
solutions in the cell and errors of activity measurements), to the diffusion of neutral or
equipolarly charged species of thorium (e.g. cations towards anode) and to the problems in
accounting for thorium adsorption in the central part of the cell.

The first experiments were carried out in absence of humic acid with the aim to obtain the
baseline data on the mobility of inorganic thorium species. Electrophoresis of thorium at pH
2-4 was studied as a function of thorium concentration (Fig. 1). It can be seen that thorium
migrates predominantly to cathode. Its mobility towards anode is small and with the exception
of carrier-free 2*Th it may be within experimental errors (_u = 0.06 — 0.29x10 cm?s*V™?).

The positive mobility decreases with increasing pH and with decreasing concentration of
thorium. Similar changes were found by Mizera et al. (2001) for mobilities of europium in the
concentration range 3.4x10® - 1.7x10° M and at pH 3-6. The authors explained the decrease
by a large adsorption of Eu on the central part of electrophoretic cell which was not well
corrected for in the calculation of mobility due to lack of knowledge of the adsorption
kinetics. This explanation was supported by a similarity of the adsorption increase and of the
mobility decrease observed. Rather large adsorption losses were found also for thorium. They
are depicted in Figs. 2 and 3 as a function of pH and concentration of thorium. Comparison of
the adsorption data with mobilities +u shown in Fig. 1 reveals that no simple correlation exists
between them, although some of the partial changes show similar tendency. Moreover, the
calculation using method by Mizera et al. (2003) of maximum possible errors caused by an
incorrect assumption on the adsorption kinetics has shown that the errors can hardly account
for the large .u decrease observed in Fig. 1.
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Fig.2: Adsorption loss (in % of introduced activity) of thorium from solutions of 0.01 M (HCIO, +
NaClO,) on central part of electrophoretic cell as a function of pH and initial concentration of Th: 1 —
1x10° M, 2 = 1x10°M, 3 - 1x107 M, 4 — carrier-free 2*Th.
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Fig.3: Adsorption loss (in % of introduced activity) of thorium from solutions of 0.01 M (HCIO,4 +
NaClO,) on mixing vessel as a function of pH and initial concentration of Th: 1 — 1x10° M, 2 — 1x10®
M, 3 — 110" M, 4 — carrier-free **Th.

Another effect of the adsorption can be a shift in equilibrium among thorium forms prior
to or during electrophoresis accompanied by a decrease in .u. However, such a shift cannot
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take place between Th** and mononuclear products of its hydrolysis, where equilibrium
establishes rapidly. Polynuclear products of the hydrolysis or colloidal hydroxide with
possibly slower formation/dissociation kinetics should not exist under conditions used in this
work (Neck and Kim 2001) so that the main reason for the decrease in .u is simple hydrolysis
of thorium and formation (at < 10° M Th concentration) of pseudocolloids by adsorption of
Th(OH),*™* cations (n = 0-3) on colloidal impurities ever present in solution. Existence of
pseudocolloids can explain the negative mobility of carrier-free **Th and the dependence of
U on the concentration of thorium. Abundance of pseudocolloids is known to decrease with
increasing metal concentration and their negative charge can be reversed by adsorption of
polyvalent ions (Benes and Majer 1980).

The adsorption on mixing vessel and central part of electrophoretic cell may well bring
about shift in ratio between dissolved and pseudocolloidal forms of thorium. This is one of
reasons why the electrophoretic data cannot be easily used for analysis of formation and
properties of thorium pseudocolloids. On the other hand, formation of pseudocolloids causes
problems in the study of speciation of thorium (and other metals) at trace concentrations.

Addition of humic acid brings about decrease in .u and increase in _u of thorium. Extent
of these changes depends on the concentration of humic acid (Fig. 4) and thorium (Fig. 5).
The changes are mainly due to the formation of negatively charged or neutral ThHA
complexes. It was interesting to examine possible effects of thorium adsorption on the
changes in +u and .u. Therefore the data on thorium adsorption in the absence and presence of
humic acid were compared and correlations between the changes in the adsorption and in the
mobilities were sought.
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Fig.4: Mobility of 1x10” M thorium (in 10* cm?s™ V'l) in solutions of 0.01 M (HCIO, + NaClO,) as a
function of pH and initial concentration of Aldrich humic acid (in mg/L): 1 -0,2-0.1,3-1.0,4 - 10.0.
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Fig.5: Mobility of thorium (in 10* cm? s V) in solutions of 0.01 M (HCIO, + NaClO,) and 10 mg/L
Aldrich humic acid as a function of pH and initial concentration of Th: 1 — 1x10° M, 2 — 1x10° M, 3 —
1x107 M.

It has been found that addition of humic acid can significantly change the adsorption of
thorium due to its bonding into ThHA complex. The changes vary with pH, concentration of
thorium and humic acid, but the trends are difficult to identify and interpret. As an example,
Fig. 6 presents some data for comparison with those in Fig. 2. Different trends have also been
found between adsorption on mixing vessels and central part of the cell. E.g., addition of 10
mg/L HA completely suppressed adsorption of 10° and 10° M Th on the mixing vessel,
whereas similar adsorption on the cell increased (cf. curves 1, 2 in Figs. 2 and 6). The
difference may be due to different material of the vessel and cell, but also due to different
conditions in the adsorption: freshly prepared or aged solution, time of contact, surface area to
volume ratio.

The variability of the changes and difficulties in their interpretation make any exact
prediction of their effect on ,u and .u impossible. It is, however, clear that unless the
adsorption is extremely high, errors due to the lack of knowledge of the adsorption Kkinetics
(see above) cannot significantly contribute to the pronounced decrease in .u upon addition of
humic acid documented in Figs. 4 and 5. As regards the possible shift in thorium speciation,
an increase in the adsorption by the addition of humic acid indicates that ThHA complex is
adsorbed more than the (positively charged) inorganic species of thorium. Since the
equilibrium between the inorganic species and ThHA complex can re-establish slowly
(Choppin and Cacheris 1986, Davis et al. 1999) and thus the original composition of solution
prior to the adsorption need not be re-established during the electrophoresis, the higher
removal of ThHA complex from the solution can bring about an increase in .u measured. The
opposite effect can take place if the inorganic species are more adsorbed than ThHA. Then .u
can decrease due to a high adsorption.
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Fig.6: Adsorption loss (in % of introduced activity) of thorium from solutions of 0.01 M (HCIO,4 +
NaClO,) and 10 mg/L Aldrich humic acid on central part of electrophoretic cell as a function of pH and
initial concentration of Th: 1 — 1x10° M, 2 — 1x10° M, 3 — 1x10" M.

No significant correlation between the decrease in .u and increase in thorium adsorption
has been found except for the adsorption of 10° M Th from the solution of 10 mg/L HA on
the cell as a function of pH (cf. differences between Figs.1 and 5 with those between Figs.2
and 6) and the adsorption of 107 M Th on the mixing vessel as a function of pH at 0.1 mg/L
HA or concentration of humic acid at pH 2 (not shown here). In both the cases, the adsorption
increases upon addition of humic acid so that the value of .u measured can be higher than the
correct one (see below).

Thorium mobilities presented in Figs. 1, 4 and 5 can be used for calculation of the
abundance of ThHA complexes using Eq.(2). Basic problem is that pseudocolloids of thorium
with unknown mobility and abundance are present in solutions of pH 2-4 with no humic acid
added and < 10° M Th, and it can hardly be assumed that their ratio to dissolved cationic
forms of thorium will not be affected by addition of humic acid (see Introduction). Thus .u
mobilities measured in the above solutions are not suitable for use as .Uy representing
mobility of remaining positive forms of thorium. It is more feasible to assume that the
existence of thorium pseudocolloids will be completely suppressed by the addition of HA and
to use as +Uo for the calculation the values of .u measured in the solution of 10° M Th (Fig.
1), where the abundance of thorium pseudocolloids is obviously negligible. Results of such
calculation (mode A) are presented in Tablel. For comparison, results of calculation using
“unsuitable” values of .up are also shown (mode B). The data in Table 1 represent means of
values calculated by combination of all measured values of .u and .up for the given
conditions, errors attached are the ranges of variability of the data.
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Tablel: Abundances of ThHA complexes (in %) calculated using Eq.(2) and mobilities +U from Figs. 4,
5 assuming that the mobility .ug (in absence of HA, Fig. 1) is equal to the mobility of 1x10° M Th
(mode A) or of the corresponding concentration of thorium (mode B).

Mode r/r;rc?lljl(i r/r];'g'?lz pH 2 pH 3 pH 4
A 107 0.1 53.8 + 10.0 90.3 + 4.2 92.4+1.9
A 107 1.0 90.8+1.8 95.2+ 1.7 925+3.2
A 107 10 92.2+0.8 89.3+ 1.9 92.6+25
A 10°® 10 99.4 + 0.6 97.4+1.2 97.2+2.4
AB 10° 10 54.6 + 2.5 89.4+1.1 97.3+1.2
B 107 0.1 19.5+19.5 43.1+26.7 49.7+12.8
B 107 1.0 83.2+4.3 71.8+11.1 50.7 + 21.8
B 107 10 87.5+4.0 38.0+13.3 50.8 + 16.6
B 10° 10 98.0 + 2.0 93.4+ 3.4 915+ 7.4

It can be seen that the use of “unsuitable” values of .up results in abundances of ThHA
whose dependence on pH and partially also on the concentration of humic acid contradicts to
the expected trends. Calculation in mode A leads to more consistent and explainable data,
inicating predominance of ThHA complexes under the conditions studied. The abundance of
ThHA does not depend on pH (2-4) except for conditions when the concentration of thorium
approaches saturation of complexing capacity of humic acid present in solution. Practically
complete complexation of thorium with humic acid is observed for 10° M Th and 10 mg/L
HA at pH 4 as well as for 10° M Th. The small deviation from 100% can be at least partially
due to neglecting the small background values of .u caused by diffusion (cf. above). The data
obtained in mode A on %ThHA for 107 M Th are lower and do not seem to depend on pH and
concentration of humic acid (with one exception). This contradicts to the expected trends and
can be explained only by an error in their calculation. Very probably the error is due to the
high adsorption losses of thorium, which result in incorrectly high values of .u measured (see
above).

Of special interest is the saturation of complexing capacity of humic acid with thorium,
indicated by the data in Table 1 for 107(10°) M Th and 0.1(10) mg/L HA. The only other
reasons for the observed decrease in %ThHA with decreasing pH can be formation of
positively charged ThHA complexes, which is very improbable, and large adsorption loss of
ThHA. However, neither the pH dependence of thorium adsorption nor the effect of humic
acid concentration correlates with that of %ThHA (see, e.g. Fig. 6).

The complexation capacity of humic acid can be expressed using concentration of humic
acid (/HA/, in mg/L), its proton exchange capacity (PEC, in mol/kg) and the degree of
dissociation of complexing (here carboxyl) sites of the acid (o), determined by acidobasic
titration of the acid:

CCha = 10 /HA/ PEC. o (5)
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In Table 2, complexing capacities calculated using Eqg. (5) and data on PEC and o taken from
Mizera et al. (2003) are compared with the concentrations of ThHA, calculated from /Thj
and %ThHA values given in Table 1. As can be seen, concentrations of ThHA formed in the
solution exceed complexation capacities of humic acid for bonding of monovalent cations,
represented by the concentration of available dissociated sites (COQO") of the acid. The effect
increases with decreasing pH. Considering that thorium cations participating in the
complexation under studied conditions carry higher charge than 1 (up to 4+), the exceeding of
CCua is still more pronounced and means that either the complexation proceeds at least
partially by displacement of H* from non-dissociated COOH groups of humic acid or
positively charged ThHA complexes are formed. The latter possibility is not supported by
data on the negative mobility of ThHA complexes (see below).

Table2: Comparison of complexation capacities CCya and /ThHA/ concentrations (both in mol/L) in
solutions of 10" M Th + 0.1 mg/L HA and 10° M Th + 10 mg/L HA.

Compared values pH 2 pH 3 pH 4
[ThHA jx10’ 0.538 0.903 0.904
/ThHA x10° 0.546 0.894 0.973

CCuax10" or 10° 0.14 0.84 2.17

The negative thorium mobilities .u shown in Figs.4,5 and the values of %ThHA given in
Table 1 (mode A) were used for calculation of the mean mobilities of ThHA complexes using
Eq. (3). Results are presented in Table 3. Here again, errors attached are the ranges of possible
values calculated from the corresponding ranges found for .u and %ThHA. The results are
calculated without consideration (subtraction) of the small mobilities .u found in the absence
of humic acid (see Fig.1). Control calculations have shown that subtraction of these mobilities
causes only minor deviations from the data shown in Table 3, which mostly lie in the range of
attached errors. Moreover, whatever is reason for the negative mobility of thorium in the
absence of humic acid, the underlying process (e.g. diffusion or migration of unknown
thorium species) will probably be strongly suppressed in the presence of humic acid.

Consideration of possible effects of adsorption losses of thorium on the values of _urhua
calculated with Eq.(3) suggests that shift of equilibria due to prevalent adsorption of inorganic
(positively charged) forms of thorium over that of ThHA complexes or vice versa will
probably not much influence the values. E.g., when the adsorption of ThHA is higher, the
resulting increase in .u (causing decrease in %ThHA) and decrease in .u measured will
compensate each other and the overall effect on _uthya Will be small. This is probably the case
of data presented in Table 3 for 107 M Th, which can therefore be considered as not much
affected by possible errors in the calculation of %ThHA (see above). On the other hand,
neglecting real kinetics of thorium adsorption on central part of electrophoretic cell (i.e.
assuming k = 0.5 in Eq.(4) instead of a correct lower value) can result in lower .u and _u
values, which will cause even larger decrease in _Uthya.
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Table 3: The mean mobilities of ThHA complexes (_LUthya, in 10* cm? st V'l) in solutions of 0.01 M

(HCIO4 + NaClOy) as a function of pH and initial concentration of thorium and humic acid.

e pH 2 pH 3 pH 4
10”7 0.1 0.74 +0.12 1.39 +0.11 2.21+0.14
107 1.0 1.31+0.15 2.36 + 0.27 2.52 +0.10
107 10 1.43 +0.04 2.53+0.10 2.25+0.25
10° 10 1.26 +0.27 1.83 + 0.07 2.72+0.20
10° 10 0.87 +0.26 0.55 + 0.08 0.69 + 0.34

Data in Table 3 show that the values of _umnya generally increase with pH and decrease
with increasing /Th p//HA] ratio. These effects can be explained by the higher dissociation of
COOH groups of humic acid at higher pH values and by neutralization of negative charge of
humic acid with thorium cations bound to ThHA complex, respectively. The former effect
does not take place at 10 M concentration of thorium where precipitation of thorium humate
was observed. In contrast, it is most pronounced in the solution of 107 M Th and 0.1 mg/L
HA with the same ratio /Thj //HA/and the same value of _umnpya at pH 2. Very probably the
precipitation can somehow mask the increase of charge of ThHA with pH. The other two
solutions with the same /Thj//HA] ratio, i.e 10°(107) M Th + 10(1.0) mg/L HA, are
characterized by very similar values of _urhua (except for pH 3). At pH 4 no obvious effect of
/Thp//MA/ratio on _Uthua is found.

The most important conclusion drawn from Table 3 is that the negatively charged ThHA
complexes are formed even in conditions when the complexation capacity of dissociated
COOQO" groups of humic acid is more than completely saturated with thorium cations (cf. Table
2), i.e. the large surplus of positive charge of thorium cations in the formation of ThHA
complexes does not bring about total neutralization of the negative charge of humic acid. Data
in Table 3 do not provide any support for possible formation of positively charged ThHA
complexes. Such complexes are certainly not formed at pH 4, as the corresponding u values
shown in Figs. 4,5 are very small. Their significant presence at lower pH values should be
indicated by higher ,u values and should result in a decrease of _urnya With decreasing pH,
which was observed for 107 M Th but not for 10° M Th. Thus at least for 10° M Th the
presence has to be excluded.

The last question to be solved is whether the results obtained and their interpretation are
affected by kinetic lability of ThHA complexes, i.e. by dissociation of the complexes and
exchange of thorium or its label between ThHA and non-complexed (inorganic) forms of
thorium (cf. Introduction). The ensuing mutual retardation of migration of the oppositely
charged thorium species would diminish measured mobilities .u and .u and would result in
higher %ThHA and in lower _urhya Values. Such effect was found in the study of formation of
EuHA complexes (Mizera et al. 2003) under conditions of higher loading of humic acid with
europium, when the mobility .u of europium was lower than that of humic acid
simultaneously present. Due to this effect, the abundance of metal humate determined by
electrophoresis must be regarded as maximum possible value for given conditions, which was
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also corroborated by comparison of results of electrophoresis with data obtained by other
methods (Benes et al. 2004).

It is not easy to assess importance of the effect only from the electrophoretic data
presented and comparison with %ThHA obtained by other methods can be recommended.
However, the effect can surely be neglected in cases where ThHA complexes predominate
and abundance of positively charged thorium species is very low. Analysis of mobility data
for 10° M Th (Fig. 5) characterized by a large +u at pH 2 also does not suggest any retardation
of thorium migration towards anode as the value of _u is the same at pH 2 and 3, although the
corresponding values of .u are very different. The only case where the effect could be
pronounced is probably indicated by the decrease in .u with decreasing pH in the solution of
107 M Th and 0.1 mg/L HA, accompanied by the increase in .u. Particularly the mobilities
measured at pH 2 can be lowered due to the mutual retardation and therefore the
corresponding values of %ThHA (53.8%, Table 1) and of _unua (0.74x10™ cm? st V', Table
3) can be too high or low, respectively. The maximum possible error caused by this effect can
be assessed in the following way: The maximum possible value of _umyya IS undoubtedly
limited by the neighbouring values in Table 3 (1.31 or 1.39x10™ cm? s™ V%) since _urhua can
hardly increase with decreasing pH or /HA///Th] ratio. Taking 1.3x10* cm? s* V! as the
maximum possible value, calculation using the measured .u value and Eq.(3) gives 28.5% as
the minimum possible value of %ThHA. This value still conforms to conclusions drawn above
(cf. Table 2).

Conclusions

The free-liquid electrophoresis can be used for analysis of thorium complexation with humic
acids in solutions of pH 2-4 containing 10° M or lower concentration of thorium where
thorium migrates to cathode in the absence of humic acid. Abundance of thorium humate
complex (%ThHA) can be calculated from the decrease in the cathodic mobility of thorium
upon addition of humic acid. For this purpose, cathodic mobility of 10° M Th in the absence
of humic acid has to represent mobility of mononuclear cationic forms of thorium (Th** and
hydroxocomplexes). At lower concentration of thorium pseudocolloids exist and at higher
concentration polynuclear hydroxocomplexes and colloidal hydroxide can be formed, which
change the mobility of thorium in the absence of humic acid. Accuracy of determination of
%ThHA depends on the value of %ThHA and on the adsorption of thorium prior to
electrophoresis on the mixing vessel and during electrophoresis on the electrophoretic cell.

If %ThHA is close to 100%, the large adsorption can exert only minor effect on its value,
which can be lowered due to a shift of equilibrium between ThHA complexes and cationic
thorium species in favour of the latter, caused by the adsorption. Such effect was probably
responsible for the lower values of %ThHA found in this work for 107 M Th. A small
decrease in calculated %ThHA can be also due to neglecting of the diffusion of neutral
thorium species towards cathode and cross-contamination during filling and sampling of
solution in electrophoretic cell.
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The accuracy of %ThHA values lower than about 90% is generally worse for several
reasons. One of them can be kinetic lability of ThHA complex, which can result in an increase
(positive error) of %ThHA. Similar but smaller error may be caused by incorrect assumption
on the linearity of time dependence of thorium adsorption during electrophoresis (k = 0.5 in
Eq.(4)). A shift in equilibrium between ThHA and non-complexed forms of thorium due to a
large adsorption can bring about positive or negative errors in %ThHA when adsorption of the
uncomplexed forms or ThHA prevails, respectively. In this paper, none of these effects was
identified with certainty, although the adsorption losses were quite large and adsorption of
ThHA prevailed in conditions favourable for existence of the effects. Nevertheless, %ThHA
values lower than 90% presented in this paper should be considered as maximum possible
values for the given conditions.

Anodic mobility of thorium in the presence of humic acid divided with the corresponding
%ThHA yields the mean mobility of ThHA complexes under given conditions. Accuracy of
the value of _urhua thus obtained depends on the accuracy of %ThHA and on the effects of the
adsorption. While shift of the equilibrium in solution due to the adsorption can have only a
small effect, an incorrect assessment of the adsorption kinetics can result in a significant
decrease in _uthya. Thus _umpa values obtained can be considered as minimum possible
values. The error possible can be diminished by neglecting of the contribution of negative
“background” mobility of thorium caused by the diffusion and cross-contamination.

Results of this work indicate virtually complete complexation of thorium with Aldrich
humic acid when a surplus of total complexation capacity of the acid over thorium
concentration exists in the solutions studied. However, some results also prove that the
complexation capacity of the acid based on its dissociated COO™ groups can be significantly
exceeded in the complexation if /Thj //HA] ratio is large enough. This indicates that under
such conditions the complexation proceeds at least partially by displacement of H* ions from
non-dissociated COOH groups. The mean anodic mobilities _utnya found mostly increase with
pH and decrease with increasing /Thj //HA] ratio. However, complete charge neutralization
of humic acid is not found even in cases, when ThHA complexes are formed under large
excess of positive charge of thorium cations over dissociated carboxyl groups of humic acid.
Although formation of positively charged ThHA complexes cannot be excluded for one set of
the conditions studied, no evidence for existence of such complexes has been found.
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The Assessment of Mean Molecular Weight of Aldrich humic Acid (HA)
Using MMWM-Model and Experimental Data on Eu-HA Complexation

Stamberg K. and Benes P.

Czech Technical University, Department of Nuclear Chemistry, Brehova 7, 115 19 Praha 1, Czech republic

Abstract

The mean molecular weight model, MMWM (Stamberg et al., 2003), and the results of Eu-HA
complexation study by dialysis and ion exchange methods (Benes et al., 2004) were used for
assessment of mean molecular weight of Aldrich humic acid, MHA. The humic acid was
purified/protonated by the procedure described by Kim (Kim et al., 1990). The assessment was
made for the following conditions: initial Eu(111) concentration 1.17x10™ mol/L, 10 mg/L HA, ionic
strength 0.1, pH 4 and 6, HA loading with Eu equal to 50 %. The molecular weight was assessed by
comparison of the abundance of Eu humate, %EuHA, calculated by the MMWM-model for pH 4
and 6 as a function of MHA, with the experimental data obtained as %EuHA for the same values of
pH, i.e., for pH 4 and 6. The comparison points to the values between approx. 0.6 kDa for pH 4 and
1.6 kDa for pH 6. This interval is in relatively good agreement with the measurements using the
AFFFF and TOF-SIM techniques (Wolf et al., 2004) and indicates the influence of pH on the
aggregation of HA in the presence of Eu(lll).

Linear dependences, calculated by means of MMWM model, exist between charge (p{-}) of HA
molecules and MHA; naturally, the charge depends on pH. In the case of low values of the charge,
i.e. if valency of the metal z{+} > p{-}, the formation of the larger entities type of Me,HA, can be
expected.
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1 Introduction

Many data and informations exist in the literature which support the concept of macromolecular and
polydisperse character of humic substances (HS). Depending on the type and origin of HS, on the
way of their isolation and pretreatment or purification, their molecular weight was reported to lie in
the range approx. from 107 to 10° dalton (see, e.g. Swift, 1989).

Using new techniques such as AFFFF (Asymetrical Flow Field-Flow Fractionation, for size
distribution) or TOF-SIMS (Time-of-Flight Secondary lon Mass Spectrometry, for mass
distribution) quite different results were obtained indicating that the mean molecular weight of HS
can be much smaller, somewhere between 10% and 10° dalton. Earlier data were explained as due to
an aggregation of individual molecules of HS (Wolf et al., 2004). In the last HUPA meeting in
Karlsruhe, new results of size distribution measurements conducted by AFFFF with different humic
and fulvic acids at different degrees of ligand loading with Eu®* were reported by M. Wolf. For
humic acid an increase in size distribution was found for high metal loading. The results may
indicate generation of larger entities with complexation at high metal ion ligand loading (Buckau,
2004).

With the aim to contribute to the knowledge of molecular weights of humic acids and of the
associated effects of metal ion complexation, we have used the MMWM (Mean Molecular Weight
Model) model (Stamberg et al., 2003) and the experimental results of Eu-humic acid complexation
study by dialysis (DIA) and ion exchange (IEX) methods (Benes et al., 2004) for assessment of
mean molecular weight of Aldrich humic acid (MHA). The approach employed consisted in two
steps: (1) the calculation of %EuHA = f(MHA) for pH 4 and 6 using MMWM model, (2) the
comparison of the calculated results with experimental data expressed as %EuHA for pH 4 and 6
and deduction of MHA values. The main goal was to compare the values of MHA assessed for pH 4
and 6 and for HA loading with Eu(lll) equal to 50 %, with the above mentioned results of AFFFF
and TOF-SIMS techniques.

2  MMWM-model and the description of Eu-HA complexation

At first, let the MMWM be briefly described (Stamberg et al., 2003). For the sake of simplicity it is
assumed that the complexation takes place at pH <8 - 8.5, i.e., only with dissociated carboxylic
groups of humic acid, namely with so called strong carboxylic groups (HAS™, more acidic) and so
called weak carboxylic groups (HAW™, less acidic); this classification is based on the evaluation of
titration curve of Aldrich HA (Stamberg et al., 2003). In accordance with the results of
electrophoretic measurements (Mizera et al., 2001), the complexation reactions can be written as

a.Me?* + HAS™ = Me,HAS(2?" a=123,.....8mx, amx = INz| (13
b.Me** + HAW™ = Me,HAW ™22 b=12,3,.....0mx; bmax= |Miz| (1b)
If both the reactions occur simultaneously (probably above pH 4), then
(a + b).Me* + (HAS"™ + HAW™)P = (Me,HAS 39" + Me,HAW™ P2 P-azb2)- (2)
(HAS"+ HAW™)?" in Eqg. (2) denotes one mole of HAP" with total charge p- = n- + m- where n- is

contributed by dissociated carboxylic groups of type “S” (HAS™) and m- by dissociated carboxylic
groups of type “W” (HAW™). Similarly the sum (Me;HAS™#?" + Me,HAW™P2)(P3202- dangtes
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one mole of HA whose carboxylic groups HAS + HAW are occupied by cations (a + b)Me*". In
Egs. (1a, 1b and 2), polyanionic molecule HA represents central ion in the complex formation, in
contrast to the classical concept of complex formation where this role is played by a cation. The
maximum values of stoichiometric coefficients, amax and bpax, should correspond to the zero charge
of the complex for a given pH. This is, however, valid only if n- and m- are divisible by z (leaving
no remainder), otherwise the “last” complex can be positively charged with maximum charge equal
to (z-1)+. Symbol Me* in Egs. (1a,b) and (2) stands for any cationic form taking part in the
complexation including, e.g., hydroxocomplexes.

Stability constants for reactions (1a) and (1b) are defined as

. _ [Me, HAS 22 ] B

_ [Me,HAW (2]
= e Flas™ | @)

“ ~ [Me PlHAW™ ]

KW,

The charges n (= mol LS/mol HA) and m (= mol LW'/mol HA) can be calculated from

n=MHA.Qis=MHA.QXs/(1+Ks. [H+]) (5)
m=MHA . Quw = MHA . QXiw /(1 + Kuw. [H']) (6)

where: LS and LW denote the dissociated carboxylic groups of strongly and weakly acidic type,
respectively; Qs and Q. are their concentrations, in mol COO™ /kg HA; QXis and QX are the
total concentrations, i.e. dissociated + nondissociated, in mol/kg HA; and K. s and K. are the
protonation constants of these groups.

As for the stoichiometric coefficients, for example in the Eu(lll) - HA system, a; is equal to the
molar ratio of Eu and HAS in the i-th complex Eu,HAS, whereas the experimentally determined
ratio [Eul/[HA] i.e. its average value ([Eul/[HA])mean represents the ratio of total molar
concentrations [Eu] and [HA] in solution for given conditions. Therefore (a;)mean IS defined as

(@) e = [ [Eu)-[Eul.., j ™

[HA] - [HA] .

where [Eulee (e.9., [Eu®*], [EUOH?"]) and [HAJsee are the equilibrium molar concentrations of
noncomplexed forms in solution. In addition, it holds that a; < amax and b; < bpax , i.€. that these
coefficients depend on pH and MHA, too. Consequently, the assessment of a; (or b;) based on
[Eu]/[HA] is the more accurate the higher is the extent of complexation between Eu and HA. The
exact determination of stoichiometric coefficients is not, however, crucial for the regression of
experimental data, as several coefficients are usually used in the computing (al — a3, or bl — b3))
and their suitability is judged (or the coefficients are corrected) by the quality of the fit.

As shown above, the values of constants KS, and KW, depend on the values of stoichiometric
coefficients. From this point of view, there are two important equations in the paper (Stamberg et
al., 2003) derived for | = 0.1 on the basis of evaluation of experimenal data, namely:

log KSa=5.911a +1.621 (8) and log KW, =7.342 b; + 1.261 (9)
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3 Results and discussion

In the first step, the new speciation code based on MMWM model was constructed and then the
abundances of individual species, i.e., Eu**, Me,HAS™?" Me,HAW™? (Me,HAS™2- +
Me,HAW™P2)Pazba- = eyHA for different values of MHA were calculated as a function of pH.
In the course of iteration calculations, it was also looked for the values of stoichiometric
coefficients a;, ay, as and by, by, bz, and for the values of corresponding stability constants (see
equations (8) and (9)). In addition, the charges of HA molecules for pH 4 and 6 as a function of
MHA were computed using equations (5) and (6) .

The following input data were used:

Kis = 1.99x10% Ky = 6.3x10%; Kipn = 9.52x10 (protonisation constant of phenolic groups);

Q21s = 2.41 mol/kg HA; Q21w = 2.14 mol/kg HA; QX1 ph = 2.45 mol/kg HA,

PEC = QZLS + QZLW + QZLph =7 mol/kg HA;

CEup = 1.17x10® mol/L Eu(l11); CHA, = 10 mg/L Aldrich HA;

HA Loading with Eu(l11) =50 %; | = 0.1;

MHA= 0.6-125-25-5-10kDa.

The parameters characterizing the humic acid purified by the procedure described by Kim et al.
(1990) were taken from Stamberg et al. (2003). Conditions (CEuy, CHA,, HA Loading and ) were
the same as used in obtaining experimental data (Benes et al., 2004).The values of %EuHA,
calculated for pH 4 and 6 as a function of MHA, are shown in Fig. 1 together with the
corresponding charges p- = n- + m-.

120
DIA, IEX pH 6
100 -+
S -
¥ %EUHA
80 pH 4
S
60 -
Y DIA, IEX pH 4
/
40 1 pH 6
20 pH 4
0
0 2 4 6 8 10 12
MHA [kDa]

Fig. 1: a) %EuHA = f(MHA) and charge p{-} = f{(MHA) calculated by MMWM model,
b) %EuUHA determined by DIA and IEX methods
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In the second step, the calculated values were compared with experimental data obtained by dialysis
and ion exchange (Benes et al., 2004). %EuUHA determined for 1 = 0.1 and Loading = 50 %
amounted to 35 % at pH 4 and 84.5 % at pH 6. As can be seen in Fig. 1, molecular weight derived
from the comparison is approximatelly 0.6 kDa for pH 4 and 1.6 kDa for pH 6.

Furthermore, data in Fig. 1 show that linear dependences exist between the charge and MHA. The
charge also depends on pH due to increase of dissociation of carboxylic groups with growing pH.
The charge/valency p{-} of HA molecules can attain very low values, especially at pH < 4 and
when the size decreases below 1 kDa. As an example, the selected values of pH, MHA and p{-} are
summarized in Tab. 1.

Tab. 1: The values of the charges p{-} of HA molecules for the given pH and MHA

pH MHA p{-} pH MHA p{-}
[kDa] [kDa]
4 0.5 1.02 6 0.5 1.85
4 1.0 2.04 6 1.0 3.71
4 15 3.06 6 15 5.56
4 2.0 4.08 6 2.0 7.42
4 3.0 6.12 6 3.0 11.12
4 5.0 10.20 6 5.0 18.54

The large span of charges p{-} can have interesting implications. Depending on the ratio of
valencies of the cation M** and anion HAP, different mechanisms can be considered for the
complexation, where the cation and the anion play role of either central ion or ligand. The boundary
between these two possibilities can depend on pH and size of HA molecules (MHA), particulary at
high loading of HA with the metal. If z{+} > p{-}, the complexation could result in formation of
larger entities of Me,HA, type consisting of several HAP molecules and at least one ion Me*".
These entities may be responsible for the changes in size distribution of EUHA molecules observed
by AFFFF method (see Introduction).

4  Conclusions

1. Mean molecular weight (MHA) of Aldrich HA was assesed using MMWM model and
experimental data obtained by DIA and IEX methods.

2. At first, the %EuUHA values were calculated as a function of pH for given values of MHA; it was
found out that %EuHA depends not only on pH but also on MHA, especially if MHA < 5 kDa.

3. As a result of comparison with calculated data, the values of %EuHA obtained with DIA and
IEX methods point to the molecular weight of Aldrich HA between approx. 0.6 (for pH 4) and
1.6 (for pH 6) kDa. This interval seems to be in relatively good agreement with measurements
of Wolf et al. (2004) (M, = 445 Da, M,, = 626 Da, size range = 150 - 3000 [5000] Da),
especially if the influence of Eu(lll), resulting in sligth increase in size distribution (Buckau ,
2004), is taken into account.

4. Linear dependences exist between charge, p{-}, of HA molecules and MHA; furthermore, the
charge logically depends on pH. In the case of low values of MHA and/or charge, the formation
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of the entities of Me,HA, type can be expected in the course of complexation of Me*" with
HAP if z{+}> p{-}.
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Abstract

The impact of temperature on the stability of the humic acid Gohy-573(HA) is studied. The
studies are made both in order to add general knowledge about humic acid but also in order to
provide the basis for experimental setup of studies, and judgment of published data, on the
metal ion humate complexation as a function of temperature. Methods applied are IR(DRIFT)
spectroscopy as a function of temperature elevation up to 200 °C, and thermogravimetric
analysis (TGA). Both methods are conducted under inertgas atmosphere in order to avoid
burning with air oxygen. The reversibility of changes is also studied by IR-DRIFT spectros-
copy after subsequent storage at room temperature. The results of the IR(DRIFT) measure-
ments agree with the results obtained from corresponding studies based on Temperature-
Programmed Desorption (TPD) experiments by means of MS analysis. Heating of dried
humic acid leads to gradual degradation of the product. From room-temperature up to 110 °C
the water released corresponds to sorbed water (up 60 °C) and to structural water (60 °C to
110 °C) as well as to water produced by condensation of carboxylic acids. Above 110 °C the
decomposition and autoxidation of humic acid starts resulting in the production of CO,, H,O
and CO. According to TGA measurements the water released up to 110 °C is about 7% of the
total mass of the dried humic acid. Out of this water less than 50% corresponds to sorbed
water. The total amount of CO,, H,O and CO released up to 800 °C is about 90% of total mass
of the dried humic acid.

*pspasch@ucy.ac.cy
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Introduction

Humic and fulvic acids consist mainly of carbon, oxygen and hydrogen. In addition small
varying quantities of nitrogen and sulfur are found. Disregarding the latter, the sum formula is
approximately COgsH (Buckau 2004). The thermal stability of humic acid is of interest for
general understanding of the nature of humic acid. Furthermore, deduction of thermodynamic
data (AH and AS) requires studies over a temperature interval. In this context, response of
humic acid to elevated temperature needs to be known. For these reasons, initial studies on
the response of humic acid to thermal treatment are conducted. The release of water, carbon
monoxide and carbon dioxide of humic acid in response to temperature elevation under inert-
gas atmosphere is studied by IR(DRIFT) spectroscopy. Furthermore, the change in mass as a
function of temperature is studies by thermogravimetric measurements.

Experimental

The humic acid Gohy-573(HA) is used. The groundwater is isolated from 140 m depth in the
Gorleben aquifer system. The humic acid originates from microbiologically mediated conver-
sion of Miocene brown coal sand under simultaneous reduction of sulfate dissolving from the
underlying Gorleben salt dome. Details on origin, preparation and characteristic properties of
this humic acid can be found in (Artinger et al. 2000, Buckau et al. 2000a, Buckau et al.
2000b, Kim et al. 1990).

IR spectroscopic analysis of water and carbon dioxide released from humic acid under
temperature elevation up to 200 °C under inert gas was performed by Diffuse Reflectance
Infrared Fourier Transform Spectroscopy (DRIFTS). The DRIFTS spectra were recorded on a
Perkin-Elmer GX FTIR spectrophotometer at a resolution of 1 cm™' and using a high-
temperature/high-pressure temperature controllable DRIFTS cell (Spectra Tech) equipped
with ZnSe IR windows. About 30 mg of humic acid sample in powder form was used for each
experiment. The experiments were carried out under pure argon atmosphere and the total flow
rate was kept constant at 50 scc/min. Spectra collection was performed after thermal pre-
treatment at the appropriate temperature of the experiment to be followed for 30 min. For
FTIR single-beam background subtraction, the spectrum of the background was taken in Ar
flow. FTIR spectra were collected at the rate of 1 scan/s at 1 cm™ resolution in the 800-3000
cm’ range and the averaged spectrum was then recorded. All spectra were analyzed by using
the instrument’s Spectrum for Windows® software provided.

TGA measurements were performed under inertgas atmosphere (N;) using a Shimadzu
Thermogravimetric Analyzer (TGA 50). About 20 mg of humic acid sample in powder form
was used for each experiment and the temperature gradient was 5 °C/min. Three different
types of TGA measurements have been performed: a) temperature increase up to 800 °C with
a constant gradient of 5 °C/min, b) stepwise increase of the temperature from 80 to 130 °C
and thermal treatment of the sample for 0.5 h at each temperature, and c) temperature increase
up to 110 °C and thermal treatment of the sample for 5h at this temperature
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Results and discussion

In Fig. 1, IR-DRIFT spectra of the of Gohy-573(HA) are shown as a function of temperature
elevation up to 240 °C. The spectra in Fig.1 can be distinguished into three groups, namely
the first which includes the spectrum at 25 °C, the second including the spectrum at 100 and
110 °C and the last group consisting of the spectra from 120 to 200 °C.
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Fig. 1: Release of water and carbon dioxide monitored by IR-DRIFT spectrometry upon thermal treatment of Gohy-573(HA)

under inertgas atmosphere.

The spectrum at 25 °C shows the characteristic absorption bands of water (H,0) at 3455 cm’,
of carboxy groups (O=C<) from 1670 to 1500 cm™ and carbon dioxide (COyg) at 2341 and
670 cm™. In the spectra at 100 and 110 °C the bands for water and COx are significantly
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diminished indicating that carbon dioxide and water molecules are removed from the sample
because of temperature elevation . The carbon dioxide, which couldn’t be observed by the
corresponding MS measurements, is most probably carbon dioxide adsorbed at the supporting
material (silica) that was used in order to elevate the level of humic acid in the DRIFT cell.
The removed water molecules correspond not only to adsorbed water but also to structural
water as well as to water produced by the condensation of carboxylic acids, since the adsorp-
tion bands from 1670 to 1500 cm™, are reshaped to a double peak, which is characteristic for
carboxylic acid anhydrites.
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Fig. 2: IR-DRIFT spectra of Gohy-573(HA) under inertgas atmosphere prior, during and after thermal treatment.
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According to the spectra of the third group temperature elevation above 110 °C results in
production of water and carbon dioxide molecules which are produced by the decomposition
of the carboxylic groups and at higher temperatures the auto-oxidation of the humic acid. The
corresponding spectra include the characteristic bands for both, water and carbon dioxide
molecules at 3455 and 2341 cm™ and 670 cm™, respectively. Moreover, the adsorption bands
from 1670 to 1500 cm™ diminish gradually with increasing temperature, indicating on the
decomposition of the carboxylic groups. The IR DRIFTS data are in agreement with the
corresponding MS data obtained by previous experiments and clearly show that the thermal
decomposition of humic acid is a stepwise process starting with dehydration, followed by
decarboxylation and ending up with auto-oxidation reactions.

Figure 2 shows the spectra of the same humic acid prior thermal treatment at 25 °C, during
thermal treatment at 120 °C and after keeping the thermally terated sample for 1 h under
normal atmospheric conditions. The similarities between the two last spectra and their differ-
ences from the spectrum of the non-treated sample indicate that the decarboxylation process
of the humic acid is an irreversible process.
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Fig. 3: Thermogravimetric analysis of Gohy-573(HA) under inertgas atmosphere.
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In order to quantify the amounts of water, carbon dioxide and carbon monoxide released TGA
measurements of humic acid samples (about 20 mg) have been performed under pure nitrogen
atmosphere and variable thermal treatment times. Fig.3 shows two thermogravimetric lines
corresponding one to a measurement carried out from 25 to 800 °C with a temperature gradi-
ent of 5 °C /min and another (inserted line) to a measurement between 25 to 130 °C with a
temperature gradient of 5 °C /min and thermal treatment of the sample for 1 h at each
temperature level. According to Fig. 3 the weight loss of the sample up to 110 °C, that corre-
sponds to water release is about 7%. Thermal treatment of the sample under inert gas atmos-
phere up to 800 °C results in a weight loss of about 80% and corresponds to water, carbon
dioxide and carbon oxide produced by the decomposition and auto-oxidation of the humic
acid.
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Fig. 4: Thermogravimetric analysis of Gohy-573(HA) at constant temperature and under inertgas atmosphere.

Fig. 4 shows the thermogravimetric graph obtained by thermal treatment of the sample at 110
°C which according to the MS measurements is the upper limit for the removal of adsorbed
and structural water without further decomposition of the sample (e.g. decarboxylation).
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According to Fig. 4, even after 5 h thermal treatment at 110 °C the relative amount of water
released is about 7 % of sample mass.

Conclusions

The results obtained from the FTIR-DRIFTS studies at various temperatures up to 200 °C are
in good agreement with the corresponding results obtained by TPD-MS studies and clearly
indicate that up to 110 °C only water is released from thermally treated humic acid. This
water corresponds to both physically adsorbed water and structural water or water produced
by condensation processes taking place among carboxylic and phenolic groups. The amount
of physically adsorbed water on dried humic acid is estimated to be about 3%.

Above 110 °C starts the decomposition of humic acid. Under inert gas conditions the first step
is the decarboxylation and the second step the auto-oxidation process, which results apart
from CO,; also in the production of CO and H,O.

Qualitative evaluation based on TGA measurements results in about 7% weight loss corre-
sponding to water released up to 110 °C and almost 70% weight loss up to 800 °C corre-
sponding to the decarboxylation and autoxidation products.
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Annex 12:

Photodynamic Processes of Cm(I11) with different Fulvic Acids
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Photodynamic Processes of Cm(I11) with different Fulvic Acids

Claret F., Rabung Th., Schifer Th., Buckau G.

Institut fiir Nukleare Entsorgung, Forschungszentrum Karlsruhe, P.O. Box 3640, 76021 Karlsruhe

Summary

Photodynamic processes of the Cm’" ion complexed with four different fulvic acids are
discussed. The four different fulvic acids of different origins have different optical properties,
reflected in the fluorescence intensity of the complexed Cm(III) fulvate. The fluorescence
intensity of fulvate complexed curium ion is enhanced relative to the non-complexed aqueous
Cm’" ion. This enhanced fluorescence intensity is shown to be related to the fluorescence
intensities of the different fulvic acids. Contrary to this, the fluorescence intensity from direct
excitation of the fulvate complexed Cm(III) show no significant trend with the fluorescence
properties of the fulvic acids. The study is of somewhat preliminary nature because of the
small number of substances used and the complexity of the involved photodynamic processes.
In order to delineate individual process contributions, organic model ligands will need to be
studied.
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Introduction

Time-resolved laser fluorescence spectroscopy provides different information in relation to
photodynamic processes. Excitation (related to the population of fluorescent states), emission
(release of energy in the form of light from fluorescent states) and the time function of the
emission is the directly accessible information by this analytical method. Indirect information
is obtained also over quenching, i.e. entropy driven loss of energy at lower energies than
observed as light emission. The processes related to complexes of fluorescent ions with fluo-
rescent ligands is schematically described in Fig. 1, on the example of fulvate complexed
Cm(IIl). In addition to excitation, emission and quenching, energy transfer takes place
between the two fluorescent centers, namely the complexed Cm(III) ion and the fulvic acid
ligand. Applying time resolved fluorescence spectroscopy with time resolution in the micro-
second range, direct emission information is only obtained on the emission from Cm(IIl). As
a consequence, individual processes cannot be resolved. This leads to a situation where for
example the coordination of the complexed ion cannot be directly determined. In Annex 1, the
replacement of the water solvent by heavy water (D,0) results in two separate time functions
of the fluorescence decay mainly differing with respect to the quench impact of Cm(III) coor-
dinated water. This difference is used for quantification of the number of water quenchers on
the fulvate complexed Cm(III) ion.

Cm(lll) Fluorescence FA Fluorescence
(microsecond range, (nano-second range,
bi-exponential) several lifetime components)
Energy Transfer

2N

Quenchir.];\/\\/\ Cm-FA \\//\\:Quenching

N

Energy Transfer

Energy Energy
(Excitation) (Excitation)

Fig. 1: Photodynamic processes of Cm(lll) fulvic acid complexes.

In the present study another issue is studied, namely the impact of photodynamic properties of
the organic fulvate ligand on the Cm(III) fluorescence. For this purpose, four different fulvic
acids are used that are isolated from groundwater of the Gorleben aquifer system (see Table 1
and Artinger et al. 2000).

164



Table 1: Origin of fulvic acids used in the study, including the groundwater that the fulvic acids are

isolated from (for details, see Artinger et al. 2000).

Origin of groundwater Depth Predominant origin of fulvic acid
(m)
Gohy-411(FA) Young recharge 17-20 Soil zone
Gohy-421(FA) Young recharge 10-13 Soil zone
Gohy-711(FA) Young recharge 6-9 Soil zone
Gohy-573(FA) Old mixed water 134-137 Microbial lignite conversion
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Fig. 2: Cm(lll) fluorescence intensity as a function of the excitation wavelength.

Results and discussion

Fig. 2 shows the fluorescence intensity (emission band with maximum around 600 nm) of
Cm(III) fulvate complexes at pH 6.0 in 0.1 NaClO, as a function of the excitation wavelength.

These excitation spectra have some common characteristics between the different fulvic acids,
but also some distinct differences. All excitation spectra can be described as increasing fluo-
rescence intensity with increasing excitation energy (decreasing wavelength) in combination

with a separate Cm(III) excitation peak. The interpretation is that the separate Cm(III) excita-
tion peak is that of Cm(III) itself, with a slight redshift resulting from fulvate complexation.
The dotted line in Fig. 2 indicates indirect excitation via energy transfer from the fulvate
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ligand. Both these observations show that the two fluorescent centers (Cm(IIl) and fulvic
acid) are coupled. The coupling results in energy shuffling between these two centers,
however, the individual identity of the Cm(III) electronic system remains clearly visible.

The next question arising is which electronic states of fulvic acid results in the energy transfer
to the complexed Cm(IIl) ion. The Cm(IIl) fluorescent state is a multiplet, indicating the
importance of phosphorescent states of fulvic acid. Such states, however, are expected to be
populated via singlet fluorescent states of the fulvic acid. In this case the Cm(III) fluorescence
originating from indirect excitation, i.e. via energy transfer from the fulvic acid ligand, should
follow the principle trend of the fulvic acid excitation spectrum. As seen in Fig. 3, this is the
case. The respective contributions to excitation of the complexed Cm(III) ion from fluorescent
and phosphorescent states of fulvic acid will depend on their population densities and energy
transition probabilities.
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Fig. 3: Comparison of excitation and emission intensities of the fulvic acid Gohy-573(FA) with the
Cm(lll) fluorescence intensity of that fulvate complex. Data points from Figure 2 with open circles
including fluorescence from direct Cm(lll) excitation.

From Fig. 2, the contributions from direct Cm(III) excitation and its excitation via energy
transfer are determined. They are quantified as follows: The contribution up to the dotted line
is allocated to indirect excitation (energy transfer from the fulvate ligand) and the contribution
from the dotted line to the total fluorescence intensity is allocated to direct excitation of the
complexed Cm(III) ion. The results for 398 and 404 nm excitation wavelengths are shown in
Fig. 4. For 404 nm excitation wavelength there is no significant contribution from direct
excitation. At 398 nm, both direct and indirect excitations contribute significantly. As shown
in Fig. 3, the Cm(III) fluorescence intensity from indirect excitation should be related to the
fluorescence intensity of the fulvic acid itself. Therefore, the results in Fig. 4 are shown as a
function of the fulvic acid fluorescence intensity. The direct excitation of Cm(III) does not
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show a dependency of the fulvic acid fluorescence intensity. Contrary to this, this seems to be
the case for the indirect excitation.
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Fig. 4: Cm(lll) fluorescence intensity evaluated as direct and indirect excitation for different excitation
wavelengths(cf. text).

Conclusions

This study shows that the fluorescence intensity of fulvate complexed Cm(IIl) is strongly
related to the fluorescence properties of fulvic acid itself. This shows that the energy transfer
to the fulvate complexed Cm(III) ion proceeds via population of fluorescent states of fulvic
acid. The results also show that despite coupling of the electronic systems of the reacting
components, the individual character of the Cm(III) electronic system is retained to a large
extent. The present results are of preliminary nature. Reasons are that the number of acces-
sible fulvic acids with significantly different properties is relatively low and scatter of data is
considerable. More important, the fluorescence intensity of fulvic acid referred to is that of
non-complexed fulvic acid and is measured at low energy density, i.e. presumable far away
from saturation of fluorescent sites. Contrary to this, the Cm(III) fluorescence measured is
exclusively from the small fraction of complexed fulvic acid molecules, and saturation is
approached when applying pulsed laser excitation (Morgenstern 1997).

Natural humic and fulvic acids of different origins show a spectrum of differences in compo-
sition and properties. A single indicator is not sufficient for an exhaustive description of indi-
vidual differences. Therefore, in order to delineate different contributors to the overall
photodynamic behavior, organic model ligands will need to be studied. Because of the
complexity of the system, involvement of several research groups will be required.
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